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W,C thin film supports for cathode catalysts in Anion exchange mem-
brane fuel cells

Investigating the effects of using tungsten carbide as catalyst support in order to
boost specific activity of the catalyst

Elias Elmquist

Department of Chemical Physics

Chalmers University of Technology

Abstract

The prospect of a C'O, emission free hydrogen energy system requires the develop-
ment of effective and inexpensive fuel cell catalysts from abundant resources. One
promising path forward is the development of anion exchange membrane fuel cells
(AEMFC). Thanks to their alkaline environment, they are more flexible regarding
catalyst material, thus potentially reducing their cost compared to current fuel cell
technology.

In this study, W,C thin films are evaluated as support for different catalytic mate-
rials with the aim to reduce catalyst loading and increase specific current density.
Using sputtering and physical vapour deposition, thin films with high uniformity and
high control over composition can be fabricated. Through rotating disk electrode
techniques, the oxygen reduction reaction activity of these thin film electrocatysts
is measured in alkaline media. Tested catalystic thin films are Pt, Pd, Cu and Ag.
Pt and Pd show good onset potential and an improved mass activity compared to
Pt. Cu and Ag evaporated on W,C' exhibit less ORR activity in alkaline media.
The results also indicate that W, C' improves the stability of very thin Pt layers with
respect to cycle-life compared to Pt. This suggests a possible further reduction of
catalytic material is on the horizon.
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alphabetical order:
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Ccv
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EIS
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Electrochemical impedance spectroscopy
* Fuel cell

Glassy carbon

Hydrogen evolution reaction
Hydrogen oxidation reaction
Internal resistance
Koutecky-Levich

Membrane electrode assembly
Mass transport

Oxygen reduction reaction
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Nomenclature

Below is the nomenclature of indices, sets, parameters, and variables that have been
used throughout this thesis.

Electrochemical parameters

ke kt k™

Current [A]

Current density [A/cm)]

Electric potential difference [V]

Fuel cell efficiency [ |

Electric field potential [V]

chemical potential of j [eV]

Charge of species j [C]

Concentration of j [mol/I]

Capacitance [F]

Electromotive force (potential of cell) [V]
Overpotential of a fuel cell [V]
Assymetry parameter in chemical reacion [ |

Reaction rates, anodic and cathodic direction [mol/ls]

Electrocatalysis parameters

E,

Ei
ECSAvy
ECSAgupp

Te

Uk

Electric onset potential [V]
Half-wave potential [V]
Electrochemical active surface area from surface capacitance [cm?]

Electrochemical active surface area form hydrogen underpotential
deposition [cm?]

Electron transfer coefficient in reaction eg. ORR []

Limiting kinetic current [A]
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1

Introduction

1.1 H; in a sustainable energy system

The transition towards emission free energy systems has come a long way. Electri-
fication has come a long way in many sectors with widespread use of electric cars,
bikes and others. However, for many applications today the battery electric solution
does not seem a viable alternative[l]. For these applications often the amount of on
board energy storage, or the time the energy needs to be stored for means that the
battery electric alternative is not up to the challenge. For these applications, fuel
cells (FC) offer a way to de-carbonise sectors which previously have not been able to
be de-carbonised. Examples of such sectors are heavy transport (long haul trucks,
boats, medium range flight etc.) and mid to long term energy storage where storage
of energy as Hs is a way to counteract seasonal changes in electricity production. In
a FC Hy and O, are combined to form H,O and electric current without any direct
green house gas emissions.

Possible application of FCs are plentiful with it being able to replace most large scale
battery storage’s. In a scenario where FC are widely implemented, however, a very
large portion of the production cost would come from the catalyst raw material with
today’s technology. Therefore it is necessary to further improve the FC catalyst.

1.1.1 Fuel cell system layout

A fuel cell system in any application will consist of a large set of components in-
cluding fuel storage, balance of plant components (cooling, pumps, filters etc) and
at the heart of it the fuel cell stack. The basic layout of a fuel cell stack is a series of
n individual FC connected in series, each one comprised of bipolar plates on either
sides and in the center the membrane electrode assembly (MEA), as illustrated in
the fig. 1.1. The bipolar plates and the gas diffusion layer (GDL) serve as electrical
connectors from cell to cell, all whilst allowing gases to have access to the catalyst
layers. The catalyst is where the electrochemical reactions take place. This is where
oxygen and hydrogen react to form water with electricity as a product.

The electricity generated by the FC is generated in the form of potential across the
cell. A normal operating potential for a low temperature FC is around 0.7 V [2, ch
1.3], this is too low to be useful for most applications and therefore many cells are
connected in series to form a FC stack. This gives the total operating voltage of the
stack as Viaer = Vieenl * Neens Where Vs is the potential of one cell and n.ys is the
number of cells in the stack.
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Figure 1.1: Sketch of the cross section of an anion exchange membrane fuel cell, on
the sides are the greyed out parts of the previous and next cell in the stack. Marked
in the sketch is the bipolar plates, the membrane electrode assembly (MEA) with
subcomponents as the gas diffusion layer (GDL). Inside the MEA the reactions
taking place on the catalysts are noted.

1.1.2 Fuel cell types

Many different variants of FCs exist, these are usually classified depending on what
material is used in the membrane of the MEA. The conditions inside the membrane
dictates the conditions for operation which justifies this as the main focus of classi-
fication. The two mayor types are low temperature fuel cell, from which the proton
exchange membrane (PEM) FCs is the most common of all and high temperature
(HT) FCs. Their operating conditions vary wildly, with the membrane in the HTFC
operating at 800 °C where as the PEM operates as < 100 °C. This work will focus
entirely on, anion exchange membrane fuel cell (AEMFC), a type of low tempera-
ture FC. It shares many systemic similarities with the PEMFC and uses a polymeric
membrane but operates in an alkaline environment instead of a acidic one.

1.2 Anion exchange membrane fuel cells

The main system feature that defines an AEMFC is the alkaline environment in
the electrolyte. This means the membrane conducts OH -groups while hindering
all other species from passing through. The overall reaction in the FC is the same
as for a it’s acidic analog PEMFC however namely Hy + O —— HyO. This can

2



1. Introduction

be divided into the reactions happening on the different sides of the membrane, on
the anode side the hydrogen oxidation reaction (HOR) is taking place, which can
be written

2Hy +40H™ — 4H50 + 4e™ (1.1)

and on the cathode side the oxygen reduction reaction (ORR) is taking place, this
reaction has two main pathways which it can follow, the 4e pathway or the 2e
pathway. The 4e pathway is as follows

Oy +2H,0 +4e” — 40H" (1.2)
and the 2 electron pathway [3]

Oy + HyO +2¢~ — HO; + OH™ (1.3)
HOj + HyO +2¢~ — 30H™ (1.4)

Hydrogen peroxide HOs  is a powerful oxidiser and is suspected to have a large
role in the FC membrane degeneration [4], [5] therefore the 4 electron pathway is
preferred.

1.2.1 AEMFC efficiency and power

The standard way to characterize a FC is through a Current-Voltage curve or po-
larisation curve, and example of such a curve can be seem in fig. 1.2. This shows
the operating voltage at different current outputs. The total power output P, of
the FC can be calculated as

Peetp = Ucer * Leenr- (15)

The maximum voltage that can be achieved in a FC is given by the Gibbs free energy
released per mol of reactant as Ujgeq = % [fé‘;% ?]l] = 1.23 V with the 2 stemming
from two electrons being released per mol of reaction, F being Faradays constant[2,
eq. 2.1]. This is called the ideal reversible voltage of the cell. The maximum
energy put in the system however is the enthalpy change and can be calculated as

Upioo = 28 [KJ/moll _ 1 48 V. Through this the efficiency of the FC can be calculated

2F [C/mol]
as U
cell
= 1 1.
Meell = 7 10 * 00 [%] (1.6)
The maximum FC efficiency can therefore easily be calculated as %2 x 100 = 83 %.

1.2.2 Catalyst

The task of the catalyst is to split the incoming reactant gases into intermediate
products and boost the reaction rate in the FC. One one the main advantages of the
AEMFC is the prospect of using non-noble catalysts for bot the anode and cathode
reactions [6]. However today the the vast majority of catalysts used in FCs are made
from Pt [7].

AEMFC catalysts are available for $10 per sq ft [2, ch. 5.4.4] at the current stage
of FC use in society this is a bearable cost for the industry. However as the use of

3
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Activation: Ohmic 3 Mass transport

Activation
losses

Ohmic
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©
(4]

Mass transport
losses

Current Density [A cm™]

Figure 1.2: A figure showing a typical polarisation curve of a FC [2]

FCs increases and production cost decrease the cost of the catalyst will approach a
large portion of the entire system cost and therefore hinder further FC expansion
of a renewable hydrogen economy. To combat this, the there is a need to develop
catalysts with a mass activity (activity per mass of Pt) as high as possible, along
with alternatives using to Pt as the catalyst[7].

Alternatively in the quest to minimise the amount of Pt needed for catalysts the
way forward may be to develop support with a structure as similar as possible for
the Pt and thereby be able to coat only a few atomic layers of Pt on top while
still retaining the qualities of bulk Pt. Tungsten carbide (W (') is known to have
a structure similar to Pt [8],[9] this potentially means a WC and Pt would work
well with a good lattice match. W also has a lot of features promising for use in
the FC environment such as good resistance to oxidation and heat, little thermal
expansion and good electrical conductivity. All this combined makes WC' a good
candidate for such support.

1.2.3 I-V curves and overpotential

From the operating potential we can also extract the FC overpotential as nop =
Uce1 — 1.23 V (* not the same as efficiency in eq. (1.6)). As the overpotential are
direct losses for the FC system the overpotential are essential to reduce to increase
the efficiency of the system. A normal operating voltage curve of a FC is displayed
in in fig. 1.2.
As can be seen in fig. 1.2, there are three mayor types of losses in a FC:

o Activation losses

e Ohmic losses

e Mass transport losses
The majority of the overpotential is due to activation losses. These are due to
slow reaction kinetics at the catalyst surfaces. Through reducing these losses the
efficiency of the FC can be directly reduced. Ohmic losses are due to electric re-
sistances in the FC and are essentially proportional to current in the FC. Mass
transport losses stem from reactants not being transported fast enough to the cat-

4



1. Introduction

alyst causing a potential drop due to low concentrations of reactants.

1.3 Aim

This work aims to contribute to catalyst development through studying the effect
of using W' as support for the cathode catalysts in an AEMFC. Parameters for
annealing of the application of W' thin films will be studied as well as hydrogen
reducing. Following this the performance of W' supported catalysts will be tested
for the ORR reaction. The tested catalyst layer will be Pt, Pd, Cu and Ag.



2

Theory

The samples were fabricated using DC magnetron sputtering and physical vapour
deposition. In order to test the developed catalyst surfaces they were studied using
a rotating disc electrode (RDE) controlled by a potentiostat. This model system
allows to study the reaction kinetics of the electrode surface. Along with this the
electrode surface were studied using scanning electron microscopy (SEM) giving an
image of what the surface morphology looks like.

2.1 Measurements of Potentials

The main goal of a good catalyst is to give a high activity with an overpotential
as low as possible in order to have low activation losses fig. 1.2. To study how the
tested catalysts perform their performance were studied in an model system. This
way the half cell reaction namely the ORR can be studied separately. The system
employed was a three electrode setup submerged in an alkaline electrolyte. The
three electrode setup is illustrated in fig. 2.1.

CE

Ewe WE
| WE J

Figure 2.1: Schematic of a three electrode system.

Through this setup the current at the catalyst surface can be recorded while the
potential is controlled. The recorded current Iy g and potentials then gives insight
of the quantity of reacted species at the catalyst surface. For a constant potential
the moles of reacted material n; is given by Faraday’s law as

_ Qus

Z;F
Z; is the charge on one molecule, F is Faradays constant (96487 C), and Qwpg =
[ Iwgdt is the total charge [10, eq. 1.11]. From this we can also get the reaction

n; (2.1)

6



2. Theory

rate of the reaction as
. dn]’ . )
7T a4t ZF
In the equation above eq. (2.2) the current is essentially proportional to the surface
area. Therefore the current is often expressed as the current density as j = Afea.
A point to consider however is the meaning of surface area, as at the nano/micro
scale the surface may be very convoluted rather than flat. To measure the number
of active sites on the catalyst the electrochemical surface area (ECSA) is commonly
used. This differs from geometrical surface area through integrating all of the area of
the microscopical peaks and troughs. This is an important measure since it offers a
way to characterise the current density of catalyst with respect to their morphology.
This is to counteract the effect that catalysts with high surface area could have
many more catalytic sites than a catalyst with a flat surface. This will be further

elaborated in section 2.1.5.

(2.2)

2.1.1 Electrochemical equilibrium and Nernst equation

Consider the ORR reaction stated in 1.2. The chemical potential of the species in
the reaction is the change in Gibbs free energy 0G divided by the change in molar
quantity On; which can be expressed as

o= (5e) 2.3

at contant temperature and pressure [11, eq 1.4]. Where j is any of the species
O5,e ,H,O,OH . Therefore at chemical equilibrium the total chemical potential of
the reaction will be

2p0, + 41, + 2pm0 = Apon- (2.4)

Under conditions with the species in the reaction in aqueous solution the chemical
potential can also be written

Nj:[£4_Ran(T;j> (2.5)
0

where R = 8.314 JK 'mol™"! is the universal gas constant , T is the absolute tem-
perature in Kelvin, v; is a non ideality factor, ¢; is the concentration of element j
and ¢ is the standard concentration of one molar. [11, eq. 1.12]. Putting eq. (2.5)
and eq. (2.4) together we acquire the standard Gibbs energy change in the reaction
as

AG = _RTanORR (26)
where the equilibrium constant Kogrp is given by
2 2
’y QC
Korp = 2202 (2.7)
Tor-CoH-

To account for the influence of the electron needed in the reaction, an alteration is
needed in the expression for the chemical potential.

fij = pj + Z;F¢ = p + RT'In (?) + Z;F (2.8)
0



2. Theory

[11, eq. 1.30] ¢ is the electric potential at the molecule. This causes some delicate
need for consideration regarding the electrical potential ¢. All molecules taking part
in the reaction are in the potential of the electrolyte solution ¢, while the electrons
are at the same potential as the metal ¢,,,. Putting eq. (2.8) and eq. (2.5) in eq. (2.4)
and rearranging the terms we get the Nernst equation

Ap®  RT
i — g = —— + — In K, 2.9

On — by =~ + - In Konn (2.9)
with the constant Au® = 2ug, +4p0- 4248, 0 —4p - . This, however, only gives us
the equilibrium of the studied reaction, as the ORR studied reaction in no way can
be said to have reached equilibrium during the experimental process to get insight
in the dynamic process during running further consideration is needed.

2.1.2 Electrode potentials and reference electrodes

Before discussing the electrode kinetics a word on electrode potentials is in order.
As can be seen in eq. (2.9) the potential is only measured as the difference between
the electrolyte and the electron supplying surface, i.e. electrode. This means that
in order to know the potential difference between the surface ¢,, and the solution ¢
another electrode is needed. This is the reason for the use of a reference electrode as
seen in fig. 2.1. The reference electrode is an redox-pair with a known potential that
is submerged in the solution. The redox pair is enclosed but is in contact through a
small glass frit, in order to avoid contamination of the electrolyte solution. Through
knowing the potential difference between the electrolyte and the solution one can
calculate the relative potential at the working electrode surface (WE in fig. 2.1.
With two different electrode surfaces in the electrolyte the difference between them
is now the measured quantity as

Ewe = bmwe — @s — Omges — ¢s + Err (2.10)

where the extra term Ejp = Ru* Iy g is the due to the internal resistance R,, of the
cell between the reference and the working electrode (see fig. 2.1). This is simply
an ohmic resistance in series with the measurement and its effect can therefore be
subtracted if the resistance is known. The internal resistance of a cell is readily
measured using impedance spectroscopy as described in [12]. When no current is
run the cell the Ey g becomes the electromotive force of the cell E°.

This the measured potential will always be versus a reference, most commonly the
reversible hydrogen electrode (RHE). Because of practical considerations in this case
the RHE was not a feasible electrode. Therefore the the data must be translated to
be reported versus the RHE through the use of tabulated reference electrode values.
Furthermore to ensure that the reference electrode is at a stable equilibrium a large
net current cannot be run through it. Therefore a counter electrode is necessary to
run the current without disturbing the potential measurement. [11, sec.2.2]. A rod
of porous graphite provides the large surface area to ensure the reaction can run.
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2. Theory

2.1.3 Electrochemical double layer

When a reaction such as 1.2 takes place as stated in Nernst equation, a potential
difference will build up across the surface. As the electrode is a conductor the
mobility of the ions will force any free charges inside the electrode to be on the
surface its surface. This will in turn attract the oppositely charged ions in the
electrolyte [10, sec 3.4]. This is the origin of the Helmholtz-layer (see fig. 2.2).
Depending on the strength of the potential difference the layer can be more or less
fully covering.

Gouy-Chapman

diffuse layer

Electric
putt'nliul

Figure 2.2: Illustration of the electrochemical double layers, along with an graph
of how the potential decreases into the electrolyte.

Helmholz layer

++++++

Outside of this inner layer a more mixed layer will form, this is termed the Gouy-
Chapman diffuse layer and will consist of a gradient of charged species. Making it
able to vary how much it extends from the surface. The thickness of the double
layer for a 0.1 M electrolyte is on the order of 1 nm [10, sec. 3.4.1], though this is
strongly affected by many parameters this will be a useful fact later.

2.1.4 Capacitive ECSA measurements

If the potential across the surface F is altered the magnitude of the double layer
will grow or shrink to match the charge build up on the electrode. The formation of
this layer works much like the charge build up inside a capacitor. Subsequently any
potential change of the electrode will be associated with a corresponding current.
The current in the working electrode will therefore constitute the sum of two currents
iwE = leap + 1. The capacitive current can be expressed as [10, eq. 3.143]

icap = C(dl * — (211)
where the Cy is the surface capacitance and Cil—]f is the scan rate at which the voltage
is being changed. Given that the capacitive current i.,, can be isolated this offers

a way of ECSA as is described in [13]. If the acquired value for Cy is compared

9



2. Theory

ECSA from capl ECSA from HUPD

Pt Reduction

Current [mA]
Current [mA]

-0.02

HUPD

-0.04
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T
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0.575  0.600 0625  0.650 0.0 0.2 0.4 0.6 0.8 10
Ewe [V] vs RHE Ewe [V] vs RHE

(a) (b)

Figure 2.3: a) Figure showing a capacitive ECSA measurement. Each set of lines
are at different scan-rates. The capacitance is studied in the region between the two
vertical lines. b) CV of Pt for Hypp measurement. The peaks are marked with their
corresponding reaction. The region in gray corresponds to the charge associated
with Hypp. Both plots are chosen to be representative of the phenomenon.

T
0.550

with the known specific capacitance from literature Cy of a surface with a known
size and identical composition one can acquire a value for the ECSA of the current
surface.

Cdl

ECSAcap - Cf
S

(2.12)

Practically this is done through varying scan rate in a potential range where there
is as little electrochemical reactions taking place as possible. An example of such a
measurement is fig. 2.3a.

As is stated in [14], however, this method depends strongly on the chemical state of
the surface. Therefore this method will be used mainly to determine the change in
the surface before and after the ORR reaction.

2.1.5 ECSA from Hypp charge or surface reduction charge

Another way of measuring the ECSA is through Hypp as described in [14, sec. 2.4].
Here the area of hydrogen is measured using the adsorption charge of hydrogen
on Pt. Comparing this with a known value for surface charge of an essentially
atomically flat surface the area can be deduced. The Hypp surface charge of Pt is
210 nC/em™2[14]. In the case of pure Pt surfaces this available as a current peak
found before hydrogen evolution reaction (HER) in the CV (see fig. 2.3b).

For reduction peak measurements the process is essentially the same just that
the measured charges are due to surface oxidation instead of Hypp. The surface
charge used varies from material to material however which can cause complica-
tions. ECSA measurements through reduction peaks is however less accurate [15]

than EOSAHUPD-
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Without catalyst

Free
energy

With applied
potential AE

P

WFAE Reactant With catalyst

Product

Reaction coordinate

Figure 2.4: Energy levels of reactants in three different cases, With no applied
potential and no catalyst, with applied potential and no catalyst and with applied
potential and a catalyst (red). In the case with a catalyst the intermittent steps are
in a lower energy state due to their interaction with the surface.

2.2 Kinetics and overpotential

So far the discussion has only entailed electrochemical equilibrium, this will now be
broadened to a discussion regarding parameters that control the reaction rates and
the effect of a catalyst. For the case of simplicity the focus will be on the cathodic
direction of reaction but the reverse reaction is follows the same logic.

2.2.1 Activation energy and the Arrhenius equation

Any reaction involving the transition of species A from an oxidised state to a reduced
state can be be written as eq. (2.13). k™ is the cathodic reaction rate and k" is the
anodic reaction rate.

Y
A 17 == Arg (2.13)

To explain the underlying cause of the reaction rates activated complex theory can
be used. An illustration of this is usually done using reaction profiles where the
Gibbs energy of the system is plotted against a reaction fictous coordinate as seen
in fig. 2.4. This illustrates the fact that the reactants need to pass through a state
of higher energy in order to reach the end product. The figure shows a reaction
with one intermediate product, in reality however there may be many intermediate
products and the actual energy levels may be much more complicated.

The energy needed to pass through the activated complex for the case with an
applied potential and a catalyst is noted in fig. 2.4 as AG, . If the potential at the
electrode is more negative, the free energy of the electrons at the surface will then
decrease (as is shown in fig. 2.4). The change can be expressed as

AG = AGy + AnFAE (2.14)

11



2. Theory

[10, eq. 4.9] where ( is the so called asymmetry parameter and AF is an applied
electric potential and G is energy barrier with out applied potential. To express the
cathodic reaction rate shown in eq. (2.13) the Arrhenius equation gives the reaction
rate [10, eq4.49]

— cmkoe# = comkoe%Jr% (2.15)
Credjor 18 the concentration of reactants, kO is a pre-exponential factor. With a
catalyst present the intermediate products interact with the surface which lowers
the energy of the system. This causes the energy barrier the to be lowered which
can increase the reaction rate dramatically according to eq. (2.15).
The reaction rate is heavily dependant on the potential barrier AG however the as
AG, does not depend on the applied potential this can be incorporated into the rate
constant k. Expressing the reaction rate in terms of the overpotential n = E — E°
gives

k™ = ke Fr (20 (2.16)

Using i~ = nFk~ 2.2 and epressing as current density this can be further simplified
by breaking out the exchange current density jy [10, eq. 4.22a]

BnFn

J-(n) = —joe” AT (2.17)

analogously the anodic current density can be expressed as [10, eq. 4.22b]

_ (1—B)nFn

5T (n) = —joe” AT (2.18)

2.2.2 Exchange current density and Tafel equation

As shown in reaction eq. (2.13) both the oxidation reaction and the reduction reac-
tion take place at the same time. As they are opposites of each other this will result
in only the net rate being visible at a macro scale. We can get the total current as
the sum of the oxidation current and the reduction current eq. (2.17)

(1-B)nFn —ﬁnFn) (2'19>

j—j+j+—j0(e RT — e RT

giving the Butler-Volmer equation. The value jy is one of central essence as this
determines the magnitude of the reaction rates caused by a unit change in n. It is
therefore to increase jo that will be the the mayor focus of a catalyst.

For values of large |n| > RT/nF = 25.7 mV the only one of the reactions in
eq. (2.19) needs to be considered while the other goes to zero. Taking the loga-
rithm of eq. (2.17) we can obtain the Tafel equation [10, eq.4.26]

b6nF

_pont 9.9
5303R7 " (2.20)

logio|j] = logrojo +

Which is gives a neat relationship between applied overpotential n and the current
density.
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2.2.3 Current limitation due to reactant concentration

For eq. (2.20) to be valid, n needs to be small enough for the reaction to only be
controlled by the electron transfer rate. For large |n| the current density can be large
enough large enough cause lower concentration at the electrode surface. Since at
equilibrium potential EY the net current is zero, the Butler-Volmer eq. eq. (2.19) can
be used to find an expression for the concentration dependence of the the exchange
current density as [10, eq. 4.38]

Jo = Fho(cSy ) (2.:21)
From this it is evident that a drop in concentration at the electrode surface would
have a strong effect on the current density of the reaction. There is therefore two
different limiting mechanisms on the reaction rate, the charge transfer rate at which
the charge is transfered across the interface at the catalyst surface and the mass
transport rate which is the rate at which reactants are transported to the electrode.
For a current limiting by diffusion and by kinnetics at the electrode the overall
current is given by the Koutecky-Levich equation

1 1 1 1 1
- =4+ —=—+

—_ 2.22
i i ig Jr Bwl/? ( )

B = O.2D2/3V71/6nKLFCOO

With ¢, being the bulk concentration of the reacting species, D the diffusion co-
efficient, v the kinematic viscosity of the electrolyte and ngy the electron transfer
coefficient (number of electrons transfered per reaction). [5]. Through plotting j~*
vs w1/2 eq. (2.22) gives an easy way of obtaining the kinetic current jj, as the
intercept of the acquired curve, and the number of electrons participating in the re-
action ngy, (explained in section 2.3). This is only valid however, when the reaction
is one-step,one-way, and first-order. The expression for ng, is

B Owl/? 1

KL= g 02D o Fey, (2:23)

From eq. (2.22) it is also evident that at a constant rotation rate w as the potential
is changed, at high overpotential the current will be limited by the mass flux, this
will lead to the ORR curves having a sigmoid shape.

2.2.4 Mass transport

The processes of electron transfer take place through quantum mechanical tunneling
[11, sec.2.1], this leads to the reaction having a very short length in which the
reaction can happen. This leads to a situation where products must be transported
away from the surface and reactants must be transported in, illustrated in fig. 2.5.
Three different mechanism are available to supply the surface with reactants.

 Diffusion, due to a concentration gradient

o Convection, due to flow

o Migration of charged species driven by a potential

13
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Figure 2.5: Illustration of the mass transport at the surface.

The sum of all this gives a very complex behaviour dependant on a large set of
parameters as well as effects from turbulence in the cell. To mitigate this a rotating
disk electrode (RDE) is commonly used. The RDE is rotated at a controlled speed
ideally giving a steady laminar flow over the surface. Using this one can control the
mass transport limitation of the current. Thereby using eq. (2.22) one can extract
values for the the charge transfer rate of the reaction [16].

2.2.5 Electrocatalysts

The main focus of this work is to test catalysts for the ORR reaction. The goal
of this heterogeneous catalyst is to increase the exchange current density of the
reaction taking place at the surface, commonly referenced as the intrinsic activity of
the catalyst. A basic explanation of how the catalyst is able to increase the reaction
rate can be developed from fig. 2.4. There we see the transformation of A, +
n = A, via an intermediate step. This intermediate step bound to the surface
can consist of many small sub-steps or even entail multiple different pathway from
Aoy t0 ALeq. The role of the catalyst in this situation however is to lower the energy
for the intermediate products. This can be done through increasing or lowering
the bonding energy of the reaction intermediate. Through doing this the activation
energy needed is decreased and subsequently the eq. (2.15) predicts a faster reaction
rate.

This is known as the Sabatiers principle which can be summarised as the binding
energy of the intermediates should be just right for the current density to be at its
maximum. Sabatiers principle gives rise to Volcano plots an example of which is
found in fig. 2.6. In such a plot the binding energy of certain species of plotted
against the activity of a catalyst. Different elements are represented as points in the
volcano plot. Worth noting is also that the activity axis is commonly the logarithm
of activity, which indicates that even small increases in the plot may have a very
large effect for the reaction rate.

As mentioned in section 1.2.2 the most common catalyst material in FCs is Platinum
and correspondingly Pt is found almost at the top in fig. 2.6. The fact that Pt is
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Figure 2.6: Volcano plot for the activity of the ORR reaction on different elements
versus the adsorption energy, used with permission from [17]

one of the rarest elements on earth however [18] bring some obvious downsides. The
volcano plot therefore offers a good place to start when looking for alternatives.

2.3 Electron transfer coefficient with RRDE - ngrpg

As mentioned in section 1.2 the ORR reaction has two main reaction pathways, the
2e or the 4e pathway.

O2+2H,0 +4e” — 40H™ de
Oy + H,O +2¢~ — HO; + OH™ 2e (1)
HO; + HyO +2e~ — 30H™ 2e (2)

As the 4e pathway is preferred [5] finding which pathway is dominating is important.
This is commonly measured as the average number of electrons participating in the
reaction called the electron transfer coefficient ngrpgr. Two methods are commonly
employed to do this. The first method is to have a Pt ring at a fixed distance outside
the catalyst disk, referred to a rotating ring disk electrode (RRDE) see fig. 2.7. The
ring is held at a constant potential (commonly 1.2 V vs RHE) whereby it reduces
H,0 that passes by. With this the ngrpr can be computed through measuring the
current in the ring as

Z"LUE
nrrpE = 4 X ) (2.24)
we g C

where N, is the H50, collection efficiency. This offers an efficient way of calculating
the electron transfer number for every potential of the ORR reaction. One issue in
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Figure 2.7: Illustration of an RRDE. Used with permission from [17]

KOH electrolyte raised by Zhou et al. however is that the the use of Pt as the ring
is sub-optimal and ideally Au rings should be employed [5]. In this study however
no Au ring was available and a Pt ring was used. Furthermore for Zhou et al also
states that for rough electrodes the collection efficiency N, decreases rapidly with
increasing w.

2.4 Fabrication methods

In order to study W' thin films as a support for different active layers, thin films
of WC can be laid on a substrate using thin film techniques such as DC magnetron
sputtering and physical vapour deposition. Using theses techniques thin films can
be made in to an almost any thickness. This gives a good opportunity to precisely
control the amount of deposited material and to isolate the effects of very thin films
of the deposited elements. The thickness of the film can be controlled using the
deposition time.

All techniques involve a target and a substrate, the target is the material which is
kicked of and deposited on the substrate. Next follows a short description in the
essentials of how the techniques work.

2.4.1 Sputtering

During sputtering a large potential (around 1 kV) is held between the sputter target
and the substrate. A sputter gas (typically argon) is then introduced, which is
ionized using a magnetron close to the sputter target. The ionised argon atoms
are accelerated towards the target knocking out clusters of atoms at impact. The
clusters subsequently proceed to impinge on the substrate where they form a thin
film. A setup sketch can be seen fig. 2.8 [19]
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Figure 2.8: A schematic illustration of a sputter. Used with permission from [17]

Through controlling the base pressure of argon the directionality of the sputtering
can be controlled. A higher base pressure gives more molecular collisions for the
molecules between the target and the substrate thus reducing the directionality of
the deposition. A lower directionality means that the sublimation process produces
a better film quality since it is able to reach in to the small pores on the substrate.
An issue in the case of the multi-elemental sputtering is that the different elements
require different energy to be kicked out. In the case of W' it is not known to what
extent this affects the substrate film composition.

2.4.2 Electron-beam physical vapour deposition

Electron beam physical vapour deposition (EB-PVD) is a process where a thin film
is made from gases precipitating on to the surface. A sketch of an EB-PVD setup
can be seen in fig. 2.9, the whole setup is held vacuum.

An electron beam of a few pA with an acceleration voltage in the range of 10 kV is
fired on to a target, this creates a lot of heat which causes the target to sublimate.
The gaseous atoms fly from the target on to the substrate where they de-sublime
and form a film.

2.4.3 Annealing and reduction in H

After the W,C has been sputtered it is likely not composed of crystals of appropriate
size and composure as has been reported in [13]. To further treat it it is therefore
annealed. This entails heating to high temperatures for a certain amount of time.
During this time the atoms rearrange and the crystals coalesce. The process reduces
internal stress and forms stochiometric crystals of W,C'. In the phase diagram om
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Figure 2.9: Principle of electron beam physical vapour deposition. Used with

permission from [17].

W, C there are two possible crystal structures WC and W)C' (see fig. 2.10). As the
ratio of W vs C is not known, the thin film likely contains both W' and W5C' to a
varying degree and the supporting film is labeled W,.C.
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Figure 2.10: Phase diagram of W,C, used with permission [20].

After annealing process the surface likely contains oxides and regions of graphitic
carbon. To remove these layers the surface is heated in another furnace in a hydrogen
rich environment. This removes oxide and graphitic parts leaving only the W,C.
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Methods

To test the W,C thin films as substrate material, different catalysts where coated
onto glassy carbon electrodes. These were then measured in a RDE, and subse-
quently studied using SEM and XRD. This was an iterative process where initially
samples were tested with the aim of finding the right treatment process. This aimed
to identify the most suitable annealing temperature and the conditions for hydrogen
treatment of the samples. Following this, a study of different catalyst materials and
subsequently a longer test to ensure some stability of the samples was carried out.
The test were tested against standard benchmark catalyst of Pt, Pd, Cu and Ag,
these samples were also fabricated.

3.1 Sample Fabrication

The samples were fabricated using a range of different processes. A complete table
of all samples presented in this thesis is found in table 3.1. The samples were all
evaporated onto glassy carbon cylinders. The cylinders are 5 mm in diameter and
have a height of 4 mm. A sketch of the GC is shown in fig. 3.1.

Catalyst thin film

W,C thin film

Glassy carbon

Figure 3.1: Illustration of glassy carbon sample.
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Comment Nr Sample name 515:11133 iﬁﬁjﬁ:ﬁrc Hy-treatment  W,C' layer 1&?;522? 11:}}:5;)
W.C 1 W,C-700C 700 C - 40 nm -
annealing 2 W,C-1100 C 1100 C - 40 nm -
3 W,C-1400 C 1400 C - 40 nm -
W.C H, 4 W,C- H,y-700C 700 C H, - 700 C 40 nm -
reguction 5 W,C - Hy-1100 C 1100 C H, - 1100 C 40 nm -
6 W,C - H,y-1400 C 1400 C H, - 700 C 40 nm -
w,C 7 W,C-700C - Pt 700 C Hy - 700 C 40 nm 3nm Pt
annealing 8 W,C-1100 C - Pt 1100 C H, - 1100 C 40 nm 3nm Pt
+ Pt 9 W,C-1400 C - Pt 1400 C H,y - 700 C 40 nm 3nm Pt
10 W,C Pt 1400 C H, - 700 C 40 nm 3nm Pt
Catalyst 11 W,C Pd 1400 C H, - 700 C 40 nm 3nm Pd
12 W,C Cu 1400 C Hy - 700 C 40 nm 3nm Cu
13 W,C Ag 1400 C H, - 700 C 40 nm 3nm Ag
14 GC Pt v - - - 40 nm Pt
Reference 15 GC Pd v - - - 40 nm Pd
catalysts 16 GC Cu v - - - 40 nm Cu
17 GC Ag v - - - 40 nm Ag
18 GC 3nm Pt v - - - 3nm Pt
References 19 GC 3nm Pd v - - - 3nm Pd
3nm catalysts | 20 GC 3nm Cu v - - - 3nm Cu
32 GC 3nm Ag v - - - 3nm Ag

Table 3.1: All presented samples in this thesis. Refer to different method sections
for more detailed descriptions about the fabrication methods. Samples marked -’
were not treated with the technique. The first column gives a indication of what
was studied in the sample series.

3.1.1 Pre-fabrication cleaning protocol

Initially, before any layer was added to the GC, they were cleaned. This was done
in a four step process as follows:
1. Ultrasonicate GC:
(a) Acetone in ultrasonicator - min
(b) Isopropanol in ultrasonicator - 10 min
(¢) H5O in ultrasonicator - 10 min
2. (Plasma clean in Dry etch RIE - Plasma-Therm - Oxygen, 100 W for 1 min)
The last step was only done on the reference samples.

3.1.2 WC sputtering

The process of sputtering W, C' was done in a home built DC sputter at the division of
Chemical Physics at Chalmers. The process parameters were as written in table 3.2.

3.1.3 Annealing and H; treatment

After sputtering the samples were annealed using a Thermolyne Open Tube Furnace.
This entailed heating the samples starting at room temperature increasing the tem-
perature 5 C/min until the furnace had reached the the set annealing temperature
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Base pressure 1.9 % 1078 mBar
Sputtering gas Argon
Argon flow rate 300 sccm

Voltage type DC

Voltage 300 V

Sputter power 20 W

Target wdc

Goal thickness 40 nm
Sputtering time 10 min

Temperature | Room temperature

Table 3.2: W sputtering parameters used for thin film deposition of W,C on GC
in Sputty.

as stated in "Annealing temperature’ in table 3.1. The furnace was then kept at that
temperature for 30 min, followed by cooling of until room temperature.

After the annealing the samples were treated in a Centrotherm High Temperature
Furnace hydrogen furnace. The samples were there treated at the temperature
stated in the "Hy — treament’ column in table 3.1.

3.1.4 Active thin film EB-PVD

The application of the final layer was done using electron beam physical vapour
deposition (EB PVD) in a LESKER PVD225 with the process parameters showed
in table 3.3. This process was automated and run entirely by the LESKER software

Base pressure | < 6.66 * 10~7 mBar

deposition rate 1A/s
EB voltage 10 kV
EB Current 100 mW

Table 3.3: Values of parameters used for EB-PVD.

with the only being was the target thickness of the sputtered layer.

3.2 Electrochemical measurement procedure

After sample fabrication was done, the samples were studied in an RDE setup using
a BioLogic SP-300 potentiostat. The laboration setup was done according to the
protocol laid out in [21]. Although each new sample gave slightly different results,
for the sake of systematicity the laboration followed largely the same steps. The
laboratory steps were as follows:
1. Approximately 150 ml of 0.1 M KOH was added to a Teflon cell cleaned in
milliQ H,O.
2. The cell was connected using a Hg/H ¢SO, reference electrode and a graphite
counter electrode.
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3. A flow of argon of ~ 0.2 N1/min was babbled in the cell. During this time the
disk was rotated at 200 rpm.

4. The internal resistance R, of the cell was measured using EIS as described in
[22] and [23]. Following this Err was compensated for.

5. A CV with scan rate 50 mV /s and an average over 10 points was performed.
The operational range can be seen in the results [24].

6. Several CVs were recorded at different scan rates (50, 100, 150, 200, 250, 300
mV/s), at the potential range of the flattest region of the full CV to record
the capacitive current of the cell.

7. The Argon babbling was changed to Oxygen and the cell was left as in step 3
for 15 minutes with rotation.

8. The ORR activity was measured using a CV with increasing rotation on the
electrode. Three cycles were made at each rotation rate. The rotation rates
were 0, 400, 900, 1600, 2500 rpm. scan rate = 50 mV /s, CV vertexes were
E1 =0V and Eg =1.0 VRHE

9. Finally, steps 3 - 6 were repeated to measure the change of R, and ECSAs
during ORR measurement.

During the electrochemical measurement the system was on-line IR-compensated to
85 % as state in step 3. This improves the potential accuracy, as the setpoint values
in the ideal case only dependant of 15 % of the internal resistance. As stated by
BioLogic, it is not advisable to compensate 100 % during measurements as this can
lead to system instability [25, sec. 2.6.2].

3.3 SEM imaging method

SEM images of the samples were taken before and after RDE measurements. This
was done both in a SEM - Zeiss Supra 55 with an in lens detector at 5 kV acceleration
voltage and the samples were kept a working distance of ~ 5 mm. First secondary
electrons were used to focus the SEM and after that pictures were taken using
backscattered electrons.

3.4 Data analysis method

From the data acquired during the ORR step of the measurement the onset potential
FEonset, limiting current #;,,,, half max current E /5, kinetic current j; and electron
transfer coefficient from RRDE nrrpr and Koutecky-Levic ngy, are extracted. From
the CVs in step 3 - 6 and 9 in section 3.2 the ECSA and uncompensated resistance
R, was acquired.

In order to extract the performance characteristics from the ORR the a python script
was used. In short the method can be described as the following. Three lines were
adapted as showed in fig. 3.2 numbered line 1, 2 and 3. The intersections of these
intersection of line 1 & 2 was used as the maximum current. The onset potential
was set to when the cathodic current had reached 1 % of the 4, and the half max
current F/; is the potential where current is 50 % of the limiting current. All of
the above follows the method described by Get et al. [3].
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ORR, analysis example
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Figure 3.2: Illustration of how data was analysed as described in section 3.4, this
is the cathodic sweep from an arbitrary data sample rotating at 1600 rpm and with
a scan rate of 50 mV/s. E, is the onset potential, £/, is the half max potential,
Ljim, is the limiting current density.
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Results and discussion

All numerical results are summarized in table 4.1 and will be discussed in the order
of study. Initially the study aimed at finding the right annealing temperature and Ho
treatment parameters. Following this is a discussion regarding measuring the ECSA
for the different samples and finally testing different catalytic materials evaporated
onto the thin W,C' thin films substrate.

4.1 Annealing and H; treatment of Sputtered W,C
thin films

Before catalyst layers were able to be tested with the W,C it was necessary to
test out a fabricating procedure for W,C' thin films. This was done by fabricating
many samples and anealing them at different temperatures as well as testing with or
without hydrogen reducing. ORR. polarisation curves, ECSAgupp/red., HUPD.qp
was recorded and SEM images were taken for all samples. This was done to find the
most suitable fabrication process.
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Onset Half max Double layer L::Ez;f’ Kinnetic e~ transfer e~ transfer Mass

Nr Sample name potential ECSAgpupp ECSAcp density j current coefficient  coefficient activity
Eo 1/2 change (16(‘][)‘r1‘>1];$ Ik NRRDE nKr (1600 rpm)
[V vs RHE] [V vs RHE] [em?] (%] [mA/em?]  [mAfem? []at06V []Jat 06V  [A/mg]

1 W,C - 700 °C 0.68 0.57 - 30 -2.80 0.41 - 2.1% -
2 W,C - 1100 °C 0.70 0.61 - -23 -2.39 0.47 - 2.4%* -
3 W,C' - 1400 °C 0.76 0.65 - 3 -2.60 0.37 - 2.1% -
4 W,C - H,-700°C 0.76 0.66 - 3 -2.80 0.37 2.8 2.4%* -
5 W,C - H,- 1100 °C 0.78 0.68 - -1 -2.85 0.41 24 2.2% -
6 W,C - H,- 1400 °C 0.77 0.65 - 21 -2.70 0.47 2.8 2.3% -
7 W,C - 700 °C - Pt 0.88 0.60 - -4 -2.34 0.51 3.3 2.4%* 0.36
8 W,C -1100 °C - Pt 0.94 0.86 0.16 7 -5.65 0.17 3.98 4.1% 0.88
9 W,C - 1400 °C - Pt 0.95 0.87 0.24 18 -5.81 0.16 4.0 5.8% 0.90
10 wW,C Pt 0.96 0.86 0.27 8 -5.76 0.18 3.95 4.1% 0.89
11 W,C Pd 0.98 0.92 0.2%* 27 -5.81 0.10 4.0 4.7% 1.61
12 W,C Cu 0.75 0.64 - 0 -2.75 0.46 3.0 2.2% 1.02
13 W,C Ag 0.81 0.68 - 12 -5.55 0.16 4.0 4.2% 1.76
14 GC Pt 40 nm 0.95 0.86 0.27 - -5.65 0.17 - 4.3% 0.07
15 GC Pd 40 nm 0.95 0.86 0.53%* - -5.81 0.3 - 4.6* 0.12
16 GC Cu 40 nm 0.73 0.62 - - -4.74 0.18 3.7 3.1%* 0.13
17 GC Ag 40 nm 0.88 0.74 2.9%* - -5.81 0.18 - 4.2% 0.14
18 GC 3nm Pt 0.96 0.89 0.16 10 -4.53 1.42 0.70
19 GC 3nm Pd 0.97 0.92 1.52%* 1 -5.86 0.17 4.0 4.2% 1.62
20 GC 3nm Cu 0.71 0.60 - 18 -0.87 1.71 2.7 1.8% 0.32
21 GC 3nm Ag 0.82 0.65 - 0 -5.86 0.18 3.96 4.2% 1.86

Table 4.1: Performance characteristics of all presented samples.
proved to give ambiguous or no results for some parts these are marked with -
are values acquired through KL analysis, for this relies
on the reaction to be one-step, one-way and first order, this has not been verified.
Marked ** are values acquired through reduction peak measurements, with uncertain

Values marked with a

precision.

*

Some samples
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4. Results and discussion

4.1.1 Annealed W,C thin films

As discussed the sputtered W,C' thin films needed to be annealed after sputtering.
Three different annealing temperatures were tested, (700, 1100 and 1400 °C). Sput-
tering W, C resulted in a complex structured layer of W,C', as can be seen in fig. 4.1.
From the SEM (fig. 4.1) pictures of the sputtered W, C' layers different features are
clearly available. Long nano-structures (in white), round shapes and a dark back-
ground. The white long nano-structures are likely graphitic carbon, the white round
shapes are likely crystallised KOH left from the electrolyte during ORR, and the
dark background is the W,C. We can also note the difference in structure of the
W, C' of the samples annealed at higher temperatures. The samples annealed at low
temperatures show a meso-porous surface with pore size ~ 20 nm and the samples
annealed at higher temperatures show a more flake-like structure.

e ¥ &
\ 4
1%
o " R L ~ s s i :
200 nm EHT= 500 kV Signal A= InLens Date 19 Apr 2022 nll o } 300 nm EHT= 500 kV Signal A=InLens  Date :19 Apr 2022
— WD= 4.9 mm Mag= 100.00KX  Time :16:31:27 - = | = wo=s3mm Mag= 100.00KX  Time :16:47:43 o

(a) 700 °C (b) 1100 °C

T - el
EHT= 5,004V SignalA=InLens  Date 19 Apr2022 > N
WD= 8.3mm Mag = 100.00 K X Time :17:15:58 A\ ‘

(c) 1400 °C

Figure 4.1: SEM picture taken of W,C annealed at different temperatures af-
ter ORR measurement, noteable features are the straight nanostructures (probably
graphite), white clumps of materials possibly crystalised KOH from measurements,
and background of highly complex structured W,C'. Note that the brightness and
contrast differs between the images and the W,C' appears more bright in (a).
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Figure 4.2: a) ORR result of samples (1-3) with W,C annealed at different tem-
peratures. b) Ep and E/, for the different samples.

The ORR result of the samples can be seen in fig. 4.2a. The samples show a clear
plateau in the current. This has been taken as the limiting current for the samples.
At this current the reaction is not limited by the mass transport but is kinetically
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4. Results and discussion

limited by the catalyst reactions.

4.1.2 Annealed + H, treated W,C thin films

Following the annealing, samples were hydrogen treated. After Hy treatment there
were no more signs of graphitic carbon as can be seen in the SEM pictures taken
fig. 4.5. Thus the H, treatment has removed the graphitic carbon on the surface.
It is also clear that the morphology of the surface changes during the ORR measure-
ment fig. 4.5. This is noteworthy since the morphology is tightly bound to the ECSA
and for these samples the capacitive current change is only a few percent table 4.1.
The change in morphology is also different for the different annealing temperatures.
It is possible this is because the different annealing temperatures result in different
ratios of the phases of W'

The ORR polarisation curves for the W,C' + H, samples are seen in fig. 4.3a. The
W, C-Hj has a slightly better performance than the other two samples, both in terms
of potential and current. For this sample too, the reaction is not kinetically limited.
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ORR WxC + H2
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Figure 4.3: a) ORR result of samples (4-6) W,C + H, annealed at different
temperatures and Hs treated b) Ep and E; /2 for the different samples.
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4.1.3 Pt 3 nm evaporated on W,C annealed at different tem-
peratures

Finaly samples were fabricated with W,C'" after Hy treatment and with 3 nm of Pt,
corresponding ORR polarisation curves can be seen in fig. 4.4. The data shows that
the samples annealed at 1400 °C, had the best onset potential and limiting current.
The W,C' 1100 °C Pt and W,C 1400 °C Pt have very similar onset potential yet
W, C 1400 °C Pt is slightly better. The Pt 700 °C does not show any Pt activity in
the ORR polarisation curve, likely because all Pt has fallen off already at the start.
1400 °C was therefore deemed to be the most appropriate annealing temperature.
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ORR WxC + H2 + Pt

o L— w700 CP —
—— WKC-1100 C-Pt
—— WW\C-1400 C-Pt
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Figure 4.4: a) ORR result of samples (7 - 9) W,C' + Hs + Pt 3 nm annealed at
different temperatures b) Ep and E/, for the different samples.
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(a) 700 °C before ORR 700 °C after ORR
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WD= 51mm Mag = 100.00 K X Time :14:13:40

(c) 1100 °C before ORR
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Figure 4.5: SEM pictures taken of samples (4 - 6) W,C' + Hs annealed at different
temperatures and H, treated before and after ORR measurement,
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4.2 ECSA measurements

Two different methods were used to study the ECSA as described in section 2.1.4 and
section 2.1.5. Both methods were carried out before and after the ORR measurement
in order to study any change taking place during measurement. Ideally one would
want to use the same method for all samples, to get the ECSA. This, however, is
not possible since the Hypp peak of Pt is does not exist for the other elements.
Instead reduction peaks can be measured but with reduced accuracy. Therefore the
capacitance method need to be used which in the greatly reduce the reliability when
comparing between different methods.

4.2.1 Huypp ECSA measurements

The Hypp is the most reliable way of measuring the ECSA of Pt electrocatalyst.
However, there still exists some caveat regarding this method as well.

First of all, the measurement only takes into account the surface area of Pt. Since in
the substrate W,C'is very porous it is plausible that the total surface area is affected
not only by the surface area of Pt but also by the area of W,C'. It is uncertain to
what extent the substrate is covered by the catalyst. The underlying quantity that is
being measured might therefore be completely different than the quantity measured
in ECSAcap which makes comparisons uncertain.

The major issue for measuring the FCSApypp has been the absence of the Hypp
peak. As can be seen in fig. 4.6 the Hypp peak is almost non-existant before the
ORR measurement and much larger after. This peak before is so small that it is
not visible on the slope of the hydrogen evolution peak, making the method unable
to give a good result for ECSAgypp. Two possible explanations for this is

1. The ECSApypp changes a lot during the ORR measurement. If the ECSAgzypp
were small before and turned much larger during the process this would lead
to a big increase in the Hypp peak. However fig. 4.5 does not show any such
progress. A reduction in FCSAgxypp would also be in agreement with the
reduction of interfacial energy.

2. If the Pt is hidden deep in the surface during sputtering then it is not accessible
for the Hy molecules. It is then possible during the ORR measurement that
the oxidation/reduction of the surface changes the surface structure to push
more Pt to the surface. This would explain the increase in Hypp. This could
happen either through lattice migration or through dissolving the W,C not
covered by Pt. If W,.C' is dissolving this would likely also cause Pt to fall of
as well which would be bad for the stability of the catalyst.

Since the EC'SAgypp changes so much during the ORR the reported ECSApypp
will be the one measured after ORR.
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Figure 4.6: Showing the CV to measure Hypp before and after ORR. Note how
there is almost no visible Hypp before ORR measurement and a clear peak after.
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4.2.2 Reduction peak ECSA measurements
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Figure 4.7: CVs of samples (12, 13, 20, 21), before ORR measurements. No
reduction peaks are visible.

Reduction peak measurements of the ECSA are carried out in a very similar fashion
to the Hypp peak but the integrated charge peak is instead the one corresponding
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to the reduction of a surface monolayer. This has a wider application since the
oxidation/reduction features of many elements are visible within the potential range
at which the CVs were recorded. Many attempts were made to elucidate the ECSA
for the samples with Cu and Ag. However for the very thin films of Cu and Ag
samples (Nr: 12, 13, 20, 21) there no peaks were measurable (see fig. 4.7). Thus
the ECSA,.q of these samples could not be found. For the Pd sample there is a
reduction peak giving a value for the EFCSA, 4.

4.2.3 Capacitive ECSA measurements

This method has a large uncertainty because of the strong direct influence of a range
of factors such as the specific capacitance, the uncertainty of isolating the capacitive
current i.,, and the strong dependence on what elements are being studied. Because
of all of these shortcomings the method is only used to study the change of the ECSA
before and after ORR measurements. In this way the most of the sources of error
can be estimated to be at least the same before and after. However some sources
of error still persist such as the effect of different oxidation states before and after.
To isolate all of these effects are outside of what is deemed feasible for this study,
Therefore the accuracy of the acquired ECSAcap is low but we conclude that, as
long as these measurements are carried out in a systematic way, we can use this
method to track the change in ECSA through electrochemical evaluation.
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4.3 Metals evaporated on W,C-1400-H,

To make comparison with similar studies the results are presented as geometric
currents. As there has been little succes in measuring the ECSA in a satisfactory
way, the current reported will be vs the geometric area.

4.3.1 Pt 3nm/W,C

Signal A= InLens Date :27 Apr 2022 Signal A= InLens Dat
Mag = 100.00 KX Time :16:19:17 H Mag= 100.00K X Time :17:03:58

Signai A = InLens Date :7
Mag = 100.00 KX Time :16:41;
TR TarATE

(c) After 2000 cycles ORR

Figure 4.8: SEM picture of Sample 10 before and after ORR measurements, as
well as after 2000 cycles of ORR.

As can be seen in fig. 4.9a sample Nr 10 with 3 nm of Pt performs as good as the
sample with 40 nm of Pt. For W,C this means a very good mass activity, of 0.89
A/mg Pt. This also performs much better than commercially available Pt with
specific activity of 0.2 A/mg Pt[26]. The sample GC 3 nm Pt initially shows the
same mass activity but after only a few cycles the electrochemical behaviour shows
a clear of degradation. This result strongly supports the hypothesis of W,C being
a good support catalyst support. The electron transfer coefficient is very close to 4
for both measurements see table 4.1. This is a significant result meaning that the
reaction is almost entirely dominated by the 4 electron pathway.
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Figure 4.9: a)ORR polarisation curves for different thicknesses of Pt (samples 10,
14, 18) b) Ep and Ej/, for the samples, The very high current for GC 3nm Pt is
above what is possible for mass transfer, meaning the current does not only stem
from the ORR reaction.
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4.3.2 Pt on W,C stability

In order to further test the hypothesis of W,C'" as support, a long cycling test was
performed on sample 10. This entailed cycling it 2000 times, over a period of about
22 hours. The development of the catalyst activity can be seen in fig. 4.10. From
this it is clear that the activity of Pt with W,C' as support is not impeded by 2000
cycles of catalytic activity. This is promising for the possibility of another leap in
Pt reduction on FC catalysts. During the measurement there is also a clear increase
in F, and E),, this is also a very promising feature for FC catalyst.

ORR Pt 2000 cycles

— cycle: 1

cycle: 500
cycle: 1000
—— cycle: 1500
—— cycle: 2000

Jgeo [MAJCM?]
b

—4 4

0.0 0.2 0.4 0.6 0.8 1.0
E [Vanel

Figure 4.10: ORR polarisation result for W,C' Pt long measurement. Plotted
curves every 500 cycles.

Studying the SEM images after 2000 cycles there is a clear change in the surface
after many cycles. After a few cycles the Pt clusters of ~20 nm are no longer present
and after many cycles holes are appearing on the surface. This might indicate that
there is damage to the W,C' during long term O2 measurement. It is also possible
that Pt has alloyed itself with W,C during ORR cycling which could increase the
activity and stability of the catalyst.

To further investigate the stability a much longer test of 1000+ hours would be
needed as well as accelerated stress testing (AST), to simulate real-life conditions
and provide necessary data that helps ensure the catalyst stability.
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4.3.3 Pd 3nm/W,C

e
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Figure 4.11: SEM picture of Sample 11 before and after ORR measurements.

As expected, Pd as catalytic material also showed very good activity fig. 4.12a. The
half max potential of the W,C' Pd catalyst even exceeds that of GC Pd 40 nm. The
onset potential however is very similar and therefore the higher activity is possibly
explained by a higher ECSA, because the W,C support has a higher porosity than
GC. The E, and FE)/, are even better than Pt on W,C indicating a good catalyst
table 4.1.
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Figure 4.12: a) ORR measurement results for different thicknesses of Pd (samples
11, 15, 19) b) Eo and E 5 for the samples.

The electron transfer coefficient nrrpg of 4 indicate a 4e dominated reaction. The
nir = 4.7 is not possible indicating that the conditions for the Koutecky-levich
analysis are not met [5]. The mass activity of W,C' 1.61 A/mg (table 4.1) would
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also be a considerable improvement if it can be showed to be stable catalyst. This
should not be compared to the mass activity of W,C' Pt however as the density
of Pd is almost half that of Pt. No long duration test has been done for the Pd
catalysts, this is necessary to ensure it is a durable catalyst.
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4.3.4 Cu 3nm/W,C
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Figure 4.13: SEM picture of Sample 12 before and after ORR measurements.

The onset potential fig. 4.14a for Cu is rather low. The onset potential of W,C Cu
is the same as Cu which indicates no strong alloying or lattice effect. The ORR
curve also indicate that the reaction is not mass transport limited as the current
increases higher overpotentials in fig. 4.14a. Indicating a poor catalyst. The SEM
images fig. 4.13 also indicate a complete change of the catalyst surface after ORR
measurement. Comparing the ORR polarisation curve of W,C Cu with W,C' +
H, fig. 4.3a, reveales that these are almost identical, indicating that the Cu has
detached from the surface. Because Cu is unable to stay on support no conclusion
can be drawn on its catalytic capability. However the stability issues mean Cu on
W, C does not seem a fruitful catalyst.
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Figure 4.14: a) ORR measurement results for different thicknesses of Cu (samples
12, 16, 20) b) Eop and E, 5 for the samples.
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4.3.5 Ag 3nm/W,C
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Figure 4.15: SEM picture of Sample 13 before and after ORR measurements.

The ORR onset potential of Ag on W,C is considerably worse than pure GC Ag
40 nm, as seen in fig. 4.16a. Clearly W,C' does not improve the catalytic ability
of the silver. The limiting reaction in fig. 4.16a is strongly mass transport limited.
This means that even though W, C' Ag has a high overpotential the reaction rate at
that potential is high. The e~ transfer coefficient shows the reaction way is almost
entirely the 4e pathway.

In the images of the W,C' Ag there is some indication that the Ag does not adhere
well enough to the surface either fig. 4.15. Although not as apparent as Cu, studying
the SEM images, a lot of the Ag appears to have detached from the surface.
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Figure 4.16: a) ORR measurement results for different thicknesses of Ag (samples
13, 17, 21) b) Eop and E, 5 for the samples.
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Conclusion

W,.C thin films have been fabricated and parameters for a suitable fabrication have
been identified. On the substrate catalytic layers have been added in order to test
their aptness with W,C'" as support. Ag and Cu show poor catalytic result compared
to their 40 nm references as well as bad adherence. On the other hand, Pt and Pd
show very good results even at extremely low PGM loadings. The onset and half
wave potential is on par with and sometimes even better than the reference Pt. For
these catalyst the reaction pathway is almost entirely through the 4 electron pathway
and the samples are more stable than samples without W,C support. With further
confirmation it is possible that the W,C' supported catalysts enables MEAs with
significantly lower PGM loading than today’s technology.
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