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Palivové clanky jsou slibnym alternativnim zdrojem
elektrické energie. I pres vyrazné zlepseni, které bylo
dosazeno vyzkumem v poslednich desetiletich, technolo-
gie jesté neni pripravena pro Siroké komercéni vyuziti.
Katalyzator palivovych clanka (FC) by mél byt stale
zkouman kvili skutecnosti, Ze jedinym spolehlivym
funkénim katalyzatorem je platina, uslechtily a drahy
kov, coz znemoznuje masové pouziti této technologie.
V této praci je prezentovan vyzkum platinového kat-
alyzatoru dopovaného oxidem ceri¢itym a jeho modi-
fikace pripravované magnetronovym naprasovanim, coz
je technika fyzikalni depozice. Katalyzator byl studovan
za pouziti standardnich technik povrchové analyzy
(PES, SEM, AFM, XANES) a elektrochemického méreni
(CV, PEIS). Hlavni ¢ast prace popisuje analyzy kat-
alyzatoru ptrimo v palivovych clancich pomoci indi-
vidualné navrzené testovaci stanice. Vzhledem k vysoké
hustoté energie (PD) asi 1 W cm™? a podstatné
vyssimu specifickému vykonu na gram platiny (SP) 1,6
kW mg~! ve srovndni s komerénim referenénim kat-
alyzatorem Pt-Ru / Pt-C a navic diky relativné dlouhé
stabilité, byl naprasovany katalyzator na bazi oxidu
ceric¢itého dopovany platinou shledan jako vhodny kat-
alyzator pro PEM FC. Navic byla ukédzdna mozna nahra-
da Pt a CeO; jinymi prvky. Vedle téchto vysledki byl
prezentovan navrh automatizované zkusSebni stanice a
delsich technickych zarizeni.

vodikovy palivovy ¢lanek, oxid céru, platina, katalyzator
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Fuel cells are a promising alternate power source of
electricity. Despite of significant improvement that was
reached by research throughout recent decades, the tech-
nology is not still ready to large scale commercial use.
The catalyst of fuel cell (FC) should be still investigat-
ed due to fact that the only reliable functional cata-
lyst is Platinum, a noble and expensive metal, which
makes the use of this technology not competitive. In
this thesis, investigation of Platinum doped ceria cata-
lyst and its modification prepared by physical technique
of deposition which is magnetron sputtering is present-
ed. The catalyst was studied using standard surface an-
alytic techniques (PES, SEM, AFM, XANES) as well
as electrochemical measurement (CV, PEIS). The prin-
cipal part of this thesis reports direct analyses of cata-
lyst in fuel cell using an individually designed fuel cell
test station. Considering the high power density (PD)
about 1 W em~2 and substantially higher specific power
per gram of Platinum (SP) 1.6 kW mg~! in comparison
with commercial Pt-Ru/Pt-C reference catalyst and ad-
ditionally the relatively longtime stability, the sputtered
Platinum doped cerium oxide based catalyst was found
a suitable catalyst for PEM FC. Moreover, possible sub-
stitution of Pt and CeOs by other elements was shown.
Beside of these results, the designs of automatized test
station with more technical developments were present-

ed.

proton exchange membrane fuel cell, cerium oxide, plat-
inum, catalyst
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I Introduction

"
Some people like the sci-fi
"
but scientists make the fiction true.

The human being and our activity have been connected with an energy con-
suming since time immemorial. It is really impossible to try to imagine modern
civilization without energy sources such as petrol, gas or coal. Our civilization, as
we know it, would be collapsed without electricity. Unfortunately, the sources of
conventional energy are depleting relatively fast. For example, the Hubbert the-
ory estimates the worldwide peak of oil production between years 2010 and 2030
and most probably before year 2020 [1, 2]. After approaching this peak the pro-
duction of oil is going to be decreasing again. In addition, the energy demand is
increasing year by year. Nowadays the worldwide energy consumption is 1.4 x 10
kWh-year—! [3]. This amount of energy corresponds to chemical energy that can
be released from 3.4 x 10'° tons of coal which corresponds to 6.8 x 10® wagons
and such a train would be 336 longer than circumference of the Earth.

There exists another reason why the alternative energy solution should be
found. The global warming is reality and the global temperature is increasing
faster that it was in last 180 years due to increasing emission of Green House
Gases GHGs (mainly COq, CHy). In figure 1 there is seen comparison the fastest
global change on the Earth ever which is happen in the end of Paleocene! 55 mil-
lions year ago also called as Paleocene—Eocene Thermal Maximum PETM with
a nowadays temperature raising. As it has been proved by carbon isotope ratio
mass spectrometry? the PETM was caused by burring of organic-based carbona-
ceous species such as fossil fuel (petroleum or coal) or biomass or permafrost
that could be initialized by volcanic activity [4]. The investigation of geological
sedimentation shows that PETM, which lasted 10 000 years, 5 Tt of carbon was
released into atmosphere (estimated maximum of emission was 2 Gt of carbon
annually but the average emission was 0.5 Gt of carbon annually) while nowadays
10 Gt of carbon is releasing annually which is 20 times higher in comparison with
PETM [4]. In addition, the figure 1 illustrated that the nowadays temperature
raising is 100 times higher in comparison with PETM. It should be noted that the
maximum concentration of CO, in Eocene (700 ppm) was decreasing 40 millions
years by natural way up to the preindustrial concentration of COy (280 ppm).
The actual concentration of CO, is higher than 400 ppm [5]. According to the
mentioned facts it would be even better do not use the rest of fossil fuels does
not matter how much is still remains.

IPaleocene is a geologic epoch (from about 66 to 56 million years ago) which is the first
epoch of the Paleogene Period.
2The photosynthetic reaction prefers lighter isotope C'2 to C'3 [4]
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Fig. 1: The comparison of time dependence of temperature rise during PETM (—) and
nowadays temperature rise (—) [4].

The solution of energy issue and establishment of new future energy concep-
tion are essential to keeping our civilization as we know it.

Might the solution be the use of green energy, which is nowadays so popular,
in much larger scale? It can been shown that the worldwide energy demand
could be met by building a hypothetical large-scale solar power plant. With using
known worldwide energy demand (1.4 x 10 kWh-year™ [3]) mentioned above
and electric power density per area unit of a solar panel (0.56 kWh-d~!'-m~2 [6])
the size of this hypothetical solar plant would be calculated as (830 x 830) km?.
If we want to imagine such a big area, it may help us comparison with some
piece of real land. This area of hypothetical solar plant that ought to be met the
worldwide energy demand would be as large as 7% of Sahara desert *. It should
be noticed that such a similar plans for constructing of large-scale solar power
plant in Sahara really exist and this project is known as Desertec [8, 9]. However,
how to transport energy produced in this remote part of the Earth to the place of
use? Similarly, what happens during the night or when it is cloudy? This energy
must be stored somehow.

The another solution might be water power plants. Due to its location and
orography in the middle of Europe and with mountains along boundaries the
water power plants are still suitable in our country *. If we calculate the energy
benefit of potential energy of annual precipitation in our country during the year
according to the middle see level in our country and according to the lowest
see level at our boundaries, the amount of generated electricity by water power
plants (45.6 TWh) cannot met the electricity demand of our country (66 TWh
[10]). That means that the theoretical maximum of electrical energy which can
be produced using such a way would be the 68% of total energy demand in our
country only. It is obvious that Czech energetic industry definitely could not work

3Sahara is the biggest desert in the world. It is located in the north Africa. The total area
is (9.2-10° km?) [7]

4The annual production of electricity using water plants in The Czech republic is 3.3 TWh
[10]. This production is 3% of annual electricity demand (66 TWh) [10]
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with using water plants these days only.

The next near future solution may be expansion of using nuclear power plants.
It is estimated that there are enough nuclear sources to meet current demand for
next 150 year [11].

Finally, the solution of future energy issue, which might be more important
than we admit now, would be an use of thermonuclear fusion power plants [12-14].
Unfortunately, the civil purpose of this technology has been under investigation
since early 1950s and it has not been finished yet. The first experiments using
"burning" a mixture of deuterium and tritium is estimated in 2032 (project ITER,
Cadarache, France)[15].

Leaving aside nuclear energy and still undeveloped fusion energy, it is obvious
that there exist alternate power sources and electricity could be produced using
above mentioned technology. However, the characteristic attribute of green energy
sources is its dependence on nature conditions® such as solar radiation, precip-
itation and weather generally. Hence, this kind of power plants usually works
instantly and there are peaks of overproduction and stretches of time when the
production is not high enough. This irregularity is reason why there is definite-
ly needed some possibility how to store the produced energy. In addition, the
energy generated in remote places like the north Africa in the project Desertec
especially as well as energy generated by using big nuclear power plants must be
transported to the place of use or to the vehicle directly. We simply need to make
the generated energy mobile being ready in place of consumption so we need to
have a appropriate energy carrier.

Both assumptions - the energy storage and the transportation - can be met
through a new convenient energy carrier which might be hydrogen. Now some
attributes of hydrogen will be explained and the comparison with convectional
hydrogen carriers and casual transportation system will be discussed.

« Hydrogen Energy storage
With using the tabulated data of the heat of combustion is easy to show
that hydrogen has the best mass density of energy in comparison with oth-
er convenient energy carriers [17-19]. Contrary to this fact, the hydrogen
spatial density of energy ranks among the worst due to its low mass den-
sity. However, hydrogen can be stored under high pressure. The common
pressure of hydrogen storage in industry is about 700 Bar © [20]. The com-
pression of hydrogen can improve spatial density of energy, unfortunately
even under such high pressure hydrogen can not approach the same spatial
density of energy as world-wide-use gasoline. In addition, hydrogen can be
stored using different method. Hydrogen might be transformed in to liquid
form (LHj), which improves the balance of energy density two times ap-
proximately [17]. Another storage procedure is the use of metal hydrides
[20]. Moreover, there exists the solution based on liquid organic hydrogen

5 Admittedly, apart from solar, wind and water energy there are existed other sources that
could be also called green or renewable sources such a use of biomass and others [16] but these
energies still need to be stored somehow.

6Unfortunately, the storage of hydrogen under high pressure needs relatively heavy gas
cylinders or tanks with safety equipment which make the final storage system heavy and bigger
[20].



carrier (LOHC)[21] that have the similar spatial density of liquid hydro-
gen but under ambient conditions. Considering these facts, the hydrogen is
really suitable alternative energy carrier of nearest future.

o Transportation of energy

Nowadays, the energy is produced by power plants distributed by the high
voltage transmission system. However, it was shown that hydrogen as an
energy carrier can be transported using gas pipelines [22, 23] so the ener-
gy produced by power plants might be distributed by this worldwide gas
pipelines network. In addition, it is easy to show that the energy flow trans-
mitted in form of hydrogen would be 5 fold greater in comparison with the
high voltage transmission system. Besides, hydrogen can be still transported
by common cargo shipment in forms of LH,, high pressured hydrogen, metal
hydrides or LOHC (discussed in previous paragraph). In view of this fact,
hydrogen may be the suitable energy carrier for transportation of energy
for long distance.

It was shown that H, is supposed to be really suitable energy carrier for
storage as well as it is promising for energy transportation. The energy is stored
in form of chemical energy of hydrogen but how this energy can be released from
this form and transformed into useful work? There exists the basic procedure
how to do it which is combustion with using heat engine’. The efficiency of heat
engine is limited by efficiency of Carnot cycle. This efficiency is relatively low
(less than 40%) and it decreases with temperature of cooler. In addition, apart
from heating or combustion application the energy in form of electricity is needed
and generating of electricity using the final device consisted of heat engine where
the transformation into electricity using some turbine and/or electric generator
makes the efficiency even lower. The efficiency of standard coal power plant is
about 37% [24]. Considering the fact that in most of application the energy in
form of electricity is needed we ought to ask if there exists some other solution
how transform chemical energy into electricity directly.

1. The Fuel Cell Basics

The technology that makes direct transformation of chemical energy into elec-
tricity possible really exists and it is called the fuel cell (FC). As it was indicated
the FC is a power source that performs direct transformation of chemical energy
of fuel into electricity. The fuels are usually hydrogen and hydrocarbons such as
methane, ethane and others. In addition, the efficiency is not limited by efficien-
cy of the Carnot cycle and it is usually higher in comparison with efficiency of
standard heat engine (vapor producing—turbine—generating electricity) which is
limited by Carnot cycle. It can be shown that the theoretical maximum efficiency
of fuel cell is about 77% at working condition of 70°C while the efficiency of heat
engine is impossible to determine at this low temperature since it is lower than

"Heat engine is a thermodynamics term. It is a system that performs the conversion of
thermal energy to mechanical energy which can be used to do useful mechanical work



temperature of heat engine cooler. Considering this the FC technology is real-
ly suitable for low temperature applications such as mobile applications (mobile
phone, laptops, remote radio transmitter or locator) and as well as for automotive
application. In addition, fuel cell technology is not basically consisted of moving
mechanical components so there are not any mechanical wears and any noise pol-
lution in contrast to gasoline engine. The next advantage of this technology is
fact that the waste products are heat and pure water! which makes this power
source CO, free and environmental friendly.

It was just described that chemical energy of hydrogen fuel can be easily
transformed into electricity directly by fuel cell and additionally it could be trans-
formed under higher efficiency in comparison with the system based on heat en-
gine and turbine generator. However, how hydrogen can be fabricated? Or more
precisely according to the fact that hydrogen is supposed to be energy carrier, let
us ask how the electricity, which is produced by conventional power plants and
the overproduction of alternated power plants, can be transformed into hydrogen
in order to store it in this form as an energy carrier and/or then transport it?
While the fuel cell can transform hydrogen in to electricity and into waste in form
of pure water (power source mode) this technology can be used as well as in re-
verse way (reverse mode). If the fuel cell is used in reverse mode, the electricity is
consumed and water is transformed into oxygen and hydrogen keeping the high
efficiency comparable with power source mode additionally. This reverse mode
of fuel cell is known as the Polymer Electrolyte Membrane Electrolysis (PEM
EL) [25, 26]. The already known setup, which may be suitable, is using of solar
power plants for producing electricity which is then use for hydrogen and oxygen
evolution by PEM EL [27].

In view of this fact, the fuel cell technology is suitable transformer between
chemical energy of fuel and electricity in both directions. Considering these facts,
fuel cell and PEM FC, which is main topic of this thesis, is a promising power
source of electricity that can help to solve energy issue of nearest future. And the
thesis is about improving of PEM FC (see goals of thesis 4).

The principle of fuel cell was found in 19 century. Christian Friedrich Schon-
bein referred to this phenomena in 1839 [29, 30], using it to explain the electrical
current measured in experiment with platinum electrodes. However, Sir William
R. Grove constructed the first experimental prototype of fuel cell only one year
later in 1839 [28, 30-32|. The original scheme of Grove’s prototype is shown in fig.
1.1. Those days it was presented that also variation of different kind of fuel such as
H, and camphor can be used but the performance of cell was too low (a few mW).
The expansion and improvement in surface analysis techniques in recent decades
made the next investigation and much more precarious research of this field possi-
ble. The laboratories as well as companies all around the world have been focused
on this topic. Moreover, the idea of fuel cell technology found its place even in an
energy politics in world-important countries e.q. in the USA represented by Fuel
Cell and Hydrogen Energy Association (FCHEA)[33] that was formed in 2010
following the merger of two former associations representing different sectors of
the industry, the U.S. Fuel Cell Council (USFCC) and the National Hydrogen

IThere are several types of fuel cells with different working conditions, the fuel that is used
and the waste products. In the case of proton exchange membrane fuel cell (PEM FC), the
waste products are just pure water and heat. More details about it is presented in chapter 5.
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Fig. 1.1: The Sir William R. Grove’s diagram of the gas wvoltaic battery from 1839
publish in [28].

Association (NHA) or German Hydrogen and Fuel Cell Association (DWV) [34]
and National Organization Hydrogen and Fuel Cell Technology [35] in Germany.

The fuel cell is consisted of two electrodes coated by catalyst and of an elec-
trolyte (see the next part 5). The catalyst is crucial part because without it the
chemical reaction could not work and the FC would not produce any electricity.
Unfortunately, there is only one general known really functional and stable cata-
lyst for PEM FC and this catalyst is platinum. Platinum is really noble metal and
due to its rarity it is also expensive. In view of this fact, the important parameter
of FC is power per mass unit of platinum as is called specific power (SP). The
specific power (SP) of the state of the art of nowadays automotive application is 6
W /mg(Pt) which was 2012 milestone [36]. The price of 1 g platinum is 35 EUR/g
[37]. The world-wide reserve of platinum is 66 000 tons [38] which means that if we
calculate with 1 000 millions car on the world it would not be enough platinum
to meet the demand. It is clear that using of platinum makes the commercial
production of FC technology limited. In addition, it should be also mentioned
that after expansion of FC technology the price of platinum would be growing
up rapidly due to increasing of demand and the price of final device based on FC
could be much higher than we could suppose. It is obvious that if this technol-
ogy is used in large scale, the amount of platinum must be rapidly decreased or
platinum should be replaced by other cheaper catalyst keeping the same activity
and stability. The decrease of amount of platinum using other suitable
additive oxides which would be kept the performance and stability as

high as in the case of pure platinum catalyst is the main goal of this
thesis.



2. Nowadays FC in use

Despite the unfinished investigation of proper inexpensive catalyst, the fuel cell
technology is supposed to be an alternate technology that should help to solve
energy issue of nearest future. There exist many examples of use of PEM FC. For
example the hydrogen bus from Skoda Electric company in our country and car
powered by PEM FC from Honda company planed as the first serial production of
such a car by year 2015 [39](See the fig.2.1). These vehicles use hydrogen as a fuel

Fig. 2.1: Examples of use of trihybride: fule cell/energy storage element/super capac-
itor. On the left is example of the trihybrid bus which is constructed by Skoda Electric
Pilsen trolley bus and Fuel cell manufacturer is Proton Motors [40]. On the right is a
sport car Honda Clarity with PEM FC solution of 80 kW [41].

and fuel cell is keeping running under stable optimal conditions during the whole
time while the vehicle is working. The overproduction of electricity generated by
PEM FC during the drive is stored in lithium traction batteries and acceleration,
which consumes more electric energy than PEM FC could generated, is provided
by super capacitors® that are continuously fed by PEM FC. The super capacitor
is also used for deceleration which is carried out by a regenerative break?. This
system: fuel cells and energy storage elements with super capacitors is called
trihybride. Additionally, both vehicles are emission free because they use a fuel
cell. Moreover, we could say that all reasonable automotive companies are trying
to develop the fuel cell car. The overview is shown e.q. in [43]. In addition, there
exist much more applications which was already used such as stationary unit for
houses and small and middle size power plants [33, 43]. Then there are portable
or mobile fuel cells: little source for laptops [44] or military application e.g. radio
[45], military submarine [46, 47] or public submarine ready for serial production
[48]. The fuel cell is supposed to be solution for houses based on combination

!The super capacitor, also known as ultra-capacitor, is an element of energy storage which
has much smaller capacity than lithium traction batteries but which can involve much higher
current. It is usually used as a buffer of energy between electric motor and batteries. See [42].

2The regenerative break is a way how to slow vehicle down which is based on transformation
of kinetic energy of vehicle into electricity. The electricity is stored in batteries or distributed
back to the electric-power transmission (in the case of trains and others using overhead lines).
The regenerative break is usually performed by using an electric motor as an electric generator.
In case of regenerative break, the excess kinetic energy is saved which is in stark contrast to
conventional braking systems which is characteristic for vehicles with combustion engine where
the excess kinetic energy is converted to the heat only and therefore wasted.

9



of solar panels and fuel cells as it was described above [27]. See the scheme in
fig. 2.2. The fuel cell can be powered by hydrogen from methanol steam reformer

DAY

Fig. 2.2: The scheme of solution for houses based on combination of solar panels and
fuel cells.

based on solar heat, which is possible to use as a house complementary solution
[49].

3. The state of the art

The fuel cell is a global topic which is investigated worldwide and many efforts
have been made to improve this system as it is evidenced by hundreds of thou-
sands of published articles in this filed. The database web of knowledge returned
98 710 for keys fuel cell (till 8.8. 2016).

The research is divided into some main subfields as follows :

e anode catalyst

« cathode catalyst

e membrane investigation

o flowfields development with fluid simulations and water management.

It is obvious that Pt is the most convenient element for hydrogen oxidation
reaction (HOR) as it is seen in fig. 3.1 where it is illustrated the comparison
between Pt and another elements for HOR (left) and ORR (right) [50]. There are
lots of reviews about Pt and Pt-based fuel cell electrocatalyst [53, 54]. It has been
shown that amount of platinum could be decreased by improving morphology
of carbon substrates and by increasing specific surface area [55, 56]. The typical
catalyst support is carbon nanoparticles known as Carbon Black or Vulcan Carbon

10
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Fig. 3.1: On the left there is the logarithm of exchange current densities (logig) for
hydrogen evolution vs. the bonding adsorption strength of intermediate metal-hydrogen
bond formed during the reaction itself [51] and on the right there are trends in oxygen
reduction activity plotted as a function of the oxygen binding energy [52].

(XC-72 and others) and the widely used catalyst is platinum in the form of
nanoparticles of diameters about 4 nm known as platinum on carbon black (Pt-
C) from e.g. (Johnson Matthey Co, E-TEK Inc. ). The scheme of Pt-C catalyst
with carbon support is seen in fig. 3.2. It is seen that platinum is situated on the
carbon particle surface in the form of small particles.

The new cutting edge automotive loading of catalyst is 0.3 mg-cm™2 for cath-
ode and 0.025-0.05 mg-cm~2 for anode as it has been demonstrated without de-
grading the cell performance and life-time [58-60]. It could be seen that main
bottleneck in the fuel cell technology is high loading of platinum on the cathode.
However, considering the fact that hydrogen is supposed to be also produced from
bio-ethanol ! the demands placed on anode catalyst is increasing and anode cat-
alyst becomes important again [55, 61, 62]. Hydrogen produced from bio-ethanol
using reformer is contaminated by carboneaous species such as CO, so the an-
ode catalyst exhibiting higher resistance for CO poisoning is needed. The CO
tolerance could be partially increased by using higher loading of platinum on the
anode side or by using of certain platinum alloys that some of them are also
known as catalysts for direct methanol fuel cell (DMFC). The CO and CO-like
species are adsorbed irreversibly on the catalyst surface and critically poison Pt
that causes a significant reduction of the electrical efficiency and power density.
It can be summarized that for hydrogen contaminated with CO there are Pt-
based catalysts that give performance equal or similar to the performance given
by Pt/C with pure hydrogen cell: Pt-Ru/C, Pt-Mo/C, Pt-W/C, Pt-Ru-Mo/C,
Pt-Ru-W/C, Pt-Ru-Aly, and Pt-Re-(MgH,) [63]. In another report it is described
the use of Ru-Pt, Ru-Sn and Mo-Pt alloys for PEM FC based on hydrogen con-
taminated by CO coming from steam reformer fabrication procedure [61, 62]. The
general role of bimetallic alloys is shift of the onset potential for CO oxidation to
lower potential which reduces CO poisoning [64-67]. In the detail, onset poten-
tial for OH adsorption is for Ru lower than for Pt, which leads to increase of OH

! Bio-Ethanol is produced by microbial fermentation of the sugar coming from appropriate
plants.
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Fig. 3.2: The scheme of Pt-C catalyst with carbon support. The TEM images left
below and Pt-C catalyst on carbon support illustration in the right below [57].

species adsorbed on the surface which prevent to CO poisoning [68] by reaction
Ru — (OH),, + Pt — (CO),, — Pt + Ru+ COy + H",, + e~ (3.1)

According to the fact that the state of the art platinum loading on anode for
hydrogen of highest purity is still significant (only 6 - 12 X less than cathode
loading) and fact that better CO tolerance for hydrogen produced by reformates
is needed and catalyst stability needs to be improve, the investigation of anode
catalyst is main topic of this study.

The another solution is the use of Pt doped metal oxides. The selection criteria
for appropriated metal oxides are described in [54] and it is listed below:
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o High stability in acidic media for acidic fuel cells or in alkaline media for
alkaline fuel cells

o High resistance against electrochemical corrosion: metal oxides should be
electrochemically stable under the working conditions of PEM FCs, or metal
nanoparticles supported on them should not peel off from them and should
not agglomerate, leading to the degradation of catalytic performance.

o Good electronic conductivity

e Good proton conductivity

» High specific surface area

» Porosity: appropriate porosity of metal oxides is favorable for mass transfer
of liquid fuels or oxygen gas and the minimization of water flooding in
electrodes.

o Compatibility with electrodes: metal oxides should bond well with noble
metal nanoparticles to maintain adhesion and a conductive link to noble
metal nanoparticles, and to form a good three-phase boundary.

All these criteria are fit by CeOy which is used in this thesis. The investigation of
catalytic performance for some metal oxides (TiOx, WOy, MoOy, RuOy, SnOy and
CeOy) as a co-catalyst and support for various reactions including HOR, ORR,
EOR is summarized in [54]. The co-catalytic behavior of WO by the formation
HWOj; for anode oxidation was publicized even in 1960s [69] and similar behavior
was also observed for SnO, [54]. The role of co-catalytic oxides is similar to
bimetallic alloy - the onset potential for oxidation of carboneous species is shifted
to the lower potential in comparison with standard Pt-C as it is described for
Pt-SnO; electrocatalyst [70, 71]. The CeO, is readily reducible into Ce;O3 so it
can be easily switched between two chemical states Ces; and Cey; with small
energy needs. The chemical state depends on whether its presence is in reducing
or oxidizing environment as it is seen in eq. 3.2.

CeOy <—— CeOyx + 502 (0<2<0.5) (3.2)

The ability to store and release oxygen is also known as oxygen storage and the
quantum origin of this phenomenon is described in [72]. Additionally, it contains
many oxygen vacancies leads to high oxygen mobility. The oxygen storage and
high oxygen mobility make ceria possible to use for the ORR and for the oxidation
of the adsorbed CO from hydrogen contaminated with remaining CO [54]. This
ability might help to stabilize doped platinum which is also reason why this thesis
is focused on use of Pt doped CeO, prepared by physical way. The preliminary
quantum study about Pt-CeOs structure was presented [73].

Many efforts have been directed toward enhancing the catalytic activity by de-
veloping advanced cathode catalyst. There are reviews about bimetallic platinum
alloys as an alternation to pure Pt/C catalyst [54, 55, 58]. The main bimetallic
alloys investigated as cathode electrocatalyst are Pt3-M (M: Ti, V, Fe, Co, Ni)
[74, 75] but there is also study about use of Pt-Cu alloy [76]. There are another
studies about platinum transition metallic alloys Pt-Fe, Pt-Cr and Pt-Cr-Co pre-
sented higher specific activities for oxygen reduction comparable with platinum
[59, 7T7-79].

There are two approaches how to explain the better catalytic activity of bina-
ry alloys comparing to Pt/C. First approach is based on de-alloying of transition
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metal from platinum alloy while the less stable elements are intentionally or unin-
tentionally dissolved out to leave a nanoporous film, skeletal surface or core—shell
particle configuration which increase the specific area of remaining platinum [53,
76, 80, 81]. Second, there is suggested occurrence of a lower Pt valence band
center relative to the Fermi level in Pt skin layer-based alloys by the underlying
transition metal which increase the efficiency for ORR [74]. Unfortunately, all
these Pt-M alloys are unstable and reasonable degradation occurs in comparison
with Pt/C catalyst [82]. However, it was recently shown that the stability might
be improve by creation of structural defects and micro-strain in alloy because the
defects are more stable and active than pure alloy [83, 84]. The relation between
the electrocatalytic properties of the oxygen reduction reaction and the electron-
ic band structure of PtsM (M: transition metal) alloys are seen in fig. 3.3. It is
seen that Pt3Co exhibits the highest performance which is the reason why in this
study it is also investigated the Pt-Co alloy for cathode catalyst but prepared by
different way.

Pt,Co

1l Pt poly

Specific activity: i, at 0.9V (mA cm=2,)
(F]
|
|
NS
(Ajod 14 SnsJan) Juawadueyua AlAILY

| | | | | |
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g-band centre (eV)

Fig. 3.3: The relation between the electrocatalytic properties of the oxygen reduction
reaction and the electronic band structure of PtsM alloys. Experimentally measured
specific activity for the ORR on PtsM surfaces in 0.1M HCIO4 at 333 K versus the

d-band center position [74].

There exist some platinum free catalysts but they are not stable enough.
They are also dissolved and degraded rapidly and the performance is much lower
in comparison with noble metal based catalyst [85]. Despite the fact, that there
has been done progress with non-noble metal catalyst [86, 87] the platinum based
catalyst still remains at the center of research interest [88-90]. The promising
alternative cathode platinum-free catalyst might be e.g. M-N4 (M: Co or Fe)
[91] and anode platinum-free catalyst alternations are e.q. Co-Mo-C [85] or M-
WC/KC (M: Ni, Co or Mo) [92-95].
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There is review about platinum supported on doped or non-doped graphene
for ORR [96] but this catalyst is supposed to work in alkaline solution. The scheme
of this catalyst is seen on the left in fig. 3.4. Platinum free cathode catalyst for

AEI coating
—

{ GO reduction

Graphene oxide

Catalyst
deposition

He/0, gas /Cata\yst lonomer

Support —
Electron path 4

Ideal triple phase boundary Pt/AEI/rGO

Fig. 3.4: Examples of graphene supported catalyst. On the left it is an illustration
of preparation of the Pt/AEI/rGO catalyst with ideal triple phase boundaries (AEI -
anion exchange ionomer, rGO - reduced graphene oxide) [97]. On the right there is a
schematic illustration of the interaction between Pt-Fc and graphite [98].

alkaline solution studied recently is based on transition metal nitrogen carbon
complex (graphene-iron phthalocyanine (g-FePc) in the case of Fe) and it has
been shown as a promising non-platinum catalyst [98, 99]. For the illustration of
the catalyst structure see the fig. 3.4. The junction between Fe-Pc and graphene
is mediated by m — 7 orbital interaction. Unfortunately, this complex still has not
exhibited efficiency and stability comparable with platinum based catalyst [96].

4. The Goals of the Thesis

Considering the facts mentioned above, the fuel cell technology is a promising al-
ternation of the energy solution for near future because of many reasons - power
source diversification and autonomy, technical, ecological and economic reasons.
Unfortunately, as it was already described, there still exists just one suitable cata-
lyst material enabling to get a reasonable power density for automotive industry.
This catalyst is platinum. Platinum is a rare and expensive material and the
price is even going to increase when the serial production starts as it was also
explained above. So the discovery of a less expensive catalyst or decreasing of the
amount of platinum while the power density is comparable with pure platinum
catalyst is crucial. The main general target of this thesis is decreasing of
the amount of platinum which is used as a catalyst in proton exchange
membrane fuel cell (PEM FC).

Especially, investigation of the new platinum cerium oxide alloy for fuel cell
anode and its comparison with commercial platinum catalyst. The convenient
experiment method is a direct test in fuel cell test station. The supplementary
methods are scanning electron microscopy (SEM) helps to control the structure
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of catalyst layer and photoelectron spectroscopy (PES) enables to control chemi-
cal composition of catalyst material. Complementary, X-ray absorption near edge
spectroscopy (XANES) is strong effective instrument to study chemical composi-
tion of catalyst film in-operando. Moreover, the additional another goal is inves-
tigation of Pt-Co as cathode catalyst. Finally,the important and necessary aim is
also developing of experimental setup for PEM FC analyzing.

Main individual goals of theses are listed below:

Improve measurement system for fuel cell.

Pt-CeO4 samples preparation using magnetron sputtering.

Analysis of samples using SEM, XPS, PES.

Direct test in PEM FC test station.

Compare results with commercial Pt catalyst.

Investigate behavior of catalyst in real conditions with use of XANES.

Investigate a low platinum content cathode and test PEM FC with own low
platinum content catalyst on both, anode and cathode, sides.
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II Theory

"
If we knew what it was we were doing,

"
it would not be called research, would it?
— Albert Einstein

The historical background of fuel cell technology and its meaning in global
point of view were described in the previous part. However, the principle in detail
was left unclear and it is going to be described in this chapter. The detailed
explanation of principle of fuel cell is described on the case of PEM FC, which is
the type of fuel cell used in this thesis. Additionally, the comparison of different
types of fuel cells is shown. Moreover, the author’s mathematical derivation of cell
voltage and efficiency and basic fuel cell model are shown in individual chapters.
Besides that, methods of characterization of fuel cell performance are described.

5. Theory of Fuel cell

5.1 Fuel cell principle

The fuel cell is a device enabling a direct transformation of chemical energy of
hydrogen or of hydrocarbons fuel into electricity. The fuel cell has a sandwich-
like structure which is consisted of an anode electrode, a cathode electrode and
an electrolyte which is placed in the middle and makes ion conductive junction
between both sides. Both anode and cathode electrodes are composed of gas diffu-
sion layer (GDL) and of thin catalyst film. In the case of PEM FC, ion conductive
membrane is used as an electrolyte. The membrane pressed between anode elec-
trode and cathode electrode is called membrane electrode assembly MEA and
this MEA is clamped between two stainless steel or graphite gas distributors.
The structure of PEM FC is illustrated in fig 5.1. Catalyst film, which is placed
between membrane and gas diffusion layer, is usually coated on GDL or for some
applications is coated onto a membrane directly.

The principle of PEM FC is as follows: Hydrogen flows to the anode where it
is adsorbed on catalyst layer where it is decomposed into protons and electrons
5.1.

2H, —» 4H" + de™ (5.1)

Protons can go through ion conductive membrane while electrons cannot pass
because membrane is an insulator. At the same time, oxygen flows on the cathode
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Fig. 5.1: The sandwich-like structure of PEM FC: both, the anode electrode and the
cathode electrode, consisted of the gas diffusion layer and of the catalyst film, the
ionconductive membrane in the middle, gas distributors on both sides.

catalyst where it is reduced and reacts with protons to form water 5.2
4H" 4+ 4e” + Oy — 2H,0 (5.2)

However, this reaction needs two more electrons so they are taken from the cath-
ode surface and this way the potential difference between anode and cathode
are created. While the protons go through the membrane, electrons go along the
external circuit and do useful electric work (see 5.2). The well-know equation
summarizing the fuel cell reaction is as folows (5.3):

The other explanation can be seen e.g. in [20, 100]. The reaction pathway is
explained in detail in the following section 5.3.

5.2 PEM FC summary

There exist more types of fuel cell than PEM FC. Despite the fact that this thesis
is about PEM FC, the main other types of fuel cell are briefly described in order
to get basic overview. Type of fuel cell are different to each other from several
criteria such as scale of use, working temperature, electrolyte, fuel which is used
and etc.



AIR

Fig. 5.2: The principle of fuel cell. Hydrogen (®®) is oxidized to form protons (@)
and electrons(e). Protons go thought the membrane and oxygen (®®) is reduced
to form water (®®®) while electrons cannot pass thought the electrolyte and go
along the external circuit instead where do useful electrical work.

Based on the review (not shown) of the other type of fuel cells can be seen
that the PEM FC can operate in wide power range. For the better illustration
see the the figure 5.3 where is the summary of fuel cells characterizations. It is
seen that PEM FCs are suitable for small mobile devices through the cars to
the backup power sources of power of hundreds of kilowatts. This fact together
with zero CO5 emission makes PEM FC very convenient power source of electric-
ity. The other advantage of PEM FC is low working temperature of range from
room temperature to less than 100°C (typically 80°C). The working tempera-
ture around room temperature is important for mobile application like laptops or
mobile phone where is necessary to keep lower temperature. The working temper-
ature around 80 °C at which the PEM FC reaches high power density around 1-2
W em~2 (which is the highest value in comparison to the others type of fuel cell)
is still appropriate temperature for automotive industry and power generation in
large scale. The indisputable advantage is the stable electrolyte which is ion con-
ductive membrane - mainly NAFION®. The other and more general information
about PEM FC is described in chapter 1.

On the other hand, there are disadvantages. The necessary use of pure hy-
drogen fuel without any carbonate impurities and especially the use of expensive
platinum catalyst are the main disadvantages which is the reason why the de-
crease of platinum amount is the main goal of this theses (see the chapter 4).
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Fig. 5.3: The summary of applications and main advantages for different type of fuel
cell. Reprinted from [20].

5.3 3 phases interface

The PEM FC reaction mechanism for the anode reaction 5.1 and cathode reaction
5.2 described in the previous section 5.1 puts high claims for specific solution of
the environment of reaction. For the better understanding see the fig. 5.4 where
are the anode (a) and cathode (b) mechanisms in the detail. In the case of anode, it
is seen that hydrogen in its gas phase has to get from GDL to the place of reaction
through the combination of contiguous pore space. When it reacts on Pt particle
and it is dissociated into protons and electrons, the electrons have to get out
through electron conductive channel to the electrode which is realized by GDL.
Complementary, the protons have to get to electrolyte through ionconductive
channel as it is illustrated in figure 5.4. In the case of cathode it is similar but
in addition, the water which is formed on the cathode has to get out. Given this
fact, the porous space should enable the transport of fuel/oxygen in gas phase
and simultaneously the transport of water mainly in liquid phase between the
GDL and place of reaction. It can be summarized that the appropriated place
of reaction is catalyst particle connected to the ioncoductive network, electron
conductive network and combination of contiguous porous network. Should be
noted, that simple connection is not enough, it is crucial that the network is
ended at the GDL or complementary at the electrolyte.

The complex interplay between particle size, pore size distribution and ion-
ic/electronic conductivity, in fuel cell electrodes is called the triple face interface
(TPI). The total length of this TPI is essential due to the fact that it is only at
this region, where the electron conductive phase, ion conductive phase and con-
tiguous combination of porous space structure, which charge transfer reactions
can be proceed. Thus, the length of TPI of each PEM FC is crucial because the
performance of PEM FC grows with increasing length of the TPI. More details
can be found e.g. [20, 101].



electrolyte catalyst layer GDL electrolyte catalyst layer GDL
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Fig. 5.4: Schematic view of reaction pathway for: a) PEM FC anode; b) PEM FC cath-
ode. Platinum catalyst nanoparticles(#), carbon support (e). The carbon and platinum
particles are bonded together using a NAFION® solution which provides ion conduc-
tivity (Hlll). Contrary, the carbon support particles together with platinum particles
provide electron conductivity

5.4 Proton Exchange Membrane

The PEM FC electrolyte is realized by proton exchange membrane which is made
from ionomers' and it is designed to be proton conductive. This ionomer is known
as NAFION®. It has been developed by E.I. DuPont company and currently it is
still produced by the same company.

Nafion is a sulfonated tetrafluoroethylene based fluoropolymer-copolymer which
is consisted of nonpolar tetrafluoroethylene (TFE) segments CFy—CFy and po-
lar perfluorosulfonic vinyl ether (PSVE) segments (CF;—CF(OCF,—CF(CF3)0)-
—CF,—CFy—S03H) and its chemical formula is below in fig 5.5.

CF, CF,
CFQ/ %:CF/
O< _
CF O
2\ o\ /CFQ\ w /
FC CF, S S
L ‘ Az / \O
CF, HO

Fig. 5.5: The structual chemical formula of Nafion.

The Nafion has hydrophobic and hydrophilic parts. The hydrophobic part is

L An ionomer is a polymer comprising fraction of ionized units in additional to normal poly-
mer.
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situated around the TFE (whose behavior is known from behavior of PTFE)
and hydrophilic part is well defined by each sulfonate group around PSVE. The
segregation of the ionic groups (SOj3) occurs and a better segregation of these
hydrophobic and hydrophilic patches is produced in the water-polymer interface
[102]. The protons can be transported along SO; ionic groups. However, the
natural bond between SO; and HT is strong because of its ionic character and
proton is not mobile. Nevertheless, the attraction between SO3 and HT or better
between SO3 and HzO™ in water environment is getting weaker by increasing of
humidity and protons are able to move (increasing the dry weight of the material
by up to 50%). If the membrane is well hydrated, there are occurred more complex
mechanism of proton conductivity and apart from proton as a part of water
molecule H3O%, proton could be between two water molecules H;OF or it is a
part of H;OF comprised of an H3OT ion and three HoO molecules [103, 104].
For better understanding the mechanism of proton conductivity is illustrated in
fig. 5.6 a) where is nanoscopic hydrated network. In fig. 5.6 b) is seen the cross-
section of channel of cluster network. The typical conductivity of well hydrated
membrane is 0.1 Scm™! [105]. If the membrane is less hydrated, the water clusters

Water collects
around the clusters
—— of hydrophilic
sulphonate side
chains

Fig. 5.6: Proton conductivity mechanism in Nafion: (a) Stylized view of the nanoscopic
hydrated structures of Nafion and sulfonated polyetherketone [106]; (b) Cluster-network
model for the morphology of hydrated Nafion [107]; (¢) The structure of Nafion-type
membrane materials. Long chain molecules containing hydrated regions around the
sulphonated side chains [108].

around hydrophilic ionic chains are formed as it is illustrated in fig. 5.6 c). It is
obvious that in this case the water regions are separated so the conductivity is
lower but it is still possible because H ions can move through the supporting
long molecule structure as a diffusion of H3O™". This mechanism is called vehicle
mechanism [109, 110].

Given the facts above mentioned, it is necessary used well hydrated membrane
for PEM FC application. Hence, water management makes PEM FC technology
more complicated and some other problems can occurred.
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Another effect which is typical for PEM membrane is water crossover which
means that water goes through the membrane from the anode side to the cathode
side. Especially, while the fuel cell is operated H ions go through the membrane
and pull water molecules with them by electro-osmotic drag [105]. Furthermore,
for high current density it can happen that the anode side of the electrolyte gets
dried out although the cathode side is well hydrated.

It is important to keep appropriated humidity of both sides anode and cathode
which means the use of moistened gases on both sides of fuel cell. In the best case,
moistened gases according to the current real current density.

It should be noted that the mechanism of PEM membrane has not been
perfectly clearified yet and there still exist new model studies that try to explain
the membrane behavior e.q. [102, 111-113]. The more information about PEM
and nafion membrane can be found in [102, 103, 107, 114, 115].

There are different types of Nafion that are differentiated by equivalent weight
(EW) which is the number of grams of dry Nafion per mole of sulphonic acid
groups when the material is in the acid form and by the thickness of membrane.
For example the Nafion 117 has 1100 EW and it is 0.007 inch thick.

5.5 Gas Diffusion Layer

The role of Gas Diffusion Layer (GDL) is also important. The function of GDL is
the diffusion of reactants to the place of reaction and consequently the diffusion
of products out of cell. Thus, GDL should be porous enough with combination of
contiguous porous creating network important for diffusion of hydrogen/water on
anode and for air/water on the cathode. Additional, the GDL is bound to provide
an electric conductivity. Moreover, the material of GDL should be mechanically
firm in order to protect the porous structure from a collapse due to pressure which
is used for a clamping of the MEA in the cell. Usually, the operating pressure
of PEM FC is up to 1.5 MPa. The material widely used as a best solution for
GDL is carbon paper or carbon cloth. Carbon cloth is usually thicker (less than
0.5 mm) and the mechanical assembly could be easier since it fills small gaps and
irregularities between bipolar plates. However, the carbon cloth is not suitable
for the thin modern design of the fuel cell and the most favorite GDL is a carbon
paper. The thickness of the carbon paper is about 0.2-0.3 mm, after assembling
is usually pressed to 4/5 of its thickness which is still at the elastic deformation
region and while the conductivity usually increasing approximately four times
(see the data-sheet for carbon paper [116]).

For better water flow through the material the carbon paper has hydrophobic
surface by coating of Teflon on its surface. The fig 5.7 a) shows the structure of
carbon paper. The individual carbon fibers coated by Teflon are visible.

The next function of GDL is support for catalyst layer so the specific surface
area of the upper side of carbon paper ought to be as high as possible. From this
reason, the carbon paper is usually coated by micro-porous carbon-based layer
(MPL) for fuel cell application. Carbon coated by such a MPL is seen in fig.
5.7 b), where is shown carbon paper 29 BC from SIGRACET® and its detail is
in fig. 5.7 ¢) (the same carbon paper was used in experiments in this thesis). If
the carbon paper with MPL is compared with carbon paper without MPL, the
significant increasing of specific surface area is obvious.
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Fig. 5.7: The SEM images of carbon paper: Alfa Aesar, Toray Carbon Paper, tefloned,
TGP-H-60 (a); carbon paper 29 BC from SIGRACET® with a micro-porous layer (b)
and the detail of the micro-porous layer (c).
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II1 Experimental Part

"
I would rather have questions that can’t be
"
answered than answers that can’t be questioned.

— Richard Feynman

In this chapter it is presented how the fuel cell is characterized, which proce-
dures are normally used and which dependencies and quantities describe quality
of fuel cell. The experimental setup is illustrated. Additionally, the design of our
new piston cell is presented. Moreover, the design of our laboratory is shown and
development of the new automatized test station is briefly presented. The sample
preparation is summarized.

6. Cell characterization

6.1 IV curve

Fuel cell is a source of electricity so it is characterized by quantities which are
known from battery field as a voltage of unloaded cell (OCV - Open Circuit
Voltage) and voltage dependency on current. For characterization of fuel cell it is
used the plots of voltage and power dependency in one graph as it is illustrated in
fig. 6.1. The open circuit voltage and a maximum power are marked. The relation
between power and cell voltage is illustrated for graphical determination of cell
voltage at maximum power.

As regards the fact that fuel cell technology is supposed to be used in appli-
cations where the size of device is important, appropriate quantities are current
density and power density (PD) 6.1

P

Ppp = 1
PD =~ (6.1)

where P is power of fuel cell and A is the area of electrodes. This PD roughly
corresponds to the power gained from a volume unit. Since the platinum catalyst
is rare and expensive material, the determination of power per unit of mass of
noble metal is useful (see I): the specific power (SP) is defined 6.2
Ppp
Pop = —22_ 6.2

5P ML (P (6.2)
where M (Pt) is loading of Platinum. Thus, the SP characterizes the price of
power gained by fuel cell.
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Fig. 6.1: Typical result of testing of PEM FC. The Open Circuit Voltage (OCV) and
a maximum power are marked. The graphical determination of voltage at maximum
power is illustrated.

With respect to fig. 6.1 it is seen a general obvious phenomenon that power
increase with decreasing cell voltage up to its maximum. However, should be
noted that efficiency of fuel cell decreases with decreasing cell voltage as it was
explained in the section ?7. So the real practical use is about the balance between
the efficiency and power density and specific power density that is wanted.

6.2 Cyclic voltammetry

The cyclic voltammetry (CV) is derived from polarography which is method that
was discovered by Czech Jaroslav Heyrosvky who was awarded for this invention
by the Nobel Prize in 1959. The CV belonges to the group of potential-dynamic
electrochemical experimental methods. The investigated surface is placed in the
electrolyte and it is called the working electrode. The general schema of setup is
in fig. 6.2 on the left. The voltage on the working electrode is measured relative to
the reference electrode. The current thrgough the working electrode and counter
electrode is applied with respect to the voltage between the working electrode and
the reference electrode. The reference electrode is usually made from silver-silver
chloride (Ag-AgCl) or calomel (HgyCly, SCE) and more. The counter electrode
can be simply made from Pt and support for working electrode is usually con-
sisted of glassy carbon, carbon paste, Au, Pt and crystals that are coated with
investigated catalytic powder.

The CV measurements are performed with using potentiostat following way:
the voltage at working electrode related to the reference electrode is periodical-
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Fig. 6.2: The illustration of experimental setup for cyclic voltammetry (left) and its
adaptation for in operando measurement in fuel cell directly (right). Setups are consisted
of working electrode (HM), reference () electrode and counter electrode (HlM) placed
in electrolyte (MM). In the case of setup for in operando measurement the reference
electrode and the working electrode are shared and they are represented by one side of
the fuel cell (H).

ly cycled between two values (see the fig. 6.3 top) while the current through the
working electrode changes accordingly. The first half of cycle is called the forward
scan (voltage increases) and the second part of cycle is the reverse scan (voltage
decreases). The scan rate is generally from 10 to 200 mV s~!. The current depen-
dency on such a voltage of the periodic triangle wave is called voltammogram.
Because of space reason the cycling voltammetry was briefly only explained. For
more information about this method see [117].

For the needs of catalyst investigation of fuel cell it was better to use CV
directly in fuel cell without the disassembly of the cell. The experimental setup is
explained by illustration in fig. 6.2 right. As a working electrode is used the side
of fuel cell with catalyst of interest under nitrogen atmosphere. As the reference
electrode is used the opposite side of a fuel cell filled with a mixture of 10%
hydrogen and 90% nitrogen. With regard to the fact that the catalyst is Pt
based, the platinum dynamic hydrogen reference electrode is created. As the
electrolyte is used ion-conductive membrane (Nafion). During my study all in
operando voltammograms were determined this way:.

The example of voltammogram which was obtained in operando in the fuel cell
directly in the case of our Pt reference sample is shown in fig. 6.3 bottom. Let’s
briefly explain what can be seen. First, in region 0-0.4 V hydrogen is desorbed
from the catalyst surface. Then while the voltage is increasing all hydrogen atoms
left the surface but the voltage is still too low to attract the anions from the
electrolyte. When the voltage increases enough, it is higher than 0.75 V (maximum
at 0.81 V), the Pt surface stares oxidizing by reductive species as OH™ and for
higher voltage simply by O?~ and Pt-OH and PtO are formed, respectively. When
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Fig. 6.3: The illustration of the periodic triangle wave of voltage between the working
electrode and the reference electrode (top). The example of voltammogram of the com-
mercial Platinum anode obtained in operando in a fuel cell (bottom). The scan rate is
100mV s~!. The specific regions of Pt voltammograms are labeled. The hatched area
represents integrated part of voltammogram used for determination of charge Qg of
adsorption of one monolayer of hydrogen cations.

the voltage reaches the thermoneutral voltage for electrolysis (1.45 V) the oxygen
evolution startes to be possible and for higher voltage the oxygen evolution is
appeared. When the voltage starts to decrease, the oxygen evolution is stopped
and Pt surface starts to be reduced at voltage lower than 1 V (maximum reducing
peak appear at 0.75 V). During the next decrease of voltage again no reaction
appears on the surface because the voltage is still too high to attract the cations
from the electrolyte but already low to attract anions. When the voltage decreases
below 0.4 V the hydrogen cations adsorption (H3O%) is appeared and below 0 V
the hydrogen evolution is started. The region between 0.4 V and 0.6 V is called
double layer region because no reaction appears on the surface and the current is
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caused by charging of capacitor created by this double layer.

It should be noticed that the difference between oxidizing and reducing peak
of Pt is equal to 0.81 — 0.75 = 0.6 V which is in agreement with theory: 2.3% =
59mV (at 25°C) for one electron (z = 1) reversible redox couple.

Additionally, voltammogram contains more information about the catalyst.
Focusing on the hydrogen adsorption/desorption region (0-0.4V) the electro-
chemically active surface area (ECSA) could be estimated. Assuming monolayer
adsorption of hydrogen cations on the surface (it is good physical reason for this
assumption) the charge which is needed for desorption of such adsorbed hydro-
gen can be determined with use of red hatched area 6.3. The charge needed for
desorption of monolayer of hydrogen cations is given as follows

Qu S

(6.3)

where Ap is the integral of the red hatched area in figure 6.3 after subtracting
the charge of double layer and S, is the scan rate. The specific charge of Platinum
is known Q) gpec = 210 - 107% Cecm™~2 so the electrochemically active surface area of
catalyst can be expressed as

Qu
Qspec

The obtained value can be divided by loading of Platinum. Sometimes the de-
termination of Ay is much more difficult than in the presented case. The elec-
trochemists do not agree on the accuracy of absolute value of ECSA determined
by this way. Be that as it may, the relative comparison still makes sense. Espe-
cially, for comparison of voltammograms obtained with the same scan rate the
comparison of maximal current of features is also possible.

Similarly, the ECSA can be determined using so called CO stripping, which
is method based on CO uderpotential deposition (UPD); the adsorbed CO is
desorbed and the charge of desorption is integrated but the specific charge of
Platinum is two-times higher in the case of CO.

It should be noted that for our Pt doped oxides catalyst the determination of
ECSA is not correct principally due to fact that specific charge of our catalyst
material is unknown.

ECSA =

(6.4)

6.3 Crossover determination

As it has been already explained in chapter 3 the crossover of hydrogen from the
anode side to the cathode side could cause dramatic decrease of performance of
fuel cell. For these reasons, it is necessary to keep this phenomenon under control.

The physical cause of this drop of performance is given by hydrogen molecules
that passed through the ionomer membrane to the cathode side where they were
dissociated on the cathode catalyst as it was on the anode side and react with
oxygen to form water without electron charge transfer along external electrical
circuit. However, the reaction runs on the surface with the hydrogen which is
adsorbed on it so under appropriate potential the charge transfer of adsorbed
hydrogen and surface can be measured.
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This is indeed possible and the experimental setup is as follows. The anode
is filled by hydrogen as it is at normal operating condition but the cathode is
filled by pure nitrogen flow (30 sccm!) which is free of oxygen. The experimental
setup is same like for CV experiment in operando as it has been described in
the previous section (6.2 in figure 6.2 right) apart from the hydrogen mixture on
the anode side, in this case fuel at operating condition is used (pure hydrogen).
From the potentiostatic point of view the measurement is also same as it was for
CV measurement but, in contrast, the first quadrant is used only and the linear
sweep rate of potential is much smaller (0.5mV s™!). The current corresponds to
crossover effect is obtained as current at potential in the middle of the region of
hydrogen adsorption/desorption, at 0.22 V, where the hydrogen adsorption and
desorption are in the balance.

The illustration of the crossover determination is shown in fig. 6.4. Hydrogen
is at low potential (100 mV) adsorbed and dissociated on the cathode catalyst.
When the potential is increasing the HT are going out of the surface as a H3OT. As
potential is growing up more HT are leaving the surface. When current is stable
(plato) the adsorption and dissociation (Hs is dissociated because potential is low;
lower then UPD) of Hs is equal to desorption and the current divided 2 means
exactly the Hy transfer through membrane. Ought to admit that no all hydrogen
passed though the membrane to the cathode side is adsorbed and dissociated by
potential but only adsorbed hydrogen that could react with oxygen cause the
current loss in operated fuel cell. Thus, from this point of view, this method
calculates exactly the crossover current that we are interested in.

6.4 Impedance spectroscopy

For better understanding of inner processes of electrical sources the impedance
spectroscopy (electrochemical impedance spectroscopy EIS) can be used. The prin-
ciple of the EIS is illustrated in figure 6.5 top. The working point is set and
sinusoidal waveform is added. The amplitude of wave should be low to prevent
an influence of chemical processes, less than 10 mV or equivalent of current. The
current of the cell can be expressed as

i = Ipc + Insin(wt) (6.5)

where Ipc is current working point, [, is a current amplitude, w is angular
frequency and t is time. The voltage of the cell is given analogously as follows

u = Upc + Upsin(wt + 0) (6.6)

where Upc is the voltage working point, U, is the voltage amplitude, 6 is the

phase shift between current and voltage. Impedance spectroscopy can be current

controlled galvanostatic GEIS or voltage controlled potentiostatic PEIS. One of

the quantities 6.5 and 6.6 is controlled and the other one is dependent on it.
Assuming Ohm’s low the impedance can be expressed as

]

z=" (6.7)

'The unit sccm means standard cubic centimeter per min. Sometimes the unit mL min—!

are simply used where is supposed that volume is also standard volume.
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Fig. 6.4: Illustration of determination of crossover current. The time dependency of
potential for linear sweep (top) and its corresponding current dependency on potential
(bottom). The crossover current and potential are marked; additionally initial and final
potentials.

where impedance is a complex number. Example of determined impedance is
shown in figure 6.5 bottom in its natural axes, which is called Nyquist plot.
If the cell is characterized by impedance, the cell behavior must be explained
by analogy using electronic components as it is shown in fig. 6.5 below plot.
Resistance Ry is usually called internal resistance R; of the cell and represents
the shift of spectrum on real-part axis. This spectrum contains information about
the systems frequency response. On the left there is the response of the fast
process which is anode activation and its reaction rate; for the lower frequency
it is seen the response of the rate of cathode reaction and for lower frequency
(more on the right) the effect of diffusion is seen. However, the determination
of analog electronic scheme with physical meaning is not an easy task and even
if the electronic model is known it has bad convergence because it is a complex
problem. The one of the models used in this work is shown in figure 6.5 bottom
where the physical meaning is described. R; represents mainly the resistance
of ion conductive membrane as internal resistance R;. Parallel combination of
Ry and constant phase element C'PFE; correspond to the anode reaction rate,
parallel combination of R3 and constant phase element C'PFE,, R3 corresponds
to the cathodic reaction rate and warburg element W,,; represents the diffusion.
The inductance L, is additional inductance for better convergence of the model.

The calculation of phase shifts/phase angle, power factors and plotting Bode
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Fig. 6.5: The illustration of determination of electrochemical impedance spectroscopy
(top); the potential or current working point is periodically changing using harmonic
sinusoidal waveform. In the bottom figure there is Nyquist plot as a typical result of
impedance spectroscopy measurement for PEM FC single cell; on the x-axis there is a
real part of the impedance and on the y-axis there is in the negative imaginary part.
The analogy based on the use of electronic conventional passive components is shown.
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plot are not shown here because it is basic knowledge of complex numbers.

6.5 Test protocol

The testing protocol of presented samples in this thesis is based on the publi-
cized protocol of fuel cell measurement U.S. Fuel Cell Council (USFCC) [118],
information that was given personally in SolviCore GmbH & Co. KG (currently
Greenerity GmbH) and our own invention.

In figure. 6.6 the scheme of fuel cell testing is shown. Individual procedures
are described in the following list.

2End..,am ;T,‘,M_‘

Hold 0.6 V, 10x (Hold 0.7, 20 min; Hold Hold 1A cm-2,
Break In 1h 0.5V, 20 min) 12h
Polarization curves for different parameters, each point is measured
from 3 s to 5 min.

PEIS for CVin CVin
. Crossover
different dc operando operando on
. measurement
set points on anode cathode

i Holding value for while or cycling hetween OCV and maximal power. >

Fig. 6.6: The scheme of protocol of measurement in fuel cell. In top part is diagram
of procedure and the descriptions of individual procedures are listed in bottom part.

o The first step is humidification of membrane. For several hours (4 hours at
least) is used nitrogen of 100% RH for humidification of the membrane.

o The next step is Break-In which is procedure for starting the cell before the
relevant data are obtained. At the first, the voltage of 0.6 V is held for 1 h.
Secondly, 10 cycles which are consisted of voltage hold of 0.7 V for 20 min
and voltage hold of 0.5 V for 20 min. Last, the current of 1 A cm~2 is held
for 12 hours. Thus, the Break-In procedure takes almost 20 hours.
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o In this step the set of IV curves are determined (in figure labeled as VA set).
More than dozen polarization curves with different parameters are obtained.
The measurement time for each point (current step) in polarization curve is
various from 3 s over 5 min to 20 min. In this work this measurement time
is 3 s unless otherwise stated. Obtaining of IV curves is current controlled
with current step 0.5 mA unless otherwise noted.

o The next step is determination of potential electrochemical impedance spec-
troscopy.

e Then crossover current is measured.

o In this step the cyclic voltammetery is obtained. Despite of the fact the
anode side is investigated mainly both side of fuel cell are checked.

» Following is the measurement of the IV curves as it was described 4 bullets
above.

o Last step is the endurance test which was optional. The endurance test con-
sists of PEIS, crossover determination, CV on both sides of cell followed by
two sets of IV with the hold current/hold voltage or special accelerated pro-
cedure for longer time as durability test as it is illustrated in figure 6.6. The
accelerated procedure is switching between maximal power and unloaded
cell. These procedures are repeated until the degradation is appeared.

7. Experimental Setup

7.1 Basic Experimental Setup

At the beginning of my doctoral study the experimental setup presented for fuel
cell measurement in [119] or published online in [120] was used and some data were
obtained using this experimental setup. For better control of operating conditions
during fuel cell test the test station was upgraded. The scheme of the experimental
setup for fuel cell testing is shown in figure 7.1. All gases are humidified before
entering the cell. Back pressures regulators set the working pressures in the cell.
The cell and humidifiers are heated by heaters with PID! controller to set its
temperature working point.

The possible inlet gases are hydrogen, additive, nitrogen for anode and oxy-
gen, air, nitrogen for cathode. Nitrogen is included to experimental setup because
of purging by nitrogen or for electrochemistry experiment as CV 6.2 or PEIS 6.4.
The methanol line with its humidifier (on the right in figure 7.1) was installed
because of methanol poisoning experiment. As an electronic load the BK preci-
sion 8500 was used. All parameters as temperature, pressure in cell, current and
voltage are controlled by computer with software already developed during the

LController calculate the error between setpoint and process variables and applies the cor-
rection to reach the setpoint value. The determination of correction is based on proportional
P, integral I, and derivative D terms which give their name to the controller type.
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Fig. 7.1: The scheme of the experimental setup for testing of PEM fuel cell. PR sym-
bolizes manually operated pressure regulator. The valve with dashed lines is realized by
manual re-connection of tubes. Similarly, the cell connection can be easily reconnected
for needs of experiment.
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master degree which was extended by option to programmable own batch of oper-
ation and processes. All valves are manually operated apart from two for additive
gas selection. Automatically operated valves are also used for filling of water in
humidifiers. The cell inlets and outlets are connected by SuperLock® connectors
enabling fast re-connection so the cell can be easily reversed or reconnected for
electrochemical measurement. The technical pressed air is used as reference for
backpressures and it is also used for piston cell which is described in the next
section 7.2. During the study the thousands of IV curves were obtained so some
program for post processing analyses should have been developed. The program
for data processing was written in C++ with the use of libraries in Origin® from
OriginLab and it was compiled directly by compiler provided with Origin 8.5.

7.2 Design of Piston Cell

For an appropriate control of working conditions of the cell we decided to use our
special design piston cell 7.2 (right) instead of cell tightened by bolts. The design
was derived from similar solution from GreenLight, Ltd. Additionally, this cell
enables to perform tests depending on the pressure.

The limits of operating conditions are given by the pressure limit of a pis-
ton and temperature limit of silicon o-ring gaskets: 10 Bar, 150-200 °C which is
enough to meet the fuel cell testing ranges: up to 8 Bar and up to 80°C. The
normal operating condition used in this work is 8 Bar and 70 °C.

Fig. 7.2: The 3D model of our own piston device for testing of single fuel cell (right)
and 3D model graphite plates used as a gas distributors (left).

This device enables better control of operating condition in comparison with
bolt tightened cell and additionally the quick change of tested sample is possible.
New design of cell needs new design of graphite plates as gas distributors. The
3D model of graphite plates is introduced in figure 7.2 (left). The active area is 5
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cm? normally used for samples of (2.1 x 2.1) cm? as a channel was chosen a single

serpentine. Between these two graphite plates the membrane electrode assemble
(MEA) is clamped and sealed by silicon gaskets (in figure colored by green).

The PEM FC stack was designed at the end of the study so there was not
time to obtain some results with the use of it. Be that as it may, the 3D models
of designed stack is in the attachment VII.

7.3 Design of Automatized Test Station

It is obvious that testing of fuel cell that usually run 24 h per day and 7 days
a week is also very time consuming for operator. The upgraded test station pre-
sented in the section 7.1 help to user with automatic water refilling in water
management and the SW helps to use basic batch protocol experiment and the
new piston cell described in the previous section helps to control operating con-
ditions. However, all valves were still manual operated and for electrochemical
experiment was user’s attendance necessary because gases have to be changed
manually and potentiostat must be connected. We should not forget that the
electrochemical experiments like CV, crossover and PEIS should be performed
in the same point of testing protocol which sometimes (often) means night mea-
surement of CV or impedance spectroscopy. Based on these facts we decided to
develop full automatized "push & play" test station which could save time of
users.

In this section it is presented the result of our development. The simpli-
fied scheme of fully automatized test station is seen in figure 7.3. All valves
are operated automatically. The pressure control and gas selection and mix-
ing arrangement and water management are automatized. Besides automatiza-
tion of mechanical parts, the test station contains humidifier for pure nitrogen
which is ready for electrochemical experiment immediately. Thus, after instal-
lation of the cell and selection of the test protocol 6.5 and pushing "run” all
experiments including electrochemical measurement like CV, PEIS, crossover
determination are processed without user participation. The proposed design
of automatized test station contains more than 600 unique individual parts in
form of 3D model and the assembling contains 2130 parts so more explana-
tion is not shown here due to the space reason. The test station is on the
marked now and the technical specification can be also seen online on the web
page: http://www.lean-cat.com/fuel-cell-test-station. Additionally, our
own humidification system, back pressure regulating system and piston testing
cell (already introduced in 7.2) were designed.

This test station has been multiplied ten times and in our current laborato-
ry was not space anymore so the new laboratory was designed. Some parts of
technical proposal of laboratory are presented in the attachment VII.

However, there was no time to obtain any data for needs of this thesis with
the use of this new designed automatized test station.

All 3D models and technical drawings have been created using Autodesk®
Inventor.
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Fig. 7.3: The simplified scheme of automatized test station. Five main modules are
labeled: flow control and input tracing of gases, humidification system, heating system
and cell input gas tracing, back pressure control and water separator with automatic
water filling system.

7.4 Equipments and Materials

Main materials and devices used in laboratory experiments are listed in the table
7.1. The errors of voltage and current determination do not effect on the results
and they were estimated less than 1%. Error of of obtained power densities, in-
ternal resistance, crossover current are about ~5% (less than 10%) and they are
given by statistic analyses of repeated experiment. The error of determined metal
loading by photoelectron spectroscopy is about ~ 30% due to big uncertainty of
obtained elements ratio with the use of this methode. A notation of temperature
condition of fuel cell experiment was used: T} /75 /T5C where T} is the tempera-
ture of the anode humidifier, 75 is the temeprature of the the cell and T3 is the
temeprature of the cathode humidifier. The gas flow rate is given unit sccm which
is standard cubic centimeters per minute.

X-ray photoelectron spectroscopy (XPS) was performed in an ultrahigh vacuum
(UHV) experimental chamber operating at base pressures < 5 - 1071% mbar and
equipped with a SPECS Phoibos MDC 9 electron energy analyzer and a dual
Mg/Al X-ray source.
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Morphology and structure of samples were observed by means of Scanning
FElectron Microscopy (SEM) Tescan MIRA T or MIRA III microscope operating
at 10-30 keV electron beam energy.

Transmission Electron Microscopy (TEM) using the 200 kV JEOL 2100F mi-
croscope with a Scherzer resolution of 0.19 nm. The samples for TEM observation
have been prepared by using Focus Ion Beam (FIB) (Tescan LYRA FIB-SEM)
technique of thin lamellas cut from the catalyst films (not by me but by colleagues
J. Lavkova).

Electrochemical analyses as CV i EIS, linear sweep were performed by po-
tentiostat Bio-Logic SP-150 and increasing of current range to 10 A the Booster
Booster VMP3B-10 was used. Usual scan rate for CV was 100 mVs~!.

8. Samples Preparations

Samples with thin catalyst layer were prepared by rf-magnetron sputtering. Mag-
netron sputtering is a physical vapor deposition method which is generally known
method in this field and more information about this method can be found in
[121, 122].

The basic principle of sputtering is illustrated in figure 8.1. The deposition
is performed at lower pressure with special atmosphere which is usually Argon.
Magnetic field around magnets has an influence on electron’s trajectory (Lorentz-
force) in this region and transform it to the spiral. Hence, the probability of gas
ionization is maximized at this point, and due to applied stress, glowing discharge
occurs and plasma is formed in this area. Cations hit the target and if the energy
is high enough atoms of target are released. The sputtered atoms condense at the
surface of a substrate, which is placed in front of the target.

The preparation of composite catalyst layers were necessary for presented
study. Any other material can be placed on the target in order to preparation
of composite layer with two components or two magnetrons for simultaneous
sputtering process can be used (see the fig. 8.1).

Cathode
& magnets

A)

Fig. 8.1: The illustration of magnetron sputtering principle used in presented study.
Basic setup (a) and illustration of simultaneous sputtering using adding material on
the target (b) and with use of two magnetrons (c).

The process chamber was pumped to a residual gas pressure range 5- 107> —
2 -10~* Pa before the process gas was used. The process gas was Ar at pressure
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0.4 Pa. For sputtering of conductive material the DC current was used and in the
case of non-conductive material the AC current was necessary. The AC voltage
was usually in the range of hundreds volts and frequency of AC current usual-
ly was f = 13.56MHz, which is high frequency from the radio broadcast band
which is the reason why AC current based sputtering is also called RF-magnetron
sputtering.

Individual special parameters of preparation if they were used are attached in
each chapter in the result parts. The thickness of prepared catalyst layers is from
several nm to tens nm. The substrates were usually gas diffusion layer (GDL)
with carbon ionomer nanoporose layer (CIL) as a commercial product Sigracet®
29 BC or 25 BC (see figure 8.2) which is in this work called as nGDL.

Fig. 8.2: The SEM images of commercial catalyst support Sigracet® 25 BC for three
different magnifications.
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Name

‘ Description

Reformate Anode

Alfa Aesar, Platinum Ruthenium black,

nominally Pt 400ug cm™2, Ru 200ug cm ™2

Reformate Cathode

Alfa Aesar, Platinum,

minimally Pt 400ug cm ™2

NAFION NR212

Alfa Aesar, Nafion® membrane,
0.05 mm thick, recast

nGDL SGL TECHNOLOGIES GmbH, Sigracet

GDL 25 BC or 29 BC
GDL Gas Diffusion Layer, Alfa Aesar

Toray Carbon Paper, TGP-60
CF Graphite foil from Alfa Aesar
MWCNT Multi-Walled Carbon Nanotubes from Sigma Aldrich
Pt,CeO2,Pd,.. sputtering targets from Kurt J. Lesker and Safina
Hydrogen purity of 5NO
Oxygen purity of 4N5
Nitrogen purity of 5NO
NaOH Penta, Sodium hydroxide
Metanol Alfa Aesar, Ultrapure Spectrometric Grade, 99.8%
HCl104 SigmaAldich, Ultrapure Spectrometric Grade, 99.8%
H,SO4 SigmaAldich, Ultrapure Spectrometric Grade, 99.8%
H,0, Penta, Hydrogen peroxide, 30%

NAFION - solution.

Alfa Aesar, Perfluorosulfonic acid — PTFE copolymer,
NAFION 5% w/w solution

H,SO,

Penta, Kyselina sirova, 99.97%

Peristaltic pump

VINTRUM®, PCD 22

Heaters

MANEKO LTHS 500

Heating regulators

SELEC PID 500

Mass Flow Controllers

Alicat Scientific 50

AD/DA converter

BMC Messsysteme PCI-BASE 1000

Potentiostat

Bio-Logic,SP-150 with booster VMP3B-10

Reference electrode

Ag/AgCl leak free, KRD
diameter 2 mm, length 65 mm

Load

BK Precision 8500

SEM images

MIRA T or MIRA III from TESCAN

Tab. 7.1: List of main materials and device that were used in laboratory experiment.
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IV Experimental Results

"
Little things often harbour a great secret

- the physics of nanoword.

9. PEIS and Crossover

In this chapter the impedance spectroscopy analyses and the hydrogen crossover
determination for our experimental test cell are present in order to show how the
PEIS and crossover depends on different catalyst. It helps to understand results
presented in following chapters. MEAs with several different anodes are examined
while the cathode ( Alfa Aesar with loading of 400 ug(Pt) cm™2) as well as Nafion
membrane NR212 which was used in most of our PEMFCs were kept the same.

As anode the catalysts with different loadings were studied: 300 pg(Pt) cm =2
(from FC store), 110 pug(Pt) cm ™2 (sputtered Pt on nGDL) and 20 ug(Pt) cm™2
(sputtered Pt on nGDL).

Procedure of crossover determination has been already described in the section
6.3. The results of crossover analyses are presented in figure 9.1 for 30 sccm of
Ny (cathode) and 80 sccm of Hy 80 (anode) at 70/70/70°C! and at 0.5 Bar. As
a cathode Alpha Aesar with loading of 400 ug(Pt) cm™2 was used. Linear sweep
was performed from 100 mV to 250 mV with sweep rate of 500 £V s~1. Determined
crossover currents (value of current at 220mV) were I..,ss = 1.27mA cm™2 for
20 pg(Pt) cm™2 on the anode, I.0ss = 1.29mA cm™2 for 110 ug(Pt) cm™2 and
Iross = 1.25mA em ™2 for 300 ug(Pt) cm™2.

Usually, crossover current less than I,,..s = 2mA cm™? is good result showing
good assembling of the fuel cell as it was advised by Dr. Christian Eickes from
SolviCore GmbH & Co. KG. Therefore we can see that the determined crossovers
in our experiments did not cross this limit.

Despite the fact that Platinum loading on the anode could be 30 times higher
(according investigated different anodes), the crossover current is comparable.
The reason is that crossover effect depends on the membrane parameters and due
to the nature of the measurement it depends also on the cathode catalyst. As it has
been mentioned at the begging of this chapter the same membrane and cathode
catalyst were used for all presented measurements in this chapter therefore with
respect to this fact we have confirmed that crossover effect is mainly caused by
membrane and it does not depend on the anode catalyst. We admit that crossover

INotation of FC temperature condition: first value is temperature of the anode humidifier,
middle value is temperature of the cell and last value is temperature of the cathode humidifier.
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effect can depend on an anode catalyst and its porosity but for normally used
material (material used in this work) the effect of anode is negligible as we have
just shown. The significance of these results for this work is discussed in the last
paragraph of this chapter.

14 | 5 =
1.0 |

0.8 |-
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Current density (mA cm'z)
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Fig. 9.1: Crossover determination for the anode 20pug(Pt)em™2 () (Iposs =
1.27mA cm™2), anode 110pug(Pt)em™2 (=) (Igross = 1.29mAcm™2) and anode
300 pg(Pt) em =2 (-)( Ieross = 1.25mA cm~2). The Nafion NR212 membrane and com-
mercial cathode catalyst with loading of 400 ug(Pt)cm™2 were used at condition
70/70/70°C and 0.5 Bar.

Method of impedance spectroscopy determination has been already described
in the section 6.4. The result of impedance spectroscopy with the use of Nafion
NR212 is shown in figure 9.2. Three different anode loadings 20 ug(Pt) cm™2,
110 pug(Pt) em™2, 300 pug(Pt) cm™2 were used while a cathode catalyst was the
same for all samples, commercial cathode (400 pg(Pt) cm™2). The operating con-
ditions were 70/70/70°C at 0.5 Bar. Two different working points were used, 0.5
V and 0.7 V. It is seen that individual internal resistances are equal and this test
revealed that internal resistance is independent on presented catalyst loadings
and on tested working points. This observation is in agreement with the theo-
retical assumption that the internal resistance is given by the contact resistance
and membrane conductivity. Since the membrane conductivity (described in the
section 5.4 is orderly lower than the contact one (gold plate and graphite plate
of area of 35 cm?) the internal resistance R; is given mainly by conductivity of
the membrane. The internal resistance is estimated R; = (0.021 £ 0.002)f2 and
after taking account of the active area A = 4.41 cm~2 we obtain the internal re-
sistance as R# = (0.093 4 0.009)§2cm?. It should be noted that the difference of
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impedance spectroscopy results (arches radius) in the case of presented samples
must be primarily caused by the anode properties because the rest parameters are
the same or vice versa by different behaviors of cathodes due to different anode
(source of hydrogen cations).
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Fig. 9.2: The results of impedance spectroscopy for different anode catalysts:
20 pg(Pt) em™2 (=), 110 pg(Pt) cm™2 (-), 300 pg(Pt) cm™2 (-) at two different working
points: 0.7 V with filled symbols (HMA®), 0.5 V with no-filled symbols (LIAT). In all
cases the same membrane and cathode catalyst were used: Nafion NR212, commercial
cathode catalyst (400 ug(Pt) cm~2). The operating conditions were 70/70/70°C at 0.5
Bar. The determined serial resistance is (0.02140.002) (2. Frequency range was 200 kHz
- 200 mHz. The active area was 4.41 cm™2.

It can be seen that internal resistance, which is given mostly by conductivity
of Nafion membrane, and crossover current, which is also the effect of the mem-
brane, are comparable for all samples shown in this chapter. With respect to the
fact that the anode catalyst is investigated in this study while the rest of condi-
tions (the same conditions as conditions that were used in presented impedance
spectroscopy) were kept the same, the obtained values of internal resistance and
crossover current can be used for verification of good assemblage of the cell. Ob-
tained internal resistances and crossover currents were similar for all samples
tested in this work so impedance spectroscopy analysis and crossover determina-
tions are not shown in next chapters due to the space reason but both analyses
were performed for all individual testing samples (according to the test protocol
6.5) and used for checking of right testing conditions and proper assemblage.
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10. Pt vs. PtO,

In this chapter the use of a sputtered thin film of PtO, as an anode catalyst for
PEM FC is presented. The comparison with metallic platinum is discussed.

Samples were prepared with the use of magnetron sputtering (see 8). The de-
position of Pt layer was proceeded at pressure 4 - 107! Pa of Argon atmosphere
and discharge power was set to 10 W (2.9 nm min—!). Similarly, PtO, was de-
posited at the same pressure 4-10~! Pa but in Oxygen atmosphere and discharge
power was set to 10 W (2.5 nm min~!). The residual background pressure before
the chamber was filled by the working gas was 5 - 10~% Pa and Platinum target
was used in both cases (Pt 2 inch diameter, Safina). The samples were placed 90
mm away from the target and the discharge voltage was 280 V. The thickness of
both layers was equivalent of 30 nm Pt.

As a substrate and support for catalyst layers the sedimented Multi-Walled
Carbon Nanotubes (MWCNT) from Sigma Aldrich supported on GDL was used.
The deposition process has been already explained in my previous works [119,
123]. The nanotubes were dispersed in N,N-dimethylformamide (DMF) at a con-
centration of 1 mg in 30 ml and the GDL was submerged in the solution using
the ultrasonic bath. Next step was an evaporation of solvent until the dry GDL
coated by MWCNT was acquired (usually during one night). The obtained sedi-
mented MWCNT are shown in figure 10.1 using two different magnification. The
homogeneously dispersed carbon nanotubes are clearly seen.

The reason why we used MWCNT was to increase surface area of GDL.

Fig. 10.1: The SEM images of sedimented MWCNT for two different magnification
(left) and (middle) and photography of sedimentation process (right).

The FC testing cell used in this experiment was the cell from Quintech with
active area of 1 cm? and the cell was tightened by bolts with the use a torque of
3 N m. This cell was already described in previous works [119, 124, 125] so the
details are not shown here. As a membrane Nafion 0.125 mm thick (Alfa Aesar,
Nafion NE-1035 perfluorosulfonic acid-PTFE copolymer) was used. Before the
membrane was used in fuel cell the special treatment was necessary (already
published in our several works [124-126]). The treatment consisted of 4 steps.
First, there was 1 h long treatment in 3% solution of HyO5 at 80 °C to get rid of
organic impurities. Secondly, the membrane was cleaned for 1 h in pure deionized
water at 80°C. Next step was 1 h long treatment with 10% solution of sulfuric
acid at 80°C in order to activate Nafion and get rid of metallic cations impurities
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in sulfonic groups in Nafion structure (SO; Mt — SO3H). Last step was cleaning
by water at 80°C for 1 h.

Presented FC analyses were performed at following conditions: hydrogen flow
rate 40 sccm, oxygen flow rate 30 sccm, the pressure was ambient pressure and
commercial cathode from Alfa Aesar (2 mg cm™2) was used. Temperature of the
anode humidifier was 70 °C and temperature of the cathode humidifier was 65 °C.
The results obtained for PtO, anode catalyst for two different cell temperatures
and two different tests are presented in figure 10.2. In the top row there are
results that were acquired at cell temperature of 70 °C while in bottom row there
are I-V curves obtained at 27°C (room temperature). I-V curves determined by
acquiring and averaging each current step for 50 ms' are on the left column and
on the right column there is [-V curve where each point is result of statistical
analyses of 20 min time scan (long scan called in this work). It is shown that
achieved maximum power densities for both type of scans are comparable which
signalized the good stability of catalyst.
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Fig. 10.2: The results of fuel cell test of Pt sputtered in oxygen atmosphere as an
anode catalyst in PEM FC for two different temperatures: 70°C (top), 27°C -room
temperature (bottom). On the left there is IV curve determined by measuring and
averaging each current step for 50 ms and on the right there is IV curve where each
point is result of statistical analyses of 20 min time scan (called long scan).

Due to fact that performance of operating fuel cell can be shortly unstable
for different reasons e.g. improper water management conditions (condensed wa-

IThere were performed analyses how the time of measuring of each current step depends on
reached maximum power. The 50 ms for each point has been found as still reasonable period if
the amount of points is higher because the time scan could be also long in sum and additionally
it is more smooth because of small current steps.
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ter appears), lack of oxygen or fuel because of insufficient diffusion; the 20 min
time scans have to be analyzed properly because simple average is not sufficient
method in this case. The example of result of statistical analysis of two 20 min
time scans representing 2 points are shown in figure 10.3. In the top figure an in-
stability caused by appearing of condensed water is seen and in the bottom figure
an example of quite stable behavior is shown. The mean, median and weighted
arithmetic mean with standard deviations and with their confidence intervals are
shown. Obtained data are presented in the table and in plots: time scan (top)
and distribution function (bottom). There are lots of such graphs obtained for
each IV curve time scan (39 individual statistical analyses of 20 min time scans
for IV curve, see figure 10.2 (top-right)).

The comparison of fuel cell tests performed at 70°C for pure Platinum and
PtO, anode catalysts are seen in figure 10.4. The Pt loading for of 60 ug(Pt) cm ™2
was the same for both pure Platinum and PtO, catalysts. The recorded power
densities and specific powers are summarized in the table 10.1. It is seen that
acquired maximum power density for PtO, is 1.08 times higher in comparison to
pure Platinum catalyst.

Power Density | At Voltage | Specific Power
mW cm 2 \% W mg~*
PtO, 305 0.43 5.08
Pt 282 0.45 4.7

Tab. 10.1: The obtained power densities and specific powers of anode catalyst: pure
Platinum and PtO, at 70°C.

It is generally known that PtO and PtO, oxides are unstable and they are
transformed to the more stable form Pt30, [127, 128]. Thus, it can be also sup-
posed that the as prepared PtO, catalyst is reduced in the hydrogen atmosphere
on the anode side of the fuel cell. This assumption is also supported by evidences
given in the literature [127]. The XPS analysis reveals described reduction effect
in hydrogen atmosphere (see fig. 10.5). In figure Pt 4f XPS spectrum of PtO, as
prepared anode catalyst is shown. The spectrum exhibits Pt 4 f7), — 4fs/, doublet
at 72.5 - 75.8 eV corresponding to Pt*T [126] and second doublet at energies of
74.4-77.7 eV, which can be attributed to the Pt*" species [125]. Tt is clearly seen
that Pt>* and Pt** states appear while the metallic state is missing, which is in
agreement with our assumption that reactive sputtering of Platinum in oxygen
atmosphere should produce platinum oxides. After fuel cell experiment the cell
was disassembled and the XPS analysis has been acquired after fuel cell treat-
ment. However, the most of catalyst was sticking on the membrane instead of on
GDL. Thus, we decided to obtain XPS spectra with the use of the membrane
instead of nGDL 10.5 (top). Comparison of the normalized intensity of individu-
al chemical states of Pt before and after fuel cell analyses is summarized in the
table 10.2. It seems that Platinum was also little bit oxidized (Pt*™ occurred)
after the fuel cell test which can be explained by oxidizing of Platinum surface
in ambient condition after the cell disassembling because the metallic Platinum
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| Voltage [V] | mean con.int |stand.dev |con.int fricon.int to||Power[mW] |stand.dev |
| mean | 0.638111 | 0.000616 | 0.015397 | 0.015261 | 0.016219 || 24.9 | 0.6 |
| median | 0.640984 | 0.0002%% | 0.008599 | 0.008522 | 0.009058 || 25.0 | 0.4 |
| weight mean | 0.643348 | 0.000405 | 0.010132 | 0.010042 | 0.010673 1| 25.1 1| 0.4 |
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Fig. 10.3: The examples of graphical results of statistical analysis of obtained data
from fuel cell test for two different current steps are seen. The voltage dependency on
time (top) and its distribution function (bottom). In both plots data (black) recorded
each 0.5 s, mean, and weighted arithmetic mean are seen, dashed lines represent
standard deviations. Brown points () symbolize mean after each 5 min of data.
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Fig. 10.4: The comparison of the use of Pt sputtered without oxygen and Pt sputtered
with the use of oxygen for 70°C.

surface is unstable and thin oxides films is creating relatively fast and because of
the fact that XPS method is very surface sensitive [129]. Otherwise, it is possible
that this feature is not representing Pt>* but it represents the rest of asymmetry
peak of metallic Platinum instead despite the fact that it has been already fitted
by asymmetric feature Doniach-Sunjic curve convoluted with Gaussian doublet.
Similarly, it is seen that Platinum catalyst as prepared is not fully oxidized up to
Pt which is given also by the fact that Pt304 mix oxide is preferred [127, 128].
For quantitative analysis, relative factors of sensitivity given by [130] and cor-
rected according to our experimental setup by formula reported in the reference
[131] were used.

| | Pt° [ Pt*" | Pt*T |
Before || 0.00 | 0.20 | 0.80
After || 0.83 | 0.17 | 0.00

Tab. 10.2: The Pt 4f XPS spectra of PtO, (30 nm) before (below) and after treatment
by Hs during FC test obtained from Nafion membrane (top). The investigated doublets
are 4f7), — 4fs), for Pt?, Pt2* and Pt**.

It was shown that sputtered PtO, catalyst is reduced in hydrogen atmosphere
of the anode side of fuel cell and it exhibits similar behavior like Adam’s PtO,
catalyst [132]. Moreover, the increase of power density in comparison with the
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Fig. 10.5: The Pt 4f XPS spectra of PtO, (30 nm)/nGDL before (below) and after
treatment by Hy during FC test obtained from Nafion membrane (top). The doublets
Afr), —4fs, of PO, Pt?T and Pt** are labeled.

catalyst layer consisted of metallic Platinum allows us to suppose the increase
of specific surface area of our PtO, catalyst after treatment by Hs. Thus, the
observed increase of power density in the case of PtO, catalyst comparing to
the pure metallic sputtered catalyst is caused by increase of specific area after
reduction of PtO,.

11. Pt-CeO9

11.1 Different Pt Loading

In this chapter the Platinum doped Cerium oxide as a node catalyst for PEM
FC is presented. First section characterizes Pt-CeO, anode catalyst for different
Platinum loadings from point of view of FC, XPS analyses. Additionally SEM
and HTREM image are discussed. Results of density function theory are provided
by group of Konstantin M. Neyman from Barcelona whom we co-operate with
is discussed. These results are already published in [133] and in previous works
(124, 125, 134, 135]. Therefore only most important results and conclusions are
presented in this chapter.

Pt-Ces thin catalyst layers were prepared by rf-magnetron sputtering as it has
been described in section 8. Layers were sputtered using two targets simultane-
ously. Radio frequency (13.56 MHz) sputtering of ceria was performed by using a
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2 inch diameter CeOy (Kurt J. Lesker, 2 inches) target installed on a TORUS 2
inches UHV magnetron (Kurt J. Lesker) with applied power of 50 W at distance
of 90 mm from substrates. Pt was added by using the second DC homemade mag-
netron at the distance of 200 mm from substrates and tilted by 45° relative to the
CeO; target, the power applied to the Pt target was 10 W. The sputtering was
carried out in Ar atmosphere with total pressure of 4 - 107! Pa. The sputtering
chamber was always evacuated up to 5 - 10~* Pa before starting the deposition.
The described sputtering conditions gave a growth rate of the Pt-doped cerium
oxide films of 1 nm min~!. As a substrate nGDL was used in all cases. The thick-
ness of films was determined as 30 nm by using AFM (Atomic Force Microscopy)
analysis of the same layer prepared simultaneously on Si substrate.

We prepared series of three samples with different platinum loadings: 0.6-Pt-
CeO, (0.6 ug(Pt) cm™2), 2-Pt-CeOy (2 ug(Pt) cm™2) and 4-Pt-CeO, (4 ug(Pt) -
cm~?). Loading of Platinum was determined by calculating element concentra-
tion ratio given by XPS analyses (see section 19.1). For comparison sputtered
pure Platinum 2-Pt (2 ug(Pt) cm™2) and commercial anode Alfa Aesar 2mg-
Pt (2.7 mg cm™? of Pt) were used as references. Nafion membrane NR212 and
commercial cathode Alfa Aesar (2.0 mg(Pt) cm™2) were used in all cases.

Figure 11.1 shows SEM images of nGDL (a) and sputtered Pt doped cerium
oxide (b). The sputtered layer created cauliflower-like/cerebral-cortex-like struc-
ture which caused an increase of the specific area as it is seen in figure 11.1(b).

Fig. 11.1: The SEM images of nGDL catalyst support (a) and 30 nm thick sputtered
Pt-CeO3 layer on nGDL (b).[133]

HRTEM images of 2-Pt-CeO, and 4-Pt-CeO, (see fig. 11.2) shows atomic
resolution pictures of the cerium oxide nanoparticle lattice in {1 1 0} plane.
It can be seen that the surface of nanoparticles (NPs) exhibits {1 1 1}x{1 0
0} facets which have been shown to expose specific sites anchoring atomically
dispersed ionic Pt*T [136]. The statement that Platinum is in the layer in the
form of dispersed ionic Pt?>* is supported by the fact that HRTEM images did
not show any traces of Pt or Pt oxide particles in thin films of ceria with low Pt
loadings. (HRTEM measurement has been done by colleague J. Lavkovd).

The fuel cell analyses were performed using experimental setup shown in the
section 7.1 and a piston operated cell (described in section 7.2) and it was pro-

51



Fig. 11.2: HRTEM images of 2-Pt-CeO9 and 4-Pt-CeOs sputtered layer. The facets
111 and 100 are marked by arrows [133].

ceeded by testing protocol presented in the chapter 6.5. Experimental conditions
were the same for all series of samples: 70/70/70°C at feed gas pressure 0.5 Bar
and a piston pressure of 8 Bar. The flow rates were 40 sccm (1.2 Stoich) of Hy
and 30 sccm (2.0 Stoich) of O,. The summary of results of fuel cell tests are
presented in figure 11.3. It is obvious that maximum power density was obtained
for commercial catalyst. However, what is interesting, there is a non-monotonous
power dependency on Pt contents in the Pt-CeOs catalyst films. Obtained power
densities follow order: 2mg-Pt, 2-Pt-CeO,, 4-Pt-CeOy, 0.6-Pt-CeO,, 2-Pt. 2-Pt-
CeOs exhibits maximum power densities from all Pt-CeO, catalyst and exceeds
power density 0.41 W cm~2.

Notable, 2-Pt reached 5.5 times less power density (0.075 W cm™2) than 2-
Pt-CeO; (0.41 W em™2) which is also prove of positive influence of CeO, in the
catalyst to obtain good performance. Calculated specific powers are listed in
the table 11.1. For better investigation of observed phenomena obtained power
densities and specific powers of tested catalysts are graphically presented in figure
11.4. Tt is seen that the highest specific power was obtained for sample 0.6-Pt-
("eO), and the obtained specific powers for all samples are ordered as follows: ().0-
Pt-CeO,, 2-Pt-Ce0s, 4-Pt-CeO,, 2-Pt, 2mg-Pt. If we look at the figure 11.4 we
can conclude that the best Pt-CeO, sample was 2-Pt-CeO, because it exhibited
the highest power densities while the specific power was still high (the second
highest). Additionally, power density obtained for the sample 2-Pt-CeO, was
only 1.1 times lower relative to the reference catalyst while the specific power
was more than 900 times higher in comparison to the commercial catalyst.

The XPS results showing the Pt 4f states shown in figure 11.5 (left), revealed
that sputtered Pt-CeO, contained Pt?** cations. All spectra of ceria-based cat-
alysts exhibited two 4f;, — 4f;), doublets at binding energies (BEs) of 72.5-75.8
eV and 74.2-77.5 eV corresponding to Pt** and Pt1T species, respectively [126].
The relative intensities of the Pt>* and Pt** peaks in Pt 4f spectra can be used
to calculate the Pt** /Pt'* concentration ratios, given as 2.15, 1.21 and 0.7 for
the 0.6-Pt-CeO,, 2-Pt-CeO4 and 4-Pt-CeO, catalysts, respectively. These results
show that lower Pt loadings lead to higher relative abundance of Pt** species
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Fig. 11.3: The fuel cell results as polarization I-V curves (left Y-axis) and the cor-
responding power density(right Y-axis) measured for the three ceria based anode cat-
alysts prepared with different Pt loading: 0.6-Pt-CeO5 (0.6 ug(Pt) em™2), 2-Pt-CeOq
(2 ug(Pt) cm™2) and 4-Pt-CeOs (4 ug(Pt) cm~2), pure Platinum 2-Pt (2 pg(Pt) cm~2)
and commercial anode Alfa Aesar 2mg-Pt (2.7 mg(Pt) cm~2). Nafion membrane
NR212 and commercial cathode Alfa Aesar (2.0 mg(Pt) cm~2) were used. Conditions:
70/70/70°C at pressure 0.5 Bar and at pressure 8 Bar in piston operated cell. The flow
rates were 40 sccm (1.2 Stoich) of Hy and 30 scem (2.0 Stoich) of Og. [133]
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Sample Power Density | Loading Specific Power
wt% W cm 2 pe(Pt) em=2 | W mg(Pt)!
2mg-Pt 0.44 2000 0.22
2-Pt-CeOq 0.41 2 205
4-Pt-CeOy 0.33 4 83
0.17 0.6 283
2-Pt 0.075 2 38

Tab. 11.1: The obtained power densities and specific power of Pt-CeOy sput-
tered anode catalyst in PEM FC. As a cathode commercial catalyst Alfa Aesar
(2.0 mg(Pt) cm™2) was used. Data were obtained at 70/70/70°C and at pressure 0.5
Bar. The flow rates were 40 sccm (1.2 Stoich) for Hy, 30 sccm for Oy (2.0 Stoich).

in the sputtered Pt-CeOs films. In contrary as expected, the pure Pt film 2-Pt
contains only metallic Platinum, which is identified by its characteristic doublet
at BEs 71.2-74.5 ¢V and an asymmetric shape of the Pt 4f peaks.

Because disassembling of the MEAs for the XPS measurement of used catalyst
samples was not easy we decided to simulate the FC conditions by using the
flow reactor. The Pt doped cerium oxide catalysts were heated in the humidified
hydrogen flow of 30 sccm at 65°C for 24 h. The figure 11.5 (right) shows the Pt 4f
spectra of the catalyst films recorded after such annealing process. If we compare
this results with results obtained before the FC test (11.5 (left)), it is seen that
after wet hydrogen annealing the Pt** species disappeared. In the case of low Pt
loading (samples and 2-Pt-CeQ,), annealing results in Pt** as the
only Pt state is presented, whilst for the 4-Pt-CeO, sample the disappearance of
Pt** is concomitant with the formation of Pt** and Pt°.

The results clearly show that Pt** is not a stable component under the simu-
lated FC operating conditions, while Pt and partially Pt° are stable even after
the sample transfer in air. Although the exposure to Hy cannot fully simulate the
operation conditions of the catalyst in the PEM FC (potential was not applied),
this test can suggest that sputtered Pt-ceria catalysts with higher Pt loading
(above 2 pg(Pt) cm™2 in this case) are composed of ionic and metallic Pt.

These structural units of Pt-CeO, have been fully characterized by DFT Den-
sity functional theory modeling (as in the model presented in figure 11.6) and they
were exposed at {1 0 0} facets of ceria, which are also detected on the nanos-
tructured thin film catalysts presented in HRTEM imaging (the fig. 11.2). The
ceria nanoparticles (NP) model exhibits 4 anchoring sites (or 6 if we also consid-
er the substitutions of corner Ce atoms by Pt atoms) occupied by Pt** species
and additional Pt atoms would be adsorbed in metallic form. DFT calculations
suggest that the great stability of Pt>* species on ceria makes them resistant to
reduction by hydrogenation and that the formation of such stable surface com-
plexes prevents to degradation of the nanostructured composite. Moreover, if we
look at the Platinum/Cerium concentration predicted by model, we obtain easily
at. 4.8% of Pt in catalyst layer. With the use of interstitial model presented in
section 19.1 this concentration corresponds to the loading 1.2 ug(Pt) cm™2 in 30
nm thick layer. Based on this fact we can suggest the optimal Platinum loading
for 30 nm thick layer is even lower than 2 pg(Pt) ecm™ but still higher than
0.6 pug(Pt) em~? according to the FC analyses.
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Fig. 11.5: XPS Pt 4f spectra of the sputtered reference pure Pt film 2-Pt
(2 pg(Pt) em™2) and the three ceria based anode catalysts with different Pt con-
tents 0.6-Pt-CeO, (0.6 pug(Pt) ecm™2), 2-Pt-CeOy (2 ug(Pt) cm~2) and 4-Pt-CeOy
(4 pg(Pt) ecm—2) as-prepared (a) and after wet hydrogen annealing simulating anode
conditions of the PEM FC operation (b). All the catalysts films were sputter deposited
on the nGDL. The doublets 4f-;, — 4f;, for Pt?, Pt?* and Pt** are marked. [133]

H24Pt4Ce40080 — Pt4Ce40080 — Pt4Ce4OO79

+12 H, % 0,

Fig. 11.6: Structure of the Pt4;Ceq9Ogp model with 4 Pt atoms in the 2+ state (center).
24 Ce**t cations are reduced to the Ce3T state upon dissociative adsorption of 12 Hy
molecules (left) resulting in Foq(Hs) = 156kJ mol~! per Hy molecule. Nevertheless,
the four atomic Pt?>* species retain their oxidation state and very strong bonding to the
ceria substrate. Note that the adsorption of 24 H and 4 Pt leads to the reduction of 32
Ce*t to Ce3 ™ state. The removal of an oxygen atom to form Pt4CeqoOrg (right) results
in a dramatic increase of the vacancy formation energy (Ef(Oyqc) = 210kJ mol™!) with
respect to the bare Ces0Og9 NP (E¢(Oyac) = T9kJ mol~!). White, blue, red, beige,
and brown spheres depict H, Pt, O, Ce**t | and Ce3*t | respectively and position of the
removed O atoms is indicated by a circle. [133].
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11.2 Endurance experiment

The most optimal sample revealed by the study presented in the previous chapter
was Pt-CeO, anode catalyst dedicated 2-Pt-CeO, with loading 2 ug(Pt) cm™2
therefore this sample was chosen for endurance study which is presented in this
chapter.

Measurement was performed at the same condition as described in chapter
11.1. Figure 11.7 shows the comparison of 2-Pt-CeOy (2 pg(Pt) cm™2) anode
and commercial anode catalyst from Alfa Aesar (2.7 mg(Pt) cm~2). The cathode
was commercial from Alfa Aesar (2.0 mg(Pt) cm™2 ) in both cases. It is clearly
seen that power density of 2-Pt-CeO, (0.44 Wem™2) is 1.5 times lower than
power density of commercial catalyst (0.65 W em™2). For better comparison, the
obtained values together with calculated specific powers are listed in table 11.2.
It is seen that specific power of 2-Pt-CeO, (220 W mg(Pt)™!) is still 670 times
higher than specific power of commercial catalyst (0.33 W mg(Pt)~!). We should
admit that standard deviation obtained by statistical analyses of FC results is
about 5%.
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Fig. 11.7: The comparison of polarization curves and power density dependencies on
current density for 2-Pt-CeOs (2 pg(Pt) cm=?) anode and commercial anode catalyst
from Alfa Aesar (2.7 mg(Pt) cm~2). The cathode was commercial from Alfa Aesar
(2.0 mg(Pt) cm~2 ) in both cases. Data were obtained at temperatures 70/70/70°C
and at pressure 0.5 Bar. The flow rates were 40 sccm (1.2 Stoich) for Hy, 30 scem for
Oz (2.0 Stoich). Pressure in piston was 8 Bar and active area was 4.41 cm?.

The endurance test of Pt-CeO, sputtered anode catalyst (2 pg(Pt) cm™2)
has been proceeded by using the method already described in chapter 6.5. The
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Sample Power Density | Loading | Specific Power
wt% W em ™2 pg(Pt) em=2 | W mg(Pt)~!
2mg-Pt 0.65 2000 0.33
2-Pt-CeO, 0.44 2 220

Tab. 11.2: The obtained power densities and specific powers of Pt-CeOy sput-
tered anode catalyst (2 pg(Pt) cm™2) and commercial catalyst from Alfa Aesar
(2.7 mg(Pt) ecm™2). As a cathode commercial catalyst Alfa Aesar (2.0 mg(Pt) cm™2)
was used. Data were obtained at 70/70/70°C at pressure 0.5 Bar. The flow rates were
40 scem (1.2 Stoich) for Hy, 30 sccm for Oy (2.0 Stoich).

figure 11.8 shows power densities of fuel cell after selected cycles of the endurance
procedure. One cycle is consisted of 30 s long load of the cell at maximum power
density and of 30 s long period of unloaded cell. It seen that even after 6000 cycles
of this accelerated endurance test any drop of performance was not appeared.
Thus, the Pt-CeO, catalyst has been found as a stable anode catalyst in PEM FC.
We admit that much longer test is necessary before the commercial application.
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=
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] w
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Fig. 11.8: The bar plot representing power density after selected loops of endurance
cycles for Pt-CeOy (2 ug(Pt) ecm~2) anode and commercial cathode catalyst from Alfa
Aesar (2.0 mg(Pt) cm~2). The conditions were: temperatures 70/70/70 °C at pressure
0.5 Bar. The flow rates were 40 sccm (1.2 Stoich) for Hg, 30 sccm for Oy (2.0 Stoich).
Pressure in the pistion cell was 8 Bar.

After selected loops in figure 11.8 electrochemical analyses have been pro-
ceeded: EIS, Crossover determination and CV. The voltammograms obtained
after selected cycles of endurance test are shown in figure 11.9. It is clearly seen
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that voltammograms are mostly same and any significant differences have not ap-
peared. The hydrogen onset adsorption/desorption region has been investigated
and current densities (after stabilization) at potential marked by black verti-
cal line are listed in the table 11.3 as Ig. It is seen that after stabilization the
current densities representing hydrogen desorption are the same which confirms
the stability that was observed in figure 11.8. Currents representing hydrogen
crossover and internal resistances given by impedance spectroscopies have been
determined according to the testing protocol described in chapter 6.5 and the
results are summarized in table 11.3. It is clearly seen that internal resistances
have after stabilization the same values (R = (89 4 7)f2 cm?) for all cycles of
endurance test.

Observation of stable internal resistance is also in agreement with assumption
in section 9. The internal resistance is given mostly by conductivity of the mem-
brane which is orderly lower in comparison with junction resistance and resistance
of catalyst.

Similarly, the crossover analyses exhibit after some stabilization a stable be-
havior I..ess = (0.54 + 0.04)mA cm~2, which is also in agreement with results
reported in chapter 9. Voltammograms in figure 11.9 are shifted vertically by
current of hydrogen crossover which is determined as ~ 0.5 mA.
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Fig. 11.9: The voltammograms for Pt-CeO5(2 ug(Pt) cm~2) (left) obtained in operan-
do after selected cycles of the endurance test. Flows of gases were 30 sccm of Ngo on
the side of interest and 30 sccm of Hy as dynamic hydrogen reference electrode on the
second side. The other condition: ambient pressure, 70/70/70°C and the scan rate of
100 mV s~!. Potential (0.22 V vs DHE) used for determination of current representing
hydrogen oxidation reaction activity is marked by black vertical line.
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Cycle R4 Iy Leross
Qcm? | mAcm™? | mAcm™?
0 0.110 0.39 0.32
300 0.101 0.50 0.52
1000 0.081 0.50 0.59
2000 0.090 0.49 0.55
5000 0.097 0.43 —
6000 0.081 0.49 0.59
7000 0.083 0.49 0.45

Tab. 11.3: Summarization of obtained internal resistances (R{'), current at 0.22 V
(Ig7) vs DHE determined from CV and crossover current (I..oss) for selected cycles of
endurance experiment. Standard deviation of obtained values are ~5%.

11.3 CO poisoning

Resistance of the anode catalyst 2-Pt-CeOq (2 pg(Pt) cm™2) described in the
previous chapter 11.2 to CO poisoning was investigated. Experimental setup for
the CO poisoning effect characterization has been already described in the section
7.1. Pure Hy and mixture of 1% CO in Hy; were mixed by using two mass flow
controllers in order to prepare 25 ppm of CO in hydrogen flow. The cell operating
condition were the same as in the previous case 11.2: temperatures 70/70/70°C
at pressure 0.5 Bar. Cathode catalyst was commercial catalyst from Alfa Aesar
(2 mg cm™? of Pt). The flow rates were 50 sccm for Hy (or mix Hy+CO), 40 scem
for O,. Pressure in piston was 8 Bar and active area was 4.41 cm?.

Example of result of CO poisoning effect on Pt-CeO, anode catalyst is shown
in figure 11.10. There is shown the dependence of current density on time at 0.75
V. 25 ppm mixture of CO and Hy was started in 610 s and after 20 s the current
was dropped down from 0.21 A cm™2 to 0.007 A cm™2. The CO poisoned H, flow
was stopped in 870 s. This experiment revealed relatively week resistance to CO
and catalyst was rapidly poisoned. However, if this catalyst is exposed for such
very short exposure the catalyst was regenerated.

In order to compare Pt-CeQOs sputtered catalyst with commercial PtRu com-
mercial catalyst with Pt loading (0.45 mg cm™?2) figure 11.11 was reprinted from
[137]. It is clearly seen that this catalyst exhibits lower drop of current density
than our Pt-CeO, catalyst at even higher CO concentration (50 ppm). While our
Pt-CeQ, exhibits drop of current density from 0.21 A cm~2 to 0.007 A cm ™2 at
25 ppm of CO and at 0.75 V, the commercial catalyst showed decrease of current
density from 0.735 A cm™2 to 0.37 A cm ™2 at 50 ppm of CO and at 0.7 V. In ad-
dition, what is important, the current decreases to the minimum after 20 s in the
case of our Pt doped ceria catalyst while in the case of commercial catalyst the
stabilization at minimal current was appeared after 3500 s. Thus, if we compare
our Pt-CeO, sputtered anode catalyst with commercial PtRu catalyst [137, 138]
we can conclude that our catalyst is not suitable for hydrogen fuel contaminated
with carbonaceous species impurities because the significant poisoning effect is
appeared at 25 ppm. The more complex analyses of CO poisoning effect of our
catalyst is seen in chapter 13.2
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Fig. 11.10: Current density dependency at 0.75 V on time, which shows poisoning
effect with the use of 2-Pt-CeOs (2 pg(Pt) cm~2) sputtered anode catalyst. Hy with
CO of 25 ppm concentration was used for experiment. CO was used from time of 610
s to 870 s. FC operating conditions were 70/70/70°C at presure 0.5 Bar. Cathode
catalyst was commercial catalyst from Alfa Aesar (2 mg cm~2 of Pt). The flow rates
were 50 sccm for Hy (or mix Ho+CO), 40 scem for Og. Pressure in piston was 8 Bar
and active area was 4.41 cm?.

12. Fully thin catalyst PEM FC

This chapter presents the investigation of the cathode catalyst in the first part
and the second part is focused on PEM FC made exclusively from thin film
catalysts with the use of our Pt-CeO, sputtered catalyst film as an anode and
Pt-Co sputtered film as a cathode catalyst.

12.1 PtCo as Cathode

The influence of Pt-Co alloy on its catalyst structure and oxygen reduction has
been already described in the section 3. We have analyzed Pt-Co thin layer for
several different Platinum/Cobalt ratio at the same thickness of the catalyst film.

The nonreactive magnetron sputtering was used to prepare Pt-Co thin film
catalysts. The Pt-Co cathode catalyst layer was prepared by means of two mag-
netrons working simultaneously. DC sputtering of Co was performed by using Co
target (diameter of 52 mm, Kurt J. Lesker) at distance of 90 mm from substrates.
Pt was added by using the second DC operated magnetron with Pt target (2 inch-
es, Safina) at distance of 200 mm from substrates and tilted by 45° relative to
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Fig. 11.11: FC analyses of CO poisoning effect with the use of PtRu alloy (1:1)
(0.45 mg cm~2) at 50 ppm of CO for different voltages (Reprinted from [137]). Flow
rates: 20 sccm (1.4 Stoich) for anode, 15 scem for Oz (1.85 Stoich). Temperature was
80/65/70°C and pressure was ambient.

the Co target. Support for sputtered catalyst layer was the commercial nGDL
(Sigracet, GDL 25 BC).

The catalyst film thicknesses were determined by Atomic Force Microscopy
(AFM) from the reference films deposited on the silicon substrate simultaneously.
Thickness of Pt-Co sputtered catalyst film was determined as 50 nm. Concentra-
tion of Pt has been obtained from calibration of growth rate for both magnetrons
and checked by XPS analyses.

The fuel cell experiment was performed with the use of experimental setup
shown in the section 7.1 presenting testing protocol introduced in chapter 6.5.
Experimental conditions were the same for all series of samples: 70/70/70°C at
ambient pressure and at pressure 8 Bar in the piston operated cell. The flow rates
were 40 scem (1.2 Stoich) for Hy, 30 scem for Oy (2.0 Stoich). As a membrane
Nafion NR212 (0.05 mm thick) was used. Anode catalyst was commercial catalyst
from Alfa Aesar (2.7 mg(Pt) cm™2). Results of fuel cell experiments for sputtered
cathode Pt-Co catalysts with Platinum content of 100 wt% (110 ug(Pt) cm™2), 87
wt% (85 ug(Pt) em™2), 60 wt% (50 pg(Pt) em™2) and 40 wt% (30 pg(Pt) cm™2)
are summarized in figure 12.1. It is clearly seen that power density is slowly
decreasing with decrease of Pt content but this decrease is not proportional to
the loading of Platinum. This phenomenon is explained by positive influence of Co
and its Pt-Co alloy on oxygen reduction. For better understanding the calculated
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power densities and specific powers are listed in the table 12.1. The non-linear
dependence of power density of Platinum loading is revealed by increase of specific
power. Specific power increases with decreasing loading of Platinum. The Pt-Co
(6 wt%, 3.8 ug(Pt) cm™2) has been also tested but due to too low power density
(less than 0.05 W em™2) it was omitted in the plot 12.1.
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Fig. 12.1: Results of fuel cell experiments for 50 nm thin sputtered cathode Pt-
Co catalyst with Platinum content of 100% (-M-, 110 ug(Pt) cm~2), 87% (-M-,
85 ug(Pt) ecm~2), 60% (-M-, 50 ug(Pt) cm~2), 40% (-M-, 30 pg(Pt) cm™2) . Anode
catalyst was commercial catalyst from Alfa Aesar (2.7 mg(Pt) cm~2). The conditions
were: temperatures 70/70/70 °C at ambient pressure. The flow rates were 40 sccm (1.2
Stoich) for Ha, 30 scem for Oy (2.0 Stoich).

Pt content Power Density | At Voltage | Specific Power
wt% W cm ™2 Vv W mg(Pt)~!
100% 0.24 0.51 2.2
87% 0.22 0.47 2.3

0.21 0.43 4.2
40% 0.20 0.46 6.7

Tab. 12.1: The obtained power densities and specific powers of Pt-Co cathode catalyst
in PEM FC. As an anode the commercial catalyst Alfa Aesar (2.7 mg(Pt) cm™2) was
used. Data were obtained at 70/70/70°C at ambient pressure. The flow rates were 40
sccm (1.2 Stoich) for Hy, 30 scem for Og (2.0 Stoich).

Complementary fuel cell analysis obtained at pressure 0.5 Bar is shown in
figure 12.2 and calculated power densities and specific power are summarized in
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the table 12.2. In contrast to the results obtained at ambient pressure (shown
in figure 12.1) maximal power density was not reached by Pt (100 wt%) with
the highest loading of Pt but Pt-Co (87 wt%) exhibited maximum power of
0.38 Wem ™2 which corresponds to 4.5 Wmg(Pt)~!. Obtained maximal perfor-
mances were analyzed using statistic and determined standard deviance was lower
than 0.03 W cm™2 for all presented samples in both operating pressures.

In order to understand the observed behavior of Pt-Co the cyclic voltammetry
was performed directly in the fuel cell (see figure 12.3). Voltammograms were
obtained by the method described in the section 6.2 and they are presented as
measured (left) and divided by platinum loading (right). Vertical shift is caused
by hydrogen crossover. It is clearly seen that maximum current (corresponding to
the charge) in the hydrogen adsorption/desorption region was reached for Pt-Co
(87 wt%). The same sample exhibits also maximum specific current and specific
charge in the hydrogen adsorption/desorption region.

In the hydrogen underpotential deposition region, all samples clearly exhibit
features associated with hydrogen adsorption and desorption on Pt{100} (a broad
peak at ~0.3V vs. RHE) [139, 140] while a peak between ~0.1 and ~0.2V vs.
RHE associated with hydrogen adsorption and desorption on Pt{110} [139, 140]
facets is partially hidden in hydrogen evolution.

The shift of the onset potential for reduction of oxygenated species on Pt
(~0.8V vs. RHE)[141, 142] was observed: Pt-Co (87 wt%) shifts to the higher
potential; Pt-Co (60 wt%) and Pt-Co (40 wt%) shift to the lower potential relative
to the Pt (100 wt%). The shift of reducing peak for Pt-Co (60 wt%) and Pt-Co
(40 wt%) to the lower potential can be given by higher upper voltage of CV in
this case (1.4 V) but according to the literature [143] it should not cause bigger
shift than 12 mV. Remind theory described in the section 3 (see figure 3.1) oxygen
is bonded on Co surface stronger than in the case of pure Pt which could explain
the shift to the lower potential due to high atomic concentration of Co in Pt-
Co (individual atomic ratio: Pty5Cogs for Pt-Co 60 wt% of Pt and Pty5Cors for
Pt-Co 40 wt% of Pt). However, Pt-Co 87 wt% of Pt corresponds to Pt75Coos
and there are lots of evidence in the literature that maximal performance is
reached by optimal Pt3-Co phases (Pt75Cogs ) [74, 75](see also figure 3.3). What
is new in our work is the fact that we have been able to prepare this active
phase by magnetron sputtering without annealing at 600°C which is necessary
for other techniques [144-146]. We should note that oxygen reduction study with
the use of rotated disc electrode (RDE) could obtain the potential shift more
precisely. However, optimal strength of oxygen bond to the surface for this sample
(Pt-Co 87 wt% of Pt) can be seen in voltammogram which reveals almost the
same week adsorption/desorption process of oxygen comparable with hydrogen
adsorption/desorption instead of strong chemical bond (compare redox couple
marked by black and blue lines in both figures in 12.3). This observed shifts
of potential can be also affected by little drifting of potential of DHE reference
electrode and they could be inaccurate. Nevertheless, the weaker bond between
oxygen species and surface than in the case of pure Pt but still strong enough to
proceed surface reaction can be supposed. The similar observation of potential
shifts on Pt3Co phase that we have just discussed was also shown in [147]. There
is no doubt that Pt-Co (wt. 87% of Pt) corresponding with Pt75Cogs; exhibited
higher power performance in comparison with other investigated Pt-Co samples
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including pure Platinum catalyst regarding to obtained current densities and
specific current in CV and in FC analyses at 0.5 Bar.

The reason why we did not obtain higher performance for Pt-Co (87 wt%)
according to the cyclic voltammetry results can be explained by a not sufficient
diffusion of reactants and products through the sputtered layer of 50 nm. Good
diffusion is even more crucial on the cathode side than on hydrogen side. Thus, it
could be possible that a higher power density could be obtained by using thinner
layers.

Cell conditions: 70/70/70°C, H2 50 sccm, O2 40 sccm,
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Fig. 12.2: Results of fuel cell experiments for 50 nm thin sputtered cathode Pt-
Co catalyst with Platinum content of 100% (-M-, 110 pg(Pt) cm~2), 87% (-H-,
85 ug(Pt) em=2), 60% (-M-, 50 ug(Pt) cm~2), 40% (-M-, 30 pg(Pt) cm™2) . Anode
catalyst was commercial catalyst from Alfa Aesar (2.7 mg(Pt) cm™2). The conditions
was: temperatures 70/70/70°C at pressure 0.5 Bar. The flow rates were 40 sccm (1.2
Stoich) for Ha, 30 scem for Oy (2.0 Stoich).

Pt content Power Density | At Voltage | Specific Power
wt% W cm ™2 Vv W mg(Pt)~!
100% 0.37 0.52 3.4
87% 0.38 0.50 4.5

0.34 0.51 6.8
40% 0.31 0.50 10.3

Tab. 12.2: The obtained power densities and specific powers for Pt-Co cathode catalyst
in PEM FC. As an anode commercial catalyst Alfa Aesar (2.7 mg(Pt) cm™2) was used.
Data were obtained at 70/70/70°C at pressure 0.5 Bar. The flow rates were 40 sccm
(1.2 Stoich) for Ha, 30 sccm for Oy (2.0 Stoich).

65



Pt-Co (100%), Pt-Co (87%), Pt-Co (60%), Pt-Co (40%) | | Pt-Co (100%), Pt-Co (87%), Pt-Co (60%), Pt-Co (40%)

02
0.15]
: | !

0.1

<I>/A/mg
o
=
S

=)

o
=
&

05 05
Ewe/V vs. DHE Ewe/V vs. DHE

Fig. 12.3: Results of cyclic voltammetry obtained directly in FC in operando for
50 nm thin sputtered cathode Pt-Co catalyst with Platinum content of 100% (-
110 pg(Pt) ecm=2), 87% (- 85 ug(Pt) cm~2), 60% (- 50 ug(Pt) cm~2) and
40% (- 30 pg(Pt) cm~2). Voltammograms as measured (left) and divided by load-
ing of Platinum (right). Anode catalyst was commercial catalyst from Alfa Aesar
(2.7 mg(Pt) ecm~2). The conditions was: temperatures 70/70/70°C at ambient pres-
sure. The flow rates were 30 sccm of N5, on the cathode side and 30 sccm of Hy on
the anode side. Features corresponding to reduction of surface oxides (series of colored
vertical lines) and oxygen species formation on the surface (black line) are marked.

We can conclude that Pt-Co prepared by magnetron sputtering can signifi-
cantly improve oxygen reduction on the cathode side of fuel cell in comparison
with pure sputtered Platinum. Additionally, we have shown that optimal Pt3Co
phase was obtained without any annealing procedure but for direct evidence of
presence of Pt3Co phase the high resolution transmission microscopy (HRTEM)
or the z-ray diffraction (XRD) is necessary.

12.2 PtCeO, anode + PtCo cathode

The nonreactive magnetron sputtering was used to prepare Pt-CeOs thin films
and Pt-Co thin film catalysts. The Pt-CeOy anode catalyst layer was prepared
by means of two magnetrons working simultaneously. RF sputtering of ceria was
performed by using CeOs target (52 mm diameter, Kurt J. Lesker) at distance
of 90 mm from substrates. Pt was added by using the second DC operated mag-
netron with Pt target (2 inches diameter, Kurt J. Lesker) at distance of 200 mm
from substrates and tilted by 45° relative to the CeOy target. RF power (13.56
MHz) applied to the CeOq target was 50 W while power applied to the Pt target
was 10 W. The sputtering was carried out in Ar atmosphere with total pressure
of 4-107! Pa. The sputtering conditions gave a growth rate of the Pt-doped ceri-
um oxide films of 1 nm min~!. The cathode Pt-Co catalyst was prepared by using
the same procedure as it has been already described above. Power of 20 W was
applied to the both Co and Pt targets; the total pressure of argon working atmo-
sphere was kept at 6-10~! Pa. The sputtering conditions gave a growth rate of the
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Pt-Co films of 3.3nmmin~!. The both catalyst layers were carried on commercial
nGDL support (Sigratec, GDL 25 BC). The catalyst film thicknesses were deter-
mined by Atomic Force Microscopy (AFM) from the reference films deposited on
the silicon substrate simultaneously as it has been already described above.

As we have shown previously, sputtered Pt doped cerium oxide contains Pt
in Pt24" states [124, 126, 148]. In the PEM FC a mixture of hydrogen and water
vapor is used as a feed stream due to necessity to keep the proton exchange mem-
brane wet. Consequently during the FC working conditions the anode catalyst is
reduced and for very low loading (case of this work) Pt?* is transformed to Pt**.
Figure 12.4 (top-left) shows Pt 4f spectrum obtained after annealing in wet Hy
at 65°C in the flow reactor simulating anode conditions of the PEM FC oper-
ation .The spectrum of hydrogen annealed Pt-CeO, confirms that there is only
one 4fr, - 4fs;, doublet at binding energy (BE) 72.5 - 75.8 eV corresponding to
Pt [126]. XPS analysis of the Pt-Co alloy thin film used as a cathode is shown
in fig. 12.4. The Pt 4f spectrum presented in fig. 12.4 (bottom-left) shows that
Pt has metallic character which is seen from doublet at BEs 71.2 - 74.5 eV and
asymmetric shape of the Pt 4f peaks characteristic for metallic Pt. The Co 2p3/2
region of the XPS spectrum in fig. 12.4 (bottom-right) can be fit by four peaks,
two peaks at 780.9 eV and 786 ¢V indicating Co?" as predominant species, one
peak at 779.9 eV corresponding to Co®T and a peak of metallic Co at 778.6 eV
[149]. The highest peak at 780.9 eV is a Co*™ main peak whilst 786 eV peak cor-
responds to the satellite structure characteristic of octahedral Co®T cations [150].
The O 1s spectrum in fig. 12.4 (top-right) shows two peaks at 529.6 eV and 531
eV that could be assigned to Co,03 and CoO, respectively [151]. It is evident that
amount of cobalt oxides in the Pt-Co catalyst is substantially higher in relation to
the metal Co content. The presence of high amount of oxidized Co in the Pt-Co
catalyst could be explained by its exposure to air due to the sample transfer to
the XPS spectrometer through air. We note that it is difficult to assign any of
the mentioned XPS peaks to eventual Pt-Co alloy formation because Pt-Co alloy
binding energy shifts for Pt 4f 7/2 and Co 2p 3/2 in relation to pure metals are
very small, 0.1 eV and 0.2 eV, respectively [152].

Fuel cell measurement was proceed with the use of our piston cell described
in chapter 7.2. The piston pressure was set to 8 Bar. Operating over pressure of
both feed gases (Hy and O,) was 0.5 Bar and flow rates were 40 scem for Hy,
30 scem for Os. The temperature conditions was 70 °C of operating cell and dew
points of 70°C for both humidifier systems (70/70/70°C). The active area of
MEA was 4.62 cm? and it was consisted of magnetron sputtered 30 nm thick Pt-
CeOq(2 pug(Pt) cm™?) layer as an anode and magnetron sputtered 50 nm Pt-Co
(46 ug(Pt) cm™2) layer as a cathode. Hence, the total loading was 48 pg(Pt) cm™2
of MEA. Pt loadings were calculated from the film thickness and Pt concentration
determined by XPS. As a electrolyte Nafion membrane (DuPont Inc., Nafion NR-
212, perfluorosulfonic acid-PTFE copolymer) with thickness of 0.05 mm was used.

The results of fuel cell analysis for fully thin catalyst fuel cell are presented in
fig. 12.5 which reveals power densities PD = 0.125W cm™2. This power density
corresponds to specific power of MEA SP = 2.5W mg(Pt)~!. For better under-
standing of the results the comparison with commercial catalyst and results from
the chapter 12.1 is summarized in the table 12.3. It is seen that combination of Pt-
Co cathode and Pt-CeO, anode exhibited lower power density than lowest power
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Fig. 12.4: The spectra: Pt 4f in Pt-CeOz (left-top), O 1s in Pt-Co (right-top), Pt 4f in
Pt-Co (left-bottom) and Co 2p in Pt-Co. Pt-CeOs (30 nm, 2 ug(Pt) cm~2) and Pt-Co
(50 nm, 46 pug(Pt) cm~2) sputtered layers are carried on nGDL.

density obtained with cell contained only one of our thin catalyst accompanied
by commercial catalyst, Pt-CeO, anode + commercial cathode and commercial
anode + Pt-Co. If we try to express this phenomenon by mathematical formu-
la representing this observation (parallel combination of obtained performances)
that I have found, we obtain

1 1 1
+

(PDFullyithin)q

where ¢ = 1.618 is correction parameter (by coincidence this value is equal to
the Golden ratio). The reason why with the use of combination of our sputtered
anode and cathode catalyst fuel cell a lower performance was obtained in com-
parison with both their combination with commercial catalyst is clear. There is
not any strong commercial catalyst on the second side that could improve the
performance. Be that as it may, the power density of 0.125 W is relatively good
result in comparison with commercial catalyst and according to the fact that only
48 1g(Pt) cm™2 loading was used for all MEA.

(12.1)

q
(PDPt—CeOQ-‘,-com.cathode) (PDPt—CeOQ-‘,-com.cathode)
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Fig. 12.5: The result of fuel cell test before endurance test (black) and after 2700 cycles
of endurance test (red) for fuel cell consisted of 30 nm thick Pt-CeO2(2 ug(Pt) cm~2)
sputtered layer as an anode and 50 nm sputtered Pt-Co (46 ug(Pt) cm™2) layer as a
cathode. The conditions was: temperatures 70/70/70°C at pressure 0.5 Bar. The flow
rates were 40 sccm for Hy (Stoich 1.2), 30 scem for O (Stoich 2.0).

Anode Cathode Power Density | Pt Loading | Specific Power
W em—2 pg(Pt) em™2 W mg(Pt)~!
Com. Ref. Com. Ref. 0.65 4700* 0.14*
Pt-CeO, Com. Ref. 0.45 2 225
Com. Ref. Pt-Co 0.34 50 6.8
Pt-CeOgq Pt-Co 0.125 48* 2.7

Tab. 12.3: The obtained power densities and specific powers for Pt-CeQOs anode, Pt-
Co cathode catalyst and its combination as fully thin catalyst film PEM FC compared
with commercial reference catalyst Alfa Aesar (2.7 mg(Pt) cm™2) as an anode and Alfa
Aesar (2.0 mg(Pt) cm~2) as a cathode. Data were obtained at 70/70/70°C at pressure
0.5 Bar. The flow rates were 40 sccm for Hy (Stoich 1.2), 30 sccm for Oy (Stoich 2.0).
*Platinum loading and specific power are calculated for all MEA.

Figure 12.6 shows result of the endurance test of the fuel cell. The measure-
ment has been proceed by protocol described in chapter 6.5. Each bar represents
average of power densities obtained after finishing 300 of endurance cycles con-
sisted of periodically changing working conditions (maximal performance <->
non-loaded cell). Tt is clearly seen that there did not appear any significant and
statically approved drop of performance for all 2700 measured cycles despite some
fluctuation was revealed. This fact is confirmed in figure 12.5 where fuel cell po-
larization curve and current power density dependency on current density before
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Fig. 12.6: The result of endurance durability test according to the procedure described
in 6.5 for fuel cell consisted of 30 nm thick Pt-CeOs (2 ug(Pt) cm~2) sputtered layer as
an anode and 50 nm sputtered Pt-Co (60% of Pt) layer as a cathode. The conditions
was: temperatures 70/70/70°C at pressure 0.5 Bar. The flow rates were 40 sccm for Hy
(Stoich 1.2), 30 scem for Oy (Stoich 2.0).

and after endurance test are shown; any performance decrease was not seen.

The in situ characterization of catalysts films by the cyclic voltammetry per-
formed directly in the fuel cell was used to clarify the electrochemical activity of
the catalyst. The CV experiment was performed using the standard two-electrode
setup: The counter electrode and the reference electrode together were connected
to the side fed by a humidified moistened hydrogen flow and the working elec-
trode was connected to the side of interest keeping under a humidified moistened
nitrogen flow as it was described in the section 6.2. The conditions of CV mea-
surement were as follows: the flow rates were 30 sccm of moistened hydrogen and
30 sccm of moistened mixture 10% Hy and 90% Ny on the side of reference-counter
electrode and on the side of working electrode respectively; The pressure of gases
was ambient pressure; The temperature was 70 °C and pressure in the piston was
8 Bar; the scan rate was 100mVs~!. The CV from Pt-CeO, anode is shown in
figure 12.7 (left) and the CV from Pt-Co cathode is shown in the same figure
(right). It is clearly seen that both materials are catalytically active. Both CVs
clearly show PtO reduction and high hydrogen adsorption/desorption features
in the region 0-0.4 V. Similarly to FC tests, these results confirm high catalyt-
ic activity of both materials. In the case of both CVs, relatively high hydrogen
evolution appeared. The reason was that the non-standard dynamic platinum-
hydrogen electrode consisted of Platinum based catalyst (Pt-CeOq or Pt-Co) was
used as reference and set the accurate and proper zero potential was difficult.
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Similarly, the exact potential against to reversible hydrogen electrode (RHE) was
difficult to determine and the data are shown as obtained. The shift to the pos-
itive current of both obtained voltammograms was due to crossover of hydrogen
that was 0.6 mA cm~2 which can explain the shift ~ 2.6mA. The CV profile
obtained for Pt-Co in fig. 12.7 (right) is similar to that of the active disordered
Pt3Co cubic phase CV in [146] confirming suggestion of a Pt rich skin formation.
In the case of Pt-CeOs (see fig. 12.7 (right)) the hydrogen adsorption/desorption
region is substantially shifted to the positive current in comparison with the rest
of curve while this behavior is not seen in the case of Pt-Co (see fig. 12.7(left))
which is most likely by due to faster kinetics of hydrogen oxidation on Pt-CeO,
in comparison with Pt-Co. The reaction kinetics can be compared using the slope
of hydrogen evolution (comparison is not shown).
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Fig. 12.7: The voltammograms for Pt-CeOs (2 pg(Pt) cm™2) (left) and Pt-Co
(46 pg(Pt) cm™2) (right) obtained in-operando with the use of 30 sccm of Ny on the
side of interest and with 30 sccm of (10% H2,90% N3) as dynamic hydrogen reference
electrode on the second side. The other condition: ambient pressure, 70/70/70 °C and
the scan rate of 100mVs~!. Active area is 4.41 cm?

We have presented our first experiment of fully thin catalyst fuel cell. My
opinion is that after optimization of Pt-Co with respect to the previous section
12.1 the presented performance could be exceeded.

Some of results presented in this chapter have been already published and
more details can be found directly in the article [153].

13. Pt-SnCeO,,

13.1 FC perfomance

In this chapter the FC study of alternative material Pt-SnCeQO,, thin anode cat-
alyst layers are investigated.

Samples of Pt-SnCeQO,, were prepared by magnetron sputtering (described in
chapter 8) based on simultaneous sputtering procedure from two targets: SnOs
target (2 inches Kurt J. Lesker) and CeOy (2 inches Kurt J. Lesker) with two
Platinum wires (diameters: 0.35 mm, length: 2 cm, from Alfa Aesar) placed on
the target in radial direction. Residual pressure was 2:10~* Pa. The process gas
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was Ar at pressure 6-:10~! Pa. Power applied to magnetron with SnOy was Ppc =
20 W and power applied to magnetron with composite target consisted of CeOq
+2x Pt wires was Prr = 120 W. Pt-CeO, catalyst layer was prepared by the
same way but without the use of SnOs target using the discharge power set to
70 W. The catalyst film thicknesses were determined as 25 nm by Atomic Force
Microscopy (AFM) from the reference films deposited on the silicon substrate
simultaneously and Pt loading was determined from XPS analysis by method
described in chapter 19.1 as 2 pg(Pt) em™2 and 2 pg(Pt) em™2 for Pt-SnCeO,
and of Pt-CeQO,, respectively. The atomic ratio of Pt-SnCeQO, and of Pt-CeOq
given by XPS is (Pt:Sn:Ce) = (7.5:4.9:87.6) and (Pt:Ce)=(7.5:92.5), respectively.

As a substrate a commercial nGDL was used.

The comparison of XPS Ce 3d spectra obtained for Pt-SnCeQO, and Pt-CeO,
is presented in figure 13.1. The characteristic 3ds;, — 3ds;, doublets attributed to
Cel™: (882.1-900.6) eV, (888.8-907.2) €V, (898.2-916.6) €V and attributed to Ce?*:
(880.4-999.2) eV, (885.3-903.9) eV are shown [154, 155]. The doublet (883.3-901.8)
eV was used to approximate of natural asymmetry of the doublet 882.1-900.6 V.
The fit has been proceeded with the procedure published in [155] and it is similar
to the procedure presented in chapter 14 where fully oxidized Pt-CeOy was shown.
Thus, we can see that both ceria based samples (Pt-SnCeO, and Pt-CeQOs) ware
partially reduced. The ratio of Ce3* /Ce*t is 0.4 and 0.2 for Pt-SnCeO, and Pt-
CeOs, respectively. The fact that Ce3™ /Ce'™ for Pt-SnCeQs is higher than in the
case of Pt-CeOs is also in agreement with the literature [148].
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Fig. 13.1: The Ce 3d XPS spectra of Pt-CeOg (25 nm) (top) and Pt-SnCeO, (25 nm)
(bottom). Three doublets 3ds/, —3ds/, contributed to Ce*t and two doublets 3ds, —3ds,
representing Ce3T are shown.
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XPS of Pt 4f of Pt-SnCeOy (25 nm) (see figure 13.2 (top)) revealed three
doublets 4 fr), — 4 fs, representing Pt** (72.6-75.9) eV [125, 126], (74.4-78.0) eV
[125, 126] Pt*T and Pt state attributed to Pt-Sn alloy [148]. The Pt 4f feature
attributed to Pt-Sn alloy was determined by using the same fitting parameters for
Pt?+ and Pt*+ obtained for XPS of Pt 4f of Pt-CeO; (25 nm) presented in fig.
13.2 (top) as a reference. Without this procedure with reference fitting parame-
ters the Pt-Sn feature cannot be found (only doublets corresponding with Pt*+
would be slightly shifted to the higher binding energy) due to the fact that XPS
is not as precise as HXPES used by authors [156]. The chemical states concen-
tration was determined: (Pt>T:Pt*T:Pt-Sn) as (0.37:0.23:0.40) and (Pt*T:Pt*T) as
(0.39:0.61) for Pt-SnCeOy (25 nm) and Pt-CeOy (25 nm), respectively. Figure
13.2 (bottom) shows XPS Sn 3d. One observed doublet 3ds;, — 3ds/, (486.4-495.0)
eV was attributed to Sn** [157, 158].
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Fig. 13.2: The comparison of XPS result for Pt 4f in Pt-CeO2 (25 nm) and in Pt-
SnCeOs (25 nm) (top). The doublets 4f7), — 4fs/, representing Pt>*, Pt** and Pt-Sn
are shown. XPS of Sn 3d in Pt-SnCeOg (25 nm) (bottom). The doublet 3ds/, — 3ds,
contributed to Sn** is shown.

The FC analysis was performed with the use of Quintech commercial cell with
active area of 1 cm? and the cell was tightened by bolts using torque of 3 N m.
As a membrane, 0.125 mm thick Nafion (Alfa Aesar, Nafion NE-1035 perfluoro-
sulfonic acid-PTFE copolymer) was used. Before the membrane was used in fuel
cell, the special treatment was necessary (already published in our works [124—
126] and in the previous chapter 10). Cathode catalyst was commercial catalyst
from Alfa Aesar (2 mg cm™2 of Pt). The temperatures of anode humidifier and
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cathode humidifier were 70 °C and 65 °C, respectively. Experiment was proceed-
ed with flow rates of 40 sccm (1.2 Stoich) for Hy, 30 sccm for Os (2.0 Stoich) at
ambient pressure. Figure 13.3 shows FC test results for two different cell temper-
atures: room temperature and 70 °C. The obtained power densities and specific
powers are summarized in the table 13.1 where the comparison with commercial
anode catalyst and Pt-CeO, is presented (IV curves obtained for Pt-CeO, and
commercial catalyst is not presented because they have been already investigated
previous chapters). It is clearly seen that Pt doped tin cerium mix-oxide exhibited
slightly lower power densities than Pt doped cerium oxide.

However, specific power of both prepared catalysts has still exceeded the
specific power of commercial catalyst more than 700 times. This fact clarified
Pt-SnCeO, anode sputtered catalyst as a promising anode catalyst and as an
alternation to the Pt-CeOs.
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Fig. 13.3: The results of fuel cell analyses for Pt-SnCeQO,, anode catalyst at ambient
pressure for two different temperatures: 70 °C (top), 27 °C -room temperature (bottom).
On the right there is IV curve determined by measuring and averaging each current step
for 50 ms and on the left is IV curve where each point is result of statistical analysis of 20
min time scan. Cathode catalyst was commercial catalyst from Alfa Aesar (2 mg cm™2
of Pt). The flow rates were 50 sccm (1.2 Stoich) for Ha, 40 sccm for Oz (2.0 Stoich). As
a membrane Nafion of 0.125 mm thick (Alfa Aesar, Nafion NE-1035 perfluorosulfonic
acid-PTFE copolymer) was used.
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Power Density | Pt Loading | Specific Power
mW cm ™2 pg(Pt) cm 2 W mg~!
Commercial Anode 450 2700 0.17
Pt-CeOs 250 2 125
Pt-SnCeO, 234 2 117

Tab. 13.1: The obtained power densities and specific powers of Pt-SnCeO, anode
catalyst and its comparison with commercial catalyst and Pt-CeO9 sputtered anode.
Conditions of fuel cell experiment are the same as in figure 13.3 (70°C).

13.2 CO poisoning

The effect of CO poisoning on Pt-SnCeQO,, is presented in this section. The same
samples as in the previous section were used and the FC conditions were the
same.

Figure 13.4 shows results of CO poisoning analyses for different anode cat-

alysts presented in table 13.1. The data series are as follows:
(2 pg(Pt) em™2), Pt-SnCeO, (II) (2 ug(Pt) ecm™?), Pt-CeOy (2 ug(Pt) cm™?)
and commercial Alfa Aesar Pt-Ru alloy (1:1) (2.7 mg(Pt) cm™2) anode catalyst.
Data line labeled (I) and (II) are two different series of poisoning effect of the
same catalyst. There are shown normalized current densities at 0.5 V for different
concentration of CO. Label "0 ppm" means that no CO was used in this case and
catalyst was regenerating. Absolute values of current densities are listed in the
table 13.2. Each CO treatment was ~3 h long.

The side result is also the comparison of current density dependencies on time
for Pt-Ru alloy (1:1) commercial catalyst (2.7 mg(Pt) cm™2) and Pt-SnCeO,
sputtered catalyst which is shown in figure 13.5. It is seen that some periodical
behavior which has influence on performance appeared in the case of Pt-Ru cat-
alyst in contrast to sputtered Pt-SnCeQO,, layer where this phenomenon was not
observed. These features are caused by inconvenient water management of Pt-Ru
commercial catalyst operated in PEM FC, which was also proved later.

CO concentration | Pt-Ru comm. Pt-SnCeO, (II) | Pt-CeO,
ppm mA cm ™2 mA cm ™2 mA cm ™2 mA cm ™2
0 678 465 490 500
25 680 460 500 283
0 685 466 490 290
50 465 450 430 200
0 700 452 470 231
100 410 178 210 150
0 680 425 410 200
250 320 100 140 100
0 630 390 400 80
500 280 70 90
0 607 420 461
0 Next Day 700 504
Tab. 13.2: Obtained current densities at 0.5 V for , Pt-SnCeO,, (II), Pt-

CeOy and commercial Alfa Aesar Pt-Ru alloy (1:1) (2.7 mg(Pt) cm™2) anode catalyst
for different CO concentration. The FC conditions are the same as in figure 13.4.
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Fig. 13.4: The results of fuel cell CO poisoning effect analyses for , Pt-

SnCeO, (II), Pt-CeO and commercial Alfa Aesar Pt-Ru alloy (1:1) (2.7 mg(Pt) cm™2)
anode catalyst at temperatures 70/70/70°C at ambient pressure. The flow rates were
50 sccm for Hy (or mix Ha+CO), 40 scem for Oz. Normalized current densities at 0.5
V for different CO concentration are shown. Cathode catalyst was commercial catalyst

from Alfa Aesar (2 mg(Pt) cm™2).
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Fig. 13.5: The comparison of time dependency of current densities obtained for Pt-
Ru (1:1) from Alfa Aesar (2.7 mg(Pt) cm™2) (left) and Pt-SnCeO, sputtered anode
catalyst 2 pug(Pt) cm~2) (right). The FC conditions are the same as in figure 13.4.

Regarding the figure 13.4 and the table 13.2, it was confirmed that in the
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case of Pt-CeO, the poisoning effect is significant and it starts at the lowest CO
concentration (25 ppm) as it was also shown in chapter 11.3.

On the other hand, Pt-SnCeO,, sputtered anode catalyst revealed comparable
CO tolerance with Pt-Ru commercial catalyst. Moreover, at CO concentration of
50 ppm Pt-SnCeQ, has exhibited higher CO tolerance than Pt-Ru commercial
catalyst, which is important result.

Remind the comparable performance of Pt-SnCeO, and Pt-CeO, as it has
been shown in the previous section, the Pt-SnCeQs, is promising alternate catalyst
revealing good stability and CO tolerance comparable with Pt-Ru (1:1) alloy. The
function of Sn in our sputtered catalyst should be still more investigate but we
can estimate that role of Sn in the Pt-SnCeQ,, where the alloy Pt-Sn seems to be
created, is similar to the role of Ru in the Pt-Ru alloy commercial catalyst. Thus,
Pt-Sn causes an increase of the probability of oxidation of carbonaceous species
due to the lower onset potential for Sn-OH formation according to the equation
3.1. This hypothesis is also supported by the literature [159] where the Pt-SnCe;
exhibits higher activity for ethanol oxidation reaction than Pt-CeO, catalyst.

14. Pd-CeO,

In this chapter the possible alternation to Pt in Pt doped CeO, is presented.
The Pd doped CeOs thin layer prepared by rf-magnetron sputtering as an anode
catalyst for PEM FC was investigated.

Pd-CeOs thin layer was prepared by magnetron sputtering using 2 magnetrons
simultaneously: one with CeO, target (2 inch diameter, Kurt J. Lesker, 99.9%
pure) and second with Pd target (2 inch diameter Kurt J. Lesker, 99.9% pure).
The deposition was proceeded at pressure 6 - 107! Pa with Argon atmosphere
and discharge power was set to 20 W and 50 W for Paladium and CeO, target,
respectively. Voltage set on the samples holder was Vgras = 17 V. The residual
pressure before the chamber was filled by process gas was 2-10~* Pa. The samples
were placed 90 mm away from CeQOs target and 200 mm from substrates and tilted
by 45° relative to the CeOy target. As a substrate commercial nGDL was used.

The thickness of layer was determined as 25 nm by AFM of the same layer
sputtered on Si substrate simultaneously.

SEM images of Pd-CeO, sputtered thin layer on nGDL are seen for two dif-
ferent magnifications in figure 14.1. It is clearly seen that the porous structure
similar to the structure observed on Pt-CeOs sputtered thin film on nGDL has
been appeared.

XPS analysis of the Ce 3d spectrum of Pd doped ceria film is presented in
14.2. The characteristic 3ds;, — 3ds;, doublets attributed to Ce**: (882.0-900.5)
eV, (888.8-907.2) eV, (898.2-916.6) eV and attributed to Ce3*: (880.4-999.2) eV,
(885.3-903.9) eV are shown [154, 155]. The three doublets attributed to Ce*"
represent different 4f configurations in the photoemission final state and arise from
the Ce 4f hybridization in both the initial and final states [154]. We subtracted a
Shirley-type background and then fitted all peaks by using Voigt profile. Detailed
description of the Ce 3d spectra fitting procedure is described in Skala et al. [155].
The Ce 3ds;,4d? at 882.0 ¢V and Ce 3ds,4d? at 900.5 €V are fitted by adding an
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Fig. 14.1: The SEM images of 25 nm thick sputtered Pd-CeO4 layer on nGDL for two
different magnification.

extra pair of features ( ) because of its asymmetry [155]. Generally, there is no
physical reason to suppose the same width of features because there are different
spins of final states therefore also the lifetime of states can be different. This
phenomenon is seen for peaks Ce 3ds,4f" at 888.8 eV (green) and Ce 3dsp4d! at
907 eV (brown) where different widths of peaks were fitted.

T T
Ce 3+
Ce 3+

—
XPS Ce 3d
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930 920 910 900 890 880 870
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Fig. 14.2: The Ce 3d XPS spectra of Pd-CeO, (25 nm)/CF. Three doublets 3ds/,—3ds,
contributed to Ce** and two doublets 3ds/, — 3ds/, representing Ce®t are shown.

Analysis of XPS spectrum of Pd 3d 14.3 reveals shift of binding energy for Pd
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3d from 335.1 eV (metallic state) to 337.5 eV which corresponds to PdO (Pd*")
which is the most stable oxidized form of Pd [160].

The ratio of Pd/Ce was determined as ratio of XPS peak area Pd 3d and
Ce 3d divided by its sensitive factors. Hence, the ratio Pd/Ce was 4.7% which

corresponds to loading of Palladium 0.5 ug cm™2.
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Fig. 14.3: The Pd 3d XPS spectra of Pd-CeO, (25 nm)/CF. The doublets 3ds/, — 3ds/,
are shown. Only Pd?* is appeared.

Fuel cell measurement has been proceed using our piston cell described in
chapter 7.2. The piston pressure was set to 8 Bar. Over pressure of both process
gases (Hy and Oq) was 0.5 Bar and flow rates were 50 sccm (1.2 Stoich) for Hy,
40 sccm for Oy (2.0 Stoich). The temperature conditions were 70 °C of operating
cell and dew points of 70°C for both anode and cathode humidifier systems
(70/70/70°C). The Nafion NR212 (from Alfa Aesar), which is 50 pm thick, was
used as a membrane.

The results of fuel cell analyses for Pd-CeOy sputtered thin layer on nGDL
as an anode for PEM FC are presented in figure 14.4. It is seen that maximal
power was reached at higher voltage (0.584 V) than 0.5 volt which means that the
maximal power could be higher but the performance was dropping down due to
diffusion limits for higher current density. The obtained results of fuel cell test of
Pd-CeO, sputtered catalyst are compared with commercial catalyst (Alfa Aesar,
2.7 mg cm~2of Pt) which is shown in figure 14.5. The gained power density and
specific power are summarized in table 14.1. The power density for sputtered
film PDpy = 0.58 Wem™2 was 1.3 times less than power density of commercial
catalyst PD,,,, = 0.75 W cm~2 while the specific power of sputtered film SPp; =
1160 W mg(Pd)~! was 3900 times higher than the specific power of commercial
catalyst S P, = 0.3 W mg(Pt)~!. Statistical analysis exhibits standard deviation
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for obtained power density as 0.015 W cm™2.
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Fig. 14.4: The result of fuel cell analyses of Pd-CeOy/nGDL anode catalyst at tem-
peratures 70/70/70°C at pressure 0.5 Bar. Cathode catalyst was commercial catalyst
from Alfa Aesar (2 mg cm~2 of Pt). The flow rates were 50 sccm (1.2 Stoich) for Ha,
40 scem for Og (2.0 Stoich). As membrane Nafion NR212 (from Alfa Aesar) was used.

Power Density | At Voltage | Specific Power
W em—2 vV W mg~!
Commer. Ref. 0.75 0.518 0.3
Pd-CeO, 0.58 0.584 1160

Tab. 14.1: The comparison of obtained power densities and specific powers of anode
catalysts as commercial reference Anode (Alfa Aesar - 2.7 mg(Pt) cm™2) and Pd-CeOs
(25 nm thick layer, 0.5 ug(Pd) cm~2) and commercial cathode (Alfa Aesar - 2.0 mg).
The conditions were 70/70/70°C and 0.5 Bar. As a membrane Nafion NR212 (from
Alfa Aesar) was used.

The use of Pd in PEM FC as a catalyst for HOR as well as ORR has been
already published [161, 162]. Authors presented the comparison of IV curves de-
termined with the use of pure Pd and Pt-Pd alloys is shown. It is generally known
that pure Pd is active for hydrogen oxidation but it exhibits lower performance
than pure Pt because the overpotential of H-Pd formation is shifted and bond of
H-Pd is too strong. On the other hand, it is clearly seen that the use of Pt-Pd
alloy exhibits mostly the same performance as pure platinum. In addition, Pt-Pd
alloy catalyst is more resistant to CO poisoning than Pt-Ru alloy as it is shown
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Fig. 14.5: The result of fuel cell analyses of commercial anode catalyst from Alfa Aesar
(2.7 mg(Pt) cm~2) at temperatures 70/70/70°C at pressure 0.5 Bar. Cathode catalyst
was commercial catalyst from Alfa Aesar (2 mg(Pt) cm™2). The flow rates were 50 sccm
(1.2 Stoich) for Hy, 40 sccm for O2 (2.0 Stoich). As membrane Nafion NR212 (from
Alfa Aesar) was used.

in the same literature [161].This fact could be useful for our DMFC FC anode or
even cathode due to crossover effect (not shown).

We have shown that the use of Pd instead of Pt in Pt-CeO, sputtered catalyst
is possible. Moreover, the price of Pd is 1.2 fold less than Pt [37]. Be that as it
may, Pd-CeO; could help with diversification of sources of noble metals for PEM
FC technology. Additionally, we have shown that the use of Pd-CeO, safes even
much more Pt than in case of Pd-Pt alloy according to the literature . As a next
step I suggest an investigation of another concentration of Pd (higher or lower)
and comparison with pure Pd catalyst, and pure Pt about the same loading and
do the comparison of Pt-CeO, and Pd-CeO, catalysts of the same atomic % = %2
ratio.

15. Pt-WOQO,

In this chapter the possible alternation to CeQO, is presented. The Pt doped WO,
thin layer prepared by rf-magnetron sputtering as an anode catalyst for PEM FC
was investigated.

Thin layers of Pt doped tungsten oxide were prepared by reactive rf-magnetron
sputtering from 1 inch WOj target (Kurt J. Lesker, 99.9% pure). More details
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about this procedure have been already described in chapter 8. In the case of
doped samples, 2 cm Platinum wire of 0.35 mm diameter was placed onto the
target in radial direction. The processing atmosphere was composed of Ar and
O, mixed with ratio 19/1. Discharge power was set to 60 W which corresponds to
2.3 nm min~! at this conditions. Commercial nGDL was used as substrate.

The thicknesses of layers were determined by AFM as 30 nm which corre-
sponds to 26 pug cm™2 of Pt. SEM images for three different magnifications (shown
in figure 15.1) revealed porous structure similar to structure observed for Pt-CeO,,
deposited on nGDL.

Fig. 15.1: SEM images for three different magnifications of Pt-WQO, sputtered on
nGDL. The porous structure of layer is indicated (right).

The commercial cell tightened by bolts (Quintech, 1 cm™2), which has been
described in chapter 10, was used.

The cell was tightened by torque of 3 N m. As a membrane 0.05 mm thick
Nafion membrane (DuPont, Nafion NR212) was used which had been pre-treated
by manufacture therefore treatment procedure described in chapter 10 was not
necessary.

The all fuel cell tests were performed at the same condition: hydrogen flow
rate was 40 sccm, oxygen flow rate was 30 sccm and the pressure was 0.5 Bar with
the use of commercial cathode from Alfa Aesar (2 mg cm™?2). The temperatures
were set to 70/70/70°C.

The example of fuel cell test analyses are shown in figure 15.2 where the com-
parison of Platinum doped tungsten oxide with commercial Pt reference catalyst
is presented. The calculated power densities and specific power are summarized
in the table 15.1. It is seen that while the power density for Pt-WO,, is 1.2 times
less than the power density achieved by commercial reference catalyst, the specific
power was 90 times higher in comparison with commercial reference catalyst.

Photoelectron spectroscopy analyses revealed cations of Platinum in the sput-
tered catalyst films (see XPS result in figure 15.3). The Pt 4f XPS spectrum
exhibits Pt 4fr, — 4fs, doublet at 72.5 - 75.9 eV corresponding to Pt** [126]
and second doublet at energies of 74.6-77.9 eV, which is attributed to the Pt**
species [125]. The peaks were fitted using Doniach-Sunjic curve convoluted with
Gaussian doublet and Shirley type background. The ratio Pt** /Pt was 0.26.
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Fig. 15.2: The result of fuel cell analyses of Pt-WO,,/nGDL anode catalyst (red) and
commercial anode catalyst from Alfa Aesar (2.7 mg cm~2 of Pt) (black) at temperatures
70/70/70°C at pressure 0.5 Bar. Cathode catalyst was commercial catalyst from Alfa
Aesar (2 mg cm ™2 of Pt). The flow rates were Ha: 40 sccm, Og: 30 scem.

Power Density | At Voltage | Specific Power
W em 2 vV W mg~!
Commer. Ref. 0.43 0.44 0.16
Pt-WO,, 0.36 0.50 14

Tab. 15.1: The comparison of obtained power densities and specific powers of anode
catalysts: commercial reference anode (Alfa Aesar - 2.7 mg) and Pt-WO,, (30 nm thick
layer, 26 ug cm~2) 70/70/70°C, pressure 0.5 Bar and commercial cathode (Alfa Aesar
- 2.0 mg).

The result of XPS of W 4f is presented in figure 15.4. For peak analyzing proce-
dure W 4f7;, — 4fs), doublet having spin-orbit splitting of 2.15 eV and intensity
ratio 0.75 was used. The peaks were fitted using pseudo-Voigt curves (product
of Gaussian and Lorentzian functions) and Shirley type background [163]. On-
ly W6+ state of tungsten occurred at binding energy 35.05-37.20 eV [163]. For
quantitative analysis relative factors of sensitivity are given in [130].

Based on the result of fuel cell analyses, the use of Pt-WOx as an anode
catalyst for PEM FC was found promising. However, more analyses are needed.
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Fig. 15.3: The Pt 4f XPS spectra of Pt-WO, (30 nm)/nGDL. The doublets 4 f7,,—4f,
for Pt and Pt** are shown.
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Fig. 15.4: The W 4f XPS spectra of Pt-WO,, (30 nm)/nGDL. The doublet 4f7,, —4fs,
attributed to W57 is shown.
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16. Pt-CeO, High PD

In this chapter the latest results from fuel cell analyses of Pt-CeO, sputtered
catalyst layer are shown. Obtained power densities are statically analyzed and
durability of catalyst was investigated. The cyclic voltammetry and impedance
spectroscopy study are presented. In the next part the simple commercial nGDL
and special carbon nitride (CN,) catalyst supports are compared and possible
application of CN,, is discussed. The last part shows difference between Pt-CeO,
catalyst layers sputtered with or without presence of oxygen in process gas.

Apart from commercial catalyst, all catalyst layers were prepared by mag-
netron sputtering by procedures described in chapter 8. Conditions of sputtering
were similar to them presented in chapter 11.1. Pt sputtered layers were prepared
with the use of Platinum target (Safina, 2 inches). Pt-CeO, were sputtered with
the use of a composed target prepared from CeO, target (Kurt J. Lesker, 99.9%
pure, 2 inches) and small piece of sheet of Platinum placed on CeO, target (some
samples were prepared by using two Pt wires placed on target in radial direction).
The residual pressure inside the chamber was less than 1-10~* Pa then the cham-
ber was filled by process gas. The samples were placed 90 mm away from targets.
Sputtering process was proceeded with Ar atmosphere at pressure of 6 - 107! Pa.
In the case of CeO, sputtering, 0.25% of Oy was added to the Ar atmosphere
to obtain more porous structure which was investigated by colleagues M. Dubau
and S. Haviar [122, 164, 165]. CN, sublayers were prepared by sputtering with
the use of Carbon target (Kurt J. Lesker, 99.9% pure, 2 inches) at Nitrogen at-
mosphere which is described in already published work of colleagues M. Dubau,
S. Haviar [122, 164]. Illustration of layers arrangements for Pt-CeO, sputtered
layer on nGDL is shown in figure 16.1 (left) and for Pt-CeOs sputtered on CN,
sublayer is seen in figure 16.1 (right). CN, sublayer is normally almost diminished
by magnetron sputtering process. Concentration of Pt was determined by XPS

Pt-CeO,/nGDL Pt-CeO,/CNx/nGDL
Pt+CeO,
Pt+CeO, CN,
MPL
nGDL -=
GDL GDL

Fig. 16.1: Schematic illustration of sample composition: Pt-CeO, sputtered on nGDL
(left) and Pt-CeOg sputtered on CN, which is sputtered on nGDL (right). The com-
mercial nGDL is consisted of micro-porous carbon layer (MPL) and carbon paper as
gas diffusion layer (GDL).
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analyses with the use of the calculation described in chapter 19.1. The thicknesses
of layers were determined by AFM analyses of piece of silicon substrate sputtered
simultaneously.

All prepared samples are listed in the table 16.1 and in the table 16.2. The
contents of tables will be explain and described later in this chapter.

o Catalyst layers of samples ,
, Pt-CeO,/nGDL (I) and Pt-CeO,/nGDL (II) are 15 nm thick and they
are prepared with the use of a sheet of Pt placed on CeO, target.

o Samples Pt(50nm)/nGDL, Pt(10nm)/nGDL and Pt(Inm)/nGDL are pre-
pared with the use of Pt target and thicknesses of catalyst layers are 50 nm,
10 nm and 1 nm, respectively.

o Samples Pt-CeOy(30nm)/CN,/nGLD and Pt-CeO,(30nm)/nGLD are pre-
pared with the use of two Pt wires placed on CeO, target and the thickness
of catalyst layers is 30 nm.

o Samples Pt-CeOs(Ar)/nGLD and Pt-CeOy(Ar+0,)/nGLD are prepared
with the use of a sheet of Pt placed on CeQO, target and the thickness
of catalyst layers is 25 nm.

Figure 16.2 shows SEM images of catalyst substrates: commercial nGLD (top-
left) and nGDL coated by CN, sublayer (top-right). The micro porous layer
(MPL) on the surface of nGLD is clearly seen while CN, creates specific porous
layer. In the same figure Pt-CeO, sputtered thin film on the nGDL (bottom-left)
and on the CN, /nGDL (bottom-right) are shown. It is seen that CN, /nGDL sub-
layer was completely changed by this procedure and the highly porous structure
is formed. Similarly, highly porous structure seems to be appeared in the case of
nGDL support due to natural high specific area of MPL.

XPS analyses of Pt 4f revealed Pt?*, Pt** and absence of metallic states while
investigation of Ce 3d showed CeQOs partially reduced. Results are similar to them
presented in chapter 11, 12.2 and 13 so they are not shown here because of space
reason.

The data package presented in the tables 16.1 and 16.2 will be analyzed in
following parts. First, the comparison of Pt-CeO, catalyst is compared and com-
mercial pure Pt catalyst and investigation of difference of catalzst activity of
theoretical ideal pure Pt catalyst and Pt doped ceria according its Pt loading ?77.
In next section 16.2 the investigation of two different catalyst support, nGDL and
nGDL coated by CN, (see fig. 16.1), is presented. In the third section 16.3 an
influence of Pt-CeO, sputtering procedure on fuel cell performance is investigated.

16.1 Pt-CeO,/nGDL

FC experiments have been performed by experimental setup described in 7.1 with
the use of the piston cell introduced in chapter 7.2. FC conditions were the same
for all FC analyses and data were obtained at temperatures 70/70/70°C and at
pressure 0.5 Bar. The flow rates were 80 sccm for Hy and 65 scem for O,. Pressure
in piston was 8 Bar and active area was 4.41 cm?. As a membrane Nafion NR212
of thickness 50 pm was used.
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as-prepared

Fig. 16.2: SEM images of catalyst substrates (top row) and substrates coated by 20
nm thick layer of Pt-CeOgq catalyst (bottom row). The left column represents the use
of commercial nGDL support and the right column represents the use of special carbon
nitrite coated nGDL as catalyst support.

Figure 16.3 shows a comparison of polarization curves and power density de-
pendencies on current density for Pt-CeO,/nGDL (I) (0.6 ug(Pt) cm™2) anode
with commercial anode catalyst from Alfa Aesar (400 pg(Pt) cm™2). Tt is clearly
seen that our sputtered Pt-CeO, anode catalyst with only 0.6 ug(Pt) cm™2 ex-
hibited the same power density PD = 1 W c¢cm™2 as commercial catalyst with
400 pg(Pt) cm™2. This means that our catalyst caused the 670-fold increase of
specific power while any drop of power density was not appeared in comparison
with commercial catalyst. The reason why in this case we obtained for Pt-CeO,
catalyst thin film 3 times higher perfomance than in was in the previous chaper
11 is that the catalyst method preparation was improved and also fuel cell exper-
imental setup was improved.

This result sounds very good but apart from high power density and specific
power the catalyst should exhibit also long time stability. The result of endurance
test is presented in figure 16.4. This test was performed via the method mentioned
in chapter 6.5. In order to accelerate the catalyst degradation, the cycles consisted
of 30 s long 1 A em™2 cell load and 30 s long open circuit were applied (see inset).
The endurance test was interrupted each ~ 35 h in order to perform IV curves
determination and electrochemical characterization (marked by boxes).

It is seen that performance was slightly decreasing in each section of endurance
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Fig. 16.3: The comparison of polarization curves and power density dependencies
on current density for Pt-CeOy/nGDL (I) (0.6 ug(Pt) ecm~2) anode with commercial
anode catalyst from Alfa Aesar (400 pg(Pt) cm~2). The cathode was commercial from
Alfa Aesar (400 pg(Pt) cm™2 ) in both cases. Data were obtained at temperatures
70/70/70°C and at pressure 0.5 Bar. The flow rates were 80 sccm for Hy and 65 sccm
for Og. Pressure in piston was 8 Bar and active area was 4.41 cm?.

test. However, what is important, performance was regenerated after electrochem-
ical treatment. This phenomenon is known and explained by reducing of too much
oxidized cathode catalyst. The process on the Pt-CeO, anode side is not clear but
perhaps reducing of too much oxidized CeO, or other electrochemical processes
can regenerate the catalyst and improve the performance again which was also
observed and discussed in chapter 17.4. We should note that this effect seems to
be 100% reproducible in the investigated time window.

This fact together with the same power density as commercial cata-
lyst and 670-fold increase of specific power makes our Pt-CeQO; suitable
for PEM FC anode application.

Remind that earlier in previous chapters we used the different commercial
catalyst with much higher loading of Pt 2700 ug(Pt) cm ™2 while the performance
was even lower (those time better catalyst was not on the market). Therefore the
question is what is the optimal Pt loading on the anode and if the decrease of
Pt amount will provide still such a high performance. Let’s investigate the real
difference between Pt doped ceria catalyst and Pt pure catalyst.

Normally all FC results are statistically analyzed but due to the space reason
results of analyses have not been shown in detail and just main output was
presented (rest of previous chapters). However, in this case, since the data are
not publish yet, statistical analysis are presented in order to better understand
the behavior of our sputtered catalyst.
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Fig. 16.4: The example of the endurance test of Pt-CeOy/nGDL (1) (0.6 ug(Pt) cm™2)
anode. It is consisted of cycles which are consisted of 30 s long load of cell at current
density 1 A em~2 and of 30 s long period of unloaded cell (detail in inset) (see chapter
6.5). Endurance test is interrupted by several sets of polarization curves (IV), cyclic
voltammetry (CV) and impedance spectroscopy (PEIS). The cathode was commercial
from Alfa Aesar (400 ug(Pt) cm~2). Data were obtained at temperatures 70/70/70°C
and at pressure 0.5 Bar. The flow rates were 80 sccm for Hy and 65 sccm for Os.
Pressure in piston was 8 Bar and active area was 4.41 cm?.

FC tests were performed according to the test protocol described in chapter
6.5. FC performance was analyzed before Break-In procedure, after this procedure
and after electrochemical measurement as cyclic voltammetry (CV), impedance
spectroscopy (PEIS), crossover determination and after endurance test if it was
possible or it makes sense. All data obtained in this individual part of test were
statistically analyzed and calculated average values (Mean), standard deviation
(Snatd. dev.), median (Median) are listed in the table 16.1 where comparison with
the rest of investigated samples is also shown. It is seen how FC performance was
developing for individual parts of test and for different samples. We can also see
that both data obtained for Pt-CeO,/nGDL (I, II) and Commercial 400(ug) are
Saturated which means that load used for measurement was not able to decrease
its internal resistance to set the cell at maximum power. Thus, it is hard to say
how high the real PD would be and differentiate which one would be greater
but we admit that this effect could be proportional and thus the same for both
samples. It is clearly seen that such a big power density 1 W cm? was reached also
for pure Platinum catalyst with lower content of Platinum: Commercial 300(ug),
Pt(50nm)/nGDL (110 pg(Pt) em=2), Pt(10nm)/nGDL (20 ug(Pt) cm™2). On the
other hand, ten times lower power density was exhibited with the use of pure Pt
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catalyst Pt(1nm)/nGDL with loading of 2 pg(Pt) cm™2 which still means 33
times higher specific power (SP) in favor of Pt doped ceria catalyst (according to
Pt-CeO,/nGDL (I, I1)) in spite of its even lower Pt loading. We can obtain the
same result (33 fold increase of SP) if we compare Pt doped ceria Pt-CeO,/nGDL
(I, IT) and Pt(10nm)/nGDL.

Phenomenon that PD is not decreasing (up to some limit) with decreasing Pt
content in pure Pt catalyst must be better explained and investigated. In order
to better compare samples from table 16.1 the PD obtained after stabilization
(A-CV) were summarized in the table 16.2 where more information is added: Plat-
inum loading (Loading), calculated specific power (SP) and charge (Qg) needed
for adsorption/desorption of monolayer of hydrogen which is given by integration
of hydrogen region 0-0.4 V in voltammogram (see the chapter 6.2) and calculated
specific charge per amount of Pt (SQp). Error of obtained values for loading, Qg
and SQp is estimated as ~10%.

If we compare the SP for Pt-CeO,/nGDL (I, IT) with Pt(10nm)/nGDL and
Pt(Inm)/nGDL (see the table 16.2), we obtain the same 33 fold increase in favor
of Pt-CeO,/nGDL (I, IT). The fact that samples of Pt doped ceria anode catalysts
Pt-CeO,/nGDL (I, IT) are the most convenient catalyst from the studied samples
is clearly seen in figure 16.5 (top-left), where PD and SP for different samples are
shown, because it exhibits maximum value in both quantities.

Let’s again focus to investigation of PD dependency on Pt loading. Correla-
tion coefficient between @)y and Loading is rg,,—r = 0.97 £ 0.02 (including all
catalyst in the table 16.2 and excluding all Pt-doped ceria catalyst samples, if
we include Pt-CeO, catalysts the same value is obtained) which is in agreement
with assumption that if more Pt nanoparticles are used larger surface area is
obtained. However, correlation coefficient between PD and Loading is very low
rpp_r = 0.37 £ 0.24 (including all catalyst in the table 16.2 and excluding all
Pt-doped ceria catalyst samples). If we include Pt-CeO; catalysts samples we ob-
tain rpp_r = 0.35 & 0.24. Therefore we can say that there is not any significant
correlation betwee PD and Loading. This means that Pt loading in commercial
catalyst of 300-400 ug(Pt) cm™2 is high plenty enough to saturate the cathode
reaction by protons and lower Pt amount could be still sufficient. It is seen that Pt
loading of 20 pg(Pt) ecm™2 (Pt(10nm)/nGDL) is still able to proceed the reaction
without any performance drop while the content of Pt is lower the decrease of
permanence appears as it is seen with the use of the sample Pt(Inm)/nGDL of
Pt loading 2 pg(Pt) cm~2. This hypothesis is proved by result revealed by PEIS
study (see figure 16.6) where arches representing the resistance to the anode reac-
tion have not clearly appeared for high Pt content catalyst Commercial 400(ug),
Commercial 300(pg) and Pt(50nm)/nGDL(110 ug(Pt) cm ™2 but they are consid-
erably seen for lower Pt content catalyst Pt(10nm)/nGDIL(20 pg(Pt) cm=2) and
Pt-CeO,/nGDL (I) (0.6 ug(Pt) cm™2).

We should note that correlation coefficient between Qy and Loading men-
tioned above is increased from r¢q,_r = 0.97 £ 0.02 to rg,,—r = 0.995 £ 0.003 if
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the worst pair of values is skipped. This pair of values is for Pt(50nm)/nGDIL-
(110 pg(Pt) cm™2) which indicates that specific area (per mg of Pt) of this 50 nm
thick sputtered catalyst film is significantly lower than specific area of commer-
cial catalyst. Actually, it is 40 times less in comparison with commercial catalyst
(see the table 16.2). This problem is similar for all pure Pt sputtered catalyst.
In contrast, specific charge for Pt doped ceria Pt-CeO,/nGDL (1) SQu_pice =
(250 4+ 30)C mg~! is 3.0 & 0.4 times higher than specific charge SQu_comm =
(824 7)C mg~! for Commercial 400(ug).
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Fig. 16.5: Graphically processed information for samples from the table 16.1 about
obtained power density (PD) and specific power (SP) (top-right) and normalized PD,
SP, the charge needed for desorption of monolayer of hydrogen (Q) and calculated
specific charge (SQ ;) (bottom-left). Characterization only for sputtered Pt-CeOq layers
is shown (bottom-right). FC operating conditions are the same as in figure 16.3 and
given by testing protocol 6.5.

Remind the table 16.2. The figure 16.5 (bottom-left) shows an overview of
normalized PD, SP, Qy and SQp for all investigated samples. It is again clearly
seen that Pt-CeO,/nGDL (I) exhibits the highest specific power and the highest
specific charge (SQg) and power density as high as in the case of commercial
catalyst. Selection of low Pt content catalysts is seen in figure 16.5 (bottom-
right). The next trends and correlations can be estimated e.g. correlation between
specific power and specific charge calculated as rgp_gg, = 0.91£0.05 in the case
of excluding samples with loading higher than 2 ug(Pt) cm 2.

Impedance spectroscopies for samples listed in the table 16.3 were analyzed.
The determined serial resistance is R = (0.089 & 0.005)f2 cm?, which is again
in agreement with results observed in chapters 9, 11.2 and theory that internal
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Fig. 16.6: The comparison of impedance spectroscopy for different Pt anode cat-
alysts: Pt(10nm)/nGDL(20 ug(Pt) em=2), Pt(50nm)/nCGDL(110 ug(Pt) cm=2), Com-
mercial 300(ug) (300 ug(Pt) cm™2) Commercial 400(ug) (400 pg(Pt) cm™2) and Pt-
CeOs/nGDL (1) (0.6 ug(Pt) cm=2) before and after endurance test at 0.7 V. In all
cases the same membrane and cathode catalyst were used: Nafion NR212, commercial
catalyst from Alfa Aesar (400 ug(Pt) cm~2). Frequency range was 200 kHz - 200 mHz.
The active area was 4.41 cm~2. The determined serial resistance is (0.0904-0.005) 2 cm?.
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resistance of cell is given mainly by conductivity of the membrane and since the
membrane was the same (NR212), the internal resistance is still in the same range.
According to the theory presented in chapter 6.4 and literature [166] archers indi-
rectly represent the charge transfer which corresponds directly with the reaction
rate. Remind the alternate electrical scheme representing FC reaction parameters
in figure 6.5, lengths of archers given by R, + R3 were determined and together
with its inverse value as (Ry+ R3) ! were summarized in the table 16.3. Addition-
ally, the specific relative reaction rate was calculated as S(Ry+ R3)~! and individ-
ual SQ g were added. The proof of this concept is fact that correlation coefficient
between SQH and (SR2 —|—R3)_1 ) QH and (RQ +R3)_1 are r'sQy—SRrR — 0.93+£0.05
and "Qu—-R = 0.90 £ 0.09 y 'SQu—SR = 0.999 £+ 0.001 and "Qu—R = 0.96 £ 0.03
excluding samples with Pt loading higher than 300 ug(Pt) cm™2, respectively.

Quantities SQg and (SR + R3)™! for Pt-CeO,/nGDL (I) were increased
18 times and 60 times, respectively, in comparison with Pt(1nm)/nGDL. If we
compare these two increases we obtain that reaction rate in the case of Pt doped
ceria is 3.4 £ 0.4 times higher than in the case of pure pure Pt catalyst. Similar
result can be obtain if we correct the 33 fold increase of specific power for this two
compared samples discussed above by factor 10 due to 10 time lower specific area
of Pt sputtered layer catalyst Pt(1nm)/nGDL than specific area for commercial
samples,; 33/10 = 3.4+ 0.4. According to the literature the ratio of surface atoms
and bulk atoms for commercial catalyst is from 4 to 1 and the optimal particle
size is from 1.4 nm to 2 nm. [167-169]. Thus, only less than 20-50% of Pt atom are
participated in the reaction (assuming model [167]) in commercial catalyst if it is
used in the most effective way. Hence, even with assuming atomically dispersed
Pt in our Pt doped ceria, the obtained factor 3.4 + 0.4 cannot be explained by
simple increase of specific area in our catalyst. Hence, reaction must take place
faster or it occurs in larger surface than it was seemed from CV. We supposed
that Ce atoms around Pt, as it was described in DF'T model shown in chapter
11.1, are participated in the hydrogen oxidation reaction. More evidences for this
hypothesis are seen in the last chapter 17.

Optimal size of Pt particles in commercial-like catalyst is the above mentioned
size (1.4 - 2.0 nm) [168]. Moreover, this result can be explained by the fact that
some Pt surface orientation is more effective than others and due to the fact that
more than one Pt atom next to each other are necessary to proceed the hydrogen
oxidation but interestingly it is not case of our Pt doped ceria catalyst. This means
that Pt doped ceria with Pt atomically dispersed caused 5-10 fold increase of
specific area principally in comparison with theoretical ideal Pt particles catalyst.

The evidence that sputtered Pt-CeO catalyst is as active as commercial cata-
lyst at the same operating conditions of FC is also seen by using the Tafel analysis
in figure 16.7, where obtained exchange current densities are 1.12- 1075 A cm ™2
and 1.14 - 1075 A em™? for Pt-CeO,/nGDL (I) and Commercial 400(ug), respec-
tively, are equal to each other according to 10% relative error. In addition, the
figure 16.7 shows that sputtered Pt doped ceria catalyst listed in the table 16.3
including revealed the same activity in comparison with
the commercial reference. However, sputtered pure Pt based catalyst, especially
Pt(10nm)/nGDL, exhibits small shift of exchange current density to the lower
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current (3-107% A ¢cm™2). This can be explained by the fact that Pt sputtered
film is not appropriate catalyst because the specific area is lower than in the case
of commercial catalyst. In this case it is by factor ~ 10 as it was also explained
above in the part discussing obtained Q5. Relative error of determined exchange
current densities are about 10% and obtained values are in agreement with the
literature [20)].
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Fig. 16.7: The Tafel plot and the comparison of determined exchange
current densities for Pt anode catalysts: Pt(1nm)/nGDL(2 ug(Pt) cm=2),
Pt(10nm)/nGDL(20 pg(Pt) em™2), Pt(50nm)/nGDL(110 pg(Pt) em™2), Commercial
300(g) (300 pg(Pt) cm=2) Commercial 400(ug) (400 pg(Pt) cm=2), Pt-CeOy/nGDL
(I) (0.6 ug(Pt)em=2) (and its twin(II) marked by blue) and Pt-CeO,/CN, /nGDIL
(I). In all cases the same membrane and cathode catalyst were used: Nafion NR212,
commercial catalyst from Alfa Aesar (400 ug(Pt) cm~2). The active area was 4.41 cm™2
and the FC operating conditions are the same as in figure 16.3 and given by testing
protocol 6.5.
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Sample Exp. Mean | Stand. dev. | Median | Trend
W cm™? W cm™? W cm™?
Pt-CeOy/CN, /nGDL (I) B-Breakln 0.71 0.02 0.71 no
A-BreakIN 0.67 0.08 0.67 down
A-CV 0.57 0.02 0.57 no
A-1W-Endu 0.03 0.01 0.04 down
Pt-CeO,/CN, /nGDL (II) B-BreakIn 0.46 0.04 0.48
A-BreakIN 0.38 0.06 0.39 down
A-CV 0.51 0.18 0.54 down
Pt-CeO2/nGDL (I) B-BreakIn 0.59 0.02 0.60
A-BreakIN 0.60 0.04 0.61 up
A-CV 0.98 0.02 0.98 no
B-Endu 0.76 0.02 0.76 saturace
A-1W-Endu 0.72 0.14 0.65
A-Endu2 0.75 0.03 0.75 saturace
Pt-CeO/nGDL (II) B-BreakIn 0.84 0.02 0.85 no
A-BreakIN 0.92 0.01 0.92 no
A-CV 1.06 0.07 1.04 saturace
B-Endu 0.83 0.08 0.85 saturace
A-1W-Endu 1.12 0.04 1.12 saturace
A-3W-Endu 0.89 0.04 0.90 saturace
Pt(50nm)/nGDL B-BreakIn 0.65 0.10 0.64 up
A-BreakIN 0.85 0.03 0.85 up
A-CV 1.05 0.03 1.06 saturace
OnCathode 0.32 0.02 0.3 no
Pt(10nm)/nGDL B-BreakIn 0.93 0.02 0.92 saturace
A-BreakIN 1.06 0.01 1.06 saturace
A-CV 1.08 0.02 1.10 saturace
OnCathode 0.39 0.02 0.40 no
Pt(Inm)/nGDL A-BreakIN 0.10 0.04 0.10 no
Commercial 300(ug) A-BreakIN 1.15 0.01 1.15 saturace
Commercial 400(ug) A-BreakIN 1.00 0.13 1.01 saturace
Pt-CeO4(30nm)/CN,/nGLD | B-BreakIn 0.76 0.02 0.77 no
A-BreakIN 0.73 0.02 0.73 down
A-CV 0.86 0.07 0.87 down
Pt-CeO,(30nm)/nGLD B-BreakIn 0.58 0.01 0.59 up
A-BreakIN 0.63 0.03 0.64 no
A-CV 0.73 0.17 0.70 no
A-1D-Endu 0.80 0.11 0.78
Pt-CeO4(Ar) /nGLD B-BreakIn 0.70 0.05 0.72 up
A-BreakIN 0.72 0.04 0.72 no
A-CV 0.98 0.08 1.02 no
A-3D-Endu 0.59 0.04 0.61 no
A-3D-Endu 0.91 0.10 0.95 no
Pt-CeOq(Ar+0,) /nGLD B-BreakIn 0.90 0.03 0.91 up
A-BreakIN 1.04 0.01 1.04 saturace
A-CV 1.08 0.04 1.10 saturace

Tab. 16.1: List of investigated samples with obtained results of FC analyses. There
are statistically determined average values (Mean), standard deviation (Snatd. dev.),
median (Median) for several different parts of FC experiment (Exp.) which are obtained
after or before (A- or B-) some procedures as break-in (BreakIN), electrochemical anal-
yses such as cyclic voltammetry and PEIS (marked together as CV) and different long
(XD- means X days long or XW- means x weeks long) endurance experiment (Endu).
Two samples were investigated also as a cathode catalyst (OnCathode). Last column
(Trend) provides information about statistically significant trends: increasing (Up), de-
creasing (Down), no trend appeared (No) and if device measurement was overloaded
(Saturace). FC operating conditions are the same as in figure 16.3 and given by testing
protocol 6.5. 95



Sample PD Loading SP Qpy SQu
Wem™? | pug(Pt) em™ | W mg(Pt)™ | mCem™2 | C mg™!
Pt-CeO5/CN, /nGDL (I) 567 0.6 945 0.10 174
Pt-CeO5/CN, /nGDL (II) 513 0.6 855 0.09 155
Pt-CeO,/nGDL (I) 084 0.6 1640 0.17 280
Pt-CeO,/nGDL (II) 1057 0.6 1762 0.13 212
Pt(50nm)/nGDL 1053 110 10 0.23 2
Pt(10nm)/nGDL 1083 20 54 0.17 9
Pt(1nm)/nGDL 102 2 51 0.03 16
Commercial 300(ug) 1145 300 4 27 89
Commercial 400(ug) 1002 400 2.5 30 75
Pt-CeO2(30nm)/CN,, /nGLD 860 2 430 0.12 62
Pt-CeO4(30nm) /nGLD 730 2 365 0.07 33
Pt-CeO4(Ar) /nGLD 979 1.6 612 0.09 56
Pt-CeOy(Ar+0,)/nGLD | 1082 1.6 676 0.22 137

Tab. 16.2: FC analyses result for samples presented in the table 16.1 for selected
experiment part (Exp. as A-CV) with noted power density (PD) and additional infor-
mation about Platinum loading (Loading), calculated specific power (SP), the charge
needed for desorption of monolayer of hydrogen (Qg) and calculated specific charge

(SQmu).

Sample R? Ry + R3 (R2 + R3)71 S(RQ + R3)71 SQx
Qcm? | 2cm? 2 ' em™? 2 ' mg! Cmg™!

Pt(1nm)/nGDL 88 3530 0.0003 0.14 16
Pt(10nm)/nGDL 96 142 0.0070 0.35 9
Pt(50nm)/nGDL 97 96 0.010 0.09 2
Commercial 300(pug) 90 56 0.018 0.06 89
Commercial 400(ug) 83 60 0.017 0.04 75

Pt-CeO,/nGDL (1) 85 195 0.005 8.55 280

Pt-CeOy/nGDL (I, A-Endu) 86 190 0.005 8.77 276

Tab. 16.3: List of determined serial resistances (RiA) by the PEIS analyses already
presneted in figure 16.6, the sum (Rg + R3) which is length of arches and ((Rg + R3)~!)

representing reaction rates with its specific value related to the loading of Platinum
(S(R2+ R3)™'). Remind the theory presented in 6.4. The charge needed for desorption

of monolayer of hydrogen (Qp) and calculated specific charge (SQ) are added.
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16.2 Pt-CeO,/nGDL vs Pt-CeO,/CN,/nGDL

Now we are going to investigate the difference between nGDL and CN, cata-
lyst support. Preparation of CN, inter layer has been already described above.
[lustration of catalyst sandwich structure is seen in figure 19.1 and SEM images
promising high specific area of catalyst deposited on CN, inter layer is presented
in figure 16.2. Description of CN, preparation and explanation of structure for-
mation was reported in [122, 164]. This inter layer is partially decomposed during
sputtering of Pt-CeO, catalyst on CN, and structure, which is shown in figure
16.2, is formed.

Comparison of both systems nGDL support and CN,, inter layer is reported
in the table 16.2: , and Pt-
CeOy/nGDL (I), Pt-CeOy/nGDL (1I), respectively. Performances are compared
in figure 16.8 for better clarification. It is clearly seen that FC experiment at
the same condition and same Pt loading for both system revealed 1.9 4+ 0.2 fold
decrease of power density in the case of CN, inter layer in comparison with
simple nGDL as catalyst support. Moreover, in the table 16.1 is shown that also
endurance of catalyst with CN, inter layer is not satisfactory. According to these
facts and fact that preparation of CN, layer is more complicated than simple use
of commercial nGDL we cannot found the use of CN, catalyst inter layer as a
suitable solution. However, the characteristic structure is also appeared if pure
CeOy without Pt is sputtered on the CN,, which means that this CeO,/CN,
system can be used in some another application.

Suitable application could be e.q. PEM electrolyzer if this system exhibits
good stability at higher electrolyzer potential 1.6-2.0 V which is investigated in
following section 16.2.1.

16.2.1 Carbon corrosion CN, vs a-C

In this section the comparisons of corrosion effect with the use of amorphous
carbon (a-C) and CN,, catalyst substrates is shown. Corrosion of the a-C film has
been already investigated in the literature [170] but, in contrast, authors used
a-C film supporting layer on stainless bipolar plates.

We have improved and extended already existed experimental setup for quadru
pole mass spectrometry by adding fuel cell testing system to obtain composition
of outlet gases from fuel cell. The experimental setup has been published in [171]
where more details can be found.

There were prepared two samples: Nafion membrane NR212 was sputtered
by 200 nm thick layer of carbon (a-C) in the first case and in second case the
membrane was coated by 200 nm of carbon nitride (CN,) prepared by magnetron
sputtering in Ny atmosphere. Sputtering procedure of this layer has been already
published by our colleague (Martin Dubau) [172]. These both layers were coated
by 10 nm of Pt as it was described at the begging of this chapter 16.

Samples were clamped in our piston cell introduced in chapter 7.2. Samples of
interest were used as a cathode and standard commercial anode (400 pg(Pt) cm™?2)
was used. The membrane was humidified by flow of humid Ny overnight. Then the
nitrogen has been changed by process gases of flow rates: Hy 40 sccm on the anode
side and mixture of Oy 30 scem and He 10 scem on the cathode. The cell was
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Fig. 16.8: The comparison of polarization curves and power density dependencies
on current density for Pt-CeO2 15 nm thick sputtered catalyst film simply on nGDL
as Pt-CeOy/nGDL (1) (0.6 pg(Pt) em™2) and on CN, as Pt-CeO,/CN, /nGDL (1)
(0.6 pg(Pt) cm~2). The cathode was commercial from Alfa Aesar (400 ug(Pt) cm™2
) in both cases. Data were obtained at temperatures 70/70/70°C and at pressure 0.5
Bar. The flow rates were 80 sccm of Ho, 65 sccm of Os. Pressure in piston was 8 Bar
and active area was 4.41 cm?.

operating for several hours at normal natural FC working point to stabilize the cell
performance. After stabilizing, the voltage of cell started to be increasing by steps
up to the potential where carbon corrosion is dominating process (~1.4 V, when
normally air/hydrogen boundaries developed on the anode side discussed also in
the section 3) while intesnisties of all relevant masses in the cathode outlet were
recording by quadrupole which was installed in the experimental system using a
differential pumping.

The results of corrosion effect that was observed with the use of a-C layer
(see the figure 16.9) and with the use of CN,, layer (see the figure 16.10) revealed
that mass 28 (CO) and 44 (CO3) occurred for higher voltage in the case of CN,
layer in comparison with the a-C layer. It seems that carbon corrosion for a-C
appeared at FC condition in the contrast to CN, layer where corrosion did not
appeared upto 1.75 V.

On the other hand, despite the fact that equilibrium potential for starting
oxidation by water described by formula 16.1 is about 0.2 V vs. RHE [173]

C 4 2H,0 —» CO, + 4H" 4 4e~at ~ 0.2VvsNHE (16.1)

an occurrence of carbon corrosion at lower overpotential than 1.0 V vs. DHE is
normally negligible because the kinetics of carbon corrosion is much slower than
oxygen reduction which normally occurs in FC conditions. Therefore the carbon
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corrosion effect should not normally appear at voltage lower below ~1.0 V which
is also seen and explained e.q. in [173, 174]. Thus this fact, the observation of COq
at normal PEM FC operating voltage could mean some starvation and increase
of some impurity in the experimental system.

In order to determine the exact potential of cathode and anode, the experi-
mental setup must be improved and proper reference electrode has to be used.
Admitting that more experiments are needed for proper clarification of this be-
havior, this result reveals no significant carbon corrosion defect with the use of
CN, layer. Hence, we concluded that the CN, layer could be promising catalyst
support for an anode of electrolyzer.

PEM cathode side - carbon corrosion by electrolysis
a-C (200nm) + Pt (10nm) on Nafion N212
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Fig. 16.9: Results of carbon corrosion experiment for amorphous carbon layer coated
on Nafion membrane NR212. The normalized signal of mass 44, current and voltage
against time is presented.

16.3 Sputtering with Ar vs Ar4+0,

After long time of experimenting of FC we observed that performance of Pt-
CeOs sputtered catalyst strongly depends on the residual pressure in the process
chamber. Later, we have found that it is due to oxygen and water remaining in
the residual atmosphere. Thus, we control the partial pressure of oxygen during
sputtering process and we have found the optimum partial pressure as 0.001 Pa
at process pressure 0.4 Pa as it hase been indicated above. Therefore samples
were prepared by procedure described at the beginning of this chapter 16. More
information in the literature [122, 164, 165] can be found.

The comparison between FC anode catalyst Pt-CeO5 sputtered with presence
of oxygen Pt-CeOy(Ar+0,)/nGLD and without oxygen Pt-CeOy(Ar)/nGLD is
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PEM cathode side - carbon corrosion by electrolysis
CN, (100%N,, 200nm) + Pt (10nm) on Nafion N212
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Fig. 16.10: Results of carbon corrosion experiment for CN, layer coated on Nafion
membrane NR212. The normalized signal of mass 44, current and voltage against time
is presented.

seen in the table 16.2. For better understanding a comparison of IV curves and
power density dependencies on current density are shown in figure 16.11: before
electrochemical treatment consisted of several experiment described in the section
6.5 including CV (left) and after the treatment (right). It is seen that before the
treatment performance of Pt-CeO5(Ar)/nGLD is 30% less than performance of
Pt-CeOs(Ar+0,) /nGLD. However, after the treatment the performance of cata-
lyst prepared without presence of oxygen increases and it is getting to be equal
to the performance of catalyst prepared with the presence of oxygen. Thus, per-
formance for both catalyst Pt-CeOs(Ar+0,)/nGLD and Pt-CeOs(Ar)/nGLD is
the same after electrochemical treatment. This phenomenon was also observed in
voltammogram (not shown) where the charge Qg increased from 0.09 mC c¢cm ™2
to 0.23 mC c¢cm™2 which is comparable with charge determined for (Ar+Os)
0.22 mC cm™2.

Additionally, the catalyst Pt-CeOs(Ar)/nGLD also revealed good durability
and long time stability as it shown in the table 16.1.

We can conclude that we are able to sputter Pt-CeO, on nGDL at special
condition of exact presence of oxygen in Ar process gas to obtain very active
catalyst. Then, if pure Ar atmosphere is used, the catalyst can be still activated
by electrochemical procedure.

Pt-CeOs cycling voltammetry analyses and its comparison with commercial
Pt-C based catalyst has been also partially published in [175].
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Fig. 16.11: The comparison of polarization curves and power density dependencies
on current density for Pt-CeOqo sputtered catalyst film under presence of oxygen in
process gas as Pt-CeOs(Ar+05)/nGLD (0.6 pg(Pt) em™2) and without presence of
oxygen in process gas as Pt-CeOy(Ar)/nGLD (0.6 ug(Pt) cm™2) before (left) and after
cyclic voltammetry treatment (left). The cathode was commercial from Alfa Aesar
(400 pug(Pt) cm™2 ) in both cases. Data were obtained at temperatures 70/70/70°C
and at pressure 0.5 Bar. The flow rates were 80 sccm of Hs, 65 sccm of Og. Pressure in
piston was 8 Bar and active area was 4.41 cm?.
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17. XANES

In this chapter the in situ and in operando investigation of chemical states of Pt
and Ce in Pt doped ceria sputtered catalyst with the use of X-ray absorption
near edge structure (XANES) spectroscopy is presented.

This method is also known as near edge X-ray absorption fine structure (NEX-
AFS). Tt is a type of absorption spectroscopy that indicates the features in the
X-ray absorption spectra (XAS) given by the photoabsorption cross section for
electron transitions from a core level to final states. The deexcitation due to refill-
ing of deep core level hole is detected. Typically, the fluorescent X-ray radiation
is measured as it was also in our case. More information about this method can
be found on the web page [176]. Schematic illustration of this method is seen in
figure 17.1 . The extremely intensive monochromatic synchrotron radiation en-

Fluorescence detector

Monochromator
Sample

Fig. 17.1: The schematic illustration of X-ray absorption near edge structure
(XANES). The fluorescent X-ray is detected.

ables to put samples of interest in to electrochemical environment of the half-cell
(see the figure 6.2 left) which simulates operating conditions of FC while charac-
teristic fluorescence for Pt and Ce is appearing. The characteristic energy when
the fluorescence appears is called the edge. An electrochemical cell made of PEEK
(polyether ether ketone) with Kapton window for X-ray was used for the in situ
XANES measurements.

Since energy of X-ray was high enough (upto 40 keV) the Pt Lj edge at ~
11.57 keV and Ce L3 edge at ~ 5.73 keV were investigated. Therefore, the energy
windows measured for Pt and Ce were 11.50 — 11.65 keV and 5.70 — 5.80 keV,
respectively. The observations of Pt and Ce chemical state changes were reported
in the literature [177, 178]. It was reported that Pt Ly has for all states (Pt°, Pt**
and Pt?T) only one edge (peak) at characteristic energy of 11.56 keV [178, 179
and intensity of this peak increases with increase of oxidation state of Pt.

In contrast, the doublet feature appears at f; = 5.733 keV and f; = 5.740 keV
in the case of Ce L3 edge. The ratio f1/f, is close to ~ 1 for stoichiometric CeOq
and it increases with decrease of oxidation state of Ce [177, 178]. The examples
of Ce L3 edge features for stoichiometric ceria and its reduced form are shown in
figure 17.2.

Samples were prepared by magnetron sputtering as it was described in chapter
8. Conditions of sputtering were similar to those presented in chapter 11.1 and 16.
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Ce in oxidized form Ce in reduced form

Fig. 17.2: The example of Ce L3 edge for stoichiometric ceria (left) and its reduced
form (left).

Pt-CeO4 were sputtered with the use of a composed target prepared from CeO,
target with two Pt wires placed on the target in radial direction.All layers were
prepared on several substrates: silicon wafer (Si), carbon foil (CF) and nGDL.
Samples with CF were used for investigation by XANES. Thickness of layer was
10 nm.

Four different samples were prepared: metallic Pt, PtO and PtO, and Pt-
CGOQ.

o Pt was sputtered in Ar atmosphere. Discharge power was set to 10 W which
corresponds to 8 nm min~! at this conditions.

o PtO was sputtered in atmosphere consisted of Ar + 30% O,. Discharge
power was set to 10 W which corresponds to 6.2 nm min~"! at this condi-
tions.

o PtO, was sputtered in O, atmosphere. Discharge power was set to 10 W
which corresponds to 2 nm min~! at this conditions.

o Pt-CeOs was sputtered in Ar atmosphere. Discharge power was set to 20 W
which corresponds to 0.18 nm min~! at this conditions. Loading of Pt was
determined by XPS analysis and by procedure shown in chapter 19.1 as
3 ug(Pt) cm™2,

XPS measurements of Pt 4f and Ce 3d have been performed and analyzed by
the same way as in chapter 11.1 and they revealed absence of metallic state of Pt
in our sputtered catalyst film Pt-CeO, while the ceria (see the figure 17.4 (left))
was partially reduced as we had expected. This is in agreement with previous
results reported in chapter 11.1. The ratio of chemical states was determined:
Pt>T /Pt is 0.53 and Ce®T/Celt is 0.24.

17.1 Verification of the method

At first, the samples Pt/CF, PtO/CF and PtO,/CF were analyzed as prepared
by laboratory XPS and then the same samples were investigated by XAS using
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synchrotron radiation in Nitrogen atmosphere. The figure 17.3 shows XPS spectra
of PtO/CF (left) and XANES of Pt Ls edge of the same sample (right). XANES
result was fitted by following procedure. Based on XPS result we assumed that
XANES of Pt/CF is reference for Pt® while PtO,/CF is reference for state Pt*T.
In the case of PtO/CF XPS 4f, apart from the Pt the analysis revealed 32%
of Pt**. Thus, we made the fit of obtained Pt Ls edge for PtO/CF sample by
sum of products a[Pt/CF]+8[PtO/CF]+~[PtOs/CF] with v = 0.32. The results
of fitting parameters a = 0.0 and 5 = 0.68 are in the perfect agreement with the
result obtained by XPS and the data are fitted very well.

14
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Fig. 17.3: XPS of Pt 4f of sample PtO/CF (left) and NEXAFS Pt L3 edge
of the same sample obtained in Ny environment fitted by sum of products
a[Pt/CF|+5[PtO/CF]4++[PtO2/CF] with v = 0.32. Calculated parameters: o = 0.0
and 8 = 0.68.

Similarly, the Ce Lz edge of Pt-CeO/CF was investigated and it was com-
pared with the results obtained by XPS (see fig. 17.4). XPS of Ce 3d for Pt-
CeO4/CF (see figure 17.4 (left) ) shows ceria in oxidized form (partially reduced).
The ratio of oxidation states was determined as Ce?*/Ce't = 0.24. Figure 17.4
(right) shows NEXAFS Ce L3 edge for different environment. At first, analysis
in the Nitrogen atmosphere was performed and than ceria was reduced in the
water environment. Thus, the ceria was not fully reduced because it could be
still reduced more which is also in agreement with observation in XPS. Then a
change of media from water to 1073M HC1O, at 0 mV vs Ag/AgCl started causing
oxidation of ceria.

According to these facts, the NEXAFS analysis was found as a suitable tech-
nique which enables to study the chemical states of individual element of catalyst
in operando. In following part the interaction between Pt-CeO, or CeOs and
water is presented.

17.2 CeO; reduced by water

In the previous section, we did not discuss reducing of ceria in Pt-CeO, which
was observed in figure 17.4 where the characteristic feature attributed to the
ceria reduction after swapping nitrogen for water. This behavior of ceria is really
interesting because there exist lots of evidence in the literature that ceria activated
by Pd, Pt or Rh with adsorbed water under presence of reducing agent (CO,
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Fig. 17.4: XPS of Ce 3d of sample Pt-CeOs (left). The Ce3*t content is determined as
Ce?t /Ce*t = 0.24. NEXAFS Ce L edge for different environment in order of they were
used: No atmosphere, and 10*M HClO, environment at F = 0 mV vs Ag/AgCl.

CH30H,CoH5OH) used for the water gas shift reaction (WGS) is oxidized in ultra
high vacuum or low pressure conditions e.g. [180] (with more than 600 citations).
However, we observed completely opposite behavior because the Pt doped ceria
was reduced in the real water media. It is not easy to explain this phenomenon
and processes on the surface which lead to appearance of Ce?*. Reduction of ceria
can be explained by adsorption of (OH)~ groups and donation of one electron by
this way. This hypothesis can be supported by the literature [181] where authors
treated Ni doped ceria coated on Ru monocrystal in at very small amount of water
and ethanol at low pressure (40 mTorr of ethanol and 200 mTorr of water) in the
near ambient pressure XPS and they suspected formation of Ce(OH);. However,
this hydroxide is not stable and more stable form is Ce(OH),. Interaction between
ceria and water molecules adsorbed on the surface at ultra high vacuum condition
was also investigated in [182]. Remind the figure 17.4(right) where reduced ceria
could be after reduction easily oxidized again by applying of potential (mentioned
in previous part), we can expect that this unstable Ce3" — (OH )3 complex was
formed.

The figure 17.5 shows the same experiment as it was in the case presented
in figure 17.4 (right) but now for pure CeOq without Pt. It seen that ceria was
oxidized in the Nitrogen atmosphere (left) while after change of Ny atmosphere
to water environment ceria was rapidly reduced (right). It should be noted that
ceria without Pt was reduced more than uin this case of Pt doped ceria according
to the figure 17.4 (right). We suppose that stronger bond between ceria and
hydroxyl group was formed in this case which is supported by the fact that
reduced ceria was not able to oxidize again by presented method (much more
effort was necessary, not shown).

Be that as it may, facts reported in this section are strong evidences that the
reaction can be generally proceed by different way in contrast to estimation based
on model study in ultra high vacuum (UHV) experiments.
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Fig. 17.5: Normalized intensity of Ce L3 edge of Pt-CeQO» for different environment:
Ny atmosphere (left) and HoO environment (right).

17.3 Chemical state investigation at fuel cell con-
ditions

Figure 17.6 shows NEXAFS for Pt L3 edge at different environments (N, HyO,
1073M HCI10,) and when the reducing potential was applied. It is clearly seen
that oxidation state of Pt in PtO/CF sample is changed after applied potential
in acidic media and it depends on the media.

In contrast to PtO (the similar can be seen for Pt or PtOy) where the chemical
state of Pt strongly depends even on environment, it is not seen any development
of chemical state of Platinum in Pt doped ceria and the only observed oxidized
state exhibited excellent stability in the region from -200 mV to 1400 mV vs
Ag/AgCl as it is presented in figure 17.7. We have already shown that Pt is ionic
in the Pt-CeO, and NEXAFS confirmed this fact and additionally we confirmed
that ionic Pt appears also in the real FC operating condition (since we investigated
the region -200 mV to 1400 mV vs Ag/AgCl). Moreover, we have just shown that
this ionic state is stable in this condition.

In contrast to the results presented in figure 17.7, figure 17.8 shows significant
development of chemical state of Ce investigated by NEXAFS Ce L3 edge. Inten-
sity of Ce L3 edge features and its ration attributed to the chemical state of Ce
area were changing in function of applied potential. Reduction of ceria increas-
es with decrease of the potential. Ceria is more reduced at lower potential and
again oxidized at higher potential. The fact that chemical state depends on the
potential can help us to suggest that ceria participate in the hydrogen oxidation
reaction on the FC anode and it supports our hypothesis reported in chapter ??
that ceria attended to the reaction mechanism.

NEXAFS Pt Lj (see fig. 17.9) and Ce L3 (see fig. 17.10) for sample Pt-
CeOy/CF have been also investigated during the cycling voltammetry experi-
ment. CV was performed from -200 mV to 1400 mV vs Ag/AgCl with scan rate
50 mV s~ in acidic media 1073M HCI1O,4 which corresponds to pH 3. It is clearly
seen that Pt was in ionic state and there was not any development during the
CV experiment and it was not changed up to 70 cycles when the experiment
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Fig. 17.6: Normalized intensity of Pt Lz edge of PtO/CF for different environment:
Ny atmosphere, and 10~*M HClO, environment at F = —200 mV vs Ag/AgCl.

was stopped. In contrast, Ce L3 revealed the significant development of chemical
state of ceria during the CV experiment. It is shown that ceria is more oxidized
with time and count of cycles. More significant changes have been shown at the
beginning of cycling. The NEXAFS spectra were obtained at 0 mV vs Ag/AgCl.

17.4 Stability of Pt-CeQO,

The stability of PtCeOs catalyst was investigated for two different pH (pH 3 and
pH 1) at the same overpotential. The overpotential shift from pH 1 to pH 3 was
calculated as -120 mV using the Nernst equation for standard hydrogen electrode.
All experiments in previous sections in this chapter were performed at pH 3. At
this pH we have not observed any dissolution of Pt-CeO,. Immediately after the
environment of experiment was switched from pH 3 to pH 1 the reducing of
CeO, was appeared. The dissolution was investigated by focusing on time series
of absolute intensity of Pt L3 edge (see fig. 17.11) and Ce L3 edge (see fig. 17.12).

The decrease of Ce Lz gradually is clearly seen and it can be explained by
dissolution of ceria. Additionally, it is shown that this dissolution procedure fol-
lows exponential decrease (see inserted graph in figure 17.12). The decrease of
the intensity to 1/e was reached after 45 min and at the end of the experiment it
remains less than 10% of ceria in comparison to the amount before experiment.
On the other hand, Pt was stable during all experiment and it occurs still at its
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Fig. 17.8: XANES of Ce L3 edge of Pt-CeQOs sputtered catalyst on CF performed in
acidic media 1072M HCIOy for different potential vs Ag/AgCl: -200 mV, 800 mV, 1400
mV, 0 mV and 0 mV. Obtained spectra are normalized according to the intensity after

edge.

cationic state. Partial reduction of Platinum cations was occurred when the Ce
was heavily dissolved (amount of ceria decreased up to lower than 10%.)

Dissolution of Pt-CeOs prepared by chemical wet technique in acid media was
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Fig. 17.10: XANES of Ce L3 edge of Pt-CeO, sputtered catalyst on CF obtained in
acidic media 1073M HCIOy after selected cycles of CV performed from -200 mV to 1400
mV vs Ag/AgCl with scan rate 50 mV s~!: initialization, | cyc, 5 cyc, 15 cye, 30 cyc
and . Obtained spectra are normalized according to the intensity after edge.

observed in the literature [183, 184]. It is presented that after 30 cycles the ceria
was dissolved and only 5% of Ce remains. The most of Ceria was dissolved within
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Fig. 17.11: Time dependency of Pt L3 edge of Pt-CeOs sputtered catalyst on CF
obtained in acidic media 10~'M HCI1Oy4 at -200 mV vs Ag/AgCl at selected elapsed
time: initialization, 20 min, 40 min, 60 min, 80 min, and 120 min. Obtained
spectra are not normalized according to the intensity after edge in order to compare
absolute intensity corresponding to the content of the element on the surface.

5 cycles CV. The dissolution of CeO, was also observed and discussed in [184].
However, the authors used standard electrolyte 0.5 M HySO,4. We confirmed this
result with the use of pH 1 (0.1M HC1O,) but at pH 3 (1073M HCIO4) Pt-CeO,
was not dissolved and it revealed good stability. Additionally, we also observed
stability of pure CeO, at the pH 1 (not shown). Based on this fact we can suppose
that dissolution of Pt-CeQ4 is Pt activated.

We conclude that Pt-CeO, anode was found to be suitable to hydrogen oxida-
tion. It reveals great stability and activity and in operando NEXAFS study shows
that Pt cations are stable while oxidation state of ceria is developing according to
environment and applied potential which supports our hypothesis that ceria are
participate in hydrogen oxidation reaction directly. We observed that Pt-CeO,
is not dissolved at pH 3. More information is provided in paper which is under
progress.
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Fig. 17.12: Time dependency of Ce L3 edge of Pt-CeOy sputtered catalyst on CF
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of ceria.
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18. Online model analyses and
calculation

Additionally, FC simulations were programmed using PHP and jQuery' and they
are also provided via internet on the web page http://physics.mff.cuni.cz/
kfpp/povrchy/vypocty_online/index2.html and mirrored on http://milosf
iala.cz/fcsimulator/. See the part Fuel Cell Simulation.

The parameters of FC model can be added and the results are presented.

There are two models that were derived ab-initio (not shown here due to space
reason) and provided for users. The results of model simulations depend on user’s
input parameters. Apart from model calculation there is presentation of mea-
surement procedure which simulates Potentiostat/galvanostat with all standard
functions. Thus, the time-lines for voltage, current and power might be recorded.
Moreover, the polarization curve of selected time-line can be plotted. All data can
be saved easily. The interface is simple and it is designed user-friendly in order to
avoid to complicated and disorganized interface emphasizing on educative role.
However, just as well serve as a playground for testing model simulating fuel cell
behavior. The website is provided with user help, therefor all functionalities do
not need to be explained in detail here. Print screen of the fuel cell simulator is
in fig. 18.1.

There are more calculations and simulations presented online. See the list
below. All parts of project are created with using of HTML, PHP, jQuery and
CSS. Web pages have responsive web design?

List of topics on the web page:

o Metal Loading
This section enables to determine the weight of noble metal in catalyst.
Input parameters are thickness and atomic concentration. Additionally, the
specific power and electrochemical active surface area can be calculated.

o Calculation of Relative Humidity in Fuel Cell
This part allows to investigate the relative humidity in the operating cell.
The characterization of humidification system and its limits are interactively
presented.

o Calculation of Saturated Vapor Pressure
For the needs of the model computing and proper potential calculation
was necessary to determine vapor pressure very precisely. The Wagner lig-
uid-vapor pressure equation was used and the results for relevant ranges can
be seen online. The reason why we have decided to put the results online is
fact that even on the reasonable online database NIST (National Institute
of Standards and Technology) http://webbook.nist.gov are still Antoine

'PHP is a server-side scripting language designed primarily for web development but also
used as a general-purpose programming language. jQuery is a cross-platform JavaScript library
designed to simplify the client-side scripting of HTML.

2Web pages are viewed in response to the size of the screen or web browser one is viewing
with. It offers the same support to a variety of devices for a single website.
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Fig. 18.1: The print screen of online fuel cell simulator demonstrating fuel cell mod-
el determined in this work. Additionally, the website works as fuel cell measurement
simulator.

equation parameters only which enables to obtain data for limited range
dived into several sub ranges.

e Maximum Cell Voltage
In this section of the web page calculation of reversible potential as a func-
tion temperature, pressure, partial pressures of reactants and products are
presented. The simulated data can be saved. There can be chosen between
gaseous or liquid water product and then the 3D potential map is plotted.
Example of such a plot is seen in fig. 18.2.
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Fuel Cell Simulator

The simulation software generates the fuel cell simulator presenting real-

time measurement of fuel cell and derived models of polarization curves as

already described above.
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V Closing

"
An experiment is a question which science poses to Nature,
"
and a measurement is the recording of Nature’s answer.

— Max Planck

19. Conclusion

We have shown that Pt-CeO, sputtered anode catalyst exhibits the same power
densities in comparison with the state of art commercial catalyst (1 W per cms)
while we used only 0.6 ug(Pt) cm™ which is more than 600 lower amount than
in the case of standard commercial catalyst. Obtained specific power in the case
of sputtered Pt-CeO, catalyst exceeded 1600 W mg(Pt)~!. Additionally, investi-
gation of catalyst durability reveals that Pt-CeOs has the same performance up
to 6000 of the degradation accelerating cycles when the experiment was stopped.
Moreover, the statistical analysis of obtained results from fuel cell analyses of Pt
doped ceria and pure Pt catalysts for different Pt loading and electrochemical sup-
porting methods as cycling voltammetry and impedance spectroscopy shows that
Pt-CeOs sputtered catalyst with atomically dispersed platinum is still at least 3
times active than it would be in the case of hypothetical ideal pure Pt atomically
dispersed catalyst keeping the same activite as in the case of Pt nanoparticles.

The XPS studies of Pt 4f and Ce 3d of PtCeO, revealed Pt in cationic states
and partially reduced ceria. Additionally, the NEXAFS study of Pt L3 and Ce Ly
edges showed that Pt was still in its cationic form at environment simulating the
real FC condition at potential range from -200 mV to 1400 mV vs Ag/AgCl. On
the other hand, chemical state of Ce significantly depends on applied potential
and media which is used. Based on this fact, we assumed that Ce is directly
participating in the hydrogen oxidation reaction on the anode which is supported
by result of statistical analyses reported above and partially by DFT studies
showing low energy barrier for hydrogen adsorption on the Ce atoms in Pt-CeOq
small cluster.

The NEXAFS study also confirmed that Pt-CeOs; was dissolved in acidic
media of pH 1, as it was reported in the literature, but we did not observe any
dissolution at pH 3. Based on this fact, if there would be pH of operating cell
around pH 3, the performance of the cell should be stable. However, it is supposed
that operating cell has pH less than 3 therefore the dissolution of Pt-CeOs must
appear. Since the dissolution was not so fast (decrease intensity of Ce Lj edge to
/e after 45 min) the cell could still might be operated at pulse mode. We have
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really observed that the performance of the cell with Pt-CeO, decrease in this
time scale and after the current density is decreased and at open circuity, catalyst
is regenerated the performance is increased again.

Moreover, the dissolution at pH 1 was observed only for Pt-CeO, while for
CeQO, it did appear. Based on this observation, we can say that the dissolution
must be Pt activated. Interesting result was also a significant reduction of Ce?*
state for Pt-CeO, as well as for CeO, which was opposite result relative to the
literature where the oxidation was observed in case of model studies in ultra
high vacuum. This result clearly shows that general reaction can be proceed by
different way than as it is estimated based on model studies in ultra high vacuum.

Pt-SnCeO, anode catalyst was also investigated. The XPS analyses revealed
cationic Pt similar to the Pt-CeO, catalyst case but a feature belonging to the
Pt-Sn interaction appeared. Tin was occurred at Sn** state. Ceria was more
reduced than in the case of Pt doped ceria. FC analyses shows a little bit lower
performance in comparison to Pt-CeOs. However, what is interesting, is that Pt-
SnCeO,, exhibits the same CO resistance as the Pt-Ru commercial catalyst and
at very low CO concentration 25 ppm even higher tolerance occurred. In contrast,
Pt-CeOy was poisoned very fast from the concentration of 25 ppm. Despite the
fact that Pt-SnCeO,, exhibit 10% lower performance in comparison with the Pt-
CeQs it is still promising FC anode catalyst due to high CO resistance.

We have presented the investigation of Pt-WO,, and Pd-CeO, alternative cat-
alyst. XPS analyses showed that Pt was in cationic state (P***/pt*+ = 0.26) simi-
larly to the Pt-CeOs catalyst while tungsten oxide was oxidized to its maximum
oxidation state WT. Palladium occurred as Pd?*. Both anode catalyst exhibit-
ed high specific power 14 W mg(Pt)~' and 1100 W mg(Pd)~* for Pt-WO,, and
Pd-CeOg, respectively. Thus, both catalysts have been found as promising anode
catalysts. Additionally, despite the fact that Pd is also a noble metal, the use of
Pd can help to diversify natural sources.

Since we obtained very good anode catalysts, for decrease of the amount of Pt
in whole fuel cell, the cathode catalyst should be also improved. We investigated
the highly reported and cited Pt-Co alloy catalyst but we prepared it by mag-
netron sputtering in the form of very thin layer of 50 nm. The most active phase
Pt3Co has been prepared after electrochemical treatment which was supported
by a shift of the onset potential determined by cycling voltammetry.

We have demonstrated the fully thin catalyst operating fuel cell consisting of
Pt-CeO4 anode and Pt-Co sputtered cathode. The total Pt loading in the cell was
48 pg(Pt) em™2 and power density exceeded 125 mW c¢m? which corresponded
to the specific power 2.7 W mg(Pt)™! according to the anode together with
the cathode. Moreover, this cell exhibited good durability and the performance
was not significantly dropped down for 2700 cycles of accelerating degradation
processes when the experiment was stopped.

The derivation of the fuel cell model has been done and obtained model was
interactively presented online on the web page where the parameters can be
changed and the result is immediately seen. On the web page the other use-
ful calculations used in this work are presented. It is possible to interactively
calculate on the individual web pages: metal loading, relative humidity of the
humidification system of fuel cell, saturated vapor pressure and maximum cell
voltage with 3D plot of the cell potential. Additionally, simulation of the fuel
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cell measurement based on the model is presented. It can be used for real scien-
tific simulation as well as for education. Calculations described above were pro-
grammed by PHP and jQuery and they are provided via internet http://phys
ics.mff.cuni.cz/kfpp/povrchy/vypocty_online/index2.html and mirrored
on http://milosfiala.cz/fcsimulator/.

The presented research could not be performed without development of nec-
essary equipments and devices. The design of piston operated fuel cell was de-
veloped. The design of PEM FC stack was developed. The design of the fully
automatized test station, which is on the market now, was developed. Design of
laboratory with installation of ten of this test station was developed.

117


http://physics.mff.cuni.cz/kfpp/povrchy/vypocty_online/index2.html
http://physics.mff.cuni.cz/kfpp/povrchy/vypocty_online/index2.html
http://milosfiala.cz/fcsimulator/

VI Appendices

"
Physics s like sex: sure, it may give some practical results,

but that’s not why we do it.
— Richard Feynman

19.1 Catalyst loading

The determination of amount of one substance in binary substances layer is
shown. Additional is presented the determination of general formula for any num-
ber of substances. Let’s assume wight ratio 19.1 and molar ratio 19.2 of two
substances A and B as follows

ma

—P 19.1
- (19.1)
"A R (19.2)
ngp

The relation between R and P is given by

My
P=R 7 (19.3)
where M, and Mg are molar wights and n, and ng are amount of substances
of substances A and B, respectively. Define parameters p,, p, determine mass
fraction and parameters r,, 1, determine molar fraction of substance A and B,
respectively. If we assume p, +p, = 1 and P = Z—: and complementary r, +7, = 1
and R = :%: then

ba = 1+% (194)
PB = 1ip (19.5)
_ 1

For obtaining of amount of one substance we need to know the average density.
The average density related to mass fraction (p,, py) is determined with the use
of 19.4 and 19.5 by

_ 0A0
Om = pAQBA+I]73BQA (19'8)
_ oao(1+P)
= on = gl 19
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where o5 and pg are mass densities of substance A and B, respectively.
Similarly, the average density according to molar fraction (r,, ,) with the use
of 19.9 and 19.3 is given by

_ oaoB(Mp+RMy)
On = Rilyontinoa (19.10)

and with using R = :—‘; we obtain the average density according to molar fraction
in form as follows

o = Ly (19.11)
We should note that the average mass density depends on which type of alloy
is formed: substitutional alloy or interstitial alloy. Substitutional alloy is created
if relative atomic size of all elements are comparable (atomic radius higher than
0.85) while interstitial alloy is formed in the case of different atom sizes of indi-
vidual elements (atomic radius less than 0.59, usually alloy with small elements
like H, C, N, B). The intermediate phase can occur which can be substitutional
(atomic radius ratio from 0.85 to 0.6, carbides, nitrides, borides) and in special
cases ionic or covalent bond can be created. Thus the average densities can be
very different according to which type of alloy is formed. Alternatively, average
density can be defined by 19.12

OAlternation — VAQA + UBOB (1912)

where va and vg are volume fraction of elements A and B respectively. Define da
and da as atomic diameters of elements A and B respectively. Than, in the case
of the interstitial alloy, the vs and vg can be approximated by

__rad}
_ _ rdy

For most of usual intersticial alloy mostly consisted of base/solvent (e.g. carbon
steel) volume fraction and mass fraction are comparable and volume fraction can
be substituted with mass fraction va = pa, vg = pg. Thus, we obtain approxi-
mated formula for average density for intersticial alloy

OAlternation — PAOA + PBOB (1915)

The presented derived average densities o, and g, suppose an ideal homoge-
neous solid solution of substitutional alloy with same specific volume of individual
species as it is in its natural bulk structure. We will use o,, and g, for the rest of
calculation but generally any average density can be used.

If we assume the volume of layer V| given by general formula

Vi =4S (19.16)
where ¢ is thickness of layer and S is area of layer. Thus, with respect to 19.2,
19.16, 19.9, 19.4, the loading of substance A can be expressed as follows

Lo = t0m (19.17)

1+P
oaos(l+P) P
Pog+orn 1+P

Ln = t (19.18)
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in the case of weight ratio P (19.1) and similarly with regard to 19.11 and 19.6
is obtained

RM,
L. = tog——h 19.19
1O e+ RM (19.19)
Mg + RMy)  RM
L tQAQB( B+ RMy) A (19.20)

""RMy 05 + Mgos Mg+ RM,

in the case of molar ratio R (19.2). Thus, equations 19.18 and 19.20 determine
loading of substance A per cm? in binary solution(AB) for given weight ratio
(19.1) and molar ratio (19.2), respectively.

For the purpose of general use, the general formulas for any number of sub-
stances can be easily determined from equations 19.9, 19.18, 19.11 and 19.20.
With regard to mass fraction, the loading of ¢ substance for general solution is as
follows

Ly; = 151101‘M (19.21)
> (Pa‘ II 9k>
7\ kA
where p; is mass fraction of substance ¢ and it is given by
m;
pi = 19.22
s, (19.22)
J

where m; are wights of substances in solution. The fraction in 19.21 represents
the average mass density.
Similarly, with respect to mass fraction 19.22 and due to fact that

where n; is amount of substance ¢ and M; is molar weight of substance ¢« and with
regard to determination 19.11, the fraction 19.24 can be defined as follows

b M
J

(19.24)

Hence, with regard to fraction 19.24 the loading of substance i can be expressed

as

Lo =t XiM
Z(Xj I1 Qk)

J k#j

(19.25)

The fraction in 19.25 represents the average mass density.

Calculations described above were programmed by PHP and jQuery and they
are also provided via internet on the web page http://physics.mff.cuni.cz/
kfpp/povrchy/vypocty_online/index2.html and mirrored on http://milosf
iala.cz/fcsimulator/. See the part Metal Loading.
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VII Attachments

Att: PEM FC Stack

In the figure 19.1 the 3D model of PEM FC stack of our design is presented. The

disassembled stack for better imagination is shown in the figure 19.2.

Fig. 19.1: 3D model the PEM FC stack of our design.
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Fig. 19.2: 3D model disassembled PEM FC stack of our design.

Att: New Laboratory

In the figure 19.3 view of 3D model and the final photography of real laboratory
which is build on base of technical proposal is shown in the figure 19.4. In the
left room is ten new test station organized in two lines and in the right room is
central gas distribution of stored gases. There are two 50 L pressure bottles for
hydrogen, two pressure bottles for oxygen and two pressure bottles for nitrogen
and a spare one for additive gas. The compressed air instead of oxygen can be easy
used by manual valve. In the figure next figures are simplified technical drawings
of proposal of new laboratory. Apart from the technical room and room with FC

test stations there is the control room.
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Fig. 19.3: 3D view of laboratory.

Fig. 19.4: A photography of real laboratory.
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