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Abstrakt:

Diserta&ni prace je zagfena zejména na studium morfologie novych
oxidovych katalyzatdr pro palivové ¢lanky s polymerni membranou (PEMFC)
piipravovanych magnetronovym naprasovanim. V tétacipbyly pouzity Gzné
metody analyzy povrah jako jsouiadkovaci elektronova mikroskopie (SEM),
mikroskopie atomarnich sil (AFM) a rentgenova féek&ronova spektroskopie
(XPS).

V prvni kapitole je studovan vlivienych depozinich podminek na morfologii
naprasovanych vrstev Cg(a vrstev Ce@dopovanych Au a Pt. Bylo zji&to, ze
morfologie a stechiometrie vrstev katalyzatoru jés zavisld na depo&mnich
parametrech a typu pouzitého substratu. Déle jskaeali, Ze vrstvy fipravované
sowasnym napraSovanim platiny a oxidu ceru vykazumveysokou katalytickou
aktivitu jako anody v PEMFC. Velka plocha povrchizké mnozstvi platiny a
vynikajici katalytické vlastnosttini z tohoto typu materialu slibnou alternativu
k daleko drazSim koméme dostupnym katalyzatém.

V druhé kapitole byla studovana morfologie vrstetOP pripravovanych
reaktivnim magnetronovym naprasSovani platiny vikgslé atmosfée. Ukazalo se,
Ze vzorky Pt@Qpo redukci H maji nanostrukturni charakter s velkou aktivnicplou
povrchu. Takovéto platinové vrstvy jsou r@Znvhodné jako vysoce efektivni
katalyzatory pro PEMFC.

Kli¢ova slova: Oxid Ceru, Platina, Oxid Platiny, Magnetronové Ngovani,
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Abstract:

Present doctoral thesis focuses mainly on the nmbogical investigation of
novel oxide catalysts prepared by magnetron spodtedeposition for fuel cell
applications. Surface characterization techniqueshsas scanning electron
microscopy (SEM), atomic force microscopy (AFM) addray photoelectron
spectroscopy (XPS), were used in this work.

In the first chapter, the influences of differemeparation parameters on the
morphology of Ce@ Au doped Ce® and Pt doped CeGsputtered films were
investigated. It was found that morphology andcst@metry of the catalyst film is
strongly dependent on the deposition parameterdtantype of substrate. We have
also shown that catalyst films prepared by magnetmsputtering of platinum and
cerium oxide exhibit high catalytic activity as aeoin proton exchange membrane
fuel cell (PEMFC). High surface area, low platinlmading and excellent catalytic
performance make this material a promising alt@éreatto more expensive
commercial catalysts.

In the second chapter, the morphology of Pfiins prepared by reactive
magnetron sputtering of platinum in oxygen atmospheere examined. It was
shown that PtQ when reduced by K exhibit large active surface area. Such
platinum films were found to be high active catays anode in PEMFC.

Keywords: Cerium Oxide, Platinum, Platinum Oxide, Magnet®puttering, Fuel
Cell
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1. OVERVIEW

1.1. Proton exchange membrane fuel cell (PEMFC) —d3ic
Principles

Rising global energy demands has stimulated humamitievelop alternative
sources of energy. However, at the same time eialibg friendly alternatives are
required. Those alternatives should have comparableven better performances
than those already existing, but also do not emban dioxide which is a major
cause of the so called “Global Warming Effect”. Buequirements give a strong
boost to the field of electrocatalysis. Electrobatia is the ability of different
substances to accelerate the rate of a given etdemical process when used as an
electrode surface under the same conditions. Bleatialysis became widespread
after 1960, mainly as a result of investigatioriatesl to fuel cell technology.

A fuel cell is a device which converts the cherhigaergy from a fuel into
electricity through chemical reactions. There amnyndifferent types of fuel cells
but all of them consist of three main parts: anden@ cathode and an electrolyte. At
the interfaces of these three different parts chahreactions occur. Fuel cells can
be divided into types depending on the kind of clsahreactions that take place in
the cell, the temperature range, in which the apé#rates, the kind of catalysts and
fuel required etc. The following list consists bktmost widely used types of fuel
cell devices:

+ Proton Exchange Membrane Fuel Cells
+ Direct Methanol Fuel Cells

« Alkaline Fuel Cells

+ Phosphoric Acid Fuel Cells

+ Solid Oxide Fuel Cells

The Proton Exchange Membrane Fuel Cell (PEMFC) e a@he most
promising and challenging subjects of research userat is one of proposed

candidates for the practical use of fuel cells émigles. PEMFCs convert chemical



energy of the fuel (hydrogen) into electrical enyergth high efficiency (~60%).
PEMFCs have zero pollutant emissions when usingdggh as a fuel. One of their
distinguishing features is the low operational tenapure/pressure ranges
(50 to 100 °C)

These advantages make them potentially attractiva ¥ariety of applications
including electric vehicles, generation of heat @ogver in buildings, etc. Fuel cell
technology has been used to power automobilessbpe®er generators, and laptop
computers [1].

A PEMFC consists of a proton exchange membraneyifped electrolyte
membrane) sandwiched between two electrodes: ateaartd a cathode (Fig. 1)

Cathode
catalyst catalyst

Fig. 1. Schematic illustration of PEMFC.

Hydrogen gas flows through channels to the anotlereva catalyst causes the
hydrogen molecules to split into protons and etetsr

H, - 2H" + 2

A proton exchange membrane (PEM) is a membranegmesito conduct
protons while being netransmissive to gases such as oxygen or hydrogemce it

allows only protons to pass through it. In turne tturrent of negatively-charged



electrons follows an external circuit to the cathod@his generates electricity which
can be used to do work. On the other side of tHéaahode side), oxygen gas flows
through channels to the cathode and react witheteetrons, returned from doing

work and the protons (which have moved througmtleenbrane) to form water.

100, +2H" + 2" - 2H,0
Overall reaction in PEM fuel cell can be written as
H,+10, - H,0

Commercialization of PEMFCs technology depends chiexing a high
specific power and power density for a given cast,that its characteristics are
competitive with traditionally used energy conversdevices.

However, PEM fuel cells are still far from reliabt®mmercial realization,
which is mainly caused by two issues: productiostcand poor durability and
reliability. Catalysts can greatly influence botte tcost and the durability of PEM
fuel cells, thus, attracting the interest of maggearchers in this field.

1.2. Catalyst in PEMFC

In PEM fuel cells, typically platinum based catédysare used for both
reactions: on anode and cathode sides. So famymatin pure form or mixed with
other elements is considered as the only choicehigh and stable performance
[2, 3]. As a result, fabrication of such fuel calisquite expensive. Hence, the most
significant barrier that PEM fuel cells had to a@ne is the costly amount of
platinum required as a catalyst. The early germratf PEMFCs used platinum
loadings of 0.12 mg/cn Such catalyst exhibited excellent long-term stabl
performance but, of course, very high cost [4]. $olve this problem, the
development of a low-cost PEMFC system and theckefar new, low cost anode
materials with high activity has been the focusesiearchers in the field of fuel cells

over the past few years [5].



To maximize the surface area and minimize the ysttalmount at the same
time, Pt nanoparticles which have high surface-aodame ratio were used as the
catalyst in PEMFCs. It was found that the catal@wivity of such catalyst is
strongly dependent on their particle size, shapel distribution [6]. To avoid
segregation (decreasing platinum surface area)aRbparticles often mixed with
some support material (usually carbon).

On the other hand, physical methods such as plapuottering of metals [7, 8]
and chemical vapor deposition [9] were used fompareg low loaded platinum
based electrodes for PEM fuel cell. Platinum filmgh the Pt amount as low as
0.014 mg/crh have been reported using sputtering methods [1D, Lkter, it has
been shown that thin Pt films prepared using magnetputtering at glancing angle
deposition (GLAD) conditions have improved catalydctivity due to higher surface
area of platinum films [12]. The catalytic activity those layers was estimated to be
comparable with activities of Pt nanopatrticles.

Meanwhile, scientist came across the problem tt@PEMFC anode catalyst,
when operating with hydrogen, is easily poisonirygclrbon monoxide (CO) that
exist in the fuel (mostly due to manufactured ps3g¢13]. This poisoning can cause
performance degradation and sometimes damage RERE-C. Such problems have
to be resolved for development of long life-timeelficell system operating in
contaminated environments. A promising approacsotee the CO related problem
is to increase PEMFC operating temperature bechigber temperature operation
can reduce the CO negative effects on platinumystsa On the other hand Pt based
alloys such as PtRu and PtMo have been developethéoimprovement of CO
tolerance of the Pt anode [14]. It was shown thahe PEMFC at 80°C PtRu alloys
are much more tolerant to CO poisoning than purddetrocatalysts.

The complex nanostructures often show propertiasdtiongly differ from the
properties of their components because of so-callggort interactions occurring at
the interface between the active metal phase aadstipport [15]. Hence, many
oxides have been studied as support materialsdmqie the catalytic activity of
platinum in PEMFCs, including TiQ16], WO [17], RuQ [18], SnQ [19], CeQG
[20] etc. These studies showed that metal oxide® lmomising effects on the
catalytic activity of platinum based PEMFC catadyst



1.3. Catalyst support in PEMFC

No less attention has been paid to research ieteadhalyst support (electrode)
in PEM fuel cells as they can also influence attivBupport for PEMFC should
have high specific area to disperse the catalydtlagh electron conductivity to
provide electron flow from catalyst to electronleotor. In recent years, there has
been increasing interest in different carbonaceoaterials as heterogeneous catalyst
support in the field of electrocatalysis [7, 21,].22I'he physicochemical
characteristics and surface chemistry of carborhtraso influence the properties of
catalysts [23-25]. Platinum based catalyst supdooie carbon is one of the most
studied systems. The electrocatalytic activity dfese catalysts, the effects
influencing their performance and their applicatioriuel cells has been discussed in
the literature [25, 26-30].

Preparation of catalyst on the high surface arggp@t can increase the
catalyst cost-efficiency. Hence, supports with heglecific surface area are used to
obtain highly active catalysts. Ordered mesopomarbons have recently received
great attention because of their potential use aalytic supports in fuel cell
electrodes [31, 32]. The advantages of these maeare controllable pore size and
high surface area.

In recent years, there has also been increasiegesitin carbon nanotubes as
heterogeneous catalyst support. The tubular steiatéi carbon nanotubes makes
them unique among different forms of carbon, arey ttan thus be exploited as an
alternative material for catalyst support in fuell€ due to the high surface area,
excellent electronic conductivity, and high cherhicdability [33, 34]. These
catalyst/nanotubes hybrids exhibit interesting tmal, electrochemical,
electromagnetic, and other properties that are foaind in the individual
components. A CNTs supported PtRu anode catalystdieect methanol FC
applications has been successfully tested [33R6¢0ating of the CNTs in form of
supported nanoparticles was also reported [37, 38].

Despite intensive work in this field, the seardr & cheap and efficient

catalyst for PEMFCs remains a challenge for re$esisc



2. EXPERIMENTAL

2.1 Materials

Different types of target and substrate materialgehbeen used in experiments

described in this work.

Target materials:
Cerium dioxide (Ceg)
Platinum (Pt)

Gold (Au)

Substrates:

Silicon wafer, Si (100), (ON Semiconductor)

Multiwall carbon nanotubes (MWCNT), (Sigma Aldrich)
Microporous gas diffusion layer (GDL), (Alfa Aesar)
Highly ordered pyrolytic graphite (HOPG), (Alfa As3
Graphite foil, (Alfa Aesar)

Glassy Carbon (GC), (Alfa Aesar)

2.2. Deposition of composite catalyst thin films. Egnetron

sputtering

Magnetron sputtering has rapidly developed in regears for the deposition
of a wide range of important coatings for both isitly and research [39]. Schematic
illustration of magnetron sputtering process isvai@ Fig. 2. It involves ejection of
sputtered material from a target by energetic garthtombardment, mostly ions and

deposition of it on a substrate. In magnetron gpuig ions (usually Ar ions) are



generated from the plasma. By applying high negatwltage to the target,
positively charged ions from plasma are attracteithé target and initiate sputtering.

Electricfield

Magnetic field

Fig. 2. Schematic illustration of magnetron sputtering d@pon processs.

There are different kinds of magnetrons. Among thesdiofrequency (RF),
direct current (DC), and pulsed DC magnetrons. hiis work only DC and RF
magnetron sputtering processes were used.

Within the DC sputtering process a negative padéhtiup to hundred Volts is
applied to the target. As a result, the" Aons are accelerated towards the target,
which consists of the material to be deposited.e¥al is sputtered off from the
target and, afterwards, deposited on a substrate.th® other hand secondary
electrons are produced which causes a further atiniz of the working gas. To
increase the ionization rate by emitted secondigstrens, a ring magnet below the
target is used in magnetron sputtering. The magaretsarranged in such way that
one pole is positioned at the central axis of Hrgdt and the second pole is formed
by a ring of magnets around the outer edge ofafget. The electrons in its field are
trapped in cycloids and circulate over the targmisface. In such way higher
deposition rate is realized. The dc-sputtering ocperate only with conducting
materials like metals or doped semiconductors.

The bombardment of a non-conducting target withitp@sions results in

charging of the surface and to a shielding of thectecal field and eventual



disappearing of the ion current. The solution isi$¢e an alternative current at high
frequency. Therefore the RF (radio frequency) spunty was developed to enable
the sputtering of dielectric materials. In the Riuttering high frequency voltage
(typically of 13.56 MHz) is used. In one phase ians accelerated towards the target
surface and sputter material. In the next phasegehaeutrality is achieved. The use
of RF sputtering allows deposition of any materralgeneral. lonic and covalent
compounds and even polymers may be sputtered aivates depending on their
particular sputtering yield.

Alternatively, for reactive sputtering other worgirgases in addition to the
argon can be used. It can be any gas which wiltre&h the target atoms to form
the desired compound. Usually oxygen or nitrogesegaare used to produce oxidic
or nitridic films by reactive sputtering.

In this work we used simultaneous magnetron spagdrom two magnetrons:
RF magnetron and DC magnetron to prepare catalysts films of different
composition. Schematic illustration and photo @& tleposition equipment is shown

on the Fig. 3.

a) 1

RF magnetron

Fig. 3. a) Schematic illustration; and b) photo of depasitequipment.

The CeQ RF sputtering was performed by using a disk tacfet inches in
diameter at distance of 90 mm from the substr&kdinum and/or gold were added

by using a second DC magnetron tilted by°® 48lative to the Cef target.



Simultaneous magnetron sputtering of Pt/Au and Calowed us to prepare oxide
layers continuously doped with Pt/Au atoms durimg films growth.

Deposition was carried out at room temperaturehef substrate in an Ar
atmosphere by keeping the total pressure in thedigpn chamber constant at
2.7 Pa. Additionally, pure oxygen and mixed argaggen atmosphere in deposition
chamber can be used in this equipment. The depositite of composite catalyst
films was about 1 nm/min. It was determined fromM\Fneasurement of the
thickness of the films deposited on the siliconsdtdie. Hence, knowing the film
deposition rate, the equivalent film thickness wessily determined from the
deposition time. However, the deposition rate carcéntrolled by varying RF, DC
power or pressure in deposition chamber. Concémtratf Pt or Au in the metal-
cerium oxide composite films can be changed by gimgnDC power while keeping
RF power constant or, conversely, by changing Riepavhile keeping DC power
constant.

Usually substrate and target surface were parallebch other. A variation of
the deposition angle (sputtering under glancindeadgposition (GLAD) conditions)
can be achieved by tilting the substrate holdeerdlby, a new preferential direction

for the film growth can be produced in this equipine

2.3. Film characterization

2.3.1. Scanning electron microscopy (SEM)

The scanning electron microscope (SEM) imagesdpegraphy and structure
of samples by collecting variety of signals whiatcar at the surface of the sample
(Fig. 4a) after it has been irradiated by a focuseaim of high-energy electrons. The
SEM generates a beam of incident electrons in ectreh gun, where electrons are
produced by a thermal emission source or by a &eltssion cathode. The energy of
the incident electrons can be varied from 100 eV3@okeV. The electrons are
focused into a narrow beam by a series of electgmetic lenses in the SEM column
(see Fig. 4b). The beam of electrons impingingstraple surface can be focused to

a final probe diameter as small as 1 nm. The SEIMhwo and sample chamber are at



a vacuum to allow the electrons freely travel frim electron beam source to the
sample and then to the detectors.

To create a SEM image, the incident electron beastanned over the sample
surface in a raster pattern. The emitted signadsdatected for each position in the
scanned area by a detector. The intensity of thdtezimsignal is displayed as
brightness on a on a computer monitor. Each pixetaonputer videomemory is
synchronized with the position of the beam on tecsnen, and the resulting image
is therefore a distribution map of the intensitytioé signal being emitted from the
scanned area. This map represents the morpholoiipe aglample surface scanned by
the electron beam. Magnification in this case esrtitio of the image display size to

the sample area scanned by the beam.

a) Focused electron beam Ve Electron gun
"y b

Auger

electrons | Condensing lenses

Scan coils
“T (raster beam back and forth)
Backscattered ————» electrons (SE)

electrons (BSE) Objective lenses

| {focuses beam to a small point)

&Qaracteristic

Conti . 3 X-rays
ontinuum i . % «——+ Backscattered electron detector
X-rays g * [ EDS detector
1 T - Secondary electron detector
P ——p b= |
1 BSE resolution ! b pam .
! " Mechanical stage
]
X-ray resolution

Fig. 4. a) Generalized illustration of interaction volunfes various electron-sample
interactions; b) schematic diagram of SEM equipment

There are several SEM operation modes dependingharh signal is detected
after incident electron-sample interaction.

Secondary electron (SE) imaging mode provides héglolution imaging of
surface morphology. It is the most common imagirafdenthat collects low-energy
(<50 eV) secondary electrons emitted due to inielagectron scattering. They are

ejected from the k-orbitals of the atoms on the @al® surface. The topography of

10



the surface influences the number of electrons teath the secondary electron
detector from any point on the scanned surfaces Tagal variation in electron

intensity creates the image contrast that revelaés durface morphology. The
secondary electron image resolution for an ideapta is almost 1.5 nm.

Backscatter electron (BSE) imaging mode providesgen contrast as a
function of elemental composition, as well as, acef topography. Backscattered
electrons are produced by the elastic interactibesveen the sample and the
incident electron beam. These high-energy elect{ei2® keV) can escape from
much deeper regions than secondary electrons, dacsutopography is not as
accurately resolved as for secondary electron intagihe intensity of the emitted
backscattered electrons signal is proportionahéosample material's atomic number,
which results in image contrast as a function ahposition, i.e., higher atomic
number material appears brighter than low atomimlmer material because heavier
elements reflect more electrons. The optimum regwoidfor backscattered electron
imaging is lower than that for SE detectors andbsut 5.5 nm. However, it is
possible to use both detectors (SE and BSE deg@cwnultaneously to obtain high
resolution image and composition contrast.

Qualitative and quantitative chemical analysis banalso obtained using an
energy dispersive x-ray spectrometer (EDS) integrahto the SEM instrument.
EDS systems includes a sensitive x-ray detectorsaftvare to collect and analyze
energy spectra. The number and energy of the X-eyp#tted from a sample after
interaction with electron beam, can be measured doy energy-dispersive
spectrometer. As the energy of the X-rays is charitic of the difference in energy
between the two shells, and of the atomic struatdirdne element from which they
were emitted, this allows to measure the elemeat@position of the sample.

Morphology of thin films in this work was examindy means of scanning
electron microscopy using TESCAN-MIRA shown in Fig.lt is equipped with SE
and BSE detectors. However, only secondary eledirayging was performed in
experiments, described in this work. It is possible@ary electron beam energy from
1 to 30 kV. The measurements were done at 30 keatreh beam energy and 140
Pa working pressure in the sample chamber.

11
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Fig. 5. TESCAN — MIRA scanning electroicrascopt.

SEM is also equiped with EDS detector from BRUKIEDS analysis using
ESPRIT software was provided in this work mainlyaiddition to XPS because
allows us to collect information about the catalyginposition from deeper regio

of the layers.

2.3.2.Atomic force microscopy (AFM)

Atomic force microscof (AFM) is a powerful surface characterization
which provides a 3D profile of the surface, bonitoring theforcesbetween a sharp
probe (<10 nm) and surface at very small distar{ffeZ-10 nm). The AFM was
developed to overcome a basic problem with S— that it works only with
conducting or semiconducting surfaces. AFM imagealmost any type of surfac
including polymers, ceramics, composites, glass] even biological sample
Typically, AFM has a very high vertical resolution (1A). Théefal resolution o
AFM is about 5 nmA schematic illustration of the main part of theMknstrument
iIs shown in Fig. 6aThe sharp silicon probesupported on a flexible cantile, is a
force sensor that deflects as a result of ;-sample interaction.

The force most commonly associated with AFM is ateratomic van de
Waals force. The relation betweere force and tisurface distance is shown
Fig. 6b.Usually, the energy (van der Waals force based interaction of two atsr
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described by Lennard-Jones equation, i.e. the aatien potential between two
electrically neutral objects:

o131

where | - energy in balance conditions; ¥ interatomic distance in balance
conditions, r - effective interatomic distance.

The total tip-sample interaction energy can betemigs:

Wos = [ [Up (= rn, (rng(ndvav:

Vp Vs

where g(r) and R(r’) are concentrations of atoms in sample and @raspectively.
Hence, the force will be:

Fos = —gradW,,)

Repulsive force

1

“semicontact”

L I

Non-contact
mode

Attractive force

Fig. 6. a) Schematic illustration of the main parts of ARb);force versus
tip-sample distance curve.

The AFM employs an optical detection system in \Wwha& diode laser is
focused onto the back side of a reflective cantiteand deflects into the center of
guadrant photodiode (see Fig. 6a). When the tipstlae surface of the sample it
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moving up and down copying the contour of the sigfahe deflected laser beam is
shifted from the center of quadrant photodiode. phetodetector measures the
difference in light intensities between the photed®r's segments, and then
converts to voltage. Then, feedback (FB) from thetpdiode applies the voltage to
the scanner through software control from the caempun order to maintain a

constant height of the tip above the sample. THeage, which is applied to the

scanner, is used to generate a topographic imatie aample.

The AFM can operate in a number of imaging modescofding to the
tip-sample interaction during scanning, there dmed basic modes of an atomic
force microscope: contact mode, non-contact moudé,"semicontact” or “tapping”
mode which is intermediate between contact andaomtact modes.

In the contact mode, the relatively soft tip comyithe surface relief during
scanning while is in direct contact with the sampgl@&face. In this case, the
interatomic force between the cantilever and thempta is repulsive
(see Fig. 6b). The main disadvantage of this medhkat it can cause damage to the
surface during scanning.

In the non-contact region, the tip is oscillatedtatresonance frequency with
amplitude of about 1 nm and is held on the ordeten$ to hundreds of angstroms
from the sample surface. In this case, the intematdorce between the cantilever
and sample is attractive. Tip-surface interactianses the resonant frequency of the
cantilever to shift. The signal applied to the smanneeded to keep the resonance
frequency constant is then used to generate a taplig image of the sample. This
AFM mode is mostly used in vacuum systems to minénthe influence of surface
adsorbates.

In tapping AFM mode the probe tip is oscillatedoatnear its resonant
frequency with the amplitude of 10-100 nm. The kestiing tip is then scanned the
sample at a height where it barely touches theasarfThe system monitors the
probe position, vibration amplitude and phase taaiob topographical and
additionally other proper information (phase cositnaode, amplitude error mode).
The advantage of tapping mode over contact modéais accurate topographical
information can be obtained even for very fragiueaces.

Find out more in detail about AFM technique you taref. [40].

The purpose of AFM instrument in this work was teasure the surface

roughness of the catalyst films. The surface mdqaof sputtered thin films was
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examined using AFM “Veeco di MultiMode V”. All AFMmeasurements were
performed at ambient conditions. Sharpened silpobes with nominal tip radius of
curvature 8-10 nm and resonance frequency of 300z kMere used.

Fig. 7 illustrates a detailed scheme of “Veeco dithode V”.

Photodiode vertical
adjustment knob \

SPM probe

Laser adjustment knobs

® fan®

Probe helder

Stage controls

Scanner Retaining springs

(Shown: "A7)

Motor drive Scanner support ring

coupling

Motor control
otk switch

Mode selector
switch

RMSNVERT
(tapping/contact)

YERT/HORZ
{tapping/contact)

Stabilizing screw

Signal sum display Base

Fig. 7. Detailed scheme of “Veeco di MultiMode V” AFM.

In addition to basic AFM modes, “Veeco di MultiMod€ is capable of
producing images in a number of other modes, incydmagnetic force mode,
electrical force mode, etc. However, sputtered thims in this work were
investigated mostly using “tapping” AFM mode.

The surface roughness was calculated from AFM imageng “Nanoscope
7.30” software. The roughness parameters shouldh@atnsidered absolute values
of roughness, they merely permit to compare roughrmarameters for different

samples measured in the same instrument configarafior each experiment we
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used the same type of AFM tip and the same fitpracedure. Surface roughness
was expressed by the mean roughnes$ fRrameter, which averages the height

relative to the centre plane and it is calculated a

Lx Ly
1

Ro=r j j If (x,y)|dxdy

X"y 0 O

where f(x,y) is the surface height relative to teatre plane andyland L, are

the dimensions of the surface scan area.

2.3.3. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectronspectroscopy (XPS) is the most widely used surface
spectroscopic technique. It allows measuring tleenehtal composition, chemical
state and electronic state of the elements withimemasured substrate. Surface
analysis by XPS is based on the irradiation ofrapda with a beam of X-rayshich
cause electrons emitting from the sample surfaee tduphotoelectric effect and
Auger process. An electron energy analyzer detesnihe binding energy (energies
which are characteristic of the elements withingaepling volume) and number of
electrons that escape from the material being aedlythus, produce a spectrum of
emission intensity versus electron binding enekgy.(8). The presence of peaks at
particular energies indicates the presence of aifgpeslement in the sample.
Moreover, the intensity of the peaks is relatedht® concentration of the element
within the irradiated region.

XPS requires an ultra-high vacuum (UHV) conditiohscause electron
counting detectors in XPS instruments are usudkgequl above one meter away
from the material irradiated by X-rays.

For each element, a unique set of electron bindimeggies, which corresponds
to each core atomic orbital, i.e. each element gille a set of peaks in the
photoelectron spectrum at kinetic energies detexthivy the photon energy and the
respective binding energies.

The binding energy of the emitted electropssgiven by equation:
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E, =hv-E, - ®,

Wherehv — photon energy; & kinetic energy of ejected electrods; — is the

work function of the spectrometer.
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Fig. 8. Basic principles of X-ray photoelectron spectroscop

As it was already mentioned, XPS peak areas atmadrbinding energies can
be used to quantify concentration of the elemeritisinvthe irradiated region. If we
assume that the sample M is uniformly illuminated ahe entrance aperture of a
spectrometer is small, the general expressiorhirtensity of an XPS peak can be

written as:

|, =1, (W)T(E,)DIE, )TNA(z)ex;{—m}dz

0 A

where

|, is the X-ray flux on the sample,
o ,(hv)is the photoionisation cross-section,
T(E,)is transmission efficiency,

D(EA) is the electron detector efficiency,
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N, (z)is the A atom distribution with depthinto the sample surface,
A, (E, )cosBis the depth from which photoelectrons can be ewhitt

It is also important to note that XPS detects ahiyse electrons that have
escaped into the vacuum of the instrument, i.eséhoriginated from within the top
1 to 10 nm of the material, depending on the X-eagrgy. All photo-electrons
emitted from deeper parts of the sample are er@aptured or trapped in various
excited states within the material.

Since the photoionisation process results in botk-tevel electron and Auger
electron emission in addition to the XPS peaks,suesl spectrum also contains the
Auger peaks.

In fact, XPS is very complicated technique andreamore in detail about it
you can in ref. [41].

The chemical composition and structural propemiethe sputtered thin films
in this work were analyzed bgx situ X-ray photoelectron spectroscopy (XPS).

Experiments were performed on an ultra high vacaystem shown in Fig. 9.

Fig. 9. XPS spectrometer.
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System is built around an UHV spherical experimlect@amber pumped by a
chain of titanium sublimation pump, a turbomolecyamp and an oil-free scroll
rotary pump. The chamber base pressure is in tffePED range. A preparation
chamber is connected to the experimental one andake pressure is around
5x10° Pa. XPS system is equipped with an energy ana§2&CS Phoibos MCD 9
and a dual Mg/Al X-ray source with total energy aleson AE = 1 eV.
For measurements described in this thesis only AXKray source (1486.6 eV) was
chosen because lower photon energy of the MdgXKay source (1253.6 eV) would
lead in principle to higher and more inclined noreér Ce 3d spectrum background
and consequently to lower peak fitting precisiorg Kb X-ray source was used only
to indentify auger peaks on the photoemission spect

The atomic concentration of platinum in the Pt-Ge@talysts was calculated
from areas of Ce 3d, Pt 4f and O 1s XPS peaks mgusPS sensitivity factors.
However, it should be noted that the obtained \saloerresponded only to the

surface concentration due to surface sensitivitfRs.

2.3.4. Measurements of the film thickness

Measuring the thickness of the deposited films y@scisely is important for
the experiments described in this work. Thicknesga® determined using the AFM
technigue by measuring the height of a step froenshbstrate surface to the film
surface. Step is formed by masking fresh Si sutestrg a droplet of varnish during
deposition of the films. After deposition, the viam droplet is removed
(see Fig. 10a).

This procedure allows us to obtain the perfect ghenge (see Fig. 10b)
between bare substrate (surface, masked by varargh)atalyst films on Si (non
masked surface). By using an AFM scanning of thedasa profile in direction
perpendicular to the edge we can calculate theahfiton’s thickness which directly
corresponds to the height of the step on AFM im@ge Fig. 10b, c and d). As the
vertical resolution of AFM is 1A, the calculatednis thickness would be very

accurate.
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—y g
‘ AFM cantilever

Fig. 10. Schematic illustration of the film thickness mgaments process using
AFM.
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3. RESULTS

3.1.Cerium oxide based catalyst prepared by

magnetron sputtering

3.1.1.Introduction

Cerium (cerium oxide, Cefpis a member of the lanthanide series of metals
and is the most abundant amongst the rare-eartheals in the earth’s crust. It
exists in two stable stoichiometries: Ge&ihd CegOs. The electronic structure of the
CeQ is characterized by unoccupied 4f states of* @ehilst the CgOs trioxide
(Ce*) has 4t configuration [42]. Ce®is the most stable phase at room temperature
and under atmospheric conditions. It is one ofrttwest widely used rare earth metal
oxides in catalyst science where it plays an ingurtrole because of its unique
feature — the C&/Ce** redox couple, with its ability to switch betweee@ and
Ce03 providing the active oxygen in the catalytic réaws [43, 44]. This makes
CeQ a promising substance either as a support or asctwe catalyst. All these
properties, combined with the abundance of cerimnearth, make ceria a low-cost
highly effective alternative to noble metal catésys

CeQ crystallizes in the fluorite structure in which bacerium ion is
coordinated to eight oxygen neighbours, which make§€ more stable and the
reduction of C& to C€* unfavourable. Hence, the promoting effect of pue©Q0n
oxidation reactions is poor. One of the best sohgito overcome this problem is to
create defects or substitute another metal or neside into the ceria lattice. Such
modifications in the structure of ceria give nevoperties to the catalysts, such as
density, ionic conductivity, higher catalytic actyw[45-47].

Many studies have been published concerning cestadwith a noble metal
for boosting catalytic activity. Such systems ardely used as a catalyst in different

oxidation processes such as oxidation of CO [48mieation of CO and NQ
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contaminants from automotive exhaust gases [49iemgas shift reactions [50],
oxidation of ethanol [51], and decomposition of hatol [52]. The most studied
systems are ceria doped with more active, but etsdme time more expensive,
metals such as Pd, Pt and Au.

Cerium oxide supported gold catalyst prepared [ffer@int methods has been
proposed as promising candidate for applicationS@oxidation reactions [53, 54].
It was shown that the catalytic activity of Au diers supported on ceria increases
with increasing concentration of oxidized gold spe¢55, 56].

One of the most important catalytic properties efix is its ability to oxidize
hydrocarbons along with carbon monoxide and hydroder these reasons the
properties of ceria containing small amounts ofh®e been investigated for the
development of PEMFCs [20, 57, 58]. Interactioncefia with hydrogen leads to
formation of higher concentration of €eons due to surface reduction [59], i.e.,
creation of oxygen vacancies. Density Functionagdrig (DFT) study [60] shows
that the adsorption of molecular hydrogen on csuidace is energetically favoured
and depends on the surface structure. Adsorptiod afom causes ¢e— Ce*
reduction of the neighbouring single Ce ion. Ponporated in Ce®matrix enhance
hydrogen molecule dissociation to protonic hydrogad increase hydrogen storage
capacity of the catalyst [61, 62]. Taking all tiviso account, Pt mixed with CeO
looks to be very promising as a heterogeneous ysatah the field of fuel cell
technology.

As already mentioned in the “Overview”, the morgpf of a catalyst plays a
crucial role in catalytic activity. Increasing ttspecific surface area of the same
amount of catalyst would lead to a significant ease its activity and at the same
time will reduce catalyst cost.

It is possible to modify the morphology of depogitdms by changing the
preparation parameters, such as the depositionoa&thvorking pressure, inert and
reactive gas flow, substrate temperature, typeubktates, the film thickness etc
[63, 64] and thus to form a catalyst with high agd area. Hence, the deposition
process should be optimized to be able to conbiyllaroduce a high surface area
catalyst. This chapter is devoted to the invesbgabf the influence of different
parameters on structure and surface morphologye@h &s well as Pt-Cefand Au-
CeQ composite catalyst thin films prepared by magnetspattering deposition.

Characterization tools such as XPS, SEM and AFMewesed to monitor variation
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of the surface morphology and the structural priogerof catalyst films with
deposition parameters. The activity of Pt-Ge@nhode catalysts prepared by

magnetron sputtering deposition was investigatddhboratory-scale PEM fuel cell.

3.1.2.Deposition angle influence

In subsequent section we will investigate the dejomsangle influence on the
morphology and stoichiometry of sputtered Pt dope@ catalyst films.

Glancing angle deposition (GLAD) quickly attractettiention of the thin film
community. This technique is capable of fabricatindered nanostructures when the
flux of deposited molecules or atoms arrives aphiique angle from the substrate
normal, and under conditions of limited adatom rigbiThese lead to the formation
of thin films with large surface area [65].

i Shadowed
region

Fig. 11. Schematic illustration of GLAD process.

The GLAD process is schematically shown in Fig. tlutilize the ballistic
self-shadowing effect which occurs when a flux efperized atoms or molecules
arrives to substrate at oblique angle (>70°). Is tase, the growing nuclei shadow
the area opposite to incoming flux and therefoeefilm grows through formation of
columnar structures separated from each other lysvand inclined toward the

source of the flux [66-69]. All these are perfeciorking when using vapor
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deposition techniques where the trajectories obdiggd atoms are straight lines and
the flux is well collimated.

In order to support the assumption about the déposangle influence on the
morphology of thin films prepared by magnetron sgniig deposition technique,
where the mean free pass for atoms is limited ktively high working pressure,
we sputtered simultaneously the Pt-Gekin films on the Si(001) wafer substrates
placed in direction parallel and almost perpendictd the sputtering target, i.e. at
normal deposition (ND) and GLAD conditions. The qmsite films were prepared
by using simultaneous magnetron sputtering of Bt@eQ from two targets using
two magnetrons: RF magnetron for Gesdd DC magnetron for Pt. The thickness of
the film was estimated to be around 20 nm. The GlaDle determined from the
deposition distance and size of the circular spuatjetarget was smaller thafs6to
the surface plane. Argon pressure in the depositiseimber was kept constant
at 2.7 Pa.

High resolution SEM was performed for investigatmisurface morphology
of coated Si(001) substrates. Detailed SEM imadabeoND and GLAD samples
are shown in Fig. 12 and indicate significant ddfece in surface morphology
between those two samples. The ND sample exhibitgively flat continuous
morphology (Fig. 12a) while the GLAD sample surf&&eomposed of larger grains
(Fig. 12b).

Fig. 12. SEM images of Pt-Ce@hin film sputtered on Si(001): a) ND; b) GLAD.
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The morphology of the Pt-Ce(3i(001) was further characterized using atomic
force microscopy (AFM). 3-dimensional AFM imageD@x500 nm) recorded in
height scan mode are plotted in Fig. 13a, b. The foughness (g for ND and
GLAD samples calculated using AFM software wererthand 2 nm respectively.
The increase of the surface grain size and of tlfase roughness suggests that
GLAD leads to the formation of columnar structure tbe films, which is in
agreement with previously published results [66-89]e important observation of
this study was that this changes in morphology leagdignificant changes in the

chemical composition of the catalyst.

500 nm

Fig. 13. AFM images of Pt-Cegihin film sputtered on Si: a) ND; b) GLAD.

Chemical state and composition of the catalystsewevestigated by X-ray
photoelectron spectroscopy. The Ce 3d core levé& Xpectra of the Pt-Ce@im
deposited on the flat Si substrate using ND and Blodnditions are presented in
Fig. 14a. The bottom spectrum (ND) consists of eh8ef’>-3c® spin-orbit-split
doublets characteristic of stoichiometric Ge@ray lines in Fig. 14a). In Fig. 14a,
the upper spectrum (GLAD) shows the XPS Ce 3d specbbtained for the film
deposited on Si at GLAD conditions. It reveals sneahtribution of C&" states
characterized by two additive doublets (blue lin¢&)]. Appearance of Cé
corresponds to a partial reduction of cerium oxflecording to these results we can
conclude that the deposition of Pt-Ge@ GLAD conditions leads to a partial

reduction of cerium oxide.
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The corresponding Pt 4f XPS spectra are showngnHb. The spectrum of
the ND films (see the bottom spectrum) exhibits & 4F'%4f? doublet at
74.4-77.8 eV corresponding to*Pf71]. In case of GLAD sample (upper spectrum)
new doublet appears in addition t8'Rit energies of 72.7 and 75.9 eV which can be
attributed to the Pt species [43]. No metallic Pt signal (71 eV) wasedtsd, which
showed that platinum atoms in the ceria layers fally ionic. Mechanism of
formation of platinum ionic phases during magnetcorsputtering of Pt and CeO
can be explained in following way. Intensive argon bombardment of the CgO
target causes emission of cerium and oxygen at@xggen is mixed with argon in
the deposition chamber by forming reactive plasrmbava the target surfaces.
Consequently Pt and Ce atoms travelling throughrélaetive plasma are oxidized
and mixed at the substrate. The hypothesis of ggex plasma oxidation of Pt is
supported by work of McBride et al [72], showingtheactive sputtering of Pt in
oxygen leads to growth of platinum oxide film witlicany metallic platinum. In
addition, one can see that platinum oxidation stated ceria stoichiometry are
related somehow. The appearance dof Rt accompanied by the formation of

reduced ceria.
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a)_' XPS Ce3d ) b) XPS Pt 4f |<*"“'-)|
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Fig. 14. XPS a) Ce 3d and b) Pt 4f spectra of Pt-g#&@n film sputtered on Si at ND
and GLAD conditions.
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In summary, Pt-doped cerium oxide catalyst filmspared by co-sputtering of
Pt and Ce@ reveal only cationic platinum in Ptand Pt" oxidation states in
agreement with our previous published works [73-Ti6]the case of the deposition
on the Si wafer at glancing angle deposition coonl, we have the formation of
Ce*" and PY". Because GLAD leads in general to formation ofopsr columnar
structures, the simultaneous Ge@duction and Bt appearance may be related to
morphological changes in the films. The reducedaittar of rough layers can be
explained by a general effect of formation of defeand oxygen vacancies at oxide
edges and steps [77].

According to the described above results it seemasanable to expect the
same effect in the case of catalyst film depositoon CNTs as well. The main
difference between the flat substrate and the CNlTrsthe deposition angle. In case
of the flat sample we used normal deposition (NBy)ditions, while in the case of
cylindrical substrates, like CNTs, a noticeablet pfr the films grow at grazing
incidence, i.e. at GLAD conditions. Therefore, @ems reasonable to expect a
variation of the film homogeneity as a functiontbé deposition angle across the
single nanotube (Fig. 15a).

To prove our suggestion, Pt-Cefdms were deposited on MWCNTSs at equal
conditions to that described above in this sectibetailed SEM image of the
MWCNT/GDL sample coated by Pt-Ce@m is shown in Fig. 15b.

Pt-CeO: flux
a)

Fig. 15. a) Schematic illustration of deposition angle véina across single CNT;
b) SEM image of the MWCNT/GDL sample coated byd@,@im.
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Indeed, it represents the morphology of the catdiyms characterized by
partially porous coating. From this image one castirtjuish that the film
morphology changes from top part, where the filmests a compact structure, to
side part, where structure is rough.

According to experiments provided in this sectignis obvious that for the
preparation of the catalyst flms with higher sfiecsurface area we just need to
change the angle of deposition or deposit filmscglindrical substrates (CNTSs).
Additionally, the adjustment of the morphology betfilms leads to changes in the

chemical composition.

3.1.3. Supportinfluence

The choice of suitable support materials for theMIPE catalysts is also an
important factor that can significantly affect tiperformances by modifying its
catalytic activity. Therefore, to continue our istigations regarding the morphology
of Pt-CeQ films prepared by magnetron sputtering, we ingagéd an influence of
different types of substrates on the film’s morgyy. We deposited the catalyst
films on different planar substrates at ND condisioContrary to the CNTs substrate
in this case the deposition angle influence caexmuded and the film thickness is
constant across the whole sample.

First, it is essential to measure fresh substratdse sure its initial roughness
will not influence the further growth of the film&ig. 16 shows AFM images of
silicon, graphite foil, HOPG and glassy carbonliregbstrates recorded using height
scan mode.

Without proper treating, surface of Si(100) wafeways covered by natural
silicon oxide. It should be noted that in all expents described in this work we
will use only as-received Si(100) wafers i.e. cedeby silicon oxide. According to
AFM investigation the Si wafer substrate has vdat tontinuous morphology
(Fig. 16a). The surface roughness)(Betermined from presented AFM image was
about 0.06 nm.

Bare graphite foil is composed of graphite sheeith & very flat surface
(Fig. 16b). Selected AFM image shows hexagonall@hadtructures. Each graphite
sheet is atomically flat and the thickness of estedet was estimated to be 0.3 nm.
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Fig. 16. AFM images of fresh substrates: a) Si(100); b) gitepfoil; c) HOPG,;
d) glassy carbon.

29



Highly ordered pyrolytic graphite (HOPG) is a canbuaterial with crystalline
structure. It is well known that the surface of H®I easy to prepare, chemically
and thermally stable and it have atomically flatrfates with large terraces
(see Fig. 16¢).

Glassy carbon is another interesting carbon matdties a non-graphitizing
carbon which combines glassy and ceramic propertisthose of graphite. It has
also relatively flat surface (Fig. 16d). The & fresh GC surface was estimated to be
about 0.2 nm.

We can conclude that all described above substizes a relatively flat
surface, which can not affect substantially the photogy of sputtered Pt-CeGhin
films.

In order to verify how the Pt-ceria catalysts wointeract with different types
of substrates we first deposited 20 nm thick catafiims simultaneously on the
silicon and graphite foil wafers placed together tve sample holder of the
deposition system. We used the same depositiomeseas as described in previous
section (see “Deposition angle influence” sectiorgelected SEM images
representing the substrate influence on morphotddlye films are shown in Fig. 17.
The high resolution micrographs of the silicon @dva homogeneous surface
structure giving no structural features resolved $iyM (Fig. 17a). Contrarily,
Fig. 17b shows very rough surface morphology of ¢atalyst film deposited on
graphite foll.

Fig. 17. SEM images of Pt-CeQilms sputtered on different substrates: a) Si§100
b) graphite foil.
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We additionally carried out inspection of the sam@&mples by AFM.
In Fig. 18a and b we show AFM images of Pt-@&Dand of Pt-Ce&graphite foil
respectively. Calculated surface roughnesg @howed a dramatic difference in
morphology between those two samples: 0.1 nm lmisfdeposited on silicon and 6

nm for Pt-CeQ on graphite foil, which confirms SEM investigation

Fig. 18. AFM images of Pt-CegJilms sputtered on different substrates: a) Sij100
b) graphite foil.

It should be also noted that the same flat strecas observed for the silicon
substrate were obtained for copper and gold substi@ot shown herein). These
results clearly showed that an interaction with ¢eébon substrate played a crucial
role in predetermination of the growth mode of #eCeQ films prepared by
magnetron sputtering.

We should emphasize that even ND on carbon substieads to the formation
of extremely rough structure. Therefore, in additio the graphite foil we deposited
Pt-ceria composite films at conditions equal tosthaescribed above, on different
types of carbon substrates: MWCNTs, HOPG and GC.

Fig. 19a and b represent SEM images of Pt-(Jé@s deposited on MWCNTSs
at different magnifications. We can see that thilgst film exhibits very rough
structure in the case of MWCNTs substrate as v@dimparing with our previous
results (See “Deposition angle influence” sectionhere the morphology of the

films deposited on MWCNTs was inhomogeneous withpooous parts due to the
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effect of the deposition angle (see Fig. 15b)his tase catalyst films exhibit higher
porosity over the whole MWCNT. From these resuttsan be assumed that besides
the deposition angle influence, carbon substradstabally affect the morphology of

the deposited Pt-ceria films in the case of demysitn MWCNTS.

Fig. 19. SEM image of MWCNTSs coated by the porous catalys &t different
magnifications.

The additional information about the film morphojogan be obtained from
the side view of coated MWCNT (Fig. 20a). From timsage one can clearly
distinguish well separated columnar-like structofedeposited films. This image
also shows that even screened side of the coatedCNIW (opposite to the
sputtering target) is covered with the catalyshfivhich can be explained by the
surface diffusion of deposited species and/or layteang of incoming particles with
background Ar atoms.

In order to obtain AFM image of CNT covered by ttegalyst, the pristine
nanotubes were first dispersed in N,N-dimethylfomrde (DMF) at a concentration
of 1 mg/30 mL in ultrasonic bath and then deposttetb a Si wafer using spin-
coater. This technique allows us to prepare sep@dnadnotubes on a flat substrate
and avoid the formation of nanotubes bunches wiscimore suitable for AFM
measurements. After this we deposited Pt-CB@&s on those nanotubes. Fig. 20b
represents corresponding AFM image of single MWCddlered by the catalyst
film.
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Fig.20. a) SEM image of MWCNT coated by the porous catélgs{side view);
b) AFM image of single MWCNT covered by the Pt-Cefalyst.

It confirms the rough character of the films obsehby SEM. Film roughness
calculated from this image along MWCNT was arounan?, which is even higher
than in case of catalyst films deposited on flaboa substrate (see Fig. 18b). This
can be explained by deposition angle influence tamfdilly to the carbon influence

on the film growth.

Fig. 21. SEM image of HOPG coated by the Pt-Ge@talyst: a) normal view; b)
tilted view.

On Fig. 21a we show the SEM image of the catalyasfdeposited on HOPG.
We can see that we obtained the same morphologlyeofilms, as in case of the
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graphite foil substrate (see Fig. 17b). High pdyosf the films is given by a growth
of catalyst islands separated by open, voided bemiesl Due to planar character of
the sample we could also check the layer verticajpmology by using a tilted view.
The sample was tilted by 45° relative to the swafaormal towards the view plane.
The tilted SEM image (Fig. 21b) showed columnamghoof the deposit as in case
of the MWCNT substrate (see Fig. 20a). The vertgtalictures are composed of
bonded vertical nanorods forming together wall bkeuctures.

Fig. 22 contains the SEM images of the same cdtéilyss deposited on flat
glassy carbon, i.e. on non-crystalline carbon satest We can again see that we
obtained similar films morphology to that of the HG substrate in Fig. 21a and
graphite foil in Fig. 17b. High porosity of therfilagain is given by a growth of well
separated catalyst islands which seems to bdeadittsmaller regarding the previous

cases.

Fig. 22. SEM image of glassy carbon coated by the Pt-Gxalyst.

The results obtained on different carbon substrategest that the observed
catalyst-support interaction is a general behawbr the platinum-ceria film
interaction with any type of carbon surface.

In summary, we have found that morphology of Piacaromposite films
prepared by magnetron sputtering depends on the dfsubstrate. It leads to the
formation of extremely rough structure when demabin carbon substrates.
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It is likely that growing mechanism and stoichiometf the films also depend
on working conditions, particularly gas pressusggen concentration in the plasma,
the deposition speed etc. For better understanafirigis complex process, further

study focused on influence of working parameterseisessary.

3.1.4. Doping influence

In this section we investigated Pt and Au dopinftueance on morphology of

metal-cerium oxide co-sputtered films depositec¢aron substrates.

3.1.4. 1. Platinum doped CeO, films

In order to do this we first deposited cerium oxdibped with Pt and undoped
cerium oxide films on graphite foil at equal comalis. The thickness of the films
was estimated to be about 20 nm in both casesrieeatration determined by XPS
for Pt doped Ce®film was about 4 at% relative to a total amountG& and O

atoms.

Fig. 23. a) CeQ; b) Pt-CeQ films deposited on graphite foil.

Fig. 23 represents selected SEM images of C@&y. 23a) and Pt-CeO
(Fig. 23b) films. These images clearly demonsti#at there is no significant

influence of platinum on the films growth. In bathses films reveal similar (very
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rough) morphology. Therefore one can conclude #&mbedded Pt atoms do not
make significant influence and porous films areegivonly by interaction of CeO

with carbon substrate.

3.1.4.2. Gold doped CeO- films

More precisely we studied the effect of Ge@oping by gold. We used
MWCNTSs as the substrate for this investigation.

In order to investigate sputtered thin film propstwe first prepared two
samples with different thickness of Ce@ims sputtered on MWCNTs: CeO
(10 nm) and Ce®(30 nm). High resolution SEM was used for investiign of
surface morphology of the Ce@oated MWCNTSs. Detailed SEM observation of
CeQ films with different thicknesses, deposited on MWI3 is presented
in Fig. 24a, b.

Fig. 24. SEM image of Cedilms with different thicknesses on MWCNTSs:
a) 10 nm; b) 30 nm.

These images show that the roughness is decreasthgincreasing film
thickness. The thinner Cedilm (10 nm) reveals highly porous structure with
isotropic porosity over the whole coated MWCNT agd (same as it was observed
for Pt-CeQ on MWCNTS in previous section). Unlike the Ge@O0 nm), the thicker

Ce(Q coating (30 nm) reveals much less porous struetittenonporous parts.

36



Chemical state and composition of the films wenresgtigated by using X-ray
photoelectron spectroscopy. The Ce 3d core leved Xpectra obtained for CeO
film deposited on MWCNT/Si for both samples aresprged in Fig. 25. Ce 3d
spectrum consists of threeseBds;, spin-orbit-split doublets characteristic of Ce
(CeQ) states and two doublets of £¢Ce0s). The Ce 3¢4f° peak is fitted by an
asymmetric feature accordingly to [78]. The appeeeaof C&" means that the
deposition of Ce@on the MWCNTSs leads to a partial reduction of werioxide.
The Cé&'/Ce* peak area ratio for CeQ10 nm), is higher than for Ce@30 nm),
(see Table 1) indicating that more oxygen vacanarespresent in a more porous
structure. C&, in turn, is characteristic of the thicker film. less porous structure.
It suggests that cerium oxide bulk is stoichiontetsihilst CE* can be associated
with cerium oxide film surface. Comparing theseutts with those obtained in
“Deposition angle influence” section, where Gefas sputtered on Si(001) substrate
and no evidence of reduced ceria was observedHiged4a, bottom spectrum) we
can assume that carbon substrate exhibits a signtfiinfluence not only on

morphology but on stoichiometry of sputtered G&@n films as well.
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Fig. 25. Ce 3d XPS spectra of the Gei@dms with different thicknesses on MWCNTS:
10 nm and 30 nm.

Next step of our work was devoted to doping of géltns by gold. The films

of the same thickness as described above in tltisosewere prepared by using
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simultaneous magnetron sputtering of Au and £ddm two magnetrons.
Simultaneous magnetron sputtering of gold and oeoxide on MWCNTSs provides
oxide layer continuously doped with Au atoms duritfie growth. Atomic

concentration of Au related to ceria was about t%as calculated from Ce 3d, and

Au 4f peak areas by using the XPS atomic sensgitfaittors.

Fig. 26. SEM image of Au-Cedilms with different thicknesses on MWCNTSs:
a) 10 nm; b) 30 nm.

Fig. 26 shows SEM images of MWCNTs coated by twzesyof the Au-Ce®
thin films: a) 10 nm; b) 30 nm. They reveal morgmigxes very similar to those
obtained for undoped CeQilms (Fig. 24a, b). The Ce 3d spectra (Fig. 2&ksp
showed the same tendency for Au doped and undope€d fims, i.e. C&"/Ce™
peak area ratio decreased with increasing filmktiess (see Fig. 27a and Table 1).
Therefore one can conclude that embedded Au atoonsiad make significant

influence on ceria stoichiometry.

CeQ(10 nm) | Ce®@30nm)| Au-Ce®10 nm) | Au-Ce®30 nm)

ce¥/ce” 0.12 0.06 0.11 0.05

Table 1. Ce*/Cé' peak area ratios for different Ce@nd Au-Ce@thicknesses.
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Fig. 27. XPS a) Ce 3d and b) Au 4f spectra of the Au-dé@s with different
thicknesses on MWCNTSs: 10 nm, 30 nm.

The Au 4f XPS spectra obtained from the Au-dopethddms with different
thickness deposited on MWCNTs are plotted in Figh.2In the case of
Au-CeQ (10 nm) (bottom spectrum), the Au 4f spectra asenmosed of two
doublets at binding energies 83.5/87.3 eV and 88.3/eV, respectively. The first
doublet corresponds to metallic Awhile the second state can be associated with
oxidized Au species [79, 80]. In case of thicker films (upgeectrum) new doublet
appears in addition to Awand AU at energies of 86.8 and 90.4 eV which can be
attributed to the Ati species [80, 81]. Absolute concentrations of,Aau* and Ad*

for different Au-CeQ thicknesses are shown in Table 2.

Au-CeQ(10 nm) | Au-CeQ30 nm)
Au° 0.68 0.53
Au* 0.32 0.29
Au®* 0 0.18

Table 2. Auo, AU and Ad* absolute concentrations for different Au-GeO
thicknesses.
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We can conclude that low concentration of embedtledtoms does not make
significant influence on morphology of thin filmadiceria stoichiometry but in turn,
ceria stoichiometry makes influences on gold oxatastates [82]. It leads to the
formation of a relatively high concentration of dized gold (50%). According to
these results for further investigation of the betafilms growth we will use the
undoped ceria films.

By comparing the XPS spectra we can also assuniehkaical composition
of the catalyst changes with increasing film thiegs in following way: 1) decrease
of C€" and increase of Ce& concentrations; 2) decrease of *Aintensity and
appearing of At states. Therefore, it seems reasonable to inegstitye influence
of film thickness on the morphology and stoichiometf the films prepared by

magnetron sputtering.

3.1.5.Film thickness influence

Thickness of deposited catalysts is another impbgarameter, influencing its
activity [83]. It affects the cost of catalysis r@lagh the catalyst loading) and can
have a crucial impact on the film structure and photogy.

As already mentioned above, the morphology ancchsminetry of catalyst
films depend on the film thickness (see “Dopingdmnid” subsection). In order to
investigate this phenomenon more in detail, £&ls with different thicknesses
were deposited on graphite foil by simply contralithe deposition time. This
experiment will allow us to monitor the morphologyanges from the early stage of
the film growth. Deposition was carried out usinggnetron sputtering of Celn
an Ar atmosphere at 2.7 Pa working pressure. Welldhalso mention that the
deposition rate in this case was estimated to twenar 1 nm/min.

In order to follow the effect of film thickness lnénce on the morphology of
deposited Ce® films, all samples were studied using high resotutSEM.
Morphology evolution of Ce@thin films during sputter deposition studied byMsE
is plotted on Fig. 28 (the width of each strip@@ nm).

We can observe dramatical change in the surfacphotogy after increasing
the deposition time from 30 sec to 30 min. Thesages show that the roughness
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Omin 0.5 min 1 min 1.5 min 2 min 3 min 5 min 12 min 20 min 30 min

Fig. 28. Morphology evolution of CeGputtered on C-foil for different deposition
time studied by SEM.

Fig. 29. Morphology evolution of CeQleposited on graphite foil for different
deposition time studied by AFM: a) 0 min (freshgnige foil); b) 30 sec; ¢) 1 min;
d) 3 min; ) 5 min; d) 12 min.
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tends to gradually increase with increasing filnckhess unless the film is thick
enough and eventually covers porous structure fogrdenser films.

As the resolution of SEM does not allow us to obsesmall structures of thin
films at the early stages of the growth, the AFMalgses were additionally
undertaken for samples from 30 sec to 12 min dépastime. Fig. 29 shows the
morphological changes in Ce@hin films during the sputter deposition studigd b
AFM. Table 3 shows the Roughness parameters calculated from represerfétl A

images using AFM software.

Deposition time | 30 sec Imin| 3min| 5min 12 min

R, 0.5 nm 1nm 25nm 3.2nm 6.3 r{m

Table 3. Ryvalues obtained for CeQilms with different thicknesses deposited on
graphite foil.

Fig. 29a shows atomically flat surface of freshphite foil. At the beginning
of the growth (30 sec of deposition) we observes fttrmation of slightly rough
surface, which consists of small grains (Fig. 2%ijth increasing of the deposition
time the grains are increasing in size and coatescéorming fractal like structure
and, at the same time, we observe larger voidetwden the grains (Fig. 29c, d). At
12 min of deposition time a significant increassumface morphology was observed.
We can distinguish columnar structure of the filarsl it seems that the columns
originate from individual nucleus formed at the ioeing of the growth
(see Fig. 28). Further increase of the deposiiime {30 min of deposition) leads to
further morphological changes: cerium oxide pillansd together and reveal much
less porous structure (see Fig. 28). We can coacthdt at the carbon-catalyst
interface the sputtered Ce@lm forms a nanorod structure. In the case ofkéic
layers the effect of the interface decreases assl p@rous films are grown. This
actually explains appearance of the partial poyasit MWCNTs on Fig. 15b (See
“Deposition angle influence” section). The thickeesf deposited films changes
across the single MWCNT: it is thicker on top oé tMWCNT and thinner at its
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edges. However, the assumption about the deposinghe influence in case of
MWCNTSs still remains valid.

We also carried out the XPS study for 1, 5 and 20 oh deposition samples.
The Ce 3d core level XPS spectra of the £Blths with different film thicknesses
deposited on the flat graphite foil substrate aes@nted in Fig. 30.
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Fig. 30. XPS Ce 3d spectra obtained for Ged@posited on graphite foil for 1,
5 and 20 min.

We can observe the &estate intensity in all cases, which confirms tte
deposition of Ce@on graphite foil leads to a partial reduction ofiwe oxide [26].
In the case of the films deposited for 20 min tlative concentration of Cestates
is less pronounced (upper spectrum) than in the chthe films deposited for 1 min
(bottom spectrum). Calculated TAe* peak area ratios for all three samples are
shown in the Table 4. These results indicate thaenoxygen vacancies are present
in thinner films i.e. closer to the carbon-ceriteiface. C&, in turn, characterizes
thicker films.

Comparing these results with previous work (seepti3&ion angle influence”

section), where CeQ was sputtered perpendicularly on Si(001) substrate
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(see Fig. 14a), we can assume that carbon-ceriulae oxiteraction exhibits a
significant influence on stoichiometry of sputter€dQ thin films resulting to the
formation of reduced ceria layers as it was in case GLAD conditions
(see Fig. 14a).

Deposition time 1 min 5 min 20 min

ce¥/ce” 0.43 0.33 0.25

Table 4. Ce™*/Ce" ratios for CeQ deposited on graphite foil for 1, 5 and 20 min.

This experiment proves that morphology and stoittgty of ceria based films
prepared by magnetron sputtering strongly dependlefilm thickness. Hence, we
are able to tune the morphology, i.e. the activéase area, and stoichiometry of the
ceria based catalyst by simply changing the deiposiime.

To understand the mechanism which takes place atirtterface between
deposited Ce®films and carbon substrate, the ceria films depdsonto graphite
foil were dissolved out in 50 % sulfuric acid sabut afterwards [84].The acid
treatment was carried out at %D for 24 hours. In Fig. 31 we present SEM and AFM
images of 5 nm thick CeQfilms on graphite foil before (Fig. 31a, c¢) andeaf
(Fig. 31b, d) the EBO, treatment. XPS spectra (not shown herein) showed n
evidence of ceria afterJ 30, treatment. As XPS is well known as surface tealiq
EDS was applied in addition to XPS. EDS spectra alsntained no ceria peaks
indicated that ceria was truly vanished. Accordiognicroscopy study it is evident
that the carbon surface, after the ceria film hesnbremoved, revealed very similar
surface morphology to that of the Ce®oating structure. Rcalculated from
presented AFM images were 2.7 nm and 2.1 nm raspBctlt seems that only the
top parts of the vertical structures have been wemdoy the acid treatment. As we
observed no evidence of ceria on the acid treadetpke, these top parts of vertical

structures probably were the cerium oxide films.
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Fig. 31. SEM images of Cefb nm) on C-foil: a) before $5Qy treatment; b) after
H,SQ treatment, and AFM images of C€®nm) on C-foil: ¢) before }¥$Q,
treatment; d) after E5Q, treatment.

Graphite foil

Fig. 32. Cross-section TEM image of Cg(B nm) on C-foil after EEQ; treatment
prepared by means of FIB.
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This experiment shows that the rough structure éofrhy the deposition of
Ce(Q on the carbon substrate using magnetron sputteridgtermined by the carbon
surface structure created during the films grovwdknce, the cerium oxide is just
copying the substrate structure during the demositi

In addition, for the acid treated sample we progideansmission electron
microscopy (TEM) imaging of a lamella cut out pergieularly to the interface by
using a focused ion beam (FIB) technique. It comdirour suggestion about the
rough carbon structure formation during the @sputtering on graphite foil. We can
clearly distinguish this structure in Fig. 32 (lighpart of image) in contrast with a
platinum film (dark part of image), which we areaugly using as a protection during
the FIB lamella cutting. We should also note th&Mr confirmed cerium oxide

vanishing after acid treatment.

3.1.6. Different deposition techniques

In order to find out if the growth of such porouknt is a special feature of
carbon substrate and/or deposition technique wpaped 1 nm thick CeOfilms
on graphite foil using two different deposition hle@ues: electron beam physical
vapor deposition (PVD) and magnetron sputteringcdse of the PVD, Ce@ilms
were grown by evaporation of Ce from a molybdenuacible heated by electron
bombardment in 5xIDPa oxygen atmosphere. 1 nm thickness was choseaude
it takes a very long time to prepare thicker filming PVD technique. Magnetron
sputtered Ceg¥ilms were prepared using the same condition asritesi above in
this work. Selected SEM images of those two samguleslemonstrated in Fig. 33.

Electron microscopy investigation clearly illusestthat only magnetron
sputtering deposition leads to the formation ofgtowsurface structure of CeO
(Fig. 33b), while the sample prepared by electreanb PVD method reveals a
relatively flat morphology (Fig. 33a). This cleadhows that combination of use of
carbon substrate and of the deposition technigilkeeimce is responsible for unique

growth of the cerium oxide thin films.
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Fig. 33. 1 nm thick Ce&on graphite foil prepared by: a) electron beam PVD;
b) magnetron sputtering deposition.

According to these results, the key to understandihy the ceria films grow
on the carbon substrates in such way lies in soangcplar features of magnetron
sputtering. The main difference between PVD andmaaign sputtering is that the
latter involves plasma in the deposition processnde, further work was provided to

evaluate the impact of plasma on carbon surface.

3.1.7. Oxygen plasma etching

It has been shown in literature that the morphologgarbon materials surface
can be modified by oxygen plasma [85-88], whichalsvays present during
magnetron sputtering of cerium oxide.

In order to investigate the oxygen plasma inteoactvith the carbon substrates
we started by exposing the glassy carbon (GC) mtbstto oxygen plasma for
different periods of time: 20 and 40 min.

Oxygen plasma etching of GC was carried out in &MR0 BalTec Modular
High Vacuum Coating System. The etching device istes of a ring-shaped driven
electrode, placed 2 cm above the grounded substodder. The etching was carried
out in pure oxygen (purity 99.999%) with total gasssure of 20 Pa. The discharge
current was set to 10 mA. The discharge voltage avismatically adjusted by the
MED 020 system to 650 V.
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A variation of surface morphology of GC surfacedependence on the oxygen
plasma treatment time was investigated by highluésa SEM. In Fig. 34 we show
selected SEM images representing GC substrateeaiatt and treated by oxygen
plasma for 20 and 40 min respectively. From thesages it is evident that
morphology of glassy carbon strongly depended @ dkygen plasma exposure
time. The 40-min of treatment led to the formatioh nanostructured surface
consisting of well separated vertical nanostrudwaented perpendicularly to the
substrate surface whilst the 20 min of treatmestilted in a finer dispersion of the

surface nanostructures.

0 min 20 min | 40 _min_

Fig 34. SEM images of untreated and treated for 20 anch#OGC surface.

0 min 20 min 40 min

Lpm” Lpm lpm “71pm 1pm  Lpm

Fig. 35. AFM 3D images of 1xkm GC surface: nontreated and treated for 20
and 40 min.
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In order to obtain more information about the stefaoughness, in addition to
the SEM characterization, AFM observations were fgoered. Morphology
evolution during plasma modification of GC subsisastudied by AFM is plotted on
Fig. 35. AFM imaging confirms the morphology oftfeéd GC and it gives additional
information regarding the surface roughness. Moigao of plasma modified GC
surface has been analyzed in terms of a surfacghnass (B. The R values
determined from 1xLuim AFM scan area for each sample are shown in Table
clearly shows that the increase of the plasmanresat time is accompanied by the

increase in the surface roughness.

Treatment 0 min 20 min 40 min
time

Ra 0.2 nm 2 nm 4.8 nm

Table 5. Ry values obtained for nontreated and treated for 28 40 min GC
surface.

For further investigation of the oxygen plasma etghof GC we partially
masked a part of fresh GC surfaces by a droplgaofish and placed the substrates
into oxygen plasma for the same period of time escdbed above in this section,
and additionally we put one more sample for 10 afitreatment. After removing the
varnish drops we observed formation of a steps é@twnon-etched (masked by
varnish) and etched GC surfaces (Fig. 36a). In ¥&tp, a SEM image and an AFM
profile of the step obtained for the 20-min treasadhple are shown. We can clearly
distinguish the treated and untreated parts obtistrate and determine the amount
of material etched away by simple measurement efstep height from the AFM
profile across the edge. The step height valueairdd from AFM profiles of all
samples are shown in Table 6. This means that gitine oxygen plasma etching of
the GC surface two processes take part simultahe@eemoval of a part of the GC

material and a surface nanostructuring.
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Oxygen etching

IR VAVAV)

Fig. 36. a) Schematic illustration of a step formation; li\Nsimage and AFM
profile of the edge obtained for the 20 min treatadple.

Treatment 0 min 10 min 20 min 40 min
time
Step height - 60 nm 200 nm 320 nm

Table 6. Step height values obtained for treated for 10a28 40 min GC surface.

Oxygen plasma etching technique allows us to pespmh surface area glassy
carbon substrate and to tune the surface roughams$sporosity by varying the
treatment time. Such modified glassy carbon makes rhaterial interesting as a
catalyst support in the field of electrochemispgyticularly for cyclic voltammetry
study of morphology-dependent thin film catalydi\aty.

In the second part of the experiment we prepare@,@kns by magnetron
sputtering of cerium oxide onto the GC substratee Working pressure was 2.7 Pa
and calculated deposition rate was about 1 nm/milthough the deposition takes
place in an Ar atmosphere, the working atmosphergains oxygen sputtered off
from the cerium oxide target. Therefore, one capeekthat growth of oxide thin
films on carbon substrate is accompanied by a samebus oxygen plasma etching

of the carbon substrate surface.
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Indeed, in the case of a 20 min of deposition tmeeobserved a formation of a
rough structure (Fig. 37) similar to the case oin@@ oxygen plasma etching of GC
(see Fig. 34).

Fig. 37. SEM image of CegJilms sputtered on GC substrate for 20 min.

In order to continue investigations of carbon micdiion by oxygen plasma
etching during oxide material deposition on carlsubstrate, we looked at the
roughness of the catalyst film/substrate interfa@ng transmission electron

microscopy imaging of a lamella cut out perpendidylto the interface using a FIB
technique.

3

catalyst

Fig. 38. TEM image of Ce@GC interface prepared by means of FIB.

51



Fig. 38 provides clear evidence of simultaneoudaaretching during the
deposition showing the formation of a rough inteefawith about 30 nm deep
cavities etched in the GC surface coated by thei20deposition catalyst film. This
well explains formation of the carbon rough struetafter removing ceria by 280,
treatment. Therefore, we can conclude that the E&Stgate is modified during the
magnetron sputtering of Cgln a way similar to the case of the oxygen plasma
etching. Thus, the observed behavior of porous Gi@s growth can be explained
by a simultaneous growth of the catalyst and etrbirthe GC substrate [89].

We are expecting that randomly distributed Ce-@ndé are formed at the
early stages of the growth and, simultaneouslypttygen plasma is etching the GC
substrate in the space between the islands. Ths®ls serve as an etching mask
and define the film morphology (see Fig. 39a). $pettering rate in this case should
be small enough to ensure sputtered particles tograt the surface and nucleus
formation, which is necessary for keeping the C@ase partially uncovered for
oxygen interaction with carbon. We suppose thatnduthe growth the incoming
particles will preferentially deposit on top of thaclei due to higher accessibility of
the upper parts of the 3D structures [90] and oerixide forms three dimensional
catalyst structures (Fig. 39b). Cerium oxides sllare growing while oxygen is still

etching non covered graphite.

(5]
e © -
Ar+0 plasma
o [~} ()
@ o
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A

Fig. 39. a) Model of simultaneous deposition and etchingrdumagnetron
sputtering deposition of Cefb) high resolution SEM image of Cefiim on GC
prepared by magnetron sputtering.
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Moreover, oxygen plasma etching of carbon is resida for the formation of
oxygen deficient cerium oxide at the film-substraterface. It perfectly agrees with
previous results (see “Film thickness influencettsa) where we showed by using
the photoelectron spectroscopy that the porous,@igfs deposited on graphite foil
were partially reduced (see Fig. 30). The deperslefithe C&/Ce"" ratios on the
film thickness pointed out that the films were morduced closer to the interface.

Generally, oxygen plasma etching involves reactibloxygen species in the
plasma with the substrate. Plasma is formed byréapy ionized gas consisting of
equal numbers of positive and negative chargediepemnd different number of
neutral species. According to the literature, feeeggen atoms (O), formed by
dissociation and ionization in plasma between sdestand oxygen molecules, have
been shown to be the dominant reactive speciedviedon oxygen plasma etching
process [91, 92]. In order to prove or disprové thaase of magnetron sputtering of
cerium oxide, we modified our deposition system.

We added the metallic grid inside the depositioancher which separated
carbon sample from the magnetron plasma, as showkigi 40. On the grid we
applied either positive bias (to reflect positivelyarged species) or negative bias (to

reflect negatively charged species).

Fig. 40. Schematic illustration of modernized magnetron tgping equipment.

The experiment gave us clear evidence that theme isfluence of positively

and negatively charged particles on the morpholafggeria films. According to the
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SEM investigation (not shown herein) the morpholagyceria films remained
porous even when we putted positive or negative brathe grid. This means that
only neutral particles, which are able to passughothe grid, are responsible for the
carbon substrate etching.

In our case, the etching process is assigned tahbenical oxygen plasma
etching, where the reactive oxygen atoms diffuseobthe plasma, adsorb onto the
carbon substrate surface and react chemically tvércarbon atoms forming volatile
products (CO or Cg which are pumped away during the etching. Thacess has
already been proven by monitoring £@roduction using mass spectrometer during
the etching process [93]. It also explains the fastoval of carbon from the sample,
see Fig. 36b.

The above presented results demonstrated examplleeotatalyst-substrate
interactions, which were enhanced by interactioplabma species with substrates
during ceria films growth. It resulted in influeng substantially physical and

chemical properties of the catalyst films.

3.1.8. Deposition rate influence

It is likely that deposition rate should be smalbagh to ensure carbon etching
by oxygen plasma during CeQleposition and thus, to form porous catalyst
structure. In order to estimate an influence ofad@mon rate on the morphology of
thin films, we deposited CeQilms on graphite foil at different deposition eat At
the same time the film thicknesses were kept cahdtaexclude films thickness
influence (see “Film thickness influence” sectiop obtain different deposition
rates and keep the film thickness constant, RF pawsevell as the deposition time
had to be changed accordingly.

First, we checked how deposition rate dependedfopdrver. The deposition
was carried out at constant value of pressure Ra)7 Calibration was provided by
ceria deposition on the varnish drop/Si substrateevaluate the correct films
thicknesses. In Table 7 we show the results ofdkgeriment. We found that such

RF power/deposition rate dependence is almostrliffeg. 41).
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Using this graph we can predict the deposition ftate the value of RF power
applied on the ceria target. We should mention,dwar; that when we set 10 W of
RF power we could not measure the film thicknesgrfeafter 1 hour of sputtering).
Obviously, 10 W of RF power is not sufficient toutier off ceria atoms and/or
molecules from the CeQarget. On the other hand it is enough power tdtep off
the oxygen atoms because the etched rough strustgestill observed on graphite

foil (not shown herein).

RF power, (W) 20 30 40 50 60 70 80 90 100

Deposition rate, (nm/min)0.4(06| 1 | 1.3| 1.6/ 2| 24 28 3.

Table 7. Dependence of deposition rate of ceria films &rpBwer on Ce@target.
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Fig. 41. Dependence of deposition rate of ceria films onp@®wer on Ce@target.

For the experiment mentioned above, 0.3 nm/minmimin and 3.2 nm/min
deposition rates were chosen. The thickness o& ¢éms deposited on the graphite
foil in all cases was about 10 nm. SEM observatibthose three samples definitely
proved our suggestions about the influence of #@osdition rate on morphology of

ceria films prepared by magnetron sputtering (BR). Indeed, the lower deposition
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rates lead to the formation of rough structure .(Bp). Contrary, higher deposition
rates cause decreasing of the surface roughnessA@h). At 3.2 nm/min deposition

rate porosity almost disappeared (Fig. 42c).

Fe ey L
e

R s £l AR LIy

Fig. 42. 10 nm thick Ce®film on graphite foil prepared using: a) 0.2 nmimi
b) 1 nm/min; ¢) 3.2 nm/min deposition rates.

Taking into account that the thickness of samples @eposition conditions
were the same, we can state that the depositiengan important parameter, which
significantly affects the morphology of the Ce@ms prepared by magnetron
sputtering.

These results are also in agreement with hypothegisch we proposed to
explain the formation of porous structure in theecaf CeQ deposited on carbon
substrates (see “Oxygen plasma etching” sectios)wA suggested, the growth of
porous film on carbon substrates prepared by memmetputtering was caused by
simultaneous deposit growth and oxygen plasma rejclait the space between
deposit nuclei. At low deposition rates sputteradiples migrate at the surface, i.e.
they do not wet it, by forming ceria nucleus. Thisréot of space for plasma etching
between those nuclei. Contrary, at high depositades (generally above 3 nm/min)
porosity of deposits disappears, apparently duerapid covering of the substrate by
the deposited overlayer and preventing oxygen asiching of the carbon support.

As a result, the films grow non-porous.

56



3.1.9. Two-step catalyst preparation

Using all results described above, we are now &bkontrol preparation of a
high-surface catalyst on carbon electrodes usinmsi®p preparation: at the first
stage carbon substrate is etched in oxygen plastheaithe second stage, catalyst is
deposited on top of the etched carbon surface hiigh deposition rate to avoid

further etching during film deposition (see “Sputig rate influence” section).

Fig. 43. SEM images of: a) fresh carbon substrate; b) carbaipstrate etched for 40
min; ¢) 5 nm thick Pt-Cefaleposited on top of carbon substrate
etched for 40 min.

Fig. 43 represents selected SEM images of: a) fradbon substrate, b) carbon
substrate etched for 40 min, and c) 5 nm thick @&3dilms deposited on top of
etched for 40 min carbon substrate at 3.2 nm/mposiéion rate. As a result, two
step catalyst preparations allow us to preparetgog of high surface area catalyst
film on carbon support minimizing the catalyst loagdue to high specific area of

carbon electrode.

3.1.10. Fuel cell test

As it was already mentioned in “Overview” part akgent thesis, surface is
vital in the field of catalysis and the carbon namhes can significantly increase the
catalyst specific surface area. As we are showriis work we are able to prepare

highly porous Pt doped CegQ@ilms on the carbon nanotubes which increases the
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catalyst active surface area even more. Such nanepd’t-Ce@QCNT composites
should have a high catalytic activity when usedrmsnode in PEMFC.

In order to prove this suggestion, FC tests weréopeed using small fuel cell
device. The membrane electrode assembly (MEA) compis were similar to those
typically used in polymer electrolyte membrane faell. The pre-treatment of the
Nafion membranes 0.125 mm thick (Alfa Aesar, Naftei-1035 perfluorosulfonic
acid-PTFE copolymer) was performed by using a stehgrocess of boiling in 10,
solution, dilute HSO, and HO [94]. The pre-treated Nafion membrane was
sandwiched by the catalyzed anode and cathoderrio B(EA of 1 cnf. MEA was
then sealed between graphite gas distributors. Chtieode electrode was made by
carbon-supported Pt powder (Alfa Aesar, Platinuamimally 40% on carbon black)
and deposited on the microporous GDL. Loading oinRhe cathode catalyst layer
was about 2 mg/cmTo evaluate cell performance pure humidificatgdrbgen and
air were used as fuel and oxidant under atmosppeggsure.

The CNTs were synthesized by chemical vapor depasiCVD) on the GDL
wafer using Chlas a carbon precursory/Mr as carrier gas and Pd nanoparticles as a
catalyst precursor. Details of the preparation pdoce can be seen in ref. [95].
Pt-doped ceria thin films were deposited on the €My magnetron co-sputtering of
CeQ and Pt. The catalyst thickness was estimated toaroeind 30 nm and
deposition rate of about 1 nm/min.

High resolution SEM was performed for investigatmisurface morphology
of coated MWCNTs. SEM images of the anode catalysposited on the CNTs are
presented in Fig. 44 at different magnificationgy. M4a shows pure GDL wafer.
Fig. 44b shows dense CNTs forest, covering the @Gitrofibers. Fig. 44c shows
good dispersion of the CNTs. The average diameteth® CNTs was 25 nm.
Fig. 44d shows details of one CNT covered by thalgst layer. The catalyst film
surface reveals rough structure similar to thatese seen above on the GC, HOPG,
graphite foil and MWCNTSs (see “Substrate influensettion). Dense “fur” of fine,
long and well separated CNTs grown directly on@12L is an excellent support of
the catalyst thin films. The CNTs directly grown GDL were chosen for the fuel
cell test because they have good electrical cogisteen the grown CNTs and the
GDL which is essential in the field of PEMFCs.
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Fig. 44. SEM images of: a) fresh GDL; b-d) CNTs grown an@DL and coated by
30 nm thick Pt-Ce@xcatalyst films at different magnifications.

XPS was also undertaken to investigate chemical position of anode
catalyst. As we have shown before, porous ceri@rgagxhibit reduced cerium oxide
(see “Film thickness influence” section). This casenot an exception and we
observed partially reduced cerium in the Ce 3d ¢ewvel XPS spectrum shown in
Fig. 45a.
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Fig. 45. a) XPS Ce 3d and b) Pt 4f spectra of Pt-g#tin films sputtered on CNTs
directly grown on GDL.

The Pt 4f XPS spectrum is plotted on Fig. 45b.omsists only of platinum
cations. The spectrum exhibits P{"4#>2 doublet at 74.5-77.9 eV corresponding to
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Pt [74] and second doublet at energies of 72.6 an@l &8, which can be attributed
to the Pt species [43]. Bt/Pt** ratio was estimated to be 2.17.

Pt concentration in Cef about 4 at% was determined using the XPS diata.
should be noted, however, that the Pt concentratietermined in this way
corresponded to an average Pt concentration irstin@ce layer probed by XPS
which is approximately 2 nm thick, and could slighdiffer from that of the film
bulk. The Pt content in the anode catalyst wasneséd to be about gg/cnt of
MEA.

Porous structures exhibit higher relative contenswface oxygen vacancies
(see “Oxygen plasma etching” section) and neigigoriC€* cations
(see Fig. 30). Those cations could strongly inteveith Pt atoms. Therefore, high
PE*/PE" intensity ratio observed for the CNTs can be erpld by the formation of
P£* rich Pt-O-Ce clusters at the surface of reducetlimeoxide inside the porous
structure of the catalyst film.

The performance of the PEMFC with the Pt-Géidn coated CNT/GDL used
as anode was investigated at°@ The FC test was prepared by using commercial
Pt/C cathode catalysts. The polarization V-l curaes shown in Fig. 46 together

with the power density (PD) characteristics.
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Fig. 46. Polarization and power density versus current dignssing
hydrogen/air flow of the fuel cell with Pt-CgGONT(CVD)/GDL anode at 7%C.
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We can see that we obtained maximum power den&ifys,P 248 mW/cm.
This value corresponded to maximum specific pow&,& 124 W/mg(Pt). The FC
test confirmed our suggestion about excellent gétaproperties of the Pt-CeO
coated CNTs directly grown on GDL characteristichigh performance at very low
platinum loading.

It is essential to compare obtained results withréference ones. Commercial
anode catalyst was tested on the same fuel cappmgut and at the same conditions.
We used commercial PtRu anode and Pt/C cathoddysiastaas the reference
measurement. Loading of PtRu was about 4 mtém loading of Pt in the cathode
catalyst layer was again about 2 mgicifihe polarization V-I curves obtained at
70 °C for reference cell are shown in Fig. 47 togethéth the power density
characteristic. We obtained RR = 438 mW/cm which corresponds to the

maximum specific power SRx= 0.11 W/mg of precious metal (PtRu).
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Fig. 47. Polarization and PD versus current density usingrogen/air flow of
the fuel cell with reference PtRu anode at®@0

If we compare value of power density for commercRiRu catalyst
(PDmax = 450 mW/cri) with that obtained for magnetron co-sputteredcétta
catalyst on the CNTs/GDL (PR« = 248 mW/cr), we can see that PD value is
almost twice larger in case of commercial catalyst, on the other hand, if we

compare power related to the amount of used platjriLe. specific power, we can

61



see an inverse effect. The maximum specific powercbmmercial catalyst is far
lower (SR.ax= 0.11 W/mg) comparing to Pt doped ceria catalggiodited on the
CNTs/GDL using magnetron sputtering (g= 124 W/mg).

In summary, we have prepared and analyzed PtCem(@de catalyst for
PEMFCs. High surface area Pt-CeC€atalyst ensures high cost-efficiency of the
PEMFCs. But, except of high surface area, an ex@ugature of the simultaneous
magnetron sputtering of Pt and Gel® the formation of fully cationic platinum
within the oxide film lattice. Therefore, it seemmsasonable to connect somehow
high activity of the Pt-Ce&xo-sputtered catalyst films with the formation ationic
platinum. The above described results demonstnatecb-sputtered Pt-Ce@atalyst
films are promising alternative to more expensieenmercial catalysts due to the

low platinum loading and excellent catalytic penfi@ances.
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3.2. Platinum oxide films prepared by magnetron

Sputtering

3.2.1.Introduction

As already mentioned in the “Overview”, besideseotapplications, platinum
and its oxides have been commonly used as a chaialitgel cells. Since platinum is
(both in practical applications and model studieffen deposited on an oxide
support, the oxygen can also be diffusively intargied between the support and
platinum [96]. In the previous chapter we showedt thimultaneous magnetron
sputtering of Pt and CeQeads to the formation of fully oxidic platinum Rt-CeQ
catalyst films. Since the reactivity of metallic daroxidic form of platinum is
generally different [97, 98], the performance d?tabased fuel cell may be sensitive
to the oxidation state of platinum or the presenteoxygen within the catalyst
volume. Therefore an investigation of platinum @sdatalysts is of a high interest.

Several types of platinum oxides have been repatetbr. Pure crystalline
compounds, including tetragonal PtO [99-101], cubRO, [101, 102],
Pt0s [102, 103], P4Og [104], and PtQ[101] where the latter exists in two crystal
modifications — a-PtO, [72, 101] with hexagonal structure an@-PtG;
[102, 104, 105] with orthorhombic structure. Nooishiometric amorphous phases
of platinum oxide (a-PtQ) have also been prepared [106-109]. As a noblalmet
platinum is relatively difficult to be bulk oxidigedirectly, the oxidation process can
be, however, made electrochemically or by reactpmattering, where either oxygen
plasma induces formation of an oxide film on a tpres platinum surface [110] or
platinum is sputtered away from a target in a mixtaf oxygen and a noble gas
(usually argon) using magnetron, and deposited @ntsolid substrate; in this
technique the resulting composition of oxide issdained by the deposition rate, the

gas composition and pressure, and substrate tetapef[é@2, 107, 111].
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This chapter is devoted to the investigation oftiplan oxides prepared by
reactive magnetron sputtering as well as its icteva with hydrogen exposure using
surface characterization techniques such as SEN| &fd XPS.

3.2.2. Films preparation and characterization

Platinum oxide thin films supported on various grdiss such as multi-wall
carbon nanotubes, naturally oxidized Si(111) araplgite foil were prepared using
reactive DC magnetron sputtering of platinum in euoxygen atmosphere.
Deposition was carried at room temperature andP2. pressure of OThe applied
power was 10 W yielding discharge voltage of ab®28® V. The samples were
placed 90 mm away from the 2 inch target. At thesaditions the average
deposition rate of 3 nm/min was achieved. Accordmgef. [100] platinum oxide

was expected to grow as an amorphous Pt@se during reactive sputtering.

Fig. 48. SEM images of: a) Pt{B0 nm)/Si; b) PtQX30 nm)/MWCNTSs.

Platinum oxide (PtQ) with thickness of 30 nm, deposited by magnetron
sputtering on naturally oxidized Si(111) substragshibits relatively flat and
continuous morphology as it is demonstrated by SiEMge in Fig. 48a. AFM
investigation (not shown herein) permitted to deiae the surface roughness of
PtQ, films, which was around 0.1 nm. It should be notealvever, that morphology
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of sputtered PtOfilms does not depend on the type of substraievaas verified by
comparing with MWCNTSs (Fig. 48b) and graphite f@bt shown herein).

According to the literature, metal oxides can beéuoed by hydrogen [112].
Platinum oxides (PtO and PiCare known as not chemically stable and can biéyeas
reduced to metallic state by hydrogen moleculesifog water as a by-product
[100]. The reduction process can be written as:

PtQ, + 4H, — Pt + 2HO

To understand what is going on with sputteredRttin films during/after
interaction with hydrogen we exposed our sampl©(P20 nm) on Si) to K flow
(20 sccm) at room temperature for 6 hours and atetke morphology again. BtO
exhibited quite interesting behavior during theustn process.

SEM analysis of PtOthin films deposited on the Si substrate afterosxpe to
H, stream showed a massive disintegration of thanalig smooth oxide layers of
as-deposited PtOfilms. Fig. 49 illustrates the morphology of Rt@Ims after
interaction with H at different magnifications. One can observe th&raction of
PtQ, films with H, leads to the formation of cracked films structwigh some
islands partially piling off the Si substrate (F&fa, b). At higher magnification we

can distinguish significant roughening of the filmarface (see Fig. 49c), thus

increasing the specific surface area of the catalys

Fig. 49. SEM images of Pt{8B0 nm)/Si(111) after exposure te stream at different
magnifications.
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In addition to SEM we also carried out the AFM studf reduced
PtO(30 nm)/Si(111). Fig. 50a and b illustrate AFM imagof 30 nm thick PtO
films after H reduction at different magnifications. The AFM file across the
reduced PtQfilms is shown in Fig. 50c. The calculated surfacaghness of the
films from corresponding AFM images was about InY which is much larger than
in case of the Ptfilms before interaction with ${0.1 nm).

I I I I I I
0.0 0.5 1.0 1.5 2.0 2.5

X, um

Fig. 50. a, b) AFM images of Pt{B0 nm)/Si(111) ) after exposure tg stream at
different magnifications; c) AFM profile across tregluced PtQ films.

The chemical composition of the catalyst was aksafied by XPS before and
after interaction with Bl Fig. 51 shows an example of analysis of the RE#f. 51a)
and O 1s (Fig. 51b) spectra of R{8 nm)/Si(111) before and after exposure to H
We should mention that 30 nm thick films were thekough to prevent any signal
from the underlying silicon oxide substrate. The 4Ptspectrum of as-prepared
PtO/Si films (see Fig. 51a, the bottom spectrum) eithibnly a Pt 4¥%-4f>? doublet
at 74.3-77.6 eV corresponding to*P(PtQ,) [113]. The upper spectrum on
Fig. 51a represents Pt 4f spectrum of Jf80after interaction with K It consists of
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one doublet at 71.2-74.5 eV which is assigned tdalie platinum (P! [43].
Doublet, which indicates the presence of platinund®, (observed for as-deposited
films) disappeared completely. As a result, thensmttion of PtQwith H, leads to

complete reduction of the oxide films, which nownsist only of the metallic

platinum.
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Fig. 51. a) Pt 4f and b) O 1s XPS spectra of {80 nm)/Si(111) before and after
exposure to bl

Corresponding O 1s spectra in Fig. 51b confirmedahove obtained results.
In the case of as prepared films the O 1s spectinsists of two peaks (bottom
spectrum). The peak at 531.0 eV is matching thdibgnenergy of lattice oxygen in
stoichiometric Pt@[110], while the second peak at 533.3 eV can bebated to
residual water remaining at the surface in molecidian [114]. After B interaction
the PtQ peak disappears and a new peak appears at 532vhiel corresponds to
SiOu. This isin agreement with SEM study where we observed theuace after
PtQ; films were cracked due to interaction with. H

The formation of cracked structure and increaseedficed films roughness,
observed by SEM and AFM, can be explained by tlaimlm oxide reduction
process. As the PtOfilms are reduced, it leads to the evolution oé timean

molecular volume of the coating. As a result, thess in the films occurs. The
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platinum atoms try to minimize their surface energyd the films begin to shrink
(see Fig. 49c and Fig. 50b). As a result of thedilshrinking we observe the
formation of cracked structure (see Fig. 49a, bhappens when the stress in the
plane of the film exceeds the strength of the cfmmeked network of substrate-bound
particles [115].

For further investigation of sputtered platinum deireduction process we
sputtered PtQ films of different thickness: 10, 20 and 30 nm. éind that
morphology of as-deposited oxide films does not Imadepend on the film thickness,
revealing almost the same morphology as shownerFtp. 48a in case of 10, 20 and
30 nm according to the SEM investigation (not sholgrein). However, we
monitored the dramatic changes in the morphologyreafuced PtQ films with
different thicknesses. Fig. 52 illustrates the SiaMges of Pt@Si(111): a) 10 nm,
b) 20 nm, and c) 30 nm after Heduction. One can observe that thinner filmsltesu

in more dense cracked structure after the reduction

LD

Fig. 52. SEM images of Pt5i(111) after Hreduction: a) 10 nm; b) 20 nm;
c) 30 nm.

All of these results describe a new method of magpan of platinum catalyst
with very high surface area. Indeed, reducingt@iPy H, leads to the formation of
a porous platinum structure as oxygen atoms aeased from the Pi{Qattice due to
the reduction process. We suppose that the Pt firepared in such way might be
very interesting as a catalyst for PEM fuel celeda the high surface area and low

platinum loading.
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3.2.3. Fuel cell test

Fuel cell test was provided in order to confirm suggestion. In this case we
used commercial MWCNTSs as an anode catalyst suppost, pristine MWCNTSs
were dispersed in N,N-dimethylformamide (DMF) atamcentration of 1 mg/30 mL
using ultrasonic bath. The CNTs were then depostdetb a microporous gas
diffusion layer (GDL) substrate by sedimentatioanfr the suspension. This made
possible to produces very uniform layers of dispgrMWCNTSs. Typical time of
precipitation was 24 h. We should mention, howetteaf dispersion in DMF gave
the best results comparing our tests of HN@ater and ethanol. After this, BtO
films with a thickness of 30 nm were deposited dMiWCNTs/GDL.

[ 20 um | @R ERTRE S B
i AN P o

Fig. 53. SEM images of: a) and b) dispersed MWCNTSs on the &ifferent
magnifications; c) detailed image of MWCNT/GDL eubby PtQ films.

High resolution SEM was used for investigation leé surface morphology of
coated MWCNTSs. Fig. 53a and b clearly show thearnif character of well spread
MWCNTSs overlaying the GDL microfibers which is sbte for preparation of large
active surface catalyst. Outer diameter of the Imam@otubes, determined from the
SEM images (not shown), reveals average value mfrat 100 nm. Length ranged
from 5 to 10um. The MWCNTSs reposed mostly in the position patath the GDL
substrate and to the sputtering target as well. 53g shows a detail of MWCNT
coated by the Pt(films. At the next step, Ptdilms deposited on MWCNTs/GDL

were reduced in Hflow to form porous Pt thin films.
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Fig. 54. Polarization and power density versus current dgnssing hydrogen/air
flow of the fuel cell with reduced PtOn CNT/GDL anode at 7¢C.

The Pt content in the anode catalyst was estimtatdze about 4Qug/cnt of
MEA. The FC test was performed at the same comdii® described in previous
chapter. Again we used commercial Pt/C cathode abtsut 2 mg/cloading of Pt.
The performance of the PEMFC with the anode prephyecoating of MWCNTSs by
the 30 nm of PtQfilms, which were reduced in j;Hbefore measurements, was
investigated at 70C. The polarization V-I curves are shown in Fig.tdgether with
the power density (PD) characteristics. We cartls&tewe obtained maximum power
density PR.ax= 305 mW/cm. This value corresponded to maximum specific power
SPRhax= 7.6 W/mg(Pt). Even though this value is lowernthhat obtained for Pt-
Ce(Q catalyst, it is still one order of magnitude largbhan that obtained for
commercial PtRu catalyst (8= 0.11 W/mg).

In summary, we have prepared and analyzed thenpitatifiilms with large
active surface area. Such Pt nanoporous films weerl as anode catalyst in
PEMFC. The FC test confirmed excellent catalytioparties of the platinum
nanoporous films characteristic by high performaaiceery low Pt loading.
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CONCLUSIONS

Magnetron sputtering is a powerful deposition teghe, which allows the
easy combination of different dopants and oxiddsclwthen opens the possibility of
preparing a large variety of catalytic materialkisTleads to the preparation of novel
nano-structured materials different from those are@ by chemical methods.

In this doctoral thesis novel oxides such as £&DCeQ, Au-CeQ and PtQ
prepared by magnetron sputtering deposition teclengere investigated.

The first chapter is devoted to investigation oé timfluence of different
deposition parameters on structure and surface htogy of CeQ, Pt-CeQ and
Au-CeQ thin films.

Simultaneous magnetron sputtering of cerium oxiag gold/platinum allows
the preparation of oxide layers continuously dopgdgold/platinum atoms during
the growth. It was found that the morphology ofiz@dbased films prepared by
magnetron sputtering depends on the type of substitaleads to the formation of
very porous structure when deposited on carbontsibs This phenomenon was
explained by a simultaneous deposit growth and emyglasma etching of carbon
during the sputtering process.

It was also shown that morphology and stoichiomefrthe catalyst film vary
with the deposition angle, the film thickness, tnand reactive gas flow and the
deposition rate. This allows the tuning of catalyidm specific area and
stoichiometry by changing the deposition parameters

In addition, it was shown that low concentrationeafibedded Au or Pt atoms
does not significantly influence the morphology dhin films and ceria
stoichiometry, but in turn ceria stoichiometry ddafluences gold and platinum
oxidation states, leading to the formation of hagimcentration of cationic gold and
platinum. In case of Pt-Ce@o-sputtered thin films - entirely Ptand Pt" are
formed. The fully ionic Pt together with porous aer of the films makes this
material generally interesting as a catalyst forMPEs, water gas shift, CO
oxidation etc.

In order to examine the activity of novel oxideatgst prepared by magnetron
sputtering, carbon nanotubes substrate were cdatedorous Pt-Ce@ catalyst,

which allowed the fabrication of a large surfaceaacatalyst supported by a highly
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electrically conductive support, leading to an @#nt transfer of reactants in the
catalyst layer which is necessary for fuel cellctems. Membrane electrode
assembly made from a porous Pt-Ge@ode catalyst deposited on the gas diffusion
layer covered by the CNTs revealed high activitcase of hydrogen fed PEMFC.
High activity of the catalyst together with verywloPt loading resulted in high
specific power SR,= 124 W/mg (Pt). Except of high surface area oélyat, high
activity of Pt-CeQ anode was connected with the formation of fullyiaat
platinum. However, it requires an improved underditag of the mechanism of,H
splitting over Pt-ceria catalyst, which remainsogen question.

The results described in this chapter demonstrétat] co-sputtered Pt-CeO
thin films are promising anode catalyst for PEMF®@®hkich can substitute the
expensive commercial catalysts due to its low castd excellent catalytic
performances. Use of thex-situ prepared CNTs and sputtering techniques also
makes this method convenient for large scale proaluof FC electrodes.

In the second chapter of this thesis, platinum @xXitins were prepared by
reactive magnetron sputtering of platinum in oxygénosphere.

According to XPS studies such thin films consisbofy ionic platinum in 4+
oxidation state. Microscopy investigations showedvery flat homogeneous
morphology of as-prepared oxide films.

It was shown that PtOfilms were unstable upon hydrogen exposure and
undergo structural phase transition to fully reduceetallic platinum through the
consumption of the lattice oxygen from the thinmfitlue to the reduction process.
According to the microscopy study, this process a@ompanied with a significant
roughening of the films surface.

The results described in second chapter represeméwa method for the
preparation of nanostructured platinum catalystth va large surface area. Such
platinum films have shown high activity when usesl amode in PEM fuel cell.
Platinum films prepared in such way might provéoéovery interesting as a catalyst

for PEM fuel cells because of their high activityddow platinum loadings.
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