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Zusammenfassung

Brennstoffzellen werden im Allgemeinen als eine moderne und vielversprechende
alternative Energiequelle angesehen, weswegen sie ein großes wissenschaftliches
Interesse erhalten haben. Brennstoffzellen auf der Basis von Protonen-Austausch-
Membranen, dessen Erforschung und Produktion ein Schwerpunkt im ZBT ist,
bestehen typischerweise aus zwei Elektroden - Bipolarplatten, welche durch die
Protonen-Austausch-Membranen voneinander getrennt sind. Bei der Herstellung
von Bipolarplatten auf der Basis von Grafit/Polypropylen wird die Oberfläche
der Bipolarplatten mit Polypropylen angereichert, was wiederum zu einer signi-
fikanten Verringerung der elektrischen Leitfähigkeit und somit des Wirkungsgra-
des der Brennstoffzelle führt. Es ist möglich, die Oberflächenleitfähigkeit mit der
Hilfe einer Plasmabehandlung zu verbessern. In dieser Arbeit wurde eine Plas-
maquelle vom Typ CYRANNUS R© der Firma IPLAS verwendet, bei welcher die
Probe nicht direkt im Plasma, sondern im Remote-Bereich positioniert werden
kann. Die Plasmaquelle erlaubt es, eine Vielzahl von Parametern einzustellen und
ermöglicht es so die idealen Behandlungsparameter für Bipolarplatten zu finden.
Plasmaätzen ist technisch einfacher zu beherrschen als die Beschichtung der Bi-
polarplatten mit elektrokatalytischen Materialien, da diese Beschichtungen eine
Vielzahl von Bedingungen erfüllen müssen, wie zum Beispiel eine gute Adhäsion
zwischen Beschichtung und Bipolarplatte und eine große Widerstandsfähigkeit
gegen hohe Temperaturen und Wasser.

Es wird gezeigt, wie die Plasmabehandlung das Polymer von der Oberfläche
entfernt. Für diesen Zweck werden die besten Parameter bestimmt. Die Ent-
fernung des Polypropylens von der Oberfläche der Bipolarplatten wird durch
Messungen mittels FTIR Spektroskopie nachgewiesen. Weiterhin wird mittels
Raman Spektroskopie gezeigt, dass der Grafit an der Oberfläche, welches der
Plasmabehandlung ausgesetzt ist, seine Struktur von Nanokristallin zu Poly-
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kristallin ändert. Weniger Korngrenzen zwischen den Kristallen führen zu einer
Verringerung der Elektronenstreuung, was wiederum zu einer Vergrößerung der
elektrischen Leitfähigkeit der plasmabehandelten Bipolarplatten im Gegensatz
zu den unbehandelten Bipolarplatten führt.

Die Mechanismen des Plasmaätzen der Oberfläche stehen in Verbindung mit
der chemischen Zusammensetzung des Plasmas, was mithilfe der optischen emissions-
Spektroskopie beobachtet werden kann. Eine Vielzahl von Änderungen der Ober-
flächenchemie, Morphologie und Topografie nach der Plasmabehandlung werden
aufgezeigt und beschrieben.

Die Messung des flächenspezifischen Widerstandes der Bipolarplatten zeigen,
dass die elektrischen Eigenschaften der Bipolarplatten für die Anwendung in
Brennstoffellen erfolgreich durch das Plasmaätzen verbessert werden konnten.
Es wird gezeigt, dass Plasmabehandlung mit Luft unter Atmosphärendruck eine
äußerst effiziente Methode darstellt, um die elektrische Leitfähigkeit von Bipo-
larplatten zu verbessern.
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Abstract

Fuel cells are regarded as modern and promising alternative energy sources, there-
fore they have earned scientific interest. Proton exchange membrane fuel cells,
which are of main interest for research and development in ZBT (Duisburg), typ-
ically consist of two electrodes – bipolar plates, separated by a proton exchange
membrane. During the process of fabrication of graphite/polypropylene com-
posite bipolar plates the surface of bipolar plates is enriched by polypropylene
significantly reducing the electrical conductivity and thus the efficiency of the fuel
cells. Surface conductivity can be improved by plasma treatment. In this work
the plasma source CYRANNUS R© by IPLAS was used in a remote mode. This
device allows to vary a lot of parameters to find the treatment conditions suitable
for carbon bipolar plates. Plasma etching is more technologically advanced than
the deposition of a coating of electrocatalytic materials onto the surface of the
bipolar plates, since such coating must meet many criteria, including a very good
adhesion and the coating should not be degraded by high temperatures and water.

It is shown how plasma treatment removes polymer from the surface. The
most suitable experimental parameters for this task are found. The removal of
polypropylene from the surface of bipolar plates is corroborated by the measure-
ments using FTIR spectroscopy method. Furthermore, it is shown by Raman
spectroscopy that graphite on the surfaces of the samples exposed in plasma
changed its structure from nanocrystalline to polycrystalline. Fewer interfaces
between the crystals lead to the reduction of electron scattering and hence the
conductivity of the plasma treated samples is higher than the conductivity of the
untreated ones.

The etching effect on the surface is correlated with the plasma chemistry, what
can be observed by optical emission spectroscopy. Various changes of surface
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chemistry and also morphology and topography of the surface after the plasma
treatment are described and explained.

The measurements of area specific resistance of bipolar plates showed that the
electrical properties of bipolar plates for fuel cells were efficiently and successfully
improved by the method of plasma treatment. It is demonstrated that plasma
treatment by air at atmospheric pressure is an efficient method to improve the
electrical conductivity of bipolar plates.

12



Introduction 13

1 Introduction

Fuel cells with proton exchange membrane are energy converters suitable for
various applications with different requirements [1]. Their main advantages are
ecological compatibility and high efficiency compared to other energy conversion
devices. However, there are still issues to work through before the applications of
fuel cells can be significantly commercialized [2]. For example, the cost of auto-
motive fuel cells should be competitive with today’s internal combustion engines.
Stack technology, system optimization and development of new materials are the
drivers to achieve the cost target [3]. Therefore, in recent years there are vigorous
efforts worldwide to solve the existing problems and especially to find suitable
materials for bipolar plates of fuel cells [4]. Unfortunately, some investigations of
material combinations remained unpublished, as it is often proprietary company
know-how [1].

For bipolar plates of fuel cells two different kinds of materials, graphitic and
metallic, are the most commonly used. The requirement of high power densities
at very low cost for mobile applications of fuel cells is quite difficult to fulfill
though the lifetime is limited to several thousand operational hours. In this case
(stainless) steel can be the material of choice, because it is already a mass product
and its forming processes are well established in the automotive industry. Thin
sheets show sufficient mechanical strength. Two sheets of thin structured metal
plates can be combined into a bipolar plate. Metallic bipolar plates have excellent
electrical conductivity. Modern fuel cells with metallic bipolar plates are smaller
in size than the fuel cells with graphitic bipolar plates. But they are suscepti-
ble to corrosion, so a corrosion-protective coating (carbon-based or metal-based)
is typically required to improve the lifetime. This is the main disadvantage of
metallic bipolar plates compared to the graphitic ones. Moreover, steel bipolar
plates are produced by forming methods like stamping or hydroforming. But
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since the flow fields of metallic bipolar plates require quite fine structures of gas
channels in the millimeter range, these requirements pose some challenges to the
forming process, as well as to the coating process. An alternative to channel-type
flow fields is the use of open-pore metal foams for distribution of the gaseous re-
actants and for water removal. But metal foams also require corrosion-protective
coatings to be successfully applied in fuel cells. Coating is related to time con-
sume and additional costs. Actually, nowadays coated metal bipolar plates seem
to have achieved corrosion stability for the relatively short operation times of
automotive applications. Several car manufacturers use metallic bipolar plates
in their automotive fuel cell stacks [1].

For stationary applications space and weight restrictions of fuel cells are less
severe, but durability requirements are usually much higher. Therefore, graphitic
materials are preferred as bipolar plate materials for this purpose. Pure graphite-
based bipolar plates offer the advantages of excellent chemical resistance and
good thermal and electrical conductivity combined with a lower density than
metal plates. Also machining the flow fields into pure graphite plates is com-
plicated, expensive and time-consuming. Pure graphite plates are brittle and
porous, so graphite is not gas-tight enough to separate hydrogen and air from
the cooling channels. For this reason, composite materials based on graphite
with polymer binders are used. Composite materials are often the best solution
when very diverse requirements are imposed to the material. Forming processes
have to be developed or at least adapted to the new material combinations. For
stationary applications of fuel cells, bipolar plates made of graphite composite
materials are the only alternative, showing good long-term stability [1]. But
large-scale application of graphite composite bipolar plates for fuel cells requires
further improvement in terms of lifetime and price.

The most significant disadvantage of graphite composite bipolar plates pro-
duced by injection molding is not sufficient electrical conductivity. The reason is
the non-conductive binding polymer, especially on the contact surfaces of bipolar
plates. To solve this problem mechanical milling of the surface was used. But
high cost, time consuming and the risk to cause significant mechanical damages
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to the structure of the surface of bipolar plates pushed into looking for alterna-
tive methods of removal of polymer from the surface and hence improvement of
electrical conductivity of bipolar plates.

One of such methods investigated here could be remote plasma treatment of
the surface. This method showed to remove polymer from the surface relatively
quickly without any damage of the structure of the flow-field of bipolar plates and
it is not related to high costs. Besides this, plasma treatment by atmospheric air
and at atmospheric pressure may be the best solution for industrial application
of this method, due to its time- and cost-efficiency. Plasma treatment of bipo-
lar plates with a view to improve their electrical properties is not studied yet.
Therefore, the aim of this works is scientific investigation of plasma treatment
of bipolar plates for fuel cells as a replacement of mechanical milling in order to
improve their electrical conductivity.
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2 Approach

A very expensive plasma system was selected for the surface modification. This
system is characterized by:

• It can be operated in an extremely wide pressure range (from <1 mbar up
to atmospheric pressure);

• The energy is fed into the system by microwaves without electrodes, there-
fore any gas can be processed in the system, in particular oxygen-containing
gases;

• Due to the suitable design and the vacuum system the plasma device can
be operated using dangerous gases like hydrogen.

In addition, a detailed OES plasma diagnostics was integrated.

The electrical contact conductivity of bipolar plates before and after plasma
treatment was the final parameter of this research. Since electrical conductivity is
determined by structural properties, structural analysis is used to determine the
influence of the plasma treatment and to compare different treatment methods.
Because sample composition may influence its electrical conductivity, besides
the variation of the plasma parameters additionally foils of different composition
were used. The foils can also be regarded as electrodes in fuel cells, they do
not have any surface pattern and it is not so complicated to produce foils with
different content of PP, graphite and carbon black, therefore they are used for
some investigations in this work.

Considering the analysis of the samples, every available analytical method was
used. Apart from the measurements of electrical conductivity, which obviously
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confirmed the efficiency of plasma treatment from the beginning of the exper-
imental work, the most interesting analytical results were expected from the
methods, which allow to understand the mechanism of plasma influence on the
surface: FTIR spectroscopy for investigation of the changes in heteropolar bonds
and Raman spectroscopy for investigation of the changes in homopolar bonds
with no transfer of charge. FTIR and Raman investigation methods, together
with the investigation of the electrical conductivity of bipolar plates and foils,
are the main focus of this research work. The analysis of Raman spectra led to
unexpected results: that plasma influences not only the polymer, but also the
graphitic particles, changing their structure.

Besides this, such simple changes as the mass change and the water wettability
change due to plasma treatment were described to show the influence of plasma
treatment on the samples. Chemical analysis of the surface was conducted by
XPS, AES methods in the nano-range and by EDX method in the micro-range.
For the sake of completeness of the investigation morphology and topography
research was conducted by SEM, stylus profilometry, AFM and confocal mi-
croscopy methods.

The selected gases (argon, air, carbon dioxide, oxygen, nitrogen) differ in in-
teraction with the sample. Argon and nitrogen have practically only physical
interaction with the surface. In air physical interaction is combined with chem-
ical interaction of the oxygen part. In carbon dioxide there is a mixed etching
effect and in oxygen – pure chemical interaction. Plasma treatment by air at
atmospheric pressure is especially interesting, because this kind of treatment is
omitting the time-consuming pumping, the costs and the equipment for keeping
a stable pressure, therefore it can be easily and effectively used in industry.

It is known that high-energy ions are abundant at low pressures [5], therefore
the experiments were conducted predominantly at low pressures.

Investigating the plasma treatment of bipolar plates, the following demands
were regarded:
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• the treated bipolar plates have as high electrical conductivity as possible

• the treatment process is as cheap as possible (using atmospheric air as the
working gas)

• the treatment process is as quick as possible (the most intensive treatment
conditions, which do not destroy the sample, using air at atmospheric pres-
sure as the working gas)

• samples of different sizes and chemical content require different sets of
treatment parameters, which must be found experimentally for the plasma
device used (described in Chapter 5) and the results must be reproducible

• a scientific explanation of the results must be given

• a conclusion about successful or unsuccessful replacement of mechanical
milling by plasma treatment must be made.

A considerable part of this work was devoted to find the best experimental
parameters, which would allow the samples to have the best possible electrical
properties and would be the most cost- and time-efficient. The right combina-
tion of such experimental parameters as plasma chemistry, treatment time, gas
flow, power and working pressure of the gas in the chamber is responsible for
the efficiency of the etching process. Experimentally it was found in this work
that bipolar plates reach the best electrical conductivity after approximately 20
minutes of plasma treatment by oxygen-containing gases at low pressures. For
the foils the treatment duration and other parameters are different and must be
varied depending on the content of the foil. The lower the working pressure is
and the higher the gas flow is, the more mass is being removed from the sur-
face during the plasma treatment process. The experiments were conducted at
simultaneous plasma control by the method of OES.
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3 Fundamentals

3.1 Fuel Cells

Taking into account the problem of high carbon dioxide emissions into the at-
mosphere, which is of a special scientific interest in recent years, the challenge
is to develop new efficient and ecological energy sources. Recently there has
been an increase in the pace of the development of hydrogen energy, which is
environmental friendly, efficient and renewable, therefore it can be regarded as
a perspective aim of scientific research and ecological energy development. The
main task is to produce fuel cells and to use hydrogen to generate electricity [6, 7].

Hydrogen fuel cells are electrochemical devices, which convert the energy of the
chemical reactions of combination of hydrogen and oxygen directly into electrical
energy. The efficiency of the fuel cells is quite high, because there are no energy
losses on inefficient combustion processes [7]. Proton exchange membrane (PEM)
fuel cells are very promising nowadays. A schematic view of a single PEM fuel
cell is presented in Fig. 3.1 [8].
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Figure 3.1: Schematic view of a single PEM fuel cell.

Chemical reactions in a fuel cell take place between the electrodes with flow
channels. The electrodes are situated in a stack, so that a cathode is the anode
of the following cell and thus these electrodes are called bipolar plates (BPP).
The BPP are activated by a catalyst (usually based on platinum or other metals
of the platinum group), according to the following scheme: hydrogen atoms are
decomposed into electrons and protons at the anode of the fuel cell.

H2 = 2e− + 2H+ (3.1)

Electrons enter the external circuit, creating electric current. Protons, in turn,
pass through the PEM to the cathode side, where they meet oxygen and electrons
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from the external electrical circuit with the formation of water:

4H+ + 4e− +O2 = 2H2O (3.2)

The by-products of the reaction are thus heat and water vapor [7]. Since the
output volatage of a single fuel cell is given by the reactants used, in the case of
hydrogen and oxygen it is upto 0.8 V at full load, thus it is necessary to connect
several cells to a stack, like it is shown in Fig. 3.2. Because the anode of a cell
is the cathode of the next cell these are called bipolar plates. By doing this, the
values of the voltage of each cell are added together producing a higher total
voltage. However the internal resistance of each cell as well as the resistance of
the interconections between the cells is adding up too, decreasing the produced
power of the stack. To minimize this effect, it is important to get as low internal
resistances of the fuel cells and the interconnecting bipolar plates as possible,
what is the aim of this work.

Figure 3.2: Schematic view of a PEM fuel cell stack in seriall connection to achieve higher
output voltages (adapted from [3]).

The proton exchange membrane (PEM) is the heart of a fuel cell. Typically,
PEM is a polymer film that combines a hydrophobic backbone and side frag-
ments containing acid groups – hydrophilic part [7]. Membrane electrode assem-
bly (MEA) in Fig. 3.1 is an assembled stack of PEM [9]. The MEA has the
same external dimensions and media feedthrough holes as the bipolar plate. In
the area of the active surface it is coated by the catalyst material. In the active
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area, which comes in contact with the catalyst, it is covered from both sides by
gas diffusion layers (GDLs, made of GoreTM Carbel R© CL carbon cloth) and
externally – by two gaskets [10], as shown in Fig. 3.3

It should be noticed that BPP are sometimes alternatively called bipolar half-
plates (BPHP) to underline that one fuel cell has two electrodes.

Figure 3.3: 3D view of the components of a single cell (adapted from [10]).
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3.2 Bipolar Plates (BPP)

BPP are considered to be one of the most problematic parts of a fuel cell [3].
There are strict requirements for the general development of BPP, such as: good
electrical conductivity, high thermal conductivity, high chemical and corrosion
resistance, mechanical stability toward compression forces, low hydrogen perme-
ability, low-cost material being processable with mass production techniques, low
weight and volume and also usage of recyclable materials [1]. These requirements
are related to the functions of BPP in a fuel cell stack: to distribute the fuel and
oxidant within the cell, to facilitate water management within the cell, to sep-
arate individual cells in the stack, to carry current away from the cell and to
facilitate heat management [4]. The authors of [11] and [12] suggested the spe-
cific properties a BPP must have to be considered as an element of a functioning
fuel cell, among these criteria there is also a requirement to the area specific
resistance of BPP, which must be below 0.01 Ω · cm2 [4].

The BPP investigated in this work have a size of 137.5x62x2.8 mm3 [10]. In
Fig. 3.4 (left) one can see the flow field on the surface of a BPP to supply
the reactant gases to the gas diffusion electrodes. The effectiveness of reactant
transport depends partially on the flow-field design [3, 13].
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Figure 3.4: Injection molded BPP made of graphite composite material in ZBT, Duisburg.

The BPP are produced in ZBT (Zentrum für BrennstoffzellenTechnik ZBT
GmbH, Duisburg) by injection molding, based on thermoplastic and carbon com-
pounds [14, 15]. These BPP consist of filler additives (roughly 80 wt%), graphite
is the main filler, binder – polypropylene (PP) Adstif HA840R from Lyondell-
Basell and conductive carbon compound – carbon black, in different proportions.
The exact composition is the know-how of ZBT, therefore, it cannot be published,
however it was taken into account in the investigation presented in this work. A.
Heinzel and colleagues report in [1]:

„The conducting particles form a percolation network within the poly-
mer matrix. Owing to the polymer matrix, the composite material,
at least partly, retains the processability of the polymer. To obtain a
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mechanically stable bipolar plate with low gas permeability, a good
quality of dispersion of the conductive component particles within
the polymer binder is required.“

To study the properties of carbon-PP composites of different content foils were
also investigated. They are easily produced, because they do not have any flow-
field design, as shown in Fig. 3.5 Like BPP, the foils are also produced in ZBT
and have from 29 wt% to 35 wt% of PP in the content.

Figure 3.5: View of a carbon-PP composite foil.

Carbon-polymer composites are relatively low-cost materials and suitable for
mass production of BPP, because the flow-fields can be molded directly in an
established mass production process [3].

Many scientific researches focus on investigation of the properties of carbon-
polymer composites and the properties of polymers at interfaces. The results
of such researches allow to understand and predict the changes in physical and
chemical properties of BPP under the influence of plasma, hence they play an
important role for this study. Jun-Feng Zou et al. [16] reported about the rela-
tionship between the structure of carbon black and the conductivity of polymer
composites. It was documented that the structure of carbon black plays an im-
portant role in conduction mechanism, as important as carbon black content does
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[16]. The structure of polymer materials is bulk-inhomogeneous. The properties
of the layer at the interface may differ to a large extent from the bulk polymer
state [17, 18]. Formation of the interface bonds leads to significant and some-
times complicated changes of the initial polymer state due to the processes of
restructuring the supramolecular polymer structure, change of the chemical com-
position and structure of macromolecule, for example due to oxidation process
and polymer crosslinking or thermal destruction [17].

The composition of the studied BPP is optimal to meet the mechanical and
thermal requirements [11, 12], but electrical conductivity deteriorates due to rela-
tively high amount of PP on the surface of BPP. To solve this problem mechanical
milling was used up to now. But this method has serious disadvantages: it is
time-consuming, expensive and it damages the surfaces of BPP. Plasma treat-
ment is devoid of these disadvantages, it allows to remove PP from the surface
of BPP quickly and causing no harm to the surface, therefore it is a perspective
and promising method to solve the problem of low electrical conductivity of BPP.

Thus, the main objective of this work is optimization of the surface properties
by plasma to improve the electrical conductivity of BPP.

3.3 Plasma Treatment

The processes of interaction between plasma and surface, considered in this work,
are limited by surface and near-surface layers of material, because the kinetic en-
ergies of plasma particles do not exceed several eV. By such energies the thickness
of the surface layer where interactions between atoms, molecules, radicals, elec-
trons, positive and negative ions and the material of the surface take place, does
not exceed several nanometers, because it is limited by a few dozens of atomic
layers near the surface. These interactions can be generally divided into physical
(exchange of energy and kinetic moment in elastic collisions of atomic particles
leads to sputtering of the material from the surface, etching or cleaning the sur-
face) and chemical (inelastic collisions with the exchange of electrons between
atoms lead to chemical reactions on the surface). In real plasma processes it is
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not possible to distinguish exactly between the kinetics of physical and chemical
interactions, but usually it is possible to single out the preferred mechanism de-
termining the efficiency of the selected type of plasma treatment. The efficiency
of the processes of physical sputtering and chemical interaction does not depend
much on the charge of a particle, while energy (kinetic or potential) of the par-
ticle plays the definitive role. At a distance of a few tenths of a nanometer near
the surface being treated, ions are neutralized by electrons, which are torn from
the material by the electric field of the ions [19]. Fig. 3.6 shows the probable
interactions between the surface and a particle, depending on the energy of the
particle. The energies of around 1 eV allow to start the processes of chemical
activation of the surface, which are often the preferred processes. The energies
of ca. 10 eV are best to deposit a coating on the surface. Higher energies are
responsible for sputtering and etching and also for ion implantation.

Figure 3.6: Different energies of electrons and ions result into different kinds of interaction
with the surface: low diffusion, enhanced diffusion, chemical reaction, implantation,
sputtering, ion implantation.

In the present work remote plasma treatment was used, so that the samples
were not in contact with the plasma. Plasma was the source of chemically active
particles. Therefore, energies higher than 10 keV (and therefore deep implan-
tation) are not expected. In this particular case, when remote plasma interacts
with PP on the surface of BPP, it can be supposed that the following processes
may take place on the surface:

• diffuse surface activation;

• cross-linking (structuring) of the polymer;

• adsorption;
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• introduction of the particles formed in plasma into the surface layer;

• remote plasma etching by atoms, radicals and ions results into destruction
of macromolecules: breaking the macromolecule, forming volatile products
and fragments with new bonds, what leads to removal of PP from the
surface.

As it was mentioned above, these processes depend on the energies of the parti-
cles, which, in turn, depend on the experimental parameters, such as gases used
(plasma chemistry), pressure, gas flow, power, distance between the sample and
the plasma and, of course, treatment duration.

3.3.1 Plasma Diagnostics by Optical Emission

Spectroscopy (OES)

To create and use plasma, it is necessary to understand the properties of the
plasma and the processes that take place within the plasma. One of the most
important and easy applicable methods to investigate plasma is optical emission
spectroscopy (OES). This method does not interfere with the plasma itself and
does not influence the plasma processes [20].

Optical emission spectra depend on plasma chemistry and plasma temperature.
The intensity of the spectrum of radiation emitted by the plasma is measured as
function of the wavelength in OES.

OES method is based on the ability of atoms and molecules in excited state to
emit a photon of a specific wavelength, as the electron returns back to a lower
energy level from a higher one [21]. The energy of the emitted photon, and
hence its wavelength, is determined by the difference between the energy levels.
A certain element emits photons with certain frequency, in accordance with the
formula:

Eph = hν (3.3)

where Eph – is the energy of the photon; h – Planck constant and ν – frequency.
The emission spectrum of an atom or a molecule consists of several emission
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lines, which correspond each to a particular electron transition.

The advantages of OES method are that it is easy to apply, it does not influence
the processes in plasma and it is not complicated to analyze the spectra. However,
OES has some considerable disadvantages. For example, if plasma is not spatially
uniform, for OES all the light, which is captured by the glass fiber, will be
subjected to analysis and is therefore not suitable for an area specific analysis.
The solution of this problem can be a specific configuration of two lenses, offered
in [22]. Another disadvantage of OES is related to the fact that the intensity
of emission in OES depends on excitation and nonradiative deexcitation rates
as well as radiative decay rates, therefore the emission intensities usually can
only provide a limited insight into the plasma parameters [21]. It means that
OES method usually does not allow to analyze the plasma quantitatively. But
in some cases it is possible, like it is shown in [23], where the authors found a
linear correlation between the optical emission intensity of the d3Π→ a3Π (0,0)
vibrational band of the C2 Swan system with the absolute C2 concentration in
Ar/H2/CH4 plasma [21]. Other possibilities of quantitative analysis by OES
are derivation of the electron temperature for equilibrium plasmas [24, 25] and
derivation of excitation temperature for non-equilibrium plasmas [20, 26, 27].
Optical emission spectra were used to measure the plasma temperature in [21].
Since the composition of emission spectra gives an insight into the ongoing plasma
chemistry [27], OES method is always applicable to implement for process control.



32 3.3 Plasma Treatment



Sample Analysis Techniques 33

4 Sample Analysis Techniques

4.1 Spectroscopic Measurements

4.1.1 Fourier Transform Infrared Spectroscopy (FTIR)

In IR spectra strong absorption bands come from heteropolar bonds [28], there-
fore it is a good method to investigate the changes in CHx bonds in BPP.
(Whereas Raman spectroscopy is especially suitable to investigate homopolar
bonds).

FTIR method is used in this work to study the changes occurring in the sur-
face layer of the polymer under the influence of plasma. The method of FTIR
spectroscopy allows establishing the formation of functional groups of different
chemical nature or the changes in their amounts, fixing the release of hydrogen
atoms and crosslinking in the surface layer, and also formation of a thin layer on
the surface.

The data obtained by FTIR spectroscopy require the mathematical process
of Fourier transform [29, 30] to be converted into the actual spectrum. This is
where the term of Fourier-transform infrared spectroscopy originates from. A
significant advantage of an FTIR spectrometer over a dispersive spectrometer is
the ability to collect the data of high spectral resolution in a wide spectral range
simultaneously [31].

The most interesting characteristics of the spectrum for the analysis are the
following: the amount of the absorption bands (the amount of maximums), their
position on the wavenumber scale (i.e. the wavenumber in nm for the maxi-
mum of absorption), the height of the peak (the value of the molar ratio of the
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maximum of absorption εmax), the intensity of the absorption band (absorption
integral), the width and the shape of the band. These characteristics should be
compared in the analysis of the spectra of the samples before and after plasma
treatment. It allows to draw conclusions about the changes, which take place
under the influence of the active plasma particles on PP on the surface of the
samples.

The absorption of radiation in the infrared region of the spectrum is related to
the vibrations of the molecule and its fragments. The interactions between the
separate groups (parts) of the molecule affects the vibrational frequencies.

In compounds with low molecular weight there is a direct link between the
vibrational spectrum of the compound, its structure and the forces of inter-
molecular interaction. In polymeric compounds the influence of the structure
of macromolecules and their interactions are less pronounced. For polymers the
influence of the physical factors, which alter the conformation of macromolecules
and supramolecular structure of the polymer is typical.

The purpose of the analysis of bipolar plates for fuel cells by FTIR spectroscopy
method is to find out how does the plasma treatment of the samples change the
molecular structure of the surface. In the present case FTIR is a good technique
to investigate first of all the influence of plasma treatment on PP on the surface
of the samples.

Orbital Hybridization

In carbon-containing materials the atoms of carbon can be found in different
hybridized states. This determines the wide range of properties of these materi-
als. sp3 hybridization corresponds to diamond (3D structure), sp2 hybridization
corresponds to layered graphite (2D structure) and sp hybridization corresponds
to linear acetylenic carbon – carbyne (1D structure).

The axes of sp3 hybrid orbitals are directed to the vertices of a regular tetrahe-
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dron. The tetrahedral angle between the axes is 109◦28′. These orbitals form four
bonds with other atoms or they are filled with unshared electron pairs. There are
other forms of elemental carbon, which are considered as transitional and, which,
in turn, are divided into mixed and intermediate forms. This means that plasma
treatment can lead to the formation of a complex layer with the participation of
carbon atoms in different states on the surface of the BPP.

Carbonization

Carbonization is another process, which may take place on the surface of BPP
during the plasma treatment. This possibility is endorsed by the increase of
electrical conductivity of the samples after plasma treatment. F. I. Grigorjev
in his book „Ion-plasma treatment of polymeric materials in microelectronics
technology“ [32] writes:

„One of the most important consequences of ion implantation is the
appearance of electrically conductive properties in initially dielectric
polymers. The electrical conductivity of polymers irradiated with
ions appears due to the formation of carbon-containing structures in
the ion-implanted layer. As the dose of ion irradiation accumulates
in the implanted layer a system of conducting islands separated by
potential barriers appears. Since the conducting phase in the ion-
implanted layer is formed by discrete carbon clusters and their asso-
ciates, the appearance of the electrically conductive properties in the
irradiated polymer with the accumulation of the implantation dose
has a threshold nature. The conductivity of the ion-implanted layer
strongly depends on the details of the structure of the carbonized
phase (the size of the carbon clusters, the nature of their binding to
aggregates, the presence of heteroatoms). Therefore, the electrical
resistance of various polymers, subjected to ion implantation under
identical conditions, can differ by several orders of magnitude.“
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Absorption of Polymer Structures

The PP molecule [−CH2 − CH(CH3)−]n has C − H bonds of methyl group
CH3, methylene group CH2 and methine group CH (Fig. 4.1 [33]). All of these
groups are connected by C − C bonds. There are the peaks of C −H bonds in
the FTIR spectra of PP, although the peaks of these bonds may also appear in a
hydrogenated carbon layer. But taking into account the treatment conditions, it
is unlikely that the formation of such a layer could take place for the considered
samples.
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Figure 4.1: Isotactic (top) and atactic (bottom) PP [33].

In Fig. 4.2 the FTIR spectrum of a PP film is presented [34].

Figure 4.2: FTIR spectrum of a PP film [34].

Spectra of PP have been studied in a number of works, an interpretation of
the absorption bands is given below:



4.1 Spectroscopic Measurements 37

1. D. V. Kuznetsov et al. Investigation of the stability of polymer com-
posites based on polypropylene after UV radiation, Modern Problems of
Science and Education 6 (2012) (in Russian) [35].
Equipment used: Spectrometer Thermo Nicolet 380, Smart ITR with dia-
mond crystal for FTIR; Resolution: 4 cm−1, measured 32 times.
Subject: PP with nanotubes in it (the thickness – not more than 30 nm,
the length – not more than 5 mm) was studied.
Peaks: PP after the UV radiation has the peaks, typical for PP:
3310 – hydroxyl groups;
2498 and 2866 – (sym and asy stretching vibrations of CH3-groups);
1450 and 1375 – bending vibrations of CH3-groups;
2916 and 2837 – stretching vibrations of methylene groups CH2;
1116, 998, 974, 900, 841, 809 – bands of regularity or crystallinity of
PP;
1735 – C = O due to a slight oxidation of PP;
1650-1600 – C = C (appeared after UV treatment of PP).
After the modification by boron nitride and UV irradiation:
2498 and 2866 – no changes;
1450 and 1375 – merge with the bands in 1600-900;
2916 and 2837 – no changes;
1710 – C = O appears.

2. Yu. Gorokhovatskii et al., Experimental Physics, IR-spectroscopy of
electrets on the basis of polythene and polypropylene (2004) 69-75 (in Rus-
sian) [36].
Equipment: Spectrophotemeter IKS-29 (4000-400 cm−1), two beam scheme.
Subject: PP films with the thickness of 15 µm.
Peaks: 1300, 1255, 1160, 998, 976, 835-840;
Some peaks present in the areas of 700-800 and 600-500;
968 – a flat zigzag in a crystal with orthorhombic or triclinic symmetry or
in an amorphous phase.

3. B. Wunderlich, The ATHAS database on heat capacities of polymers,
Pure & Appl. Chem. 67(6) (1945) 1019-1026 [37].
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Absorption bands of isotactic crystalline PP:
2950 – CH3 stretching, asy;
2921 – CH3 stretching, sym;
2922 – CH stretching;
2879 – CH2 stretching, asy;
2868 – CH2 stretching, sym;
2838 – CH2 stretching, sym;
1435 – CH2 scissoring;
1460 – CH3 bending, asy;
1454 – CH3 bending, asy;
1378 – CH3 – bending, sym;
1340-1270 – CH bending.
The main bands of PP, which do not depend on its structure, i.e. they can
be observed in crystalline and amorphous forms of PP: 1460 and 973.
The intensity of the bands 1168, 995 and 842 depends on the structure
of PP.
Isotactic PP: intensive bands at ≈ 1380 with a shoulder at 1360 and at
1460, 1153, 974 with a shoulder at 995.
Atactic PP: intensive bands at ≈ 1380 with peaks at 1360 and at 1460;
many bands in the region of 800-1350 with intensive peaks at 1168 with
a shoulder at 1153, 995, 974, 842.

• The spectra of a PP sample with the thickness of 200 µm have two
bands of low-intensity in the area of 1700-1600; two intensive bands
at ≈ 1455 and ≈ 1380; four less intensive bands at 1320-1220; an
intensive band at ≈ 1170; a doublet at 980-100; bands at 895, 840,
810.

• The spectra of a PP sample with the thickness
of 300 µm after the irradiation by fast electrons (500 Mrad) have a new
band, which appeared at 1645; the same bands at 1500-1000, but
just the higher-frequency part in the doublet is decreased; bands at
910, 890, 855 and 816.

• When the sample was irradiated by a dose of 4000 Mrad, except band
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at 1645, another weaker band has appeared at 1665, which probably
relates to the internal double bonds:

C

H3C

R

CHR

This is consistent with the bands in the region of 815-855, which
relate to the vibrations of C −H with a double bond.

4. V. L. Karpov, Radiation chemistry of polymers, Nauka, Moscow (1966)
(in Russian) [38].
Subject: IR spectra of unirradiated and irradiated PP films.
After UV irradiation of PP the following bands appear in the IR spectra:
965 – double bonds of trans-vinylene type (R1HC = CHR2); 850 – double
bonds such as RqR2C = CHR3; 1650 – vinylidene groups RR1C = CH2.

5. A. N. Elliot, Infrared spectra and structure of organic long chain poly-
mers, Acta Cryst. B26 (1970) 1387 [39].
Subject: H- and D forms of isotactic (crystalline) PP:

CH2 CH

CH3

Peaks: At ≈ 2900 – fragment; two intense bands at around 1400 and a
number of bands in the low frequency region of the spectrum.
The dependence of the intensity of a number of bands on the polarization
of the incident radiation is found.

6. L. I. Kravets et al., Research of the surface and electrochemical prop-
erties of polypropylene track membrane modified by non-polymerizing gas
plasma, Electrochemistry, Dubna (2012) (in Russian) [40].
Equipment: FTIR Spectrophotometer “Bruker Equinox 50S“ with MIRa-
cleTM with ZeSe crystal, 100-fold accumulation; increment 2 cm−1.
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Peaks of PP track membrane before plasma treatment:
Four bands in the region of 3000-2800: 2950, 2919, 2868, 2839;
Two intensive bands at 1456 and 1375;
Weak bands at 1200-750.
The spectrum of the membrane after nitrogen plasma treatment had the
same absorption bands as before plasma treatment, i.e. the plasma treat-
ment did not cause any changes in the spectrum.
The spectrum of the membrane after oxygen and air plasma treatment had
the bands, caused by the vibrations of oxygen-containing groups.

4.1.2 Raman Spectroscopy of Carbon and

Carbon-Containing Materials

Raman spectroscopy is used in this work especially due to the characteristic fre-
quencies produced by the stretching modes of homopolar covalent bonds C − C
[28]. For this reason, this method provides a possibility to watch the changes of
carbon structure due to the plasma impact.

Raman spectroscopy is a good non-destructive technique for analyzing different
carbon and carbon-containing materials. It can provide important information
about the crystallinity, defects, presence of sp2 and sp3 hybridization, bonding
structure, chemical impurities of the surface and so on. This method is also sen-
sitive to the possible restructuring in sp2 clusters of carbon [41]. The comparison
of Raman spectra of different carbon materials is shown in Fig. 4.3 [42–44].
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Figure 4.3: Raman spectra of carbon materials [42], where SWCNT is single-walled carbon
nanotubes; MWCNT is multi-walled carbon nanotubes.

Diamond has the only one mode at 1332 cm−1 [Fig. 4.3]. Unlike single crystal
graphite, which has a single Raman active mode at ∼1580 cm−1, “G“ mode
for “graphite“, disordered graphite has another mode at ∼1350 cm−1, labelled
“D“ mode for “disorder“ [43] for visible excitation. The higher the D peak, the
more defects are present in the sample, i.e. the smaller the crystals are. This
peak can also indicate the presence of graphite nanoclusters in carbon structure
[41]. Fig. 4.4 [45–47] shows the Raman spectra of (A) diamond, (B) single crystal
graphite and (C) microcrystalline graphite. Besides, J. Robertson in [43] reports:

„An unusual and significant fact is that the Raman spectra of most
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disordered carbons remain dominated by these two G and D modes
of graphite, even when the carbons do not have particular graphitic
ordering.“

Figure 4.4: Raman spectra of: (A) single crystal diamond (B) graphite and (C) microcrys-
talline graphite [45] (adapted from Reference [46]).

The G mode is related to in-plane vibrations of sp2 hybridized atoms of carbon
[42]. The G band is present in Raman spectra of the samples with any orga-
nization of sp2 bonds of carbon. And the shorter the chain, or the smaller the
ring cluster, the stronger are the carbon bonds and, consequently, higher the
frequency ∆ωGmax (the maximum of G) [41]. The authors in [41] report that any
disorder in ring structures leads to the decrease of ∆ωGmax concerning the G band
in graphite and also to a significant increase of the width of both G and D bands.
A. Ferrari and J. Robertson in their work [48] have reported:



4.1 Spectroscopic Measurements 43

„The G and D peaks are due to sp2 sites. The G peaks is due to
the bond stretching of all pairs of sp2 atoms in both rings and chains.
The D peak is thus due to the breathing modes of sp2 atoms in rings.“

It is important to notice, that the effect of sp2 sites dominates in all Raman
spectra, excited by visible photons, because of much greater cross-section of sp2

sites than sp3 sites. It is so because the higher lying σ states (C −C bonds) are
not excited by visible light, they need higher energies [43, 49]. The information
about the sp3 sites content can be received from the position of “T“ peak, found
at ∼1060 cm−1 in UV Raman spectra, and from the I(T)/I(G) intensity ratio
[21, 48].

Another prominent band of graphite samples at ∼2700 cm−1 is visible in
Fig. 4.3 and Fig. 4.4 (B) and (C), historically named G’. This band refers to
the second order of the D peak, therefore it is now commonly called 2D [49].
This band is well observable for defect-free sp2 carbons [42]. Graphene and bulk
graphite have different shapes of the 2D peak [49], this can also be noticed in
Fig. 4.3. In bulk graphite this peak consists of two components, approximately
1/4 and 1/2 the height of the G peak: 2D1 and 2D2 (Fig. 4.5). The Raman
spectrum of graphene has a sharp and single 2D peak, approximately four times
more intense than the G peak. Thus Raman spectroscopy allows to distinguish
between graphene and graphite and to identify a single layer of graphene, bi-layer
and so on up to 5 layers of graphene [49, 50].
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Figure 4.5: 2D peak in graphite (adapted from Reference [49]).

As an example, the small sharp peak at ∼3250 cm−1, well definable in the
Raman spectra of graphite and graphene (Fig. 4.3), is the second order of D’
peak, i.e. 2D’ peak [49]. The consideration of Raman spectra of BPP, regarding
the most important peaks for characterization of graphite-containing materials
like BPP, namely G and D peaks, is complicated by the factors, illustrated in
Fig. 4.6, which can alter the relative intensity of these peaks and shift them to
both directions. However, Raman for visible photons does not see the C − H

bonds significantly [43].
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Figure 4.6: Schematic view of the factors affecting the Raman G and D peaks [43]).

In addition to that, for amorphous carbon such parameters as the full width of
half maximum of the G peak and the shift of the G peak to the higher wavenum-
bers with the decrease of the excitation wavenumber from IR to UV region (dis-
persion of G peak) correlate with the disorder [21].

Visual examining of vibrational spectra can often provide an important infor-
mation about the structure of the molecules. Due to Raman and IR spectroscopy
data it is possible to identify the form of some molecules [51]. Some functional
groups of organic compounds and the corresponding frequency regions are listed
in Table 4.1 [52].
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Table 4.1: Frequency regions with associated functional groups of organic compounds.

Frequency Functional groups
[cm−1]

3700 - 3100 OH, NH and ≡ CH
3180 - 2980 aryl, olefinic, and three-membered ring CH
3000 - 2700 aliphatic CH
2300 - 1900 C ≡ C and C ≡ C ≡ C
2000 - 1700 aryl and olefinic overtones
1900 - 1550 C = O
1700 - 1550 C = C and C = N
1660 - 1500 NH2, CNH
1620 - 1420 aromatic and heteroaromatic rings
1500 - 1250 CH3 and CH2

1350 - 1150 CH2 and CH wag
1300 - 1000 C −O
1000 - 600 olefinic and acetylenic wag
900 - 700 aromatic wag

4.1.3 Auger Electron Spectroscopy (AES)

The fundamental principles of AES and XPS techniques are similar [53–55]. Both
techniques can damage a sensitive surface: AES by an electron beam and XPS
by X-rays. The interpretation of XPS spectra is easier, XPS does not require
conductive substrates, unlike AES, but the main advantage of AES is a better
spatial resolution. Also for some elements AES can be more sensitive to chemi-
cal state than XPS. Both, AES and XPS techniques provide information about
the near-surface layers of nanoscale, unlike EDX, which allows to investigate the
surface in micron range of the depth.

Underlying the Auger electron spectroscopy (AES) is the Auger effect. A pri-
mary electron beam strikes an electron of a surface atom out of its atomic shell,
so that a core hole is created. The state of the atom becomes unstable and in a
fairly short time the vacancy is filled by an electron from a higher energy level.
The released energy is transferred to another electron from the same shell with-
out radiation. The kinetic energy of this electron only depends on the energy
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difference between the atomic shells and is independent of the primary energy
of the electron beam. This electron is released from the atom. Such electron is
called Auger electron. Thus, an electron beam is used to excite the electronic
subsystem and Auger electrons are released from the atom [56–60]. Auger elec-
trons have a kinetic energy which is element-specific and thus the spectroscopic
examination of the emitted electrons allows to draw a conclusion on the chemical
composition of the surface [61–63].

Auger electron emission process involves three electrons, therefore the elements,
which have less than three electrons in atom, namely H and He, cannot be
detected by AES. In this research mainly carbon and oxygen are of interest, thus
only KLL transactions are regarded. The principle of AES is also well described
in [64]:

„. . . a KLL transition involves initial ionization of the K shell and
relaxation of an electron from the L shell into the K vacancy. Energy
released in this process is transferred to another L electron, which
is consequently ejected from the specimen with characteristic energy
and can be identified as an Auger electron.“

For quantitative analysis of the surface it is important to determine the depth
of the electron yield: the distance that electrons of a certain energy can pass
without loss of energy. Usually, the energies of the emitted Auger electrons are
in the range of 20 up to 2000 eV. These values are comparable with the binding
energies of electrons in atoms. Only those electrons that are excited along the
surface at a distance less than the mean free path can exit the solid without
losses and contribute to the corresponding Auger peak. The electrons, which
yield from deeper layers of the surface experience inelastic collisions and lose
energy moving from the ionization point to the outer surface, they leave the
solid with less energy and contribute to the background or the “tail“of the signal,
which can shift up to several hundred eV down from the main peak. Thus, the
depth of the analyzed surface layer in the electron Auger spectroscopy method
is determined by the average depth of the electron yield with a certain energy.
Here the depth of electron yield is considered as a synonym for the mean free
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path, which depends on the electron energy and has a roundish minimum located
between 50 and 100 eV, as shown in Fig. 4.7 The graphs of the dependence of
the mean free path on electron energy are called universal curves. The mean free
path is to some degree insensitive to the substance in which the electrons move
(usually it has values about 0.2 – 5 nm). Therefore, the AES method has high
surface sensitivity [65–68].

Figure 4.7: A universal curve of the inelastic mean free path of the electrons in solid (adapted
from [68]).

AES is being traditionally carried out under ultra-high vacuum (UHV) envi-
ronment (10−7 – 10−12 mbar) [69].

Auger electrons can be defined by small peaks (number of Auger electrons)
on the energy distribution curve on a strong background of secondary electrons.
The selection of the Auger electrons spectrum against this background is a dif-
ficult experimental problem. The method, in which Auger electrons, excited by
an electron beam, are used to identify the components on a surface, was pro-
posed by J. J. Lander in 1953 [70], but the extensive use of Auger spectroscopy
for chemical analysis began after 1968, when L. A. Harris [71] proposed to take
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the derivative of the energy distribution curve to suppress the background of
secondary and inelastically scattered Auger electrons [72]. Nowadays the differ-
ential form of the spectrum is commonly used for Auger spectra.

AES can be used for some experimental investigations of PP and other polymers
[73]. For instance, such as polymer-radiation interactions, the Auger spectrum
of PP is of interest [74].

4.1.4 X-Ray Photoelectron Spectroscopy (XPS)

Among all the surface chemistry analytical techniques XPS, as a method for
quantitative elemental analysis of surfaces, is one of the most widely used [75–
77]. But its ability to detect and quantify some functional groups is limited [78,
79]. As it is reported in [78],

„in several cases, relative chemical shifts of different groups are be-
low the energy resolution attainable, even by the new generation XP
spectrometers, due to the existence of significant intrinsic peak widths
[80]. Therefore, the data has only limited value for the determina-
tion of the concentration of a particular functional group. . . . Car-
bon atoms can be distinguished according to the number of bonds to
neighboring oxygen atoms. . . . However, the differentiation of hy-
droxyl groups from ethers, peroxides and epoxides due to their C1s
binding energies is not possible [81]...“

Even though XPS method does not require conductive substrates, in terms of
count rate and resolution, the best performance of an XPS spectrometer is gen-
erally obtained with conducting samples. For conductors charging problems are
absent and good energy resolution can be obtained [82].

The XPS technique is based on the phenomenon of external photoelectric effect.
To obtain the XPS spectra the investigated surface is irradiated by X-rays and
simultaneously the kinetic energy of electrons, which escape from the surface, is
measured. The process of interaction between radiation and a sample atom can
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be treated as “collision” of a photon with an electron in the atom with subsequent
energy transfer to the electron [51]. Since radiation with a known wavelength
is used to excite the photoemission, the binding energy of the emitted electrons
can be found from the equation:

EB = hν − EKin, (4.1)

where EB is the binding energy of the electron; EKin is the kinetic energy of the
emitted electron and is the energy of the used X-ray photons [83–86].

X-ray photon does not have a charge but, as an electromagnetic wave, it con-
sists of oscillating electric and magnetic fields, which interact with the charge
of the orbital electrons, but this interaction is not so strong as the interaction
of the orbital electrons with a particle having a fixed charge. Therefore, X-rays
penetrate matter more easily than electrons. Electron scattering is useful only
for studying the surface layers of materials [30].

The C1s peak, which appears in XPS spectra of PP, consists of two components
at the values of binding energy of 285.16 eV and 285.00 eV [82]. C1s spectra
for polymers tend to have symmetric peak components. Extended delocalised
electrons can result in satellite structure, which can be found several eV to higher
binding energy of the main peak. Binding energies of common chemical states
in polymers are presented in Table 4.2 [87]. The energies of XPS are comparable

Table 4.2: Binding energies of common chemical states [87].

Chemical state Binding energy C1s
[eV ]

C − C 284.8
C −O ≈286
C = O ≈289

with AES, because in both methods the primary beam excites the electrons at
the depth of 0.5 – 5 nm, therefore both methods are surface-sensitive.
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4.1.5 Energy-dispersive X-Ray Spectroscopy (EDX)

EDX of SEM technique allows to investigate the surface depth of several µm,
unlike AES and XPS, which give information only in nano-range. This method
allows to find out whether plasma treatment of the surface can also influence on
deeper levels than several atomic layers of the surface. Therefore, the results of
AES, XPS and EDX investigations are expected to differ.

The EDX spectroscopy method allows to study the spectrum of X-ray radiation,
which arises when the sample is irradiated by accelerated electrons. The X-ray
spectrometer is usually combined with a scanning electron microscope (SEM),
which allows to conduct a local elemental analysis of the sample surface [88, 89].
The method of X-ray spectral analysis, based on Moseley’s empirical law (the
square root of the frequency of the X-ray, emitted from an atom of a chemical
element, is proportional to the atomic number), allows to detect the presence
of a defined chemical element (except H and He) on the sample surface. X-ray
spectroscopy is widely used and often described in research literature, for exam-
ple in [90–96].

Vacuum in SEM systems is needed to allow the electrons to travel within the
instrument unimpeded. Poor vacuum levels shorten the life of the electron emis-
sion source due to the electrical discharges in the gun assembly of the SEM [97].

Practically for conventional imaging in the SEM, at least the surface of the
specimens must be electrically conductive. When the primary electron beam in-
teracts with the sample, the electrons lose energy by repeated random scattering
and absorption within the interaction volume – a teardrop-shaped volume of the
sample (see Fig. 4.8) [98], which extends up to approximately 3 µm into the
surface, as shown in Fig. 4.8. The excitation volume is defined by the primary
beam energy and is larger than the primary electron beam spot on the sample
[69]. The size of the interaction volume depends on the atomic number of the
sample, the sample’s density and, as mentioned above, on the electron’s landing
energy. The interaction between the incoming primary electrons and the surface
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or near-surface of the material at different levels of penetration results in the re-
flection of electrons with different energies and electromagnetic radiation, mainly
X-rays [99].

Figure 4.8: Cross section of the interaction volume (adapted from [100]).

For the reason of several µm penetration of the primary electron beam into
the surface, EDX of SEM is a good technique to analyze materials at the micron
scale of depth. Nanoscale characterization using EDX would require a reduction
of the primary electron energy, what would mean that the K shells of many ele-
ments could no longer be excited and the analysis would rely on L and M shell
excitations. The peaks of these levels are often close together, so the quantifica-
tion is difficult [69].

The phenomenon of the X-rays emission is caused by the excitation of the in-
ner shells of an atom by incident electrons. Under the influence of high-energy
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electrons, an electron from the core-shell is excited to a higher energy level, the
vacancy in the core-shell is filled with an electron from the higher energy level,
which leads to the emission of the characteristic X-ray radiation with the energy
equal to the energy difference between these two energy levels [101–103].

In quantum mechanics it is proved that the probability of the interaction be-
tween the exciting electron and the internal electron of the atom increases with
the density of the spatial distribution of the electron density: with the square of
the modulus of the wave function of one-electron state |Ψ|2. Consequently, most
likely is the interaction of the exciting electron with the electrons from 1s shell,
with the principal quantum number n = 1. If the kinetic energy of the exciting
electron exceeds the binding energy of the inner electron, the inner electron can
break away from the atom. There is ionization of the atom in K layer and a
vacancy is formed in the electron shell 1s. Due to the ionization, the atom is
in an excited state. The excitation of the atom can be removed by filling the
vacancy by an electron from another shell, which has a higher energy, and the
energy difference can be carried away from the atom by a photon. The energy ε
of such a photon can be defined by the equation:

ε = En2 − En1, (4.2)

where En2 and En1 are the energies of the stationary states, where the electron
transition occurred. In this case the energy of the atom decreases by the energy
difference between the upper and lower stationary states. Since each atom has a
certain discrete set of one-electron stationary states, the spectrum of the emitted
photons is a line spectrum. Thus, the characteristic X-ray radiation is formed
by radiative transitions of electrons, which fill the vacancies in inner electron
shells. Since a specific energy corresponds to each element, the elements of the
investigated sample can be identified. Measuring the integrated intensity of the
peak it is possible to determine the quantitative content of the elements in the
substance [101].
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4.2 Characterization of Surface Morphology and

Topography

The contact between BPP in a fuel cell occurs only at the irregularities of the
rough surface. Since atmospheric air is insulating, the contact resistance is de-
fined by the electron flow through these contact areas [104–106]. Therefore, sur-
face roughness should be investigated due to its impact on electrical properties
of the surface [107–109].

4.2.1 Roughness and Roughness Parameters

Roughness determines operational properties and characteristics of a solid. It
is defined by the presence of micro- and nano-irregularities on the surface. Me-
chanical friction and wear and plasma treatment may change the roughness.

The change in surface roughness can lead to the change of the surface wettabil-
ity, because it affects the contact angle due to the increased area of solid–liquid
interface and due to the effect of sharp edges of rough surfaces [110, 111].

Surface roughness measurement methods include linear roughness measure-
ment and areal roughness measurement. There are contact (stylus directly
touches the surface of the sample) and non-contact (light emitted from the in-
strument is reflected and read, to measure without touching the sample) types
of roughness measurement devices [112].

A detailed overview of the roughness parameters is presented in Appendix A
[113–120].

4.2.2 Stylus Profilometry

A profile of the surface in order to quantify the roughness can be measured
by a profilometer. Stylus profilometry is a contact method, therefore can be
destructive for some surfaces. It is very sensitive and provides high Z resolution,
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but slower than non-contact techniques. The stylus moves along the examined
surface and oscillates when the surface is uneven. The oscillations are transmitted
to the sensor where they are converted into small electric currents, which, in turn,
are amplified and recorded. These records are displayed and give an idea of the
studied surface profile [121, 122].

4.2.3 Scanning Electron Microscopy (SEM)

The technique of SEM is used in this work for completeness of the investigation
with a view to get a visual idea about the changes on the surface after the plasma
treatment. Using SEM with different magnifications gives qualitative informa-
tion about the surface and can be useful as primary investigation to see whether
plasma treatment at the specific conditions leads to any visual changes on the
surface.

SEM method is based on the principle of interaction of the electron beam with
the surface studied. This method allows to characterize the surface in the nano-
range, it is non-destructive and does not need any special sample preparation,
therefore SEM is regarded as good and high-performance morphology imaging
technique. However, despite the fact that the diameter of the electron beam
of the SEM can reach nanometers, the size of the collection area of secondary
electrons can reach several tens of nanometers due to scattering processes. This
leads to a discrepancy between the size of the particle, determined by the SEM
video signal profile, and its real size [123]. The problem of determining the error
and uncertainty of the results of measurements of linear dimensions using the
SEM method does not have a generally accepted solution and is often ignored by
the manufacturers of the measuring equipment. So, SEM images only map the
intensity of scattered electrons, while the real surface may differ from the SEM
image. Scatter-measuring instruments are not directly comparable to profile-
measuring instruments [124].
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4.2.4 Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) is a suitable technique to obtain a real 3D im-
age of the surface. Nowadays, atomic force microscopes (AFM) are commonly
used for investigating the surface topography and nanoscale surface properties
[124–133]. AFM is a type of Scanning Probe Microscopy (SPM) [134], it has a
resolution on the order of fractions of a nanometer, allows to estimate the exact
nano-roughness, to obtain 3D images of the surface and to measure the forces
between the probe and the sample as a function of the distance between them.

The surface of a sample is scanned by the AFM cantilever with a sharp tip
(the probe) that deflects interacting with the sample surface [135]. Typical force
microscopes are equipped with a detector that measures the displacement of the
cantilever and feedback electronics to maintain a constant imaging parameter
such as force or tip-sample separation [128]. Surface scan is performed by means
of a piezoelectric actuator, which is able to perform minimal displacements of
the order of 0.1 nm with high precision up to displacements of the order of 100
µm [135]. The most versatile and simple to implement method of detection of
cantilever deflections in AFM is optical lever deflection, described in [128] and
[135].

The basic AFM operation modes are defined by the motion of the cantilever:
the contact (static) mode, and two dynamic modes – tapping mode and non-
contact mode [136]. Fig. 4.9 (adapted from [137]) A) shows an AFM cantilever
in constant contact with the surface and the surface image obtained above, B)
cantilever is in tapping mode and C) shows the failure of non-contact mode of
operation when the water droplet is reported as part of the surface.
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Figure 4.9: AFM scanning modes (adapted from [137]).

Fig. 4.10 shows the dependence of interatomic forces on the distance between
the tip and sample [137, 138].

Figure 4.10: Tip-sample separation curve illustrating the main interaction during AFM scan-
ning (adapted from [137, 138]).

The forces between the cantilever tip and the sample surface, which depend on
the distance between them (i.e. the operation mode), are described in detail in
[139].
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4.2.5 Confocal Microscopy

Confocal microscopy is a form of optical sectioning microscopy [140] with a high
contrast and spatial resolution, which can be reached by means of a spatial pin-
hole to block out-of-focus light in formation of the image [141]. Optical sectioning
process – capturing images at different focal planes, allows to reconstruct the 3D
structure.

Contrary to the SEM technique, confocal microscopy offers quantitative data in
true three-dimensional coordinates. No previous sample preparation is required
for measurements. Confocal microscopes operate without contact and do not
cause the destruction or damage of the surface, therefore the hardness of the
material to be examined is irrelevant [142].

In this work NanoFocus confocal microscope with µsurf sensor technology was
used. The µsurf sensor technology is based on the Confocal-Multi-Pinhole tech-
nology of NanoFocus. It allows to acquire topography, roughness and layer thick-
ness in the micro- and nanometer ranges within seconds. The NanoFocus confo-
cal microscope consists of a light-emitting diode (LED) light source, a rotating
multi-pinhole disc, an objective lens with a piezo drive and a CCD (charge-
coupled device) camera. The LED source is focused through the multi-pinhole
disc and the objective lens onto the sample surface. The light is reflected from
the surface and reduced by the pinhole of the multi-pinhole disc to that part,
which is in focus, and this falls on the CCD camera. In contrast to an image from
a conventional optical microscope, which contains sharp and blurred details, in
the confocal image the unfocused details are filtered out by the operation of the
multi-pinhole-disc. Only the light from the focal plane reaches the CCD camera.
Due to this, the confocal microscope is capable of high vertical resolution in the
nanometer range. Capturing the images - horizontal slices through the topog-
raphy of the sample, at different focal heights produces a stack of such images,
achieved by the confocal microscope through precise vertical displacement of the
objective lens by means of a piezo drive. Within a few seconds up to 400 confocal
images can be captured, then the software reconstructs an exact 3D image of the
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surface from the stack of confocal images [142].

In [143] the authors also compare different methods of roughness measuring,
including confocal microscopy, and explain the possible reasons of different results
obtained by different methods and also within the same method. An increase of
working distance of a confocal microscope results into a decrease of the numerical
aperture and leads to a decrease in lateral resolution and depth resolution. Even
different magnifications may lead to the difference of roughness values due to
the difference in optical resolution and in the size of the field of view. So, the
comparison of the results obtained by different methods should be carried out
taking into account the features and limitations of these methods. Therefore,
none of the methods can be considered a reference one [143].

4.3 Electrical Resistance of BPP

4.3.1 Area Specific Resistance

Usually area-normalized resistance, or area specific resistance (ASR), is used for
BPP for fuel cells discussing ohmic losses. Generally, resistance scales with area,
so, to compare the fuel cells of different sizes their resistances must be compared
on a per-unit-area basis and current density should be used instead of current
[144].

ASR of a fuel cell is its resistance normalized by its area. It carries units of
Ω · cm2. A fuel cell can be regarded as a good one if its ASR is below 0.1 Ω · cm2.
To calculate ASR it is necessary to multiply a fuel cell’s ohmic resistance R by
its area A:

ASR = R · A (4.3)

Ohmic losses can be calculated by multiplying ASR by current density:

ηohmic = ASR · j (4.4)
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By definition, resistance is inversely proportional to area:

R = ρ
l

A
(4.5)

where ρ is electrical resistivity of the material, l is the length of the conductor
and A is the cross-sectional area of the conductor. It means that the resistance
of a large fuel cell with big square would be lower than the resistance of a smaller
one. On a per-unit-area basis their resistances should be about the same. To get
area-independent resistance multiplication by area is used [144].

4.3.2 Measuring Technique

Four-point probes method was used to measure the resistance of two BPP, which
form a single fuel cell. This method uses two separate pairs of electrodes and
provides more accurate measurements than the two-point technique [145]. This
measuring method is well-known and not complicated, it is described in detail in
[10]. The main features of the four-point probes method applied to this research
are described in this chapter.

The measuring device used in this work to measure electrical conductivity of
BPP is schematically presented in Fig. 4.11 [10]. It is important that this method
can only be used if the conductivity of the sample is isotropic.
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Figure 4.11: Schematic view of the device for measuring the resistance of BPP: Rtot – total
resistance, RD – contact and bulk resistance, RΩ – bulk resistance, RC – contact
resistance (adapted from [10]).

Measuring the resistance of two connected bipolar plates the following resis-
tances should be taken into account: resistance of the gas diffusion layer (GDL),
contact resistance between BPP and GDL (from both sides), bulk resistance and
internal contact resistance between two bipolar plates [8]. Plasma modification
reduces the contact resistance by modifying the surface and removing PP. The
contact resistance can be calculated using the following expression:

RC =
RD −RΩ

2
(4.6)

where RD is contact and bulk resistance (total resistance exclusive of the resis-
tance of GDL) and RΩ is bulk resistance. The contact resistance RC , in turn,
consists of contact resistance between BPP and GDL RK , bulk resistance of GDL
RB and contact resistance between GDL and the measuring pole RGDLPole

:

RC = RK +RB +RGDLPole
(4.7)

The bulk resistance of GDL (RB) and the contact resistance between the GDL
and the measuring pole (RGDLPole

) have been analyzed elsewhere [10], so RK can
be found from equation (4.7).
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Fig. 4.12 schematically shows that the value RK (and hence RC) may depend
on the contact area between the porous GDL and rough surface of BPP (since air
is an insulator [146]) and on the conductivity of the BPP surface. The applied
pressure of the measuring pole (Fig. 4.11) on BPP was 20 bar, what increases
the contact area, and plasma treatment allows to improve the transmissional
contact.

Figure 4.12: Schematic view of the contact between BPP and GDL (RK).

Electrical scheme of the resistance measuring device from Fig. 4.11 is presented
in Fig. 4.13.

Figure 4.13: Electrical scheme of the resistance measuring device.



4.3 Electrical Resistance of BPP 63

The values of Itot, Utot and UM are measured. From Fig. 4.13:

USample = UM + 2UCN (4.8)

Itot = IN + ISample (4.9)

Utot = USample + 2URC (4.10)

URC = RCN · IN (4.11)

UCN = RCN · IN (4.12)

UM = RM · IN (4.13)

Substituting equation (4.12) into (4.8) and (4.11) into (4.10):

USample = UM + 2RCNIN (4.14)

USample = Utot − 2RCItot (4.15)

(4.16)

In Fig. 4.13 and in the formulae (4.8) – (4.15): Itot is the total current running
though the complete assembly; ISample is the current running though the sample
(two BPP); IN is the current running though the golden needles and the digital
multimeter (DMM), bypassing the BPP; RSample is the resistance of the sample
(two BPHP, including the contact resistance between them, or a single foil); RC

is the resistance, which includes contact resistance between BPP and GDL, bulk
resistance of GDL and contact resistance between GDL and the measuring pole
(4.7); RCN is the contact resistance between the sample and the golden needle
(the golden needle does not contact with the GDL due to a hole in the GDL,
which allows the direct contact between the needle and the sample (BPP), as
shown in Fig. 4.11); RM is the internal resistance of the DMM; Utot is the total
applied voltage; USample is the potential difference from the two sides of the sam-
ple; URC is the potential difference between one measuring pole and one side of
the sample next to it; UCN is the potential difference between one golden needle
and one side of the sample next to it; UM is the voltage measured by the DMM.

Since area specific contact resistance RC (measurement by the pressing pole)
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should be comparable to the area specific contact resistance RCN (measurement
by the golden needle) and, because typical internal resistance of a DMM is at
least 10 MΩ, which is five or more orders of magnitude higher than the resistance
of RSample, the value of USample, which can be calculated by the formula (4.14), is
much more exact than this from (4.15). Considering the fact that IN is generally
very small, it follows that: USample ≈ UM . Therefore, the method of four-point
probes is preferable over the two-point method.

It is not possible to measure RSample and RC directly, therefore it is necessary
to calculate these values from the measured values of Itot, Utot and UM . By Ohm’s
law:

RSample =
USample
ISample

(4.17)

RC =
URC
Itot

(4.18)

Considering equation (4.9) and the fact that IN � Itot, it follows that
Itot ≈ ISample

URC =
Utot − USample

2
(4.19)

Taking USample from (4.14) and calculating URC by the formula (4.19), it is pos-
sible to calculate the values of interest – RSample (bulk resistance of BPP), and
RC , which can be regarded as “contact resistance“:

RSample ≈
UM
Itot

(4.20)

RC ≈
Utot − UM

2Itot
(4.21)

It should be taken into account that the “contact resistance“, investigated in this
work, is actually RK – the contact resistance between the sample and GDL,
which can be deduced from the equation (4.7):

RK = RC −RB −RGDLPole
(4.22)
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where RB (bulk resistance of GDL) and RGDLPole
(contact resistance between

GDL and the measuring pole) are known [10]. In case of measuring BPHP,
when two plates are connected together and regarded as one sample, the internal
contact resistance between these two plates cannot be measured by the method
used. So, as well as bulk resistances of both plates, the internal contact resistance
between the plates is regarded as a component of bulk resistance – RSample.
Thus, the overall performance of this stack is regarded and discussed for technical
application.
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5 Experimental Setup and Parameters

5.1 CYRANNUS R© Microwave Plasma Source

The treatment of BPP by plasma was conducted using IPLAS CYRANNUS R© I -
6“ (Cylindrical Resonators with Annular Slots) microwave plasma device (IPLAS
GmbH, Germany) [147] with the operating frequency 2.45 GHz. This system was
chosen because it allows to variate the biggest amount of experimental param-
eters, such as chamber geometry, mixture of the gases, pressure of the process,
treatment duration and so on. The choice of these parameters defines the effi-
ciency and the result of plasma treatment. A schematic picture of the system is
given in Fig. 5.1 [148]. It is not complicated to operate this system and there
were only few modifications (such as choosing and installing a suitable pump,
gas flow controllers, sample holder and etc.) done to start plasma treatment of
BPP using this device.

A substrate holder was custom designed and inserted into the chamber from
the bottom [21]. In this work the sample holder was an aluminum cylinder, its
position in the chamber could be changed along the vertical axis, so that the
sample could be situated at the distance from 0 up to 6 cm from the bottom of
the plasma chamber for remote plasma treatment. In this case the plasma is just
a source of the particles, which take part in the process of treatment [8].
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Figure 5.1: Schematic view of IPLAS CYRANNUS R© I microwave plasma source (adapted
from [148]).

The microwaves coming from the generator are fed into the chamber, passing
though the microwave circulator and the E-H tuner. The circulator works as a
semitransparent mirror leading the microwaves into the chamber, preventing the
reflected microwaves turning back to the generator and leading them into the
cooling water load instead. Cylindrical configuration of the resonator operating
in TM 012 mode enables the generation of a freestanding plasma in a shape of a
sphere in the center of the quartz cylinder independent of pressure, because the
microwave power density is higher in the center of the chamber and lower at the
glass cylinder [8, 21, 149]. The quartz cylinder is cooled by air flowing between
it and the ring resonator.

An EH-tuner (Magic-T) has a variable shorting plunger in each of the E- and
H-arms. The E stands for electric field and the H stands for magnetic field.
The two arms terminated in adjustable plungers are used for impedance trans-
formation [149]. By adjusting the plunger positions and therefore changing the
impedance of the system it is possible to minimize the reflected microwave power.
It should be noticed that microwave impedance of the system depends on several
experimental parameters, such as pressure, plasma chemistry and geometry of
the resonator (position of the sample holder and the sample inside the chamber).
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Changing one of those parameters changes the impedance of the system, which
has to be compensated by adjusting the plungers of the EH-tuner appropriately.
Fig. 5.2 shows the dependence of reflected power for air plasma at the pressure
of 10.6 mbar on the position of the plungers of the EH-tuner.

Figure 5.2: Reflected microwave power for air plasma at 10.6 mbar, 3 kW.

In Fig. 5.2 one can see that there are several spots where the reflected microwave
power is minimized: (11; 9), (9; 2), (9; 11) and (2; 9). It means that in those
positions of the EH-tuner plungers the minimum of the microwaves is reflected
and most of the microwave power is delivered to the chamber. In this case the
optimal position of the plungers would be (11; 9) in the center of the map in
Fig. 5.2, because in case of impedance change due to the changes of pressure or
plasma chemistry this position provides a possibility to adjust the position of
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both plungers in a wide range.

5.2 Experimental Parameters

In the beginning of the work on plasma modification of the electrical surface
properties of BPP it was an important task to choose appropriate experimental
parameters. The choice was not evident because there are many parameters to
vary: plasma chemistry (gases to use), gas flow, process pressure, treatment time,
position of the sample (distance between the plasma sphere and the sample) and
power of the microwave generator. The optimal set of parameters for IPLAS
CYRANNUS R© I microwave plasma source used (for BPP and foils with 29 wt%
– 35 wt% of PP) was found experimentally.

The power of the microwave generator was set at 3 kW – the maximal for the
device used. An oilfree scroll vacuum pump (Scrollvac SC15D) was evacuating
the system achieving the residual pressure of 2·10−2 mbar, after that gases were
fed into the chamber.

The etching properties of different gases result in different efficiency of plasma
treatment. For example, plasma treatment by oxygen-containing gases (oxygen,
carbon dioxide, air) leads to PP reduction and, consequently, the improvement
of the conductive properties of the surface already after 5 minutes of plasma
treatment. While the treatment by other gases was not so effective, it could
improve the surface conductivity only very insignificantly. Argon (the inert gas)
plasma treatment causes the least significant changes of the surface conductivity.
Therefore, study of plasma treatment by oxygen-containing gases (mainly air
and CO2) was in focus. The experiments conducted included plasma treatment
of BPP and foils by such gases as carbon dioxide, air, oxygen and argon. But
the main attention was paid on atmospheric air plasma due to time- and cost-
efficiency and on carbon dioxide plasma due to high efficiency of the treatment.

The gas flow was varied from 100 sccm up to 17 slm. Some experiments with
atmospheric air were conducted by letting some air into the chamber by opening
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a needle valve, controlling the pressure in the chamber.

The pressure variation range depended on the gas used. For example, for air
the pressure was varied in the range of roughly 10−2 mbar up to atmospheric pres-
sure (∼1000 mbar); for carbon dioxide – from 0.1 mbar up to 34 mbar; for oxygen
– from 8 up to 34 mbar; up to 85 mbar for nitrogen and up to 980 mbar for argon.

The duration of plasma treatment was varied depending on other experimental
parameters from 3 up to 60 min for BPP and from 3 up to 15 min for foils.

The distance between the sample and the bottom of the plasma chamber was
varied from 0 up to 6 cm for BPP, but in most experiments ≈ 4 cm. Foils were
always treated at the optimal distance of 6 cm. It should be noticed that this
distance and the distance between the sample and the plasma ball are not the
same. Since the plasma ball is situated approximately in the center of the cham-
ber and the distance is measured from the sample to the bottom of the chamber,
it should be taken into account that the distance between the sample and the
plasma ball is a few centimeters longer than the distance presented here, which
can be measured.

The samples of different composition (foils) require specific sets of experimental
parameters. In case of plasma treatment of foils another important variable
parameter appears – the composition. It must be taken into account choosing the
parameters of the treatment. In this work a suitable and effective mode of plasma
treatment was found experimentally for each foil composition investigated.
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6 Elemental Analysis of Plasma by OES

OES is used in this work to reduce trial and error varying plasma treatment con-
ditions as much as possible, but the idea not to lose plasma conditions leading
to a good performance at variation of parameters was only partly successful at
such big difference of plasma conditions used. Optical emission spectra were ob-
tained during the plasma treatment of the samples by different gases (air, carbon
dioxide, nitrogen and argon). Since the pressure was varied from 0.1 mbar up
to atmospheric by air plasma treatment, also the comparison of optical emission
spectra of air plasma at different pressures was done.

The measurements were done by optical emission spectrometer Avantes
AvaSpec-3648, with the microwave power of the plasma source of 3 kW. The
spectra were analyzed using the following sources: [27, 150–153].

Since many experiments were conducted using atmospheric air as working gas
and the pressure is an important parameter which influences the result of plasma
treatment, it was necessary to investigate the change of air plasma at different
pressures. The result of such investigation by OES is presented in Fig. 6.1.
Air plasma at the pressure of 0.1 mbar has a bright pink color, characteristic
for nitrogen. Changing the pressure up to atmospheric the temperature of the
plasma changes and hence the color of plasma also changes. At the atmospheric
pressure air plasma had white color. The color reflects the spectral composition
of the radiation.
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Figure 6.1: Emission spectra of air plasma at different pressures.

At the pressure of 0.1 mbar (Fig. 6.1 (top left)) one can see the lines, which
belong to the second positive system of nitrogen N2 (C3Πu, ν

′) → (B3Πg, ν
′′)

with the wavelengths of 282.0; 297.5; 315.9; 337.1; 380.5 nm, and so on. A weak
line of ion of molecular nitrogen, which belongs to the first negative system of
N+

2 (B2Σ+
u , ν

′)→ (X2Σ+
g , ν

′′) at 391.4 nm (ν ′ = 0, ν ′′ = 0) is also recognizable at
the pressure of 0.1 mbar (Fig. 6.1 (top left)) and 65 mbar (Fig. 6.1 (top right)).
The intensity of this line decreases with the increase of the pressure of air. At
the pressure of 0.1 mbar the lines of atomic oxygen are absent, what indicates a
low rate of ozone formation under such treatment conditions [151]. It also means
that at low air pressure nitrogen ions give significant contribution to the surface
treatment process.

Increase of the pressure up to 65 mbar and more leads to the appearance of the
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emission line of the molecule OH (308; 313 nm and so on) and also H2 and NO
from the region of 200-300 nm, wherein the lines of hydrogen are not recogniz-
able at the pressure of 105 mbar and higher. The authors in [151] have noticed
that the lines H2 and NO appeared only due to water, what means that H2O

molecules (not molecular oxygen), are responsible for the formation of nitrogen
oxides [151, 154].

The spectrum of air plasma at atmospheric pressure (Fig. 6.1 (bottom right))
shows the lines of atoms, molecules and ions on the continuous “noise“5spectrum
of thermal, braking and recombination plasma radiation. The lines of N2 are
still very intensive at atmospheric pressure, at the same time there are intensive
lines of OH radical, formed from water vapors, which are present in ambient air
and NO radical, formed from O2 and N2 that dissociate at temperatures above
1600 K or by electron impact [27].

Figure 6.2: Emission spectra of carbon dioxide plasma.

In the spectrum of carbon dioxide plasma at the pressure of 8.5 mbar in Fig. 6.2
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one can see dominating CO and OH lines, also well definable CN lines. CN

radicals are formed from N2 (probably from residual air in the chamber) and
carbon-containing impurities (apparently from the sample). Atomic lines N , O
and H initiate further plasma chemical processes, such as formation of ozone
(O3), peroxyl radicals (HO2), and other reactive species [27], responsible for suc-
cessful plasma treatment.

In the spectrum of nitrogen plasma at the pressure of 10 mbar (Fig. 6.3) except
the lines of N2, N and nitrogen ions, CN and OH lines and are visible. Some
minor NO bands can also be detected in the region of approximately 200-295 nm,
what was also reported in [20] and [155] where only pure nirtrogen was used as a
process gas. Even small admixture of oxygen or water vapor into nitrogen plasma
dramatically changes plasma chemistry and thus emitted spectra, decreaseing
CN emission and enhancing the emission of NO and NH radicals [27]. So
unwanted water in the plasma chamber can be recognized by orange or yellow
color of the plasma ball.
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Figure 6.3: Emission spectra of nitrogen plasma.

Emission spectrum of argon plasma, presented in Fig. 6.4, has dominating
argon lines and the lines of insignificant intensity of OH and CH radicals. At
low pressure (4 mbar) the color of argon plasma was pink-purple, likely because
of the remains of the atmospheric air in the chamber. The residual pressure
before argon input was 3.2·10−3 mbar. Increase of argon pressure up to 150
mbar leads to the change of plasma color to more purple, the plasma ball loses
the brightness. Argon plasma ball at the atmospheric pressure is light-purple.
The time of plasma treatment did not significantly influence the emission lines,
changing only the general intensity of the spectrum.
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Figure 6.4: Emission spectra of argon plasma.
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7 Analysis of BPP

7.1 FTIR Investigation of the Surface

One of the main highlights of this work is FTIR spectroscopy, because it allows
to see the changes in absorption bands of heteropolar bonds, hence to monitor
the removal of PP from the surface of BPP. The result of this monitoring will be
reported later in this chapter. The vibration bands of C−H bonds for sp2-carbon
allow to state the presence of graphite fragments of the carbon-containing layer.

7.1.1 Description and Definition of the Peaks of FTIR

Spectra

The FTIR spectra were obtained using Varian 670-IR FTIR spectrometer. The
analysis of the FTIR spectra was conducted for the samples treated in plasma by
different gases: carbon dioxide, oxygen, air and argon. To estimate the impact
of plasma treatment on the surface of BPP the intensity ratios of the peaks typ-
ical for polymer and graphite structures for untreated and treated samples were
compared.

The survey FTIR spectra of the untreated bipolar plate sample and of the
sample treated in carbon dioxide (20 minutes, 4 cm, 100 sccm, 5.8 mbar), are
shown in the Fig. 7.1. The extended peak analysis, presented in this work below,
is done for these samples. In Fig. 7.1 the clearly visible and definable absorption
bands are the following: 1250-1700 cm−1; 2400 cm−1; 2700-3100 cm−1 and slight
3600-3900 cm−1, which refers to H2O absorption [156, 157].
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Figure 7.1: Survey FTIR spectra of: A) untreated sample and B) sample treated 20 min with
a carbon dioxide plasma.

The absorption peaks from the spectra in Fig. 7.1 of the untreated sample were
picked and compared with the peaks of the treated one.

Description of the Spectral Peaks of the Untreated Sample

The spectrum of the untreated sample (Fig. 7.1 (A)) contains the absorption
bands of CH3, CH2 and CH groups. The data decryption can be found in a
number of scientific papers [35, 37, 39, 40, 158–160], including the well-known
work of J. Ristein [156]. The most intensive absorption peaks (2960, 2925 and
2840 cm−1), which are well visible in Fig. 7.2 (C), correspond to the stretching
vibrations of C −H bonds for carbon in tetrahedral environment, i.e. carbon in
sp3 - state. In the absorption range of 2800-3100 cm−1 there are peaks related
to asymmetric (2960 cm−1) and symmetric (2870 cm−1) vibrations of the C −H
bonds in the CH3 group; asymmetric and (2878 cm−1) and symmetric (2840
cm−1) vibrations of the C −H bonds in the CH2 group. For the CH3 group the
asymmetric vibrations can be planar and nonplanar. The stretching vibrations of
the CH group are characterized by the peak at 2900 cm−1. In the region of 1300-
1500 cm−1 there are bands of bending vibrations of C − H bonds: asymmetric
(1456 cm−1) and symmetric (1375 cm−1) in CH3 group; scissoring (1435 cm−1)
and olefinic (1419 cm−1) vibrations of C − H bonds in CH2 group. The range
of 617-750 cm−1 is the range of vibrational energy of C −C bonds, which forms
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the skeleton of the organic compound. Carbon dioxide absorbs in the range of
2300-2400 cm−1.

Description of the Spectral Peaks of the Sample after Carbon Dioxide
Plasma Treatment

After carbon dioxide plasma treatment of the sample (Fig. 7.1 (B)) the following
changes of the spectrum can be noticed:

• In the range of 3000-2800 cm−1 the absorption bands are merged. Decom-
position using Origin 9.0 software showed that the most intensive absorp-
tion bands of CH3 group remaine (2960 and 2870 cm−1). The absorption
band of CH group (2906 cm−1) is also remained, but its intensity decreased
comparing to the intensities of the absorption bands of the bonds in CH3

group.

• The absorbance increase for the wavenumbers over 3000 cm−1. C − H

groups in aromatic (ring structures) and olefinic (one or several double
bonds in the chain) structures absorb in this region (see [156]). This sug-
gests that changes in composition and in structure of the surface layer
take place. Unsaturated bonds and aromatic cycles appear as a result of
abstraction of hydrogen atoms.

• In the range of 1300-1500 cm−1 the bands of C−H vibrations in CH3 group
(1456 cm−1 and 1375 cm−1) are remained. The band of olefinic vibration
of C −H bonds in CH2 group (1416 cm−1) is also remained.

• The appearance of an intense band at 1465 cm−1, next to the band of 1452
cm−1, happened partly due to the bending vibrations of the CH3 group.
CH3 bending vibrations are inherent in several bands [156].

• The absorption bands around 1700 cm−1 and 3250 cm−1 refer to H2O [156].

Definition of the Peaks of PP and Graphite Structures

The absorption bands of 1300-1500 cm−1 and of 2800-3100 cm−1 refer to C −H
bending modes and C − H stretching modes, respectively. The peaks, typical
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for PP, as well as the peaks of graphite structures, can be found in these ranges.
Fig. 7.2 shows the absorption regions for C − H bonds of bending vibrations
(1300-1500 cm−1) and stretching vibrations (2800-3100 cm−1) for the untreated
sample and the treated one in carbon dioxide plasma (Gaussian fitting).

Figure 7.2: FTIR spectra of : A) untreated sample (1300-1500 cm−1); B) treated in CO2

sample (1300-1500 cm−1); C) untreated sample (2700-3100 cm−1); D) treated in
CO2 sample
(2700-3100 cm−1).

Analyzing the FTIR spectra of BPP which consist of carbon and PP can be
problematic due to the difficulty of distinguishing the PP peaks from the graphite
structures peaks unambiguously. For this reason, first of all the intense peaks,
known from the literature, typical for PP and for graphite structures, were ana-
lyzed. These peaks are listed for PP and for graphite structures in Table 7.1 and
in Table 7.2, respectively.
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Table 7.1: Description of the PP peaks of the spectra.

PP
Range Peak C-H stretching modes References
cm−1 cm−1

2800-3100 2949 sp3CH3 asy [37, 40, 156]
2917 sp3CH2 asy [35, 39, 40, 156]
2838 sp3CH2 sym [35, 39, 40, 156]

C-H bending modes
1300-1500 1456 sp3CH3 asy [35, 37, 40, 156]

1435 sp2CH aromat, CH2 scissor [37, 156]
1375 sp3CH3 sym [35, 37, 40, 156, 161]
1359 2CH [37]

Table 7.2: Description of the peaks of graphite structures.

Graphite structures
Range Peak C-H stretching modes References
cm−1 cm−1

2800-3100 3030 sp3CH sym / sp2CH aromat [41, 156]
2960 sp3CH3 asy [41, 156]
2925 sp3CH2 asy [41, 43, 156]
2900 sp3CH [41, 43, 156]
2870 sp3CH3 sym [40, 41, 43, 156]

C-H bending modes
1300-1500 1490 sp3CH3 asy [156]

1473 sp3CH2 [156, 162–165]
1361 CH2 wag [166]

Absorption Bands of Graphite and Polymer Structures

The intensity of the peaks of 1361-1362 cm−1; 1473 cm−1 and 1490 cm−1 (these
peaks are merged with the neighboring one) increases after the plasma treatment.
Graphite-like structures absorb in these regions.

J. V. Gulmine and others have reported the presence of a double peak in the
region 1473-1463 cm−1 for low-density polyethylene in their work on polyethy-
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lene characterization by FTIR [167]. This doublet can be seen also in the FTIR
spectrum of the untreated bipolar plates (Fig. 7.2 (A)). After 20 minutes of CO2

plasma treatment the doublet merges into one (Fig. 7.2 (B)).

For polymeric material a small but discernible satellite at 1398 cm−1 appears.
This satellite is part of a doublet into which the 1375 cm−1 (1372 cm−1 in [156])
line splits when two or three CH3 units are bonded to the same carbon atom,
i.e., in the case of C(CH3)2 and C(CH3)3 units [156].

Absorption of CO2 and H2O

The small peaks in the region of 2300-2400 cm−1 (Fig. 7.1) indicate that the
surface of the sample contains dissolved CO2. Cooling the plate after CO2 plasma
treatment did not lead to any changes in the spectrum, new lines did not appear,
CO2 absorption remained the same. Perhaps some absorption increase in the
region of 3500 cm−1 indicates the presence of water on the surface. It is known
[168] that the bands of physically sorbed water (nonrotating water molecule) lie
in the region of 3825 and 3965 cm−1.

Hydrogen on the Surface

The intensity ratio of the peaks, which refer to different amount of hydrogen,
for example I(CH3)/I(CH), is different before and after the plasma treatment of
the samples. This difference can be associated to the change of the amount of
hydrogen on the surface of the sample.

Since the peak of 2900 cm−1, well visible in the spectrum of the treated sample
(Fig. 7.2 (D)), seems to be completely merged with the neighboring ones in the
spectrum of the untreated sample (Fig. 7.2 (C)), it is difficult to evaluate the
intensity ratio I(CH3)/I(CH) for this peak. J. Ristein in his work regarding
hydrogenated amorphous carbon films [156] has reported:

„For one of the vibrational modes a direct determination of its contri-
bution to the absorption spectrum is not possible. This is the sp3CH

stretching mode, which is completely masked in all samples by the
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asymmetric stretching mode of the sp3CH2 groups. Thus only one
absorption band at around 2925 cm−1, which covers both modes, the
asymmetric sp3CH2 vibration and eventually the sp3CH band, can
be fitted into the spectra. Nevertheless, one can extract the contri-
bution of the sp3CH stretching mode to the IR spectra of the DLC
material by an indirect method by assuming that the concentration
of sp3CH groups is negligible in the polymerlike material. . . This as-
sumption can be justified by the chainlike structure... sp3CH groups
would imply a three-dimensional cross linking of the chains, which is
obviously hardly realized in those films.“

However, the intensity ratio I(CH3)/I(CH) was calculated for the following
peaks:
2870 cm−1 (CH3 sym), 2960 cm−1 (CH3 asy), 3030 cm−1 (CH aromat), 3062
cm−1 (CH aromat), 2998 cm−1 (CH olef). The intensity ratio I(CH3)/I(CH) in
Fig. 7.3 shows the decrease of CH3 and the increase of CH groups on the surface
after plasma treatment.
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Figure 7.3: Intensity ratio of CH3 and CH groups before and after the plasma treatment.

Plasma treatment destroys the macromolecules of PP and removes its monomer
items and parts, clearing the graphite surface. The structure of the graphite sur-
face is porous, the size of the pores separating the hexagonal crystals of graphite
is around a nanometer [169], several crystals can be united into “granules“, sep-
arated by the pores of a micrometer size. AFM and SEM measurements showed
that the size of the pores in plasma-treated BPP is 0.5 – 3 µm. A hydrogen
molecule H2 with the size of 0.23 nm can easily fill the micro- and nanopores of
graphite and even infiltrate into the crystal lattice of graphite. Remaining water
molecules in the chamber are decomposed to hydrogen and oxygen. Therefore,
the pores of the graphite surface can be filled by hydrogen. When the chemical
bonds in C−H and C−C complexes are breaking, the reverse process – physical
desorption can take place. Atoms of hydrogen are chemically very active, they
form different complexes, like C−H, and this way easily sorb into graphite [169].



7.1 FTIR Investigation of the Surface 87

The processes of dissociation of hydrogen molecules on graphite defects also
play an important role in formation of different chemical bonds of hydrogen and
graphite [169]. The authors of [169] (in Russian) report:

„The reaction: C + H2 = CH + H with the formation of atomic
hydrogen and a non-volatile CH complex takes place on the graphite
surface. Atomic hydrogen fills the defects of graphite crystal and
dissolves in it. . . But the dissociation should also take place in the
bulk of graphite in nanopores, accumulating hydrogen in chemical
(C −H) and physical (atomic H) forms. However, the kinematics of
these processes has almost not been studied in practice.“

The thermal impact of the plasma of chemically active gases, like oxygen and air,
on the surface of the samples leads to removal of carbon in volatile oxides form
(CO, CO2) and in the form of hydrocarbons (methane CH4, ethylene C2H4 and
other CxHy) from the pores of graphite. High temperatures in plasma during the
treatment of graphite surfaces also lead to a significant change in the distribution
of pores, i.e. to the change in sorption and desorption properties of the surface
[169]. This dynamism of the properties of graphite complicates the investigation
of sorption and desorption processes of hydrogen.

Table 7.3 and Fig. 7.4 show the increase of the intensity ratio I(CH3)/I(CH2)
after plasma treatment. At the same time the ratio I(CH3)/I(CH) decreases
after plasma treatment. Probably it is so because depolymerization process in
plasma (detachment of methyl groups from the ends of the polymer chain) is
slower than the process of methylene groups removal CH2. Disappearance of the
CH2 vibrations of PP with increasing the duration of plasma treatment was also
mentioned in [170].
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Table 7.3: Comparison of the intensity ratio I(CH3)/I(CH2) before and after the plasma treat-
ment.

I(CH3)/I(CH2) Before plasma treatment After plasma treatment

I(2949)/I(2917) 0.99241 0.99764
I(2960)/I(2925) 0.99038 0.99761

Figure 7.4: Intensity ratio of CH3 and CH2 groups before and after the plasma treatment.

Indeed, it would be logical to suppose that hydrogen should be removed from
the surface in plasma, hence the intensity ratio I(CH3)/I(CH2) should decrease
after treatment, but it does not happen. This contradiction can be explained by
precise measuring of the masses of the samples in every stage of the investigation.

7.1.2 Removal of PP from the Surface

As it was mentioned before, the FTIR technique allows analyzing absorption of
polymers and investigating the polymer-containing surfaces, because it shows the
strong absorption bands of heteropolar bonds. Comparison of the intensity ratio
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of PP and graphite structures before and after the plasma treatment shows how
the amount of PP changes on the surface.

In the spectrum of PP (Fig. 7.5) there are two very well definable peaks:
1375 cm−1 and 1456 cm−1, which are also present in the spectra of the BPP
surfaces (Fig. 7.6). These peaks refer to the bending vibrations of CH3 groups
in PP [35, 37, 40, 156, 161, 171]. The other two peaks, marked in Fig. 7.6:
1361 cm−1 and 1473 cm−1 refer to the bending modes of CH2 groups in graphite
structures [35, 156, 172]. The intensity ratio of the PP peaks and graphite peaks,
shown in Fig. 7.7, decreases after the plasma etching, what indicates the reduc-
tion of PP on the surface after the treatment.

Figure 7.5: FTIR spectrum of PP.
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Figure 7.6: FTIR spectra of A) untreated BPP and B) treated 20 minutes in CO2 plasma
with marked peaks of PP (1375 cm−1 and 1456 cm−1) and carbon structures (1361
cm−1 and 1473 cm−1).

Figure 7.7: Intensity ratios of the peaks, typical for PP and graphite structures before and
after plasma treatment.
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The dependence of the intensity ratio IPP/IGraphite on the duration of plasma
treatment is fairly predictable and presented in Fig. 7.8 and Table 7.4. The
longer the etching time, the less PP remains on the surface, hence the lower is
this intensity ratio.

Figure 7.8: Dependence of the intensity ratio of the PP and graphite peaks on treatment
duration.

Table 7.4: Dependence of the intensity ratio of the PP and graphite peaks on time of plasma
etching.

IPP/IGraphite Treatment time
cm−1 5 min 10 min 15 min 20 min

I(2917)/I(2960) 1.430 1.350 1.340 0.997
I(2838)/I(2960) 4.410 3.780 3.910 0.994

The comparison of the intensity ratio of the peaks of sp3- and sp2-hybridized
atoms of carbon before and after plasma treatment shows the increase of the
content of sp2-hybridized carbon atoms (Fig. 7.9), therefore the increase of the
content of conductive graphite phase on the surface of the etched sample.
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Figure 7.9: Change of the intensity ratios of the peaks of sp3- and sp2-hybridized atoms of
carbon before and after plasma treatment.

So, the change of the intensity ratios of the peaks, typical for PP and graphite,
and the intensity ratio of sp2/sp3 shows the decrease of PP and appearance of
graphite on the surface. Hence, plasma etching of BPP should be an effective
method of improvement of electrical conductivity of BPP.

7.2 Changes of the Mass

The mass of the samples was measured before and after plasma treatment to
estimate the etching rate. Several measurements after the treatment allowed
to notice the increase of mass during the first two minutes after extracting the
sample from the plasma chamber. The mass changes of the treated samples over
time are described in this chapter.

The chemical bonds of the surface atoms become uncompensated during the
etching process, providing the possibility of the formation of new chemical bonds
(oxidation, hydroxyl groups OH) when the sample is taken out of the chamber.
Weakly bound carbon and water on the surface are removed in plasma, forming
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volatile products, such as carbon dioxide, which are transported out of the cham-
ber by the process gas, ultimately reducing the mass of the sample. The mass
of the complete BPP was measured before, during and after the process. The
results of mass change of the sample, etched in air plasma for 30 min at ambient
pressure are shown in Fig. 7.10.

Figure 7.10: Mass change of a BPP, etched in air plasma for 30 min at ambient pressure (A)
during the etching process, (B) after the etching process.

A slight mass increase in Fig. 7.10 (A) after 20 minutes of plasma treatment
can be explained by chemical modification of the surface, i.e. appearance of
polar hydrophilic groups on the surface, which takes place mainly between 15 -
20 minutes of plasma etching in oxygen-containing gases. For this reason, the
modified surface actively absorbs molecular water from the environment as soon
as the sample is extracted from the chamber. Since the main absorption takes
place immediately, in the first minutes after the extraction of the sample from the
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chamber (Fig. 7.10 (B)), the time of measuring the sample mass in the ambient
conditions was enough to gain more mass via absorption than to loose during
the next 10 minutes via plasma etching (Fig. 7.10 (A)).

The measurement of the mass of the samples directly after the plasma treat-
ment shows that it noticeably decreases during the treatment, but increases very
fast and almost reaches the initial value in approximately 2 - 3 minutes, as shown
in Table 7.5 (error of the scales is 0.1 mg). Plasma etching of the surface leads
to the formation of structures with reduced content of hydrogen. But as soon as
the sample appears in ambient conditions, the molecules of water from the air
diffuses into the graphite surface and the mass of the sample increases (Table
7.6) until some “saturation“ value. The absorption takes place mainly during the
first minutes when the sample is taken out of the chamber. After approximately
24 hours the mass does not change significantly.
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Table 7.5: Mass change.

Sample Pressure Gas flow Etching time
mbar slm min

1.1 960 17 5
1.2 990 17 10
1.3 990 17 15
2.1 990 17 5
3.2 990 2 3
3.3 990 7 3
4.1 10 0.5 3
4.2 10 2 3
4.3 10 7 3

Mass before and after etching
before directly after 2 min after 24h after

g g g g

1.1 4.6397 4.6377 4.6382 4.6387
1.2 4.4696 4.4657 4.4670 4.4675
1.3 4.5912 4.5879 4.5892 4.5899
2.1 3.5767 3.5734 3.5751 3.5756
3.2 4.2497 4.2476 4.2488 4.2492
3.3 4.3138 4.3057 4.3080 4.3099
4.1 5.2063 5.2024 5.2042 5.2048
4.2 5.2462 5.2138 5.2170 5.2194
4.3 4.9309 4.8505 4.8538 4.8617

The schematic view of the mass change during the etching process is shown in
Fig. 7.11.
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Figure 7.11: Schematic view of the mass change during the etching process.

Table 7.6: Etched mass in plasma and the increase of the sample mass in two minutes after
etching.

Sample Etched mass Mass increase
mg mg

1.1 2.0 0.5
1.2 3.9 1.3
1.3 3.3 1.3
2.1 3.3 1.7
3.2 2.1 1.2
3.3 8.1 2.3
4.1 3.9 1.8
4.2 32.4 3.2
4.3 80.4 3.3
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7.3 Water Wettability

Water wettability of the surface usually depends on the liquid, material of the
surface and the roughness of the surface. Change of the surface wettability shows
that plasma treatment changes the roughness and leads to chemical modification
of the surface (Fig. 7.12).

Figure 7.12: Hydrophobic (left) surface of BPP before plasma treatment and hydrophilic
(right) after treatment.

The molecule of PP is composed of only carbon and hydrogen (not polar)
atoms, it has pendant CH3 groups, CH and CH2 groups along its backbone
(Fig. 4.1), therefore PP, unlike water, is nonpolar and hence hydrophobic. Thus
the surface of untreated BPP is also hydrophobic.

The contact angle measurements were conducted using SURFTENS Universal
measuring instrument from OEG with accuracy of ±0.5◦, water droplet volume of
about 10 µL. The wettability of the BPP changes already after 3 min of plasma
treatment. The contact angle changes, depending on the duration of plasma
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treatment, as it is shown in Fig. 7.13. For oxygen-containing gases it decreases
and reaches the minimal values for treatment duration of around 20 min, indi-
cating a good hydrophilicity of the surface (Fig 7.14 – for plasma treatment in
CO2). Further etching leads to the increase of contact angle again.

A decrease of the static water contact angle on the surface of carbon/PP BPP
with increasing the duration of oxygen plasma treatment was also studied by
M. Schade et al. in [170] and by J. H. S. Yang and K. Teii in [173], but the
increase of the contact angle after a certain treatment time was not shown there.
Probably because of softer treatment conditions (microwave power of 90 W and
working gas pressure of 0.5 mbar instead of 3000 W and 5 mbar up to ambient
pressure, regarded in this work) the treatment time of 45 min was not enough to
reach this effect.

The authors in [170] have also reported that the improved wettability of the
BPP surfaces depends on the duration of plasma treatment, but in any case this
effect is not stable over time. However, the experimental investigations showed
that the wettability does not significantly influence the electrical conductivity of
BPP, i.e. worsening of the wettability does not mean worsening of the conductive
properties of the surface, therefore the change of the wettability during the aging
of plasma-treated samples in ambient air was not regarded in this work.
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Figure 7.13: Contact angle dependence on etching duration in CO2.

Figure 7.14: Water drop on the BPP surface A) before plasma treatment; B) after 20 min of
CO2 plasma etching.

Change in contact properties of the surface, including wettability of the surface,
is one of the results of chemical modification of the surface. The improvement of
the adhesion properties of polymers under the influence of plasma is related to
surface cleaning, i.e. removal of different contaminations by plasma, and forma-
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tion of hydrophilic groups of different chemical nature. Just breaking the bonds
in PP in plasma would not lead to such an effect, because the broken bond
cannot remain in the torn state. If there are no components, which can react
with the radicals formed on the surface, then there will be polymer fragments
remaining on the surface, which will be hydrophobic, like the original PP. Polar
hydrophilic groups on the surface, for instance oxygen-containing groups, which
appear during the etching in oxygen or air, provide the hydrophilicity of the
surface. Nitrogen-containing groups (amino-, amido-, imino- and etc.) appear
during the plasma etching in ammonia or its mixtures with hydrogen.

In this case, when the samples were etched in CO2 plasma, the surface has
been cleaned, because plasma etching contributes to the “molecular polishing“ of
the surface, and CO2 interacted with hydrocarbon radicals with the formation of
oxygen-containing groups. The known processes of carboxylation and carbony-
lation of organic compounds by carbon oxides took place leading to chemical
functionalization of the surface and as a consequence – to the hydrophilicity of
the surface.

This supposition is confirmed by the results of investigation of the wettability
of the BPP treated in the noble gas – argon. The surface of the samples treated in
argon plasma, independent of the treatment parameters, remained hydrophobic,
with only minor decrease of the contact angle with the change of the treatment
conditions to harsher ones: increase of treatment duration, working pressure and
gas flow and decrease of the distance between the surface of the sample and the
edge of the plasma ball. Most probably this minor change took place due to the
formation of defects in PP on the surface. So, the chemical functionalization of
the surface of BPP in oxygen-containing plasma makes the biggest contribution
to the change of water wettability.

Taking into account the results of investigation by FTIR method, presented
in Fig. 7.7 and Table 7.4, it can be concluded that the PP has been destroyed
and partly removed from the surface along with the chemical functionalization of
the surface. The increase of the contact angle for the samples, treated in plasma
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longer than 20 minutes, can be explained by almost complete removal of PP and
functional groups from the surface, what makes the surface more hydrophobic,
compared to the surface treated for 20 minutes in plasma, but the surface does
not become so hydrophobic as before any plasma treatment.

Varying the experimental parameters it was found that the increase of the dis-
tance between the sample and the plasma leads to the shift of the line in Fig. 7.13
to the right, what means the same results are achieved by longer duration of the
plasma treatment. The distance increase up to 4 cm means that the best wetta-
bility (the minimal contact angle) would be achieved after 30 minutes of plasma
treatment. Further increase of the distance does not lead to the required electri-
cal conductivity, therefore it was not considered.

Summarizing the previous conclusions, plasma treatment causes the destruc-
tion of macromolecules with rupture of the bonds, removal of hydrogen and
formation of unsaturated bonds, and carbonization of the layer.

7.4 Raman Investigation of the Surface

It was surprising and unexpected that plasma treatment also changes the struc-
ture of graphite on the surface of BPP. This will be demonstrated by Raman
spectroscopy in this chapter. Therefore, Raman technique turned out to be as
important as FTIR for this research.

To confirm and refine the results obtained using green diode laser (532 nm)
additionally red diode laser was used (633 nm), because the crosssection for exci-
tation depends on the wavelengt used. Thus, some specialties of Raman spectra,
like for example the peak at 1620 cm−1 merged with G peak, which appears due
to the presence of sp2 bonds, are better defined using red laser.

Since oxygen-containing gases provide the most efficient plasma treatment, Ra-
man spectra of BPP treated by oxygen, air, carbon dioxide and the spectra of
untreated BPP are compared.
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Microscope images showed the inhomogeneity of the surface, therefore Raman
spectra were obtained in different spots of the surface. This was done for the
surfaces of BPP untreated and treated by oxygen-containing gases (oxygen, air
and carbon dioxide) with a view to compare their Raman spectra and to define
whether the deeper areas and spots of the inhomogeneous surface are exposed to
plasma treatment or not.

Raman spectra reaffirm the influence of treatment duration and gas flow on
the resulting electrical conductivity. Raman spectroscopy allows to find out that
plasma treatment at atmospheric pressure can be very effective if the gas flow
value is high enough.

Spectra of foils of different composition show that the composition of a sample,
namely the amount of PP in the composition, has a meaningful impact on the
change of graphite structure during the plasma treatment.

7.4.1 Raman Investigation of Plasma Influence On Surface

Structure and Electrical Conductivity of BPP

Renishaw inVia Confocal Raman Microscope and Spectrometer was used for this
research. The microscope focuses a laser source onto specific areas of a sam-
ple then collects the light scattered off the surface of the sample and directs it
through a Raman spectrometer. This Raman device is using 532 nm (green)
diode laser with 1800 lines/mm grating as a standard set-up [174]. The laser is
the instrument for excitation of the oscillations of atoms and groups of atoms.
The change of the energy of the laser photons can lead to a shift of the spectral
range and to intensity changes of some peaks. In this research the spectra of the
samples were additionally obtained using 633 nm (red) diode laser. This will be
explained in detail in Chapter 7.4.2.

Besides this the device allows to set the grating to 2400 lines/mm to obtain
more precise spectra in a smaller range of wavenumbers. But in the present
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research the standard grating of 1800 lines/mm was used for all the samples,
because the peaks, which are interesting for this research: D, G and 2D peaks of
carbon, are situated in a wider range than the grating of 2400 lines/mm allows
to obtain.

Raman spectra were obtained for BPP and foils of different composition un-
treated and treated in atmospheric air, CO2 and O2 plasma. Raman spectrum
of the untreated BPP (Fig. 7.15) has peaks typical for carbon materials: D peak
at 1332 cm−1, G peak at 1591 cm−1 and 2D peak at 2674 cm−1. The position of
the D peak at 1332 cm−1 shows the presence of tetrahedrally coordinated carbon
in graphite.

Figure 7.15: Raman spectrum of an untreated BPP.

Raman spectrum of PP used for production of BPP (Adstif HA840R, Basell
Ultra Polymers) in Fig. 7.16 looks similar to the FTIR spectrum of a PP film
(Fig. 7.5). Regularity bands of PP are well definable in the range of 800-
1300 cm−1. In the range of 1300-1500 cm−1, where bending vibrations of C −H
bonds in functional groups CH3 and CH2 appear, the peak at 1332 cm−1 (D peak
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in carbon materials) is also definable. There is also a peak at 2650-2725 cm−1

(where in carbon materials 2D peak would be situated), but no peaks at the
frequencies of G peaks in carbon materials. A wide band at the range of 2600-
3000 cm−1 refers to hydroxyl groups, bonds with heteroatoms or some macro-
molecules in oxidized state.

Figure 7.16: Raman spectrum of PP.

Comparing the spectra of the samples treated by different oxygen-containing
gases (Fig. 7.17 (B), (C), (D)) with the spectrum of the untreated sample (Fig. 7.17
(A)), it is easy to notice the changes after the plasma treatment, which are com-
mon for plasma treatment by different gases. These changes are: the shift of
the G peak to the smaller values of wavenumbers, the change of the intensity
ratio of D and G peaks and the intensity increase of the 2D peak of carbon.
Such changes indicate the removal of the PP from the surface of the samples as
expected, but even the etching of nanocrystalline carbon from the surface since
the Raman spectra are indicating bigger crystals after the plasma treatment [8].
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Figure 7.17: Raman spectra of: A) the untreated sample; B) the sample, etched by CO2 for
20 min; C) the sample, etched by air for 20 min; D) the sample, etched by O2 for
7 min.

The spectra of the samples treated in plasma show a noticeable shift of the G
peaks to the smaller values of the wavenumbers: from 1591 cm−1 to 1576 cm−1

and 1584 cm−1 (Fig. 7.17). Zolkin A. S. and Yurkovskaya E. S. report in [41]
about the shift of the G peak in Raman spectra of carbon films to 1600 cm−1.
This shift indicates the crushing of graphite monocrystals to micro- and nanocrys-
tals. This shift of the G peak is also described in [175] and mentioned in [176].
Thereby the shift of the G peaks in the spectra of the treated samples in Fig. 7.17
can indicate the change of the structure of graphite on the surface: the increase
of the crystals size. This assumption is also confirmed by analyzing the changes
of the intensity of the D peak with respect to the intensity of the G peak.

Another change in Raman spectra after plasma treatment visible in Fig. 7.17
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is a significant decrease of the intensity of D peak comparing to the intensity
of G peak. Such change indicates the increase of the crystals size [41] on the
surface of the treated samples and the decrease of the amount of defects. This
conclusion is also confirmed by the diagram in Fig. 7.18 adapted from the works
of J. Robertson [43] and A. Ferrari [48]. Fig. 7.18 shows how the graphite on
the surface of the samples, treated for 20 minutes in CO2 plasma, changes the
structure from partly nanocrystalline to polycrystalline.

Figure 7.18: Structural change of the graphite on the surface after CO2 plasma treatment for
20 minutes (adapted from References [43] and [48]).

Fig. 7.19 explains and completes the diagram in Fig. 7.18 for the particular
example of CO2 as a working gas for plasma etching.
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Figure 7.19: Schematic view of the changes of Raman spectrum and graphite structure on the
surface of a BPP after CO2 plasma treatment for 20 minutes .

Graphite has e-type electrical conductivity. Electron scattering takes place on
thermal vibrations and on defects. Since the crystalline structure of graphite
changes and the close packing does not change, the electrical conductivity of
the samples increases together with the increase of the crystals size. It is so
because the bigger the crystals, the fewer interfaces are there between them,
and, consequently, the fewer interfaces are there between the crystals, the less
is the scattering of electrons, hence the conductivity of the etched samples with
polycrystalline structure is better than the conductivity of the untreated samples
[8].
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7.4.2 Influence of the Experimental Parameters On Raman

Spectra

As it was mentioned above (in Chapter 7.4.1), the lasers with the wavelengths of
532 nm (green) and 633 nm (red) of the Raman spectrometer were used for this
investigation. Fig. 7.20 shows some differences in Raman spectra, obtained with
the use of different (red and green) lasers. These are the spectra of a foil with
29 wt% of PP in its composition.

Figure 7.20: Comparison of Raman spectra of a foil, obtained with red and green laser of the
Raman spectrometer.

It is easy to see in Fig. 7.20 that with the increase of the incident radiation
wavelength (the red laser compared to the green one) the D peak and the 2D
peak become more intense and they both shift to the smaller wavenumber values,
while the G peak does not change its intensity and position at all. Moreover,
a distinctly noticeable shoulder appears near the G peak at around 1620 cm−1.
Since both spectra were obtained for the same untreated sample, the graphite
matrix, the structure, the packing of atoms and the crystals size remain un-
changed, therefore the G peak does not shift and does not change the intensity.
The shift of the D peak, as well as the shift of the 2D peak, can be explained
by the change in the energy of the excitation quantum ~ωexc [176, 177]. Ac-
cording to [176], for the same reason the small additional band at 1620 cm−1

appears next to the G peak, which does not change (Fig. 7.20 and Fig. 7.21). J.
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Robertson in [43] mentions the olefinic origin of the peak at 1620 cm−1. Usually
this peak is more intensive and merged with the G peak, noticeably changing its
contour, in the spectra, obtained with the red laser (Fig. 7.20). It is also present
in the spectra obtained with the green laser, but less intensive; it is absent or
merged with the G peak in the spectra of the foils (Fig. 7.20) and it has a sharp
peak at 1620 cm−1, noticeably separated from the G line, for the BPP treated
in air plasma (Fig. 7.22). At that the more effective the air plasma treatment
is, the more distinctively this peak separates from the G peak (Fig. 7.23), (even
though its intensity remains relatively small), what indicates the presence of sp2

bonds on the treated surface. Conductive graphite has a sp2-hybridized crystal
structure [178], what may be another evidence of the improved electrical conduc-
tivity of the BPP treated in plasma. However, as it was already mentioned, such
a dependence of the shape of the peak at 1620 cm−1 on the plasma treatment
influence on the surface was established only for air-etched BPP. For the BPP
and foils treated with other gases this dependence was not observed.

Bi-Gaussian fitting of the Raman spectrum obtained with red laser from Fig. 7.20
is shown in Fig. 7.21.
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Figure 7.21: Bi-Gaussian fitting of the Raman spectrum of the foil, obtained with red laser.

Figure 7.22: Raman spectrum of the BPP, 20 min treated in air plasma at the pressure of
0.019 mbar.
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Figure 7.23: Raman spectra of the BPP, 20 min treated in air plasma at the pressure of:
A) 1.9·10−2 mbar; B) 30 mbar; C) 60 mbar.

Unsaturated C = bonds absorb at 1600 cm−1. Mono-olefins (containing one
C = C bond) have a characteristic band in the region of 1640-1675 cm−1 [179].
The conjugation of two C = C bonds can lead to the appearance of two absorp-
tion bands in the region of 1560-1650 cm−1 region.

Comparing the Raman spectra of the foil (29 wt% PP) treated in air plasma
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for 7 min at the pressure of 0.19 mbar and the distance between the sample and
the plasma chamber of 6 cm, obtained with red and green lasers, one can notice
the same differences, which are observable for the untreated sample: the shift of
the D and 2D peaks to smaller wavenumber values, while the G does not change
its position and intensity, and the higher severity of the peak at 1620 cm−1 in
the spectrum, obtained with the red laser (Fig. 7.24). The only difference is
that in case of the treated sample (Fig. 7.24) the peaks D and 2D almost do not
change their intensity, unlike in case of the same sample before plasma treatment
(Fig. 7.20), where these peaks look more intense in the spectrum, obtained by
the red laser.

Figure 7.24: Comparison of Raman spectra of the foil treated in air plasma, obtained with red
and green laser of the Raman spectrometer.

Fig. 7.25 shows the Raman spectrum of another foil (35 wt% of PP) 20 minutes
treated in air plasma at the pressure of 0.13 mbar and the distance between the
sample and the plasma chamber of 4 cm, obtained with green laser. Visually
it is not different from the spectrum of the sample treated in air plasma for
shorter time and at bigger distance in Fig. 7.24, but the intensity ratio I(D)/I(G),
presented in the Table 7.7, shows the difference between these spectra.
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Figure 7.25: Raman spectrum of the foil, 20 min treated in air plasma.

Table 7.7: Raman spectrum of the foil, 20 min treated in air plasma with Pressure P, Treat-
ment duration t and Distance between the sample and the chamber L. Foil 1 is the
untreated reference.

Foil Amount of PP Gas P t L I(D)/I(G)
wt% mabr min cm

1 29 - - - - 1.07
2 29 Air 0.19 7 6 0.15
3 35 Air 0.13 20 4 0.19

Longer treatment duration of foil 3 compared to foil 2 and a shorter distance to
the plasma should have led to a smaller value of I(D)/I(G), because the graphitic
surface should be more intensively cleared from the PP. On the other hand, the
amount of PP is higher in the composition of foil 3 than in the composition of
foil 2. The result of the comparison of the I(D)/I(G) ratios in the Table 7.7
shows that the I(D)/I(G) ratio of foil 3, which was treated longer and at shorter
distance to the plasma chamber but has more PP in its composition, is higher
than the I(D)/I(G) ratio of foil 2. This result can also be explained considering
the experimentally established fact that generally foils need “softer“ conditions
of plasma etching: bigger distance and shorter treatment duration than BPP
to reach the necessary electrical properties. At the treatment parameters which
were chosen for foil 3, the plasma has partly removed PP from the surface, but
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also started to etch and destroy the graphitic surface, what lead to the increase
of disorder and amount of defects on the sample surface, and consequently to the
increase of the D peak intensity compared to the intensity of the G peak.

Renishaw inVia Confocal Raman Microscope, which was used for this research,
allows to make scans of the surface and chose the point, which should be scanned
for the spectrum. The pictures of the surfaces of a BPP and a foil before and
after a successful air plasma treatment are presented in Fig. 7.26. It is easy
to see that even the surfaces of the plasma-etched samples (Fig. 7.26 (B), (D))
are inhomogeneous, therefore the view of the Raman spectra can depend on the
point, where the spectrum was taken. Higher spots of the surface look brighter
in Fig. 7.26.

Figure 7.26: Raman microscope pictures of the surface of: A) a BPP before plasma treatment;
B) the BPP after air plasma treatment; C) a foil before plasma treatment; D) the
foil after air plasma treatment.

Spectra of BPP strongly depend on the spot of the surface (“low“ (dark) or
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“high“ (bright)), where they are taken. Fig. 7.27 (A) shows the view of the surface
of a BPP, 20 minutes treated in air plasma at the pressure of 1.9·10−2 mbar and
at the distance from the plasma chamber of 4 cm; and two spots (dark and bright)
on the surface where the spectra were taken. The Raman spectra, corresponding
to these spots, are shown in Fig. 7.27 (B). The spectrum, which was taken in the
dark spot of the surface looks rather like the spectrum of an untreated sample
(Fig. 7.17 (A)) and even visually differs a lot from the spectrum of the bright
spot, what allows to make a conclusion that the roughness of the BPP is too
high for homogeneous surface etching with the method used and the conditions
of plasma treatment.

Figure 7.27: A) View of the surface of a BPP treated in air plasma; B) Raman spectra taken
in two different spots of the surface.

The thickness and the roughness of the surface of BPP is much higher than
those of foils. Therefore, it is not difficult to find the experimental parameters,
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by which the surface of a foil would be evenly etched. The view of the plasma-
treated surface and the comparison of the Raman spectra, taken in two different
spots, of a foil (33 wt% of PP), 20 minutes treated in oxygen plasma at the
pressure of 8.2 mbar and at the distance from the plasma chamber of 4 cm, are
shown in Fig. 7.28.

Figure 7.28: A) View of the surface of a foil 20 min treated in oxygen plasma; B) Raman
spectra taken in two different spots of the surface.

Using oxygen as a working gas allows to shorten the time of plasma treatment,
to increase the distance between the sample and the plasma chamber (to avoid
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the possibility of combustion of the sample) and to achieve the required surface
conductivity values not damaging the surface. Fig. 7.29 shows the spectra taken
in a dark spot and in a bright spot of a foil treated in oxygen plasma for 7 min at
the distance of 6 cm from the chamber. These experimental parameters do not
allow to etch the surface of the foil evenly in all the structure spots, but at these
parameters the surface is treated well enough to meet the required properties.

Figure 7.29: Raman spectra of a foil treated 7 min in oxygen plasma, taken in two different
spots of the surface.

Fig. 7.30 shows the spectra of two BPP treated in carbon dioxide (Fig. 7.30
(A)) and in air plasma (Fig. 7.30 (B)) for 20 min. The value of I(D)/I(G)

of the sample treated in CO2 (I(D)/I(G)CO2=0.1197) is lower than this of
the sample treated in air (I(D)/I(G)Air=0.3519). Both values show a sig-
nificant decrease comparing to the I(D)/I(G) value of an untreated sample
(I(D)/I(G)Untreated=1.2617). However, air is the preferred gas for plasma treat-
ment application, because of its availability and the possibility to conduct the
experiments much faster and cheaper than using other gases.
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Figure 7.30: Raman spectra of BPP 20 min treated in: A) CO2; B) air.

The change of the intensity ratio I(D)/I(G) value with the increase of the
treatment duration (3 to 30 minutes) for BPP treated in CO2 (8 mbar; 4 cm;
3.85 slm, 3 kW) is presented in Fig. 7.31. The I(D)/I(G) value increases when
the sample is treated for longer than 20 minutes. The dependence of the G peak
shift on the treatment duration was not observed, but for all the treated BPP
the shift of the G peak to the smaller values of wavenumbers took place, as it is
presented in Table 7.8.
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Figure 7.31: Dependence of the I(D)/I(G) ratio value on treatment duration for BPP treated
in CO2.

Numerical data for the dependence of the I(D)/I(G) ratio on treatment dura-
tion for BPP, treated in CO2 plasma, are presented in Table 7.8.

Table 7.8: Numerical data for the dependence of the I(D)/I(G) ratio and the positions of the
peaks D and G on the treatment duration for BPP, treated in CO2 plasma.

Sample Duration G peak D peak I(D)/I(G)
min cm−1 cm−1

Untreated BPP 0 1583 1332 1.26
1 3 1576 1332 0.35
2 10 1571 1327 0.17
3 20 1581 1337 0.12
4 30 1576 1353 0.29

Raman spectra of the samples treated in a very large pressure range (from
10−2 mbar up to atmospheric pressure) show the chande of the I(D)/I(G) ratio
values with the decrease of the working pressure, as it is shown in Fig. 7.32.
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Figure 7.32: Comparison of Raman spectra of the untreated and the treated at different pres-
sures foil.

The Raman spectra of foils (29 wt% of PP), obtained with red laser, in Fig. 7.32
illustrate the higher efficiency of 7 minutes long plasma treatment by air at
low pressure (0.19 mbar), comparing to ambient pressure, when all the other
experimental parameters remain the same. The intensity ratios I(D)/I(G) and
the positions of the G peak of the spectra in Fig. 7.32 are presented in Table 7.9.

Table 7.9: I(D)/I(G) ratio and G peak position from the Raman spectra of the untreated and
the treated at different pressures foils.

Plasma treatment Pressure G peak I(D)/I(G)
mbar cm−1

Untreated foil - 1583 1.07
Air plasma 933 1581 1.04
Air plasma 0.19 1579 0.15

The data presented in Table 7.8 and Table 7.9 generally confirm the assumption
about the dependence of the result of plasma treatment on the treatment duration
and on the gas pressure during the treatment and correspond to the results in
Chapter 9. Another important experimental parameter, which influences the
efficiency of plasma treatment is gas flow. Fig. 7.33 shows how the Raman
spectrum changes when the gas flow changes. These are the spectra of the foils
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(29 wt% PP) 3 minutes treated in air plasma with the pressure of 10 mbar at
the distance from the chamber of 6 cm.

Figure 7.33: Raman spectra of a foil treated in air plasma at different gas flows.

The Raman spectra in Fig. 7.33 show that the increase of the gas flow results
into more efficient plasma treatment, what is also mentioned in Chapter 7.2
(Table 7.5).

7.4.3 Influence of the Foil Composition on Raman Spectra

Foils consist of graphite, PP and carbon black in different percentages. The result
of plasma treatment strongly depends on the composition of the foil. Therefore,
certain experimental parameters must be selected for each foil composition. The
exact compositions cannot be presented because of data protection, in this con-
nection only the percentage by mass of PP of the researched foils are shown in
Table 7.10.

Table 7.10: Amount of PP in the composition of the researched foils.

Foil PP
wt%

F1 35
F2 33
F3 31
F4 29
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Raman spectra of the untreated foils, described in Table 7.11, are presented in
Fig. 7.34.

Figure 7.34: Raman spectra of the untreated foils.

Four Raman spectra, obtained with green laser, of the foils with different com-
positions and treated in plasma at different parameters are presented in Fig. 7.35.
The data in Table 7.11 show that the I(D)/I(G) ratio of foil F4 (see Table 7.10)
with the smallest amount of PP in its composition (29 wt%) in Fig. 7.35 (A) has
the value 0.1548 and it is the smallest value for the spectra presented in Fig. 7.35,
in spite of a shorter treatment duration, compared to the sample F1 (35 wt%
of PP). Thus, the composition of a sample has a big influence on the result of
the plasma treatment, therefore must always be taken into account and surely it
should affect the choice of the treatment parameters.
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Figure 7.35: Raman spectra of the foils: A) F4 treated in air plasma, 7 min, 0.19 mbar; B)
F1 treated in air plasma, 20 min, 0.13 mbar; C) F3 treated in O2 plasma, 7 min,
8 mbar; D) F2 treated in O2, 20 min, 8 mbar.
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The sample F2 with 33 wt% of PP in Fig. 7.35 (D) has the biggest shift of the
G peak position and has lower than F3 (31 wt% of PP) value of the I(D)/I(G)
ratio what is also shown in Table 7.11. In this case longer treatment duration in
oxygen let obtain a better result in spite of higher content of PP in the sample.

Table 7.11: I(D)/I(G) ratio, G peak position and plasma treatment parameters
from the spectra in Fig. 7.35.

Sample PP content Parameters G peak I(D)/I(G)
wt% cm−1

F1 35 Air, 20 min, 0.13 mbar 1581 0.19
F2 33 O2, 20 min, 8 mbar 1576 0.18
F3 31 O2, 7 min, 8 mbar 1578 0.50
F4 29 Air, 7 min, 0.19 mbar 1579 0.15

Table 7.12 shows the I(D)/I(G) ratio values and the positions of the G peak
for the untreated and treated in air plasma at ambient pressure without gas flow
foils (993 mbar, 6 min, 6 cm).

Table 7.12: I(D)/I(G) ratio and G peak position from the spectra of the untreated and treated
in air plasma at ambient pressure without gas flow foils.

Sample PP content G peak I(D)/I(G)
wt% cm−1

Untreated F1 35 1583 1.54
Untreated F2 33 1583 1.15
Untreated F3 31 1583 1.09
Untreated F4 29 1583 1.07
F1 35 1581 0.82
F2 33 1581 0.89
F3 31 1581 1.03
F4 29 1581 1.04

The results presented in Table 7.12 show that plasma treatment at ambient
pressure is inferior in effectiveness to the low pressure treatment (see Table 7.11),
even though it also allows to see the changes in Raman spectra after the plasma
treatment: the decrease of the values of I(D)/I(G) ratio and the shift of the G
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peak. It is interesting that at the same treatment conditions using no gas flow,
the samples with higher content of PP are treated more intensively, as evidenced
by the I(D)/I(G) in Table 7.12: the foil F1, which has the highest PP content,
has lower I(D)/I(G) value after the plasma treatment than the other foils. This
phenomenon allows to suppose that first of all PP is being removed from the
surface during the plasma treatment and graphite disorder increases faster in the
samples with higher PP amount.

Raman spectra of three foils, 5 minutes treated in air plasma at the pressure
of 990 mbar with the gas flow 17 slm at the distance to the chamber of 6 cm are
shown
in Fig. 7.36. Table 7.13 shows the values, describing these spectra.

Figure 7.36: Raman spectra of different foils, 5 minutes treated in plasma with the gas flow of
17 slm.
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Table 7.13: I(D)/I(G) ratio, G peak position and content of PP from the spectra in Fig. 7.36.

Sample PP content G peak I(D)/I(G)
wt% cm−1

F1 35 1581 0.82
F2 33 1581 0.79
F3 31 1575 0.66

The results, presented in Table 7.13, obviously show that using high values of
the gas flow (17 slm) leads to very intensive plasma treatment and the sample
with lower PP amount have lower I(D)/I(G) values. For foil F3 also the shift
of the G peak is observed. The sample F4 could not be regarded in Table 7.13,
because the treatment conditions were too hard for this sample, the sample was
burned and crumbled during the experiment. The edges of the sample F3 were
also crumbled, even though the sample could still be investigated, practically the
plasma treatment conditions used are not suitable for the samples F3 and F4
with relatively low amount of PP in their composition (see Table 7.10).

The samples F1 and F2 were treated for longer time: 10 and 15 minutes. The
spectra of these samples after the treatment are presented in Fig. 7.37. The
numerical values of I(D)/I(G) and the position of the G peak for these spectra
are shown in Table 7.14.
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Figure 7.37: Raman spectra of the foils F1 and F2, treated in air plasma with the gas flow of
17 slm for: A) 10 min; B) 15 min.

Table 7.14: I(D)/I(G) ratio and G peak position from the spectra in Fig. 7.37.

Sample Duration PP G peak I(D)/I(G)
min wt% cm−1

F1 10 35 1581 0.85
F2 10 33 1581 0.79
F1 15 35 1578 0.79
F2 15 33 1584 0.88

The sample F2, treated for 15 minutes, also started to crumble at the edges.
Only the sample F1 with 35 wt% of PP in its composition could be successfully
treated in air plasma at ambient pressure with the gas flow of 17 slm for 15 min-
utes without being damaged. However even the most intense plasma treatment
of foil F1 did not let the sample reach the required electrical conductivity, even
though it was significantly improved after the plasma treatment.

An example of the common influence of such parameters as pressure, gas flow,
and the composition of the foil is shown in Table 7.15. The foil F3 (31 wt% of
PP) was treated in air plasma for 3 minutes at the distance of 6 cm from the
plasma chamber, varying the gas flow and the pressure of the gas. The smallest
value of the I(D)/I(G) ratio was achieved using the strongest gas flow at ambient
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pressure (9 slm, 990 mbar), but the lower pressure at lower value of the gas flow
(2 slm, 300 mbar) was more efficient than 7 slm gas flow at ambient pressure.
It should also be noted that only the sample, treated at the gas flow of 7 slm
at ambient pressure with the highest I(D)/I(G) value in Table 7.15 (0.7862) was
not damaged and not crumbled at the edges after the plasma treatment.

Table 7.15: I(D)/I(G) ratio and G peak position of F3, treated in air plasma at different con-
ditions.

Sample PP Conditions G peak I(D)/I(G)
wt% cm−1

F3 31 9 slm, 990 mbar, 3 min 1575 0.66
2 slm, 300 mbar, 3 min 1575 0.68
7 slm, 990 mbar, 3 min 1578 0.79

7.4.4 Summary of the Results of Raman Spectroscopy

The most interesting and unexpected result obtained by Raman spectroscopy is
the fact that oxygen-containing plasmas not only remove PP from the surface,
but also change the micro structure of graphite from nanocrystals to microcrys-
tals. This is evidenced by the shift of G peak to smaller wavenumbers and by
decrease of the intensity ratio of D and G peaks after oxygen-containing plasma
treatment. These changes indicate the increase of size of graphite crystals, what
positively influences the electrical conductivity of the samples.

The width of the D band at half maximum height (FWHM), which implies
the disorderness of graphite, depends on the excitation energy. The changes of
FWHM were not regarded in this work.

Additional investigation using red laser confirmed the results obtained by green
laser. The absence of changes in position and intensity of G peak mean that
graphite matrix, structure, packing of atoms and the size of the crystals are not
changed. The change of excitation energy leads to shifts of D and 2D peaks. Nev-
ertheless, the investigation using red laser allowed to see the peak at 1620 cm−1

merged with G peak, especially well recognizable in the spectra of BPP treated
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in air plasma. This peak indicates the presence of sp2 bonds responsible for elec-
trical conductivity of graphite.

Inhomogeneity of the surface of BPP can be seen in microscope images in
Fig. 7.26. Therefore, several spots of the surfaces of BPP untreated and treated
by oxygen-containing gases (oxygen, air and carbon dioxide) were investigated
by the method of Raman spectroscopy. The results showed that after 20 min
of oxygen plasma treatment almost no differences between the spectra taken in
different spots of the surface remain (see Fig. 7.28).

Plasma treatment by carbon dioxide appeared to be more efficient than by air.
Using the spectra of BPP treated by CO2 plasma as an example the change of
the value of intensity ratio I(D)/I(G) with increase of treatment duration from
0 to 30 min is shown. It allows to define the optimal treatment duration of BPP
by this gas.

Raman spectra of BPP treated by air at different pressures showed the high
efficiency of low pressure plasma treatment compared to high pressure. Also high
values of gas flow lead to more efficient plasma treatment.

Investigation of Raman spectra of foils showed that plasma treatment by air at
atmospheric pressure can remove PP and improve the conductivity of BPP ver
efficently if the value of gas flow is high enough and the higher the value of the
gas flow, the higher is the efficiency of plasma treatment.

Raman spectra of foils of different composition allow to state that the composi-
tion of the sample influences the result of plasma treatment very much. Compari-
son of intensity ratios I(D)/I(G) of different foils showed that the structure of the
graphite matrix of the foils with the maximal amount of PP in their composition
(35 wt%) is changed from nanocrystalline to polycrystalline more significantly
than the structure of the graphite matrix of the foils with smaller amount of PP
in their composition. Oxygen-containing plasma removes PP from the surface
of the samples with higher amount of PP relatively fast, after that the graphite



130 7.5 XPS Investigation of the Surface

disorder increases. This process appeared to be faster for the samples with higher
PP amount.

7.5 XPS Investigation of the Surface

In this research VersaProbe IITM from Ulvac-Phi was used for the XPS investi-
gation. The technical data of the device are described in [180].
The XPS quantitative evaluation of the surface chemistry of BPP untreated and
treated in air plasma is presented in Table 7.16. The description of the samples
used for XPS investigation is also presented in Table 7.16.

Table 7.16: Quantitative evaluation of chemical composition of the untreated and treated in air
plasma BPP, showing the gas type, the distance from the sample to the chamber L,
treatment duration t and the pressure P. Also the data for the untreated sample
0 are shown.

BPP Gas L t P XPS evaluation
cm min mbar

0 - - - - 97 at% carbon, mostly sp3-
hybritized; 3 at% oxygen;
minimal silicon contamina-
tion

1 Air 4 20 1004.80 91 at% mostly sp3-
hybritized carbon with
small amounts of C − O
bonds; 7 at% oxygen; 2 at%
nitrogen; minimal silicon
contamination

2 Air 4 3 0.15 93 at% carbon with small
amounts of C − O bonds;
5 at% oxygen; 2 at% silicon;
(no nitrogen detected)

The results of the quantitative chemical analysis, presented in Table 7.16, may
suggest that the values of the atomic percent of oxygen after plasma treatment
are higher than the value before plasma treatment. But considering the error of
the method, the values of atomic percent of oxygen may also decrease or remain
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unchanged. Blue, purple and green lines in Fig. 7.38 show the possible change of
the value of atomic percent of oxygen after air plasma treatment.

Figure 7.38: XPS values of atomic percentage of oxygen of the untreated and treated in air
plasma BPP, considering the error.

Since the error for atomic percentage is roughly ±3 at% in XPS, the quanti-
tative results, obtained by XPS method, are very approximated and should be
regarded on the basis of more precise methods for this research, such as FTIR
and Raman spectroscopy methods.

As it was already mentioned, experiments showed that plasma treatment at
low gas pressure is usually more effective than the treatment at high pressures.
Plasma treatment by air leads to oxidation, to appearance of nitrogen on the
surface and to oxidative destruction of the polymer.
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Minor contaminations were found on all the investigated surfaces. It is also
difficult to make a conclusion about the reduction of sp3- hybridized carbon after
the plasma treatment, because on the surface of the sample, treated in plasma at
ambient pressure, mostly sp3-hybritized carbon was found. Nevertheless, a sig-
nificant increase of sp2 hybridization compared to sp3 is demonstrated by FTIR
spectroscopy method.

Nitrogen 1s peak of the sample 1 from Table 7.16 has quite small intensity and
is shown in Fig. 7.39.

Figure 7.39: XPS analysis of nitrogen in sample 1 (see Table 7.16).

Nitrogen from the air can interact with carbon, oxygen and hydrogen on the
surface of BPP during the air plasma treatment. A small amount of nitrogen
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may be present on the surfaces of the samples, treated by air. It is known that
nitrogen is capable of forming three covalent bonds with other atoms, accord-
ing to the exchange mechanism. When an atom of nitrogen has a valence of
3 it can act as a donor of a pair of electrons, forming the fourth bond by the
donor-acceptor mechanism. In this case, nitrogen acquires a valence of 4. The
tetravalent nitrogen atom has a positive charge and can participate in the for-
mation of ionic bonds [181].

T. Homola et al. in [110] reported about the small amount (up to 3 at%)
of nitrogen on poly(ethylene terephalate) – PET samples treated by air plasma
at atmospheric pressure, but the atomic percentages of nitrogen are too small
within the XPS accuracy. Also decrease of carbon concentration and increase of
oxygen concentration with the increase of plasma treatment time from 1 to 10
seconds was described in [110]. Other investigations report that more C−O and
C = O present on the surface of polymers after exposure to atmospheric-pressure
oxygen-containing plasma [182].

The XPS peaks of carbon 1s and oxygen 1s are presented in Fig. 7.40 and
Fig. 7.41, respectively. The peak in C 1s spectrum of the BPP, treated at low
pressure (Sample 2 in Table 7.16), shown in Fig. 7.40 (C), is asymmetric and has
a satellite feature towards higher binding energy from the main C 1s peak, what
implies high concentration of sp2 carbon in the sample [87]. The peak in the
spectrum of the BPP, treated at low pressure (Sample 1 in Table 7.16), shown
in Fig. 7.40 (B), also has a satellite feature, but at lower binding energy values.
This peak has an asymmetric tail towards higher binding energy on its top, while
the peak of the untreated BPP in Fig. 7.40 (A) is more symmetric. If the sample
has a high concentration of sp3-bonded carbon, the C 1s peak has a symmetric
shape and can be slightly shifted to higher values of binding energy [87].
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Figure 7.40: XPS analysis of carbon in BPP (see Table 7.16): A) Sample 0; B) Sample 1;
C) Sample 2.

The shape of the C 1s peaks also depends on the amount of nitrogen on the
surface. The higher the concentration of nitrogen on the surface, the higher is
the full width of the peak at half maximum height (FWHM) and the wider is
the peak C 1s [183].
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Figure 7.41: XPS analysis of oxygen in BPP (see Table 7.16): A) Sample 0; B) Sample 1;
C) Sample 2.

The peak O 1s in Fig. 7.41 can be deconvoluted into two components: 531.9 eV
(attributed to C = O) and 533.43 eV (attributed to C−O). The peaks in Fig. 7.41
have similar shapes. Generalizing the data in Fig. 7.40 and Fig. 7.41, more C−O
and C = O bonds present on the surface after plasma treatment at the described
conditions.

Since XPS gives information about the chemical composition in the depth of
nm, oxygen may appear on the surface due to absorption or oxidation after the
plasma treatment. Nevertheless, the inhomogeneity of the BPP surface should
be taken into account, what means that the results of the XPS analysis may
differ in a certain range in different spots of the surface.
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7.6 AES Investigation of the Surface

AES analysis of BPP untreated and 20 min treated in CO2 plasma (5.8 mbar,
4 cm, 100 sccm, 3 kW) was conducted to compare the results of CO2 plasma
treatment with the results of air plasma treatment, obtained by XPS method.

For this investigation the Scanning Auger System PHI 660 from Physical Elec-
tronics was used [184]. The voltage of the electron beam was chosen to be
10 kV. The high energy resolution (0.7%) provides the possibility to define the
exact peak position and the shape of the peak, which depend on the chemi-
cal surrounding of the element [184]. Images of the surfaces of the investigated
samples, obtained by this device, are presented in Fig. 7.42. The surface of the
sample etched in plasma (Fig 7.42 (B)) is more inhomogeneous and rough than
the surface with PP of the untreated sample (Fig 7.42 (A)).

Figure 7.42: SEM pictures of BPP: A) untreated; B) 20 min treated in CO2 (5.8 mbar, 4 cm,
100 sccm, 3 kW).

Auger spectra of the BPP untreated and 20 min treated in carbon dioxide
plasma are shown in Fig. 7.43. The treatment conditions of the second sample
allow to achieve the required electrical conductivity.
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Figure 7.43: Auger spectra of BPP: A) untreated; B) 20 min treated in CO2 (5.8 mbar, 4 cm,
100 sccm, 3 kW).

In [170] the carbon peak is defined at 278 eV for C KLL transition, while
272 eV for this transaction is mentioned in [64]. As it is shown in Fig. 7.43,
the BPP, investigated in this work, exhibit the peaks of carbon at 276 eV before
plasma treatment and 277.4 eV after CO2 plasma treatment (1.4 eV shift) and
the peaks of oxygen – at 518.2 eV and 520.3 eV (2.1 eV shift), respectively, in-
stead of 516 eV, mentioned in [64]. The peak shifts of a few eV often occur due
to chemical bonding [64]. These shifts may be related to high electronegativity
of oxygen in carbon-oxygen bonds [185].

Measurements using AES show that the carbon content increases and the oxy-
gen content decreases after 20 min of etching in carbon dioxide plasma. The
value of the intensity ratio of carbon and oxygen content in the untreated sample
(I(C)/I(O)=10.57) is smaller compared to this ratio of the sample, treated in
CO2 plasma (I(C)/I(O)=15.04). In [170] Auger spectra of carbon/polymer com-
posite samples show a significant increase of the oxygen content on the surface
after 6 s of oxygen plasma treatment at low microwave power of 2 kW. Such
treatment conditions can be regarded as plasma activation and described by the
authors as
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„very useful for chemical functionalization of the carbon/polymer com-
posite samples“ [170].

Much longer treatment time and much higher microwave power removes PP
and also oxygen-containing functional groups from the surface, therefore in the
present case the intensity of the oxygen peak in Auger spectra decreases after the
CO2 plasma etching. Considering the increase of the intensity of carbon peak
after plasma treatment, the authors of [170] report:

„Etching predominantly removes polypropylene. Indeed, at even longer
treatment times selective etching of polypropylene becomes evident
by the formation of graphitic powder on the surface.“

Graphite plays an important role in the improvement of the electrical conductiv-
ity of BPP, targeted in this work. Graphitization of the surface contributes to
the decrease of the surface resistance. If carbon dioxide is chosen as the working
gas instead of oxygen or air, then the carbonization process appears to be more
intensive than oxidation. AES quantitative evaluation showed that the sample
treated in CO2 plasma has roughly estimated 97.7 at% of carbon and 2.3 at%
of oxygen. It should be noticed that the atomic percentages of oxygen and ni-
trogen are too small within the accuracy of the method, therefore no conclusion
about the concentration of these elements on the surface can be made. Chemical
analysis by AES method was done for completeness of the work.

7.7 EDX Investigation of the Surface

Since EDX method allows to investigate the depth of several µm, it was the
most interesting method of chemical analysis. Since plasma influences only the
surface layers of the material (see Fig. 3.6), no significant changes of EDX results
after the plasma treatment were expected. It was unexpected to find out that the
amount of oxygen changes after the plasma treatment, what will be shown below.

An untreated BPP and the BPP treated in CO2 plasma for 3, 5, 10 and 20 min
at the pressure of 0.1 – 8.5 mbar and using gas flows of 100 sccm and 3.85 slm,
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and also foils with 35 wt% and 29 wt% of PP were used for EDX investigation.
The EDX method was used for chemical characterization of BPP in JEOL JSM-
7500F Field Emission Scanning Electron Microscope (SEM), where the sample is
investigated using a focused electron beam of high energy, equipped with Bruker
XFlash R© detector 5030 for EDX analysis. As mentioned in Chapter 4.1.5, the
primary electron beam penetrates into the surface and reaches several µm depth.
For this reason, measurements by EDX method damages the sample (especially
polymer on the surface). To analyze the data, the software Bruker Quantax
200, Esprit 1.9 was used. Additional investigation was conducted using SEM
Stereoscan-360 from Cambridge Instruments, equipped with EDX system AN
10000 from Link Analytical; ZAF-4/FLS software provided by Link Systems was
used for quantitative analysis. The error is defined by the measurement device, it
depends on the intensity and is specific for each element. For the measurement,
presented below, the error does not exceed 11.1 wt% for carbon and 0.5 wt% for
oxygen.

Since electrical properties of crystals depend on the amount of atoms of the
constituent components of the crystal, atomic percent (at%) is often used to de-
fine concentrations of the components. Weight percent (wt%) can be converted
to atomic percent and vice versa [186]. So the data can be presented in at% or
wt%, depending on the specific research need.

EDX analysis of the untreated and treated for 5 min and 20 min in CO2 plasma
with the gas flow of 100 sccm BPP, keeping the pressure of the gas at 8.5 mbar, at
the distance from plasma chamber of 4 cm and microwave power of 3 kW, showed
that during the first 5 min plasma treatment with the described parameters leads
to the decrease of oxygen on the surface, then it slightly increases (see Fig. 7.44).
Slight fluctuations of the atomic percent of oxygen may take place depending
on the spot of the surface where the EDX spectrum is taken. Fig. 7.45 shows
two different values of atomic percent of oxygen in two different spots of the
surface. The spot with a lower value is obviously a graphite structure, while
the second spot may contain contaminants. Also the quantitative evaluation
is very approximate due to the big error of the method. In this case such a
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change of the atomic percent of oxygen (Fig. 7.44) cannot be regarded as an
effect, which depends on the duration of plasma treatment. Taking into account
the investigated spot on the SEM image of the surface in Fig. 7.44 (C) (left)
and some peaks of contaminants Fig. 7.44 (C) (right), which were not regarded,
probably this minor increase is related to oxidation of the contaminants on the
surface [187].

Figure 7.44: SEM images of the surfaces (left) and EDX spectra (right) of: A) untreated BPP;
B) treated 5 min in CO2 plasma at the gas flow of 100 sccm BPP; C) treated 20 min
in CO2 plasma at the gas flow of 100 sccm BPP.
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Figure 7.45: EDX spectra (top) and a SEM image (bottom) of the BPP treated 20 min in
CO2 plasma at the gas flow of 100 sccm BPP in two different spots of the surface.

The application of BPP as a part of a fuel cell does not suppose any special
storage conditions of the BPP. All the samples were equally transported in new
paper envelops and in plastic boxes, nevertheless, chemical analysis shows the
presence of contaminants, especially on the surface of the BPP, treated in plasma
for 20 minutes. Perhaps it is so because a complete or almost complete PP re-
moval from the surface, provided by the mentioned treatment conditions, leads
to the formation of graphitic powder on the surface, what is also mentioned in
[170]. Even though the sorption capacity of this graphitic powder was not studied
in the present work, since carbon materials (like porous graphitic carbon [188])
are known as good sorbents [189–192], it can be supposed that every contact of
the graphitic surface with paper or plastic and etc. may cause the appearance
of contaminants on the surface. PP in BPP is a binder for graphite, therefore
the amount of contaminants on the surfaces of untreated samples and samples,
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which still have enough PP on the surface, is lower than on the graphitic surfaces
with insignificant amount of PP or without PP.

In some spots of the surface of BPP, treated in CO2 plasma for 20 minutes,
significant contaminants with the size from several micrometers to a few tens of
micrometers were found on the surface (Fig. 7.46).

Figure 7.46: SEM image and EDX spectra of contaminations on the surface of BPP, treated
in CO2 plasma for 20 minutes.

The BPP treated in CO2 plasma for 5 minutes is of interest because PP is still
present on the surface, but it is already partly removed enhancing the graphitic
surface. Fig. 7.47 shows SEM images and EDX spectra of three different spots
on the surface of this sample: A) graphitic part of the surface; B) the part of
the surface with carbon black and probably remains of PP; C) deepening of the
surface. EDX spectrum, obtained in the clean graphite spot of the surface, shows
no definable contamination peaks (Fig. 7.47 (A)), some minor contaminations can
be defined on the surface part with carbon black (Fig. 7.47 (B)) and on the deeper
surface part (Fig. 7.47 (C)), which was reached by less plasma particles than the
higher areas of the surface during the plasma treatment. More contaminated
spots of the surface usually have higher content of oxygen.
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Figure 7.47: SEM images of the surfaces (left) and EDX spectra (right), taken in three different
spots of the surface of the BPP, 5 min treated in CO2 plasma: A) graphitic part
of the surface; B) the part of the surface with carbon black and remains of PP;
C) deepening of the surface.

Some contaminants as single particles are also present on the surface of the
untreated sample, usually their size range is from one to several micrometers.
For example, two well-definable particles in the SEM image of the surface of
the untreated sample in Fig. 7.44 (A) (left) represent calcium oxide. The sur-
faces of untreated BPP are mainly covered by PP, so high surface potential of
some surface areas can be provided by polar groups, terminal elements of macro-
molecule, radicals and etc. on the surface [193]. Chemically reactive polymer
groups interact with oxides and hydroxides on the surface (at the interface), also
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the formation of molecular chemical bonds with contaminants may take place
[194]. Such contaminations are inevitable, considering the practical application
of BPP. On the surfaces of the investigated samples the total amount of contam-
inations did not exceed 3 at%, what can be regarded as insignificant, considering
the influence on the electrical conductivity of BPP.

SEM image and EDX spectrum of another BPP, 3 min treated in CO2 plasma
at the gas flow of 3.85 slmare presented in Fig. 7.48. Several surface spots
were scanned and the maximal defined amount of contaminants did not exceed
0.15 at%. High values of the gas flow allow to etch the surface quickly and
intensively, successfully removing PP and contaminations even from the deeper
areas of the surface, but it is much more difficult to control the process for it
is progressing much faster than at low values of the gas flow. However, even at
high gas flow value, 3 min of plasma treatment is a relatively short duration for
BPP, so, presumably, there is still a lot of PP on the surface.

Figure 7.48: SEM image of the surface and EDX spectrum of the BPP, treated for 3 min in
CO2 plasma at the gas flow of 3.85 slm.

The elemental maps of the of the BPP, treated for 3 min in CO2 plasma at
the gas flow of 3.85 slm are presented in Fig. 7.49. They allow to evaluate the
content of carbon and oxygen visually.
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Figure 7.49: SEM image of the BPP, treated for 3 min in CO2 plasma at the gas flow of
3.85 slm(top), and EDX mapping scan of C (bottom left) and O (bottom right).

Investigation of the elemental composition was also performed by the SEM
Stereoscan-360 (Cambridge Instruments), equipped with AN 10000 from Link-
Analytical for microanalysis.

As it was mentioned before, usually the values obtained by EDX quantitative
analysis may be inaccurate and can only be used as rough approximations. Ele-
mental analysis of the BPP, treated in CO2 plasma for different time, was used
to approximately trace the dependence of the sample composition on the plasma
treatment duration (Fig. 7.50).
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Figure 7.50: Change of the percentage by mass of: A) carbon and B) oxygen on the surface
of BPP with increase of the duration of CO2 plasma treatment.

EDX analysis showed an insignificant increase of the percentage by mass of
carbon on the BPP surface with the increase of the duration of plasma treat-
ment in CO2. Since this increase is smaller than the error range, it cannot be
considered (Fig. 7.50 (A) and Fig. 7.51 (A)).

It is shown in Fig. 7.50 (B) that the percentage by mass of oxygen tends to
decrease with the increase of the duration of CO2 plasma treatment. The value
of the percentage by mass of oxygen of the sample, treated for 10 min, increases
comparing to this of the sample, treated for 3 min. The surface of BPP is not ho-
mogeneous and, as it was mentioned above, oxygen is unevenly distributed on the
surface, therefore the percentage by mass strongly depends on the investigated
spot of the surface. Also relatively small amount of oxygen and the error ranges
do not allow to investigate the dynamic of oxygen decrease with the increase of
the duration of plasma treatment exactly. Nevertheless, the experimental data
allow to state that such the decrease takes place (Fig. 7.50 (B) and Fig. 7.51 (B)).
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An effect of plasma on polymers, along with the generation of radicals and new
functional groups, is the formation of double bonds and crosslinks. Crosslinks
change the average molecular weight of the polymer, its mechanical characteris-
tics and reduce the diffusion coefficients of low molecular weight substances [195].
Oxygen from the air causes oxidation of PP, catalyzed by light. Carbon black
is an effective light stabilizer, which can be introduced to PP in the amount of
1.5 wt% [196]. Therefore, one can make an assumption that due to the oxidation
of PP on the surface of BPP during the storage at ambient air the surface of
the untreated sample contains more oxygen than the surfaces of the treated in
plasma samples. In the process of plasma etching the oxidized superficial layer
of PP is being removed and the remaining PP accumulates oxygen-containing
functional groups, increasing the degree of oxidation [197], what may be related
to the peak at 10 min point on the curve in Fig. 7.50 (B).

Definition of nitrogen was complicated by a continuous spectrum, formed by
inelastically scattered primary electrons [198].

„The bombarding electrons also give rise to a continuous X-ray spec-
trum, as well as producing characteristic X-ray lines, which limits the
detachability of small peaks, owing to the presence of ‘background‘ “
[199].

However, the percentage by mass of nitrogen was enough to define it on the
surfaces of the samples, treated in air plasma.
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Figure 7.51: Change of the percentage by mass of: A) carbon and B) oxygen and nitrogen on
the surface of BPP with increase of the duration of air plasma treatment.

The results of the quantitative analysis of carbon, oxygen and nitrogen in BPP,
treated in air plasma at the pressure of 8.5 mbar and at the distance from the
plasma chamber of 4 cm, are shown in Fig. 7.51. The values of the percentage
by mass of nitrogen were generally higher than those of oxygen on the surfaces
of the samples treated in air plasma.

Fig. 7.52 also shows that the percentage by mass of oxygen decrease after
plasma treatment. The values of percentages by mass of oxygen and nitrogen of
the sample, treated at the pressure of 8 mbar, and the sample treated at 0.1 mbar
are comparable in the error range.
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Figure 7.52: Differences of the mass percentages of carbon, oxygen and nitrogen on the surfaces
of untreated BPP and BPP 20 min treated in air plasma at different pressures
(8 mbar and 0.1 mbar).

EDX investigation of the surfaces of the foils F3 and F4 (Table 7.11 in Chap-
ter 7.4.3)
6 minutes treated in air plasma at atmospheric pressure showed nitrogen and
some minor contaminations on the surface (Fig. 7.53 and Fig. 7.54). The spectra
of both foils have a considerable background, but definable nitrogen peaks.
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Figure 7.53: EDX spectrum and chemical analysis of the foil F3.
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Figure 7.54: EDX spectrum and chemical analysis of the foil F4.

The change of oxygen amount after plasma treatment defined by EDX was
unexpected, therefore it is interesting to look through similar investigations.
In [170] is was shown that the surface chemistry has been changed only if the
polymer-containing sample is treated in oxygen-containing plasma for short time
(< 1 min), therefore the content of oxygen increases on the surfaces of the plasma
activated samples, compared to the untreated samples [110, 170, 182], whereas
longer treatment time changes the topography of the surface by etching [170,
200] and removing PP. The surface chemistry of the samples, investigated in this
work, has been changed up to 20 minutes of plasma treatment, depending on
other experimental parameters (see Chapter 7.1 and Chapter 7.3). The required
electrical conductivity of a fuel cell can be achieved if the BPP are treated for
around 20 minutes in oxygen-containing plasma, when the content of PP on the
surface becomes insignificant. But as long as the destruction of PP takes place,
the surface chemistry may change [197].

Considering the information above, one can conclude that the content of oxygen
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may change during the etching of PP in graphite matrix by oxygen-containing
gases. When a significant amount of PP is removed from the graphitic surface,
no new functional groups are formed and the surface chemistry does not change
anymore, but further etching changes the topography of the graphitic surface,
the decrease of oxygen content in the depth of the micro-range can be detected
by EDX.
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8 Surface Morphology and Topography

Roughness of the surface and its shape can have a strong impact on electrical
properties of the sample [201]. For this reason, investigation of the influence of
plasma treatment on morphology and topography of the surfaces of BPP and
foils was conducted.

Scanning electron microscopy (SEM) was chosen for the initial qualitative eval-
uation of morphology of the surfaces. JEOL JSM-7500F Field Emission scanning
electron microscope and Stereoscan-360 from Cambridge Instruments were used
for this investigation. Quantification of surface topography was done by Veeco
Dektak 6M Stylus Profilometer with stylus radius of 12.5 µm and stylus force of
3 mg; by Solver PRO and Veeco D3000 (with the radius of the cantilever tip of
20 nm and tip height of 2.5 – 3.5 µm) high resolution atomic force microscopes
(AFM) and by 3D confocal microscope µsurf Custom from NanoFocus.

8.1 Morphology

Investigation of the surfaces of untreated and treated BPP (in CO2 for 3 – 20 min
and in air for 20 min) and foils with 29 wt% and 35 wt% of PP by SEM method
was conducted for completeness of this work.

SEM images of untreated BPP samples with different magnifications are shown
in
Fig. 8.1. At high magnification (x30000 and x10000) one can see carbon black
particles [150, 202–204] on graphite surface [202, 205–207]. Magnification up to
x1000 allows to see the binding PP on the surface [208–210].
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Figure 8.1: SEM images of untreated BPP.

The particles of carbon black are visible at x10000 magnification in Fig. 8.2
(B), but higher magnification (x100000) in Fig. 8.2 (A) allows to see that carbon
black is bound by PP. SEM images of pure PP used in the composition of BPP
and foils are shown in Fig. 8.3.
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Figure 8.2: SEM images of untreated BPP with magnification of: A) x100000; B) x10000.

Figure 8.3: SEM images of PP.
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Fig. 8.4 shows the surface of a BPP 20 min treated in air plasma: magnification
x3300 (left) and x43000 in two different spots of the surface (center and right).
The left image with lower magnification shows a graphitic surface of BPP inten-
sively treated in plasma, while the images with higher magnification allow to see
constantly distributed particles in a range of diameters from several up to around
50 nm. Presumably these are graphite nanoparticles and remained parts of PP
bound carbon black. Though, clarification of the reason of such distribution of
the particles after air plasma treatment requires more detailed studies.

Figure 8.4: SEM images of BPP treated by air plasma (60 mbar; 20 min; 4 cm).

The change of the morphology of the samples, as well as the change of electrical
resistance due to plasma treatment, strongly depends on chosen experimental
parameters, which, in turn, depend on chemical composition of the sample. So,
the surface in
Fig. 8.5 of a foil with 35 wt% of PP treated in oxygen plasma for 7 min still has
PP bound carbon black in contradistinction to the surface in Fig. 8.6 of a foil
with 29 wt% of PP treated in air plasma at the same conditions, which has a lot
of unbound carbon black particles.
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Figure 8.5: SEM images of a treated foil with 35 wt% of PP.

Figure 8.6: SEM images of a treated foil with 29 wt% of PP.

Air plasma treatment appeared to be less intensive than CO2 plasma treatment
at the same conditions. Although the right selection of experimental parameters
makes air plasma treatment as effective as CO2 plasma treatment for the present
application, the surfaces of BPP treated by air differ from those treated by CO2
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at a high magnification.

Carbon black bound by PP is still well definable at high magnification SEM
images (Fig. 8.7 (A) and (B)) of BPP treated in CO2 plasma for 5 min at the
distance from plasma chamber of 4 cm and with gas flow of 100 sccm.
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Figure 8.7: SEM images of the BPP 5 min treated in CO2 plasma with magnification of: A)
x200000; B) and C) x100000; D) x45000; E) and F) x10000.

The magnification of x45000 (Fig. 8.7 (D)) also allows to recognize bound
carbon black particles, but, as well as Fig. 8.7 (C) with x100000 magnification,
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it also shows that the surface, 5 min treated in plasma, is partly free from PP
and carbon black. These areas look rather like surfaces of commercially available
graphite [211–215]. The comparison of the SEM images with magnification of
x10000 in Fig. 8.2 (B) (untreated BPP)
Fig. 8.7 (E) and (F) (5 min treated in CO2) allows to see that the carbon black
bound by PP has been partly removed by plasma treatment during 5 minutes,
but can still be found on the irregularities of the surface. This fact explains
a significant improvement of wettability of BPP after 3 – 5 min CO2 plasma
treatment (Fig. 7.13 in Chapter 7.3): considering the presented SEM images,
the amount of hydrophobic PP on the surface significantly decreases in the first
minutes of plasma treatment.

Carbon black bound with PP is not found on the surfaces of the samples treated
in CO2 plasma for 20 min. Fig. 8.8 (A) and (B) show the graphitic surface of the
20 min treated sample. However, carbon black can be seen between the “flakes“ of
the graphite structure (Fig. 8.8 (C)) especially with high magnification (Fig. 8.8
(D)).
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Figure 8.8: SEM images of the BPP 20 min treated in CO2 plasma with magnification of: A)
x50000; B) x20000, C) x10000; D) x100000.

The surfaces of BPP untreated and treated for 5 min and for 20 min are com-
pared in Fig. 8.9 with x500 magnification: contaminations and surface irregular-
ities due to PP bound carbon black, which are clearly visible on the surface on
the untreated BPP (Fig. 8.9 (A)), are removed during the first minutes of plasma
treatment, therefore, the 5 min treated surface (Fig. 8.9 (B)) is more homoge-
nous and clean from contaminations, but PP still covers the surface. Whereas
the surface treated for 20 min in Fig. 8.9 (C) looks graphitic and again not so
homogeneous as in Fig. 8.9 (B).
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Figure 8.9: SEM images (x500) of BPP: A) untreated; B) 5 min treated in CO2 plasma, C)
20 min treated in CO2 plasma.

If the conditions of plasma treatment are harder, for example shorter distance
to the plasma chamber and longer treatment time, the carbon black particles do
not disappear completely. It can be some remained carbon black bound with
PP, or particles of graphitic powder with carbon black. SEM method does not
allow to distinguish between them. Fig. 8.10 shows SEM images with different
magnification of the samples, treated at the distance of 2 cm from the plasma
chamber for 20 and 30 min. Magnification x350 up to x1000 does not show any
differences, but from x10000 to x30000 one can notice slightly less carbon black
particles on the surface, treated for 30 min (Fig. 8.10 (B)), than on the surface
treated for 20 min (Fig. 8.10 (A)).
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Figure 8.10: SEM images of BPP, treated in CO2 plasma at the distance to the plasma chamber
of 2 cm: A) for 20 min; B) for 30 min.
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Increasing the gas flow at the same pressure does not allow to remove PP in
first minutes of plasma treatment. Comparing the surface of BPP treated for
3 min in CO2 plasma with gas flow of 3.85 slm (Fig. 8.11 (top)) with the surface
of BPP treated for 5 min with gas flow of 100 sccm (Fig. 8.7 (E) and (F)), one can
see the advantage of longer plasma treatment even with much smaller gas flow:
less carbon black bound with PP is found on the surface which was treated for 5
min. The surface of the sample treated for 3 min at 3.85 slm with magnifications
of x350 and x1000 in Fig. 8.11 (bottom) looks rather like the surface of untreated
BPP covered by PP (Fig. 8.1 (bottom)).

Figure 8.11: SEM images of BPP 3 min treated in CO2 plasma (8.5 mbar; 4 cm; 3.85 slm).

Plasma treatment duration of 3 min does not remove contaminants of width
about
200 nm and more from the surface, such relatively big particles (visible in Fig. 8.12)
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remain on the surface, shortly treated in plasma. The results of EDX analysis of
contaminative particles larger than 1 µm are shown in Chapter 7.7.

Figure 8.12: Contaminations on the surface of BPP 3 min treated in CO2 plasma (8.5 mbar;
4 cm; 3.85 slm).

Further increase of plasma treatment duration leads to the following changes
(Fig. 8.13): the surface treated for 5 min does not differ much from the surface
treated for 3 min in Fig. 8.11, even though with big magnification one can see that
the surface was treated in plasma; there is almost no carbon black bound with
PP on the surface exposed to CO2 plasma for 7 min, but with the magnification
of x350 one can still see PP on the surface, though it looks smoother than on
the surface treated for 5 min; a lot of graphite particles are seen on the surface
exposed to the plasma for 15 min and even the magnification of x350 allows to
recognize the graphitic structure of the surface. This magnification also allows to
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see that the craters seen on the surface exposed to the plasma for 5 min disappear
with the increase of plasma treatment time.

Figure 8.13: Comparison of the surfaces on BPP treated in CO2 plasma (8.5 mbar; 4 cm;
3.85 slm) for 5 min (left), 7 min (center) and 15 min (right).

Plasma treatment for 20 min almost completely removes PP from the surface.
Fig. 8.14 shows the differences of morphology of the surfaces exposed to CO2

plasma. Carbon black and PP visible on the surface treated for 7 min are not
obviously noticeable on the surface treated for 20 min. Some minor particles
visible on the 20 min treated surface may be graphite powder particles or carbon
black with remaining PP. The particles larger than 1 µm are definitely contami-
nants.
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Figure 8.14: Comparison of the surfaces on BPP treated in CO2 plasma (8.5 mbar; 4 cm;
3.85 slm) for 7 min (left) and 20 min (right).

SEM is a very suitable method to observe the process of polymer destruction



168 8.1 Morphology

during the plasma treatment of BPP. Visual comparison of SEM images of un-
treated BPP in Fig. 8.2 and BPP treated for 10 min in CO2 plasma (Fig. 8.15)
allows to see the shape change of bound carbon black and presence of space be-
tween the PP boundaries of carbon black. Especially noticeable it is with the
magnification of x100000: Fig. 8.2 (left) and Fig. 8.15 (bottom right).

Figure 8.15: SEM images of BPP treated for 10 min in CO2 plasma (8.5 mbar; 4 cm; 3.85 slm).

Investigation of morphology of the samples gives a good perception of the visual
changes on the surface due to plasma treatment and allows to evaluate the rough
sizes of the inhomogeneities, what helps to choose the suitable techniques to
estimate the roughness of the surface.
It is shown how plasma treatment at different conditions changes the surface,

removes PP and carbon black bound with PP from the surface until the graphitic
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structure of the surface is clearly recognizable.

8.2 Roughness and Topography

Surface topography was studied by stylus profilometry, AFM and confocal mi-
croscopy methods. AFM and confocal microscopy techniques also provide a
possibility to investigate the surface morphology, what gives a perception of two-
or three-dimensional view of a surface.

The accuracy of the roughness measurements should be regarded within the
confines of each method. For example, the stylus of profilometer with 12.5 µm
or 25 µm radius cannot define the changes of nano-roughness, which are defin-
able by AFM tip with the radius of 20 nm. However, profilometry can be more
informative in case if the height of the surface changes above several µm.

The differences of the roughness parameters obtained by different methods can
be explained by different physical principles of these methods. So, for example,
AFM profile is a combination of the shape of the surface and the form of the
probe needle, what may understate the values of roughness [143]; the values mea-
sured by profilometer may also be slightly distorted if the size of the stylus is not
right for the studied surface. Also relatively large sampling lengths complicate
the comparison of the results because of non-periodical form of relief. The val-
ues Ra and Rq measured by confocal microscope significantly differ from those
measured by AFM and profilometer. Such mistakes as bad sample or unsuitable
measurement area are excluded by the measurement of several samples, which
have comparable values of amplitude parameters. This difference is related to
the method of confocal microscopy and the measurement settings.

AFM investigation was conducted on randomly selected areas with the sizes
of 35x35 µm2, 40x40 µm2 and 100x100 µm2 of BPP surfaces. The AFM data
were analyzed by the software Gwyddion 2.49. 3D AFM images of the surface
morphology of BPP untreated and 20 min treated in CO2 plasma are presented
in Fig. 8.16. Profile lines of 0.14 mm of the same samples are shown in Fig. 8.17.
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Figure 8.16: 3D AFM images of 35x35 µm2 area for: A) untreated and B) CO2 plasma-treated
BPP; and of 100x100 µm2 area for: C) untreated and D) CO2 plasma-treated BPP.

Figure 8.17: Profile lines of 0.14 mm of BPP untreated (left) and 20 min treated in CO2

plasma (right) .

Table 8.1 shows the values of Ra and Rq obtained by AFM for untreated and
treated BPP. These average values were calculated for 0.5x19 µm2 parts of the
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evaluated square. It was done due to the limitations of the roughness determina-
tion by AFM [216]. In the standard AFM technique the AFM tip typically has
a radius of 5 – 50 nm [217]. Due to the finite size of the AFM tip imperfections
in AFM images and thus errors in the roughness determination may take place.
Such errors are especially important when imaging highly corrugated surfaces
[216].

Table 8.1: Ra and Rq roughness of BPP measured by AFM.

Roughness Untreated 20 min treated in air 20 min treated in CO2

nm nm nm

Ra 194.1 226.6 256.8
Rq 226.8 290.2 304.9

In the light of the above-mentioned considerations, one can state that the
roughness of BPP increases in nano-range after plasma treatment.

Since the surfaces of BPP may be relatively rough, Veeco Stylus Profilomter
Dektak 6M with Dektak 32 Version 8.34 software was used to define the rough-
ness in micro-range of the scan length. Table 8.2 shows the roughness parameters
obtained by the stylus profilometer with the scan length of 1800 µm. Plasma
treatment by argon cleans the surface of BPP from contaminations, but inert
argon does not etch the surface, therefore the roughness of the sample treated
in argon plasma decreases comparing to the roughness of the untreated sample.
The roughness of BPP increases after the treatment in CO2 plasma, whereas it
decreases after the air plasma treatment. This result differs from the AFM re-
sult in Table 8.1, where the untreated BPP has the smallest values of amplitude
roughness parameters. Presumably the reason of higher AFM-measured rough-
ness of the air-treated sample compared to the untreated sample is the presence
of the nano-sized particles visible in SEM images of BPP treated by air plasma
in Fig. 8.4, which cannot be defined by the stylus of profilometer with 12.5 µm
radius within the confines of the profilometry method, but are definable by AFM.
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Table 8.2: Roughness parameters of BPP untreated and treated for 20 min in different gases
measured by profilometer.

Roughness Untreated Air CO2 Ar
nm nm nm nm

Ra 203.2 176.0 325.2 198.1
Rq 251.1 2130.0 400.0 248.1
Rv -611.3 -384.6 -908.5 -756.3
Rp 848.6 688.1 1176.3 571.4
Rt 1459.9 1072.7 2084.8 1327.7
Rtm 846.2 812.5 1624.1 783.1
Rsk 0.165 0.615 -0.078 -0.422

The measurement with a stylus with 25 µm radius showed slightly lower rough-
ness: Ra of 258 nm andRq of 332 nm, compared to the values obtained by 12.5 µm
radius stylus: 325.2 nm and 400 nm, respectively, for the sample treated in CO2

plasma. The larger stylus gives a better representation of shape by means of “fil-
tering“ out the roughness. The smaller stylus provides more accurate roughness
measurement [218].

Investigation of roughness of the foils treated in plasma showed very high values
of roughness on the scan length of 2500 µm (Fig. 8.18) and the increase of
roughness with the increase of plasma treatment time or gas flow, as shown in
Table 8.3.
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Figure 8.18: Profile line of a foil (31 wt% of PP) treated in air plasma (20 min, 990 mbar,
6 cm,
17 slm).

Table 8.3: Roughness parameters of the foils treated in air plasma, measured by profilometer.

Conditions PP Ra Rq

wt% nm nm

5 min, 960 mbar, 17 slm 1181.2 13774.7
10 min, 990 mbar, 17 slm 31 1168.2 1648.2
15 min, 990 mbar, 17 slm 1356.0 1615.9
3 min, 10 mbar, 0.5 slm 658.0 783.6
3 min, 10 mbar, 2 slm 29 1362.7 1706.0
3 min, 10 mbar, 7 slm 1372.9 1674.6

Electrical conductivity increases due to removal of PP from the surface and
due to bigger contact area, what means lower values of roughness.
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Plasma etching removes PP from the surface, but also etches and increases the
roughness of the graphitic surface. Therefore, it is important to find suitable
plasma treatment parameters and to decrease the etching duration as much as it
is still enough to remove the most of PP from the surface. However, the measure-
ments of resistance, which were conducted under the pressure of 20 bar, showed
that the roughness does not influence the electrical conductivity of the samples as
much as the presence of PP on the surface. PP is the main factor responsible for
bad electrical conductivity. The samples treated in CO2 plasma for longer than
20 min, despite the roughness increase, had the best conductivity performance,
though such treatment conditions worsen the mechanical properties of BPP.

The data obtained by NanoFocus µsurf Custom with Gaussian filter and an-
alyzed by µSoft Analysis Premium 5.1.1.5785 software showed the increase of
roughness after treatment in air plasma (20 min, 4 cm, 8.5 mbar), as shown in
Table 8.4. Random areas with the size of 150x150 µm2 on the surfaces of BPP
were investigated.

Table 8.4: Roughness parameters of untreated and treated BPP measured by confocal mi-
croscopy method.

Roughness Untreated Treated for 20 min in air plasma
nm nm

Ra 78.1 101
Rq 99.8 141
Rp 225 470
Rv 266 360
Rz 491 831
Rc 243 341
Rt 849 1220
Rdc 162 163
Rsk 0.0217 -0.0505
Rku 3.30 4.73
Rmr 100 % 95.4 %

Another interesting observation is the increase of kurtosis of the roughness
profile (Rku) value after plasma treatment, what can be seen in Table 8.4. Even
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though this value was not measured by other methods, the results obtained by
AFM allow to observe the increase of sharpness of the profile after the exposure
to plasma (see Fig. 8.17). Visually it can also be seen in Fig. 8.19. J. H. C. Yang
and K. Teii in [173] describe their investigation of morphology of nanocrystalline
diamond films by AFM, in particular, the generation of a large number of “fine
cone-like structures“ on the surface due to oxygen plasma treatment, instead of
granular morphology of as-deposited films. The authors report:

„The trend of the morphological change without nitrogen addition
was similar to that with nitrogen addition.“

[173], what allows to suppose that oxygen from the air is responsible for the
formation of the profile sharpness after the treatment by air plasma.

It was experimentally confirmed that BPP treated in oxygen-containing plasma
have the best electrical properties: the highest conductivity and the lowest val-
ues of area-specific resistance, due to the high reactivity of oxygen. For this
reason, the working gas for plasma treatment of BPP should always be oxygen-
containing, what should lead to more significant profile sharpness, as mentioned
above. In the process of resistance measurement, described in Chapter 4.3.2,
two BPP appear under the pressure of 20 bar, what, most probably, leads to the
destruction of the sharp peaks of graphite structure. This destruction increases
the contact areas with GDL, what, in turn, contributes to the better electrical
conductivity. Therefore, no significant influence of profile sharpness of graphite
on electrical conductivity of BPP was found in this investigation.
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Figure 8.19: Roughness profile and waviness profile of untreated (top) and treated in air plasma
(bottom) BPP, measured by the method confocal microscopy.

Table 8.5 shows the comparison of roughness of untreated and 20 min treated in
air plasma BPP, measured by AFM, stylus profilometry and confocal microscopy
methods.

Table 8.5: Comparison of roughness of untreated and treated in air plasma BPP measured by
AFM, stylus profilometry and confocal microscopy methods with different sampeling
length L.

Method AFM Profilometry Confocal M.
L 19 µm 1800 µm 160 µm
Ra [nm] Untreated 194.1 203.2 78.1
Ra [nm] Air treated 226.6 176.0 101
Rq [nm] Untreated 226.8 251.1 99.8
Rq [nm] Air treated 290.2 213.0 141

Making a conclusion one can say that the average value of roughness decreases
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after the plasma treatment on bigger scan lengths, as profilometry measurements
show. Plasma treatment aligns the height of the surface in milli-range. Only
the treatment by CO2 leads to significant increase of roughness even in milli-
range, due to the high amount of oxygen and its high chemical activity. AFM
investigation in micro-range showed that the roughness of the surfaces treated by
argon decreases, because plasma treatment by argon only physically influences
the surface. Nevertheless, oxygen-containing plasma removes PP from the surface
and etches the graphitic surface, increasing the nano-range roughness of the
surface, as AFM method and the method of confocal microscopy show. Higher
amount of oxygen in plasma obviously leads to higher roughness after the plasma
treatment. The method of confocal microscopy allowed to define the increase of
the profile sharpness of the samples treated in oxygen-containing plasma. But no
negative influence of increased roughness and sharpness on electrical conductivity
was found because of the possibility of profile peaks destruction and increase of
contact area under the pressure of 20 bar during the measurement of area specific
resistance.
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9 Influence of Plasma Treatment on
Resistance of BPP

The measurements of area-specific resistance (ASR) were conducted by the de-
vice, described in chapter 4.3.2 (Fig. 4.11) [10]. The resistance measurements
presented in this work were done by Mario Gillmann, ZBT GmbH (Zentrum für
BrennstoffzellenTechnik, Duisburg). The error of an ASR value (bulk resistance
and two times contact resistance) is estimated to vary from 3% (measurement
error) up to 8% due to production-related dispersion of the composition.

Total ASR value should be below 100 mΩ · cm2 for BPP [144]. The ASR value
of the milled BPP meets these requirements, as well as the ASR value of the sam-
ple 20 min treated in air plasma at 0.1 mbar. It means that plasma treatment is
as good as mechanical milling, while plasma treatment has no shortcomings of
milling.

The process pressure is an important parameter, which influences the final
electrical properties of the treated BPP: reduction of the process pressure from
8.5 mbar to 0.1 mbar allows to reduce the ASR of the sample to the required
value. The same can be said about the composition of the sample, which defines
the initial ASR of the untreated BPP. Some deviations of the initial ASR can
be explained by the fact that the injection molded BPP during the production
process inevitably contacts some residual material, which has been heated for a
long time and may have slightly different properties.

Fig. 9.1 shows the comparison of ASR values of untreated and plasma-treated
foils with different PP content: A) the foils were treated by oxygen and air at
plasma the pressure of 0.1 mbar; B) the foils were treated by air plasma at
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atmospheric pressure (933 mbar).

Figure 9.1: ASR dependence on PP content in foils: O2 and air plasma treatment at 0.1 mbar;
air plasma treatment at 933 mbar.

One can again see the high efficiency of low pressure plasma treatment: the
ASR values of the samples treated at low pressure are noticeably lower than those
of the samples, treated at atmospheric pressure, which are only slightly below
the ASR values before the treatment (Fig. 9.1). But in both cases ASR value
increases with the increase of PP content in the presented range. This result
means that even a slight reduction of binding PP amount in the sample com-
position has a great positive influence on the electrical conductivity of the sample.

To achieve the required ASR by plasma treatment without mechanical treat-
ment it is necessary to choose right experimental parameters, which can be dif-
ferent for samples which have different geometric sizes and chemical composi-
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tion. As it is shown in Fig. 9.2, ASR of untreated samples may be equal in the
error range, while ASR of the BPP treated in air plasma decreases with pro-
cess pressure. Decrease of the distance between the plasma chamber and the
sample obviously also leads to faster and more effective plasma treatment, but
only with the correct selection of other experimental parameters and only if the
treated sample has enough binding PP in its composition, otherwise such dis-
tance decrease would lead to unwanted effects (crumbling, cracking, overheating,
burning). From the other hand, too big distance does not allow to achieve the
required effect of plasma treatment. The optimal distances for the plasma device
used were 4 cm for BPP and 6 cm for foils for plasma treatment by air, oxygen
or carbon dioxide.

Figure 9.2: Comparison of ASR of BPP untreated and treated by air plasma BPP.

Investigation of foils, treated at different pressures, also showed much better
results of plasma treatment at low pressure. For example, the decrease of ASR
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of a foil with relatively low PP content (29 wt%) is shown in Fig. 9.3. At low
pressure mean free paths in the plasma are longer than at high pressure, the
particles have higher energies and interact with the surface more intensively than
at high gas pressure.

Figure 9.3: Influence of gas pressure during the plasma treatment on ASR of foils (PP 29
wt%).

Duration of the treatment process is an important parameter for the indus-
trial use of this method. Treatment time also has an influence on the result
of plasma treatment. Fig. 9.4 shows the ASR values of the BPP treated in air
plasma at the pressure of 8.5 mbar and at the distance of 4 cm from plasma
chamber for 10, 20 and 30 min, compared to the average value of the samples
before plasma treatment. One can see the tendency of ASR decrease with the
increase of the duration of plasma treatment, though ASR values do not differ
significantly. Plasma treatment for 10 min is enough to decrease the ASR signif-
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icantly compared to the average initial ASR value of untreated BPP, but even
the treatment for 30 min at 8.5 mbar does not allow to decrease the ASR to
the required value of 100 mΩ · cm2. Longer treatment is not effective, especially
for industrial applications, and also may lead to overheating and crumbling of
the sample, therefore other process parameters should be varied to achieve the
required ASR value.

Fig. 9.4 shows ASR decrease with time, even though ASR values do not differ
significantly in the error ranges.

Figure 9.4: Influence of duration of plasma treatment on ASR.

The choice of the duration of plasma treatment, as well as the choice of the
distance between the sample and the plasma chamber, depends on other experi-
mental parameters: the used gas, its pressure and flow; type, size and chemical
composition of the sample. It was found that ASR decreases with the increase of
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plasma treatment duration until destruction of the sample. Oxygen-containing
plasma effectively removes PP and after that etches graphitic surface of BPP.
The longer is the treatment, the more graphitic powder appears on the surface,
what provides better electrical conductivity. Thereby the treatment in plasma
should be long enough to achieve the required ASR value, but not too long not
to damage or destroy the sample.

The dependence of the result of plasma treatment on time and on gas flow for
foils (35 wt% of PP and 29 wt% of PP) is shown in Fig. 9.5. The foils were
treated by synthetic air (20.5 ± 0.5% O2 in N2) at the distance of 6 cm from the
plasma chamber: 960 mbar, 17 slm – Fig. 9.5 (left); 10 mbar, 3 min – Fig. 9.5
(right).

Figure 9.5: ASR dependence on treatment time and on gas flow.
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Carbon dioxide plasma treatment is more effective than air plasma treatment
because of much higher oxygen content in CO2 than in air. However, air plasma
treatment with the right set of experimental parameters also allows to obtain the
required value of ASR, as shown in Fig. 9.6. This value is comparable with ASR
of BPP treated in CO2 and with ASR of the milled sample.

Figure 9.6: Comparison of ASR of untreated, plasma-treated in air and CO2 and milled BPP.

Even though plasma treatment allows to reduce ASR significantly, the chemical
composition of BPP should meet the requirements of minimal possible PP and
minimal possible deviations of the composition to achieve the required electrical
conductivity by plasma treatment.

Composition of a sample defines its electrical properties. The higher is PP
content, the higher is the initial ASR value of the sample. Fig. 9.7 shows ASR of
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foils with different PP content, untreated and treated by oxygen plasma (35 wt%
and 33 wt% of PP) and by air plasma (31 wt% and 29 wt% of PP).

Figure 9.7: ASR of untreated and treated foils with different PP content.

Foils are especially suitable samples to investigate the optimal properties, be-
cause their composition can be changed advisedly for this purpose. Foils have no
pattern on the surface and ASR was measured for each foil separately. ASR val-
ues of two foils (20 wt% PP and 18 wt% PP) before and after plasma treatment
are shown in Fig. 9.8. The values of contact resistance significantly decrease
in this case and bulk resistance does not change, considering the measurement
error.
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Figure 9.8: ASR of two different foils before and after plasma treatment.

Summarizing the information above, one can say that besides the composition
of the sample the following parameters of plasma treatment influence the result-
ing ASR value: process pressure, treatment duration, distance from the sample
surface to the plasma, gas flow and the gases used.

First of all, as experiments with foils of different composition show, the less PP
a sample contains, the easier it is to reach the required value of ASR by plasma
treatment. Therefore, the BPP should be produced with as small binding PP
content as possible in their composition and the composition deviations of single
BPP should be minimal. ZBT GmbH in Duisburg is currently working on this
problem.

The increase of the treatment duration, as well as decrease of the distance be-
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tween the sample and the plasma improves the electrical conductivity, but too
long treatment and too small distance may lead to significant unwanted damages
of the graphitic surface. Increase of the gas flow leads to decrease of ASR values.

Regarding the plasma chemistry, the best results are obtained using CO2 as
a working gas, because of higher content of oxygen than in air and presence of
carbon in it. However, air is more interesting for industrial application of plasma
treatment of BPP, therefore much effort was applied to investigate ASR of the
samples treated by air plasma. Here the process pressure is especially important,
because even a difference of several mbar influences the resulting ASR value.
Generally, the ASR values decrease with the decrease of the process pressure,
because low pressure provides longer mean free paths what results into higher
energies of the active particles which interact with the surface. In case of air
plasma treatment, the best ASR values were reached at the process pressure of
3 mbar and below. Considering the air plasma treatment at atmospheric pressure,
which is especially interesting for industrial applications, it is possible to reach
the required ASR values additionally optimizing the composition of the samples,
increasing the treatment time and if necessary decreasing the distance between
the sample and the plasma.
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10 Conclusions

The importance of this research is dictated by the serious need of development
of modern ecological energy sources, such as fuel cells, and solving the related
problems of insufficient electrical conductivity of BPP, high cost of production
and other, which still remain unsolved. This research work offers one of the pos-
sible solutions of these problems.

The aim of this work was to find out whether mechanical milling of BPP can be
replaced by plasma treatment, so that plasma-treated BPP would have the same
ASR values as milled BPP. Successful plasma treatment allows to achieve the
required ASR values. It was shown that plasma treatment by oxygen-containing
gases allow to reduce the ASR values as successfully as milling does, avoiding the
drawbacks of mechanical milling, namely high cost, time consuming and serious
mechanical damages of the surface. Even using atmospheric air as a working
gas at ambient pressure allows to reach sufficient electrical conductivity and can
replace costly and time-consuming mechanical milling. This discovery is espe-
cially important for industrial and large-scale application of plasma treatment
of injection-molded BPP with a view to improve their electrical conductivity,
because using ambient air without any additional technics for pressure stabiliza-
tion would decrease the costs and the duration of the treatment process very
significantly. Furthermore, plasma treatment, in contradistinction to mechanical
milling, excludes the possibility of significant mechanical damages of the flow-
field structure on the BPP surface, the damages, which make the BPP unusable.

Since it was necessary to find the suitable experimental parameters to pro-
vide successful plasma treatment, the IPLAS CYRANNUS R© plasma source was
chosen to maximize the possibility of variation of the experimental parameters.
An additional variable parameter – the composition of the sample, should be
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taken into account by choosing the treatment parameters (treatment duration,
pressure, microwave power, gas flow, gas or gas composition and position of the
sample, if IPLAS CYRANNUS R© plasma source is used).

The starting point of this work was to remove PP from the surface of BPP by
plasma etching, but molecular spectroscopy investigations (FTIR and Raman)
allowed to find out that, except physical etching, plasma affects the chemical pro-
cesses on the surface. FTIR spectroscopy corroborated the expected removal of
the polymer matrix at the surface by plasma. Due to this important change the
electrical properties of BPP are improved. But this is not the only change occur-
ring due to the successful plasma treatment and contributing to the improvement
of electrical conductivity of BPP. Raman spectra allow to estimate the efficiency
of plasma treatment on the whole by evaluating the intensity ratio I(D)/I(G),
the shift of the G peak and the shape of the peaks G, D and 2D. It was surprising
to find out by the Raman spectroscopy that the amount of graphite nanopar-
ticles was reduced after the plasma treatment, while other graphitic structures
of larger size remained on the surface. Less interfaces between the crystals lead
to less scattering of electrons and hence the conductivity of the plasma-treated
samples is improved. The removal of polymer matrix from the surface and the
change of the graphite structure after the plasma treatment allow to reduce the
area-specific resistance, so that plasma treatment can successfully replace me-
chanical milling.

Another possibility to optimize the electrical properties of BPP is to adapt
their composition to the following process of plasma treatment.

The measurements of water wettability done allow to understand the changes
of the surface chemistry during the process of plasma treatment. Already in
the first minutes of treatment by oxygen-containing plasma, the plasma starts
to destroy the macromolecules of PP and chemical functionalization of the sur-
face takes place, increases hydrophilicity. If the duration of the treatment is
long enough, PP will be removed from the surface and the hydrophilicity of the
surface will decrease again. The measurements of the mass of the samples after
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plasma treatment allow to suppose that surface chemistry changes take place
even after the treatment process. Chemistry of the surface was studied also by
XPS, AES and EDX methods. SEM investigations gave a visual idea about the
changes of the surface structure after the plasma treatment. Also roughness
measurements and quantification of topography of the sample before and after
plasma treatment was done for the completeness of the research. Investigation
of morphology of the samples showed that plasma treatment by different gases
removes PP and carbon black bound with PP from the graphitic surface of BPP
and the duration of treatment influences on the result very much. Roughness
and topography investigation showed the alignment of the height of the surface
in millimeter-range. However, the treatment by carbon dioxide increases the
roughness due to the high amount of oxygen and its high chemical activity. The
roughness in nano-range increases after the plasma etching and higher amount
of oxygen in plasma leads to higher roughness of the surface after the plasma
treatment. No negative influence of the roughness, increased after the plasma
treatment, on electrical conductivity of the samples was found.

A few experiments conducted using another plasma source TIGRES MEF7/56
(see Chapter 11), which operates using air at atmospheric pressure, showed the
same efficiency as plasma treatment using IPLAS CYRANNUS R© plasma source
described in this work. This fact can give a direction for further investigation
of plasma treatment of BPP on a more advanced level, using plasma equipment
more suitable for this application. The duration of plasma treatment and other
experimental parameters must be found experimentally for each type and content
of BPP and for each plasma source.
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11 Outlook

Further work supposes experimental application of atmospheric pressure air plasma
sources for quick and effective treatment of BPP with a view of industrial appli-
cation.

For large-scale application it makes sense to use the plasma sources, designed to
work with air plasma at atmospheric pressure. The usage of TIGRES MEF7/56
plasma system, in which compressed air directs the plasma beam to the surface,
has already allowed to achieve successful results of plasma treatment. The draft-
ing of this device is presented in Appendix B.

Thanks to the research and results obtained by Ana Luiza F. Ferraz, it is pos-
sible to compare the Raman spectra of BPP, 20 minutes treated by air plasma
using IPLAS CYRANNUS R© and TIGRES MEF7/56 plasma sources. This com-
parison is shown in Fig. 11.1.

Figure 11.1: Raman spectra of BPP treated in air plasma for 20 min using: A) CYRANNUS R©
plasma source and B) MEF7/56 plasma source.

Comparing to the Raman spectrum of an untreated BPP in Fig. 7.17 (A), the
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spectra in Fig. 11.1 obviously show the effect of plasma treatment, which does
not seem to differ depending on the plasma source used. It is an example that
the atmospheric pressure plasma devices may allow to treat the surfaces of BPP
as successful as IPLAS CYRANNUS R© device does, saving time and without the
additional expenses. However, the detailed investigation of plasma treatment
using other than IPLAS CYRANNUS R© plasma sources is not in the scope of
this work.
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12 Appendix

12.1 Appendix A - Overview of the Roughness

Parameters

The values of roughness parameters can be calculated from a line (profile rough-
ness parameters Ra, Rq and etc.) and on a specific area (area roughness param-
eters Sa, Sq, etc.).

The basic parameters used to define the roughness are listed below [113–120].

• y – Profile deviation. The direct distance between a point of the profile
and the baseline.

• l – Sampling length. The length of the baseline used to highlight the
irregularities which characterize the surface roughness (Fig. 12.1).

• m – Mean line of the profile. A baseline, drawn so that within the sampling
length the gauge standard deviation of the profile to this line is minimal
(Fig. 12.1).

Figure 12.1: Profile deviation, sampling length and mean line of the profile.
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• Central line of the profile. The sum of the areas enclosed between this
line and the profile line is the same from both sides of the central line
(Fig. 12.2).

Figure 12.2: Central line of the profile.

• yp – Profile peak height. The distance from the mean line of the profile to
the highest peak point of the profile.

• yv – Profile valley depth. The distance from the mean line of the profile to
the lowest valley point of the profile.

• Profile irregularity height. The sum of the height of the profile and the
depth of the conjugated valley of the profile.

Amplitude parameters (R) are defined by deviations of the roughness profile
from the mean line.

• Ra – Arithmetical mean deviation of the roughness profile. Arithmetic
average of the absolute values of deviation of the profile within the sampling
length:

Ra =
1

l

∫ l

0

|y(x)|dx

Ra =
1

n

n∑
i=1

yi
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• Rq (RMS) – Root mean square average of the profile height deviations
from the mean line, recorded within the sampling length [120]:

Rq =

√
1

l

∫ l

0

y2(x)dx

• Rv – Maximum profile valley depth. The distance from the lowest point of
the profile to the mean line within the sampling length (Fig. 12.3):

Rv = mini(yi)

Figure 12.3: Maximal valley depth, maximal peak height and maximal height of the profile.

• Rp – Maximal peak height. The distance from the mean line to the highest
point of the profile within the sampling length (Fig. 12.3):

Rv = maxi(yi)

• Rmax – Maximal height of the profile. The maximal distance between
the line of the profile peaks and the line of the profile valleys within the
sampling length
(Fig. 12.3).

• Rt – Total height of the roughness profile. The sum of the maximum value
of the profile peak height and the maximum value of profile valley depth on
the profile curve but in the entire evaluation length, not only the sampling
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length:
Rt = max(Rp) +max(Rv)

• Rz – Ten-point height of irregularities. A sum of the average absolute
values of the 5 highest and the 5 deepest valleys of the profile within the
sampling length (Fig. 12.4):

Rz =

∑5
i=1 |ypi|+

∑5
i=1 |yvi|

5

where ypi is the height of the i-th highest projection of the profile; yvi is
the depth of the i-th lowest valley of the profile.

Figure 12.4: Ten-point height of irregularities.

• Rzdin (or Rtm) – an average value of Rmax of 5 sequential sites of measure-
ment.

• Rc – Mean height of the roughness profile elements:

Rc =
1

m

m∑
i=1

yi

• Rsk – Skewness of the roughness profile – the degree of skew. The cubic
mean of yi in a sampling length rendered dimensionless as the cube of Rq.
It expresses the symmetry of peaks and valleys using the average line as
the center:

Rsk =
1

R3
q

(
1

l

∫ l

0

y3(x)dx

)
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Rsk = 0: Symmetrical about the average line (normal distribution).
Rsk > 0: Skewed downward relative to the average line.
Rsk < 0: Skewed upward relative to the average line [112].

• Rku – Kurtosis of the roughness profile – kurtosis which is a yardstick for
the sharpness of a surface. This expresses the biquadratic mean of yi in
a sampling length rendered dimensionless as the biquadratic of Rq – the
pointing (sharpness) of the height distribution:

Rsk =
1

R4
q

(
1

l

∫ l

0

y4(x)dx

)
Rku = 3: Normal distribution.
Rku > 3: The height distribution is sharp.
Rku < 3: The height distribution is not sharp [112].
The probability density of a height yi being obtained in the sampling length
can be expressed by probability density function, obtained by differentiat-
ing the material ratio curve. Material ratio curve is also called Bearing
curve or Abbott-Firestone curve [112].

• Rmr(c) – Material ratio of the roughness profile (Fig. 12.5) is often used
for evaluation of wear resistance. This expresses the ratio of the material
length Ml(c) of a profile curve element to the evaluation length at the
sectioning level c.

Figure 12.5: Material ratio of the roughness profile.
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Rmr(c) =
1

l

n∑
i=1

Ml(c)i

• Rdc(or Rσc) – Profile section height difference of the roughness profile
(Fig. 12.6) is often used for evaluation of electrical contact resistance. This
expresses the difference in sectioning level c in the height direction that
matches the two material length ratios.

Rσ(c) = c(Rm1)− c(Rm2)

if Rm1 < Rm2

Figure 12.6: Profile section height difference of the roughness profile.

• Rmr – Relative material ratio of the roughness profile (Fig. 12.7). Rmr

expresses the material length ratio that is determined from the reference
sectioning level c0 and the sectioning level difference Rσc of the profile curve
[112]:

Rmr = Rrm(c1)

c1 = c0 −Rσc

where c0 = C(Rmr0).
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Figure 12.7: Relative material ratio of the roughness profile.
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List of Abbreviations

AES . . . . . . . . . .Auger electron spectroscopy
AFM . . . . . . . . . atomic force microscope/atomic force microscopy
arb. unit. . . . . . arbitrary unit
ASR . . . . . . . . . . area specific resistance
BPHP . . . . . . . . bipolar half-plates
BPP. . . . . . . . . . bipolar plate
CCD . . . . . . . . . charge coupled device
DMM. . . . . . . . . digital multimeter
EDX. . . . . . . . . . energy dispersive X-ray spectroscopy
FTIR . . . . . . . . .Fourier transform infrared spectroscopy
GDL. . . . . . . . . . gas diffusion layer
IR . . . . . . . . . . . . infrared
LED. . . . . . . . . . light emitting diode
MEA . . . . . . . . .membrane electrode assembly
MW . . . . . . . . . .microwave
OES . . . . . . . . . . optical emission spectroscopy
PEM . . . . . . . . . proton-exchange membrane
PP . . . . . . . . . . . polypropylene
SEM. . . . . . . . . . scanning electron microscope/scanning electron microscopy
SPM. . . . . . . . . . scanning probe microscopy
UHV . . . . . . . . . ultra high vacuum
UV . . . . . . . . . . . ultraviolet
XPS . . . . . . . . . .X-ray photoelectron spectroscopy
ZBT . . . . . . . . . .Zentrum für BrennstoffzellenTechnik
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