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1 Introduction

1.1 Motivation

Over the last 60 years, many typesrafrganic submicronfibers have been prepared
and developed. Apart from the carbon fibers, glass, metallic and ceramis differ
several advantageous properties compared to the ordinary organic (polymer) fibers, such as
excellent mechanical properties (high mechanical strength), very high or very low
electical and thermal conductivitgxcellent heat and chemical resistance

One of the methodby which inorganic microand nantibers can beprepared is
thermal treatmendf composite organometallitbers. The basis ahese composite fibers
is the carrier polymer material base polymerand precursor serving as a source of
inorganic material. From this "cocktailtomposite organometalliibers are prepared
using spinning technique¥hen the compositdibers are transformed to ceramics by heat
treatment in the process thiermal calcination

Thermal calcinations used for removing of organic base polymer by the preparation
of inorganicsubmicron fibes. It proceed at high temperaturé€s00-1000°C)for several
hours (5-10 hrs) Due to the high temperature approach and long treatment times,
conventional termal @lcination needed by the processing of inorganic submicron fibers is
significantly time- and energyconsuming process. High temperature also limits
preparation osubmicron fiberérom manymaterials.

Recent esearch is focused on the searching for theguhores to prepare inorganic
fibers in asimpler, low temperaturand economic way. Ongf the potential solutior is
the useof plasma. Plasma technologies snecessfully replacing number of processes in
many fields of industryWith a large nurner of parameters byvhich the propertiesof
plasmacan be customized forraquiredpurposeit is an deal tool for many applications.

Motivation of presented thesis &study of the potential use of let@mperature
plasma generated at atmospheric pressure by theallea Diffuse Coplanar Grface
Barrier Discharge(DCSBD) onplasma assisted calcinatian the preparation of metal
oxide submicroriibers.

1.2 Objectives

The man aim of dissertation thesis was tstudy the potential use of Diffuse
Coplanar Surface Barrier Dischar@CSBD)for plasma assisted calcination of composite
inorganic/organic submicron fibe atmospheric pressuire the preparation of metal
oxide sulmicron fibersrealizedin the following steps:

1) Measurement of electric characteristics of DCSBD:
a) Comparison of electric parameters of DCSBD with and without sample in
discharge area determined from measurement of voltage and current supplied to
electrodesystem




b) Determination of energy balance of plasma assisted calcination at different
exposure times
2) Study of atmospheric pressure plasma assisted calcination of hybrid aluminium
butoxide/polyvinylpyrrolidong(Al(Bu)/PVP) fibers inthe preparation of inorganic AD;
fibers using DCSBD discharge
a) Observation of weight loss of materiatluring plasma treatment of hybrid
fibers
b) Identification of removed material fronmybrid fibers during plasma
treatment
c) Study of influence of differenworking gases to removal of base polymer
d) Study of effect of different conditions (exposure time, working gas, static
and dynamic regime) on morphology of fibers dgifasma calcination
3) Plasma assisted total calcination of aluminium butoxide/polyvingdtiglonefibers
by the preparation of inorganic A); fibers using DCSBD idcharge
a) Determination of thermogravimetric curves for samples with and without
plasma prereatment
b) Investigation of elemental composition of samples after thermal treatment
with ard without plasma pr&reatment
c) Study of crystalline properties of fibers prepared by thermal treatment with
and without plasma preeatment
4) Study of plasma assisted calcination of different types of fibers prepared by
forcespinning- Titanium butoxide/palyvinylpyrrolidone (TBT/PVP), Cerium nitrate/
polyvinylpyrrolidone (Ce(NG;)s/PVP), Lithium acetate + titanium butoxide/
polyvinylpyrrolidone (Li(Ac)+TBT/PVP), Zinc acetatepolyvinyl alcohol (Zn(Ac)/PVP)
Zyrconyl chloride/polyvinylpyrrolidone(ZrOCL/PVP)
a) Study of removal of organic base polyntgrplasma treatment
b) Influence of plasma on morphology of fibeat different exposure time in
plasma

2 Experimental equipment

Experimental apparatus is based@@SBD dischargé¢l], [2]. The distancéetween
the sampleand surfaceof DCSBD s fixed to 0.3 mmby amanually controllednovable
sample holder allowing plasma treatmentsaimples in dynamicegime (Fig.1). The
reactor can be closeudth a cver from PMMAand gasnput and output on the bottom of
the PVC construction enable plasma treatmemtrequired working gasDCSBD was
powered by sinusoidal HV generatafdtech VF 700 (Lifetech Ltd. Czech Republicp
to 20 kV peakto-peak and frequency of 14 kHz.
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Figure 1. Schematic sketchand picture of experimental apparatus

Plasma treatmerdf sampleswas realized at atmospheric pressur@ambient airin
dynamic regime.In addition, plasma treatment &l(Bu)/PVP was realized also in
synthetic air, oxygen and nitrogen in dynamic regane in ambient air in dynamic and
static regimeGas flow wasadjustedon 51/min for 3 min beforeplasma treatment. The
samples were treated foequiredexposure time in a continuous flow moéposure tine
was in the rangef 1-60 min at input power 400 W.

3 Plasma assisted calcinationf Al,Os fibers

3.1 Removal of base polymer

The first goal in plasma assisted calcinatiorthis effective removal of the Is&
polymer and unwanted part tiie precursor from hybrid inorganic/organic fibers. In the
following results the degradation of organicsaswobserved using several methods
depending on the exposure timeplasmaon samples ofl(Bu)/PVPfibers

Changesn the massof materialin dependence on exposure time on hybrid §hudr
Al(Bu)/PVP was observed by Gravimetric measurement® decrease imassindicates
exponential decay.

3.1.1 ATR-FTIR measurement

In the spectrunof reference Al(Bu)+PVP sampl@&ig. 3) characeristic functional
groups of polyvinylpyrrolidonecan be observeéh the region 12001700 cni. After
plasma calcinationtong decline in intensity of peaks characteristic for RZRO at
16401680 cnt, deformation of €H at 13801490 cni andstretching vibration of G\ at
1290 cnt) can be detectetretching vibration of €H at 29262980 cm' and 28462900
cm?, respectively completely disappeareafter 30 minutes ofplasma treatmenin the
spectra, stretching and bending vibration efi@om CH, groups inaluminium butoxide
can bevisible at 28562950 cnt and 13561600 cn, respectivelyAlso vibratiors of C-O
bond can be observed at 1000 tribrations of AHO bondin aluminium oxideat around
600 cm' arevisible in the spectrunof thermally calcined sample




(a) Al (Butoxid)+PVP

~~~~~~~ (b) Plasma calcinated 10 min
(c) Plasma clacinated 30 min
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Figure 2: ATR-FTIR spectra of aluminium butoxide/PVP fibers before and after plasma calcination at
exposure time of 10 and 30 minutes and thermally calcined sample

3.1.2 EDX measurements

Quantitative results of the elemental composition epeasented in graphs in Fig).
After the plasma treatment for 60 minutee tontent of carborecreasedy 32.9%6 and
content of aluminiumncreasedy 8.26.The highestdecrease ofarboncan be noted in
the first 10 minutef plasma treatmentDuring the plasma calcination, oxidation of
organic material occurs. Carbon, oxygen, hydrogen and nitrogen produce volatile products
which are removed. We can assume that the content of @ilumion the samplbefore
and after plasma treatmestunchangedTherefore, it is more appropriate to interpret the
results as a ratio of carbon, oxygen and nitrogen compared to content of aluminium.
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Figure 3: Concentration of major elements in at. % in sample of aluminium butoxide/PVP fibers
before and after plasma calcination at different exposure times and thermally calcinad sample




The changes iatomicratio of carbon, oxygen anditrogen to the aluminium (C/Al,
O/Al and N/AI) in dependence on exposure time are shown indFithe atomicratio of
C/Al was reduced by 31.1% and 37.1% on the samples adlbin@lasmaat 10 minutes
and60 minutes of treatment timeespectivelyThe atomicratio of O/Al increasedfter 60
min by 34.8% Fitting of the dependence of atomic ratios on exposure time indicates
exponential baracter of C/Al and O/AlFig.5).

® C/Al
114 A O/Al
PY - - - - ExpDec Fit
10 v
94 |
< '
g 81 o
“6 \
Qo 4 e o
s ' B
@ A [
6 - &’ AN FASEE A
54 A
T T T T T T T
0 10 20 30 40 50 60

Exposure time [min]
Figure 4: Dependence of carbormnd oxygen to aluminium atomic ratio- fitted

3.1.3 Plasmaassistedcalcination in different working gases

3.1.3.1 XPS

A significant reduction incarboncontentwas measured by XP&fter 10 min of
plasma treatment iroxygen (56.8%) nitrogen (57.5%),syntretic air (55.2%) and
laboratory air irdynamic mode&55.5%} (Fig. 7).
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Figure 5: Elemental composition ofAl(Bu)/PVP fibers before and after plasma calcination at exposure
time of 10 minutes in different gases athin ambient air in static and dynamic regime

& Higher reduction of carbon measured by XPS compared to EDX is related to the depth from which
the elemental composition is obtained by these diagnostic methods.




Oxygencontenton the samples treatéy plasman O,, N, synthetic and laboratory
air in dynamic regime increasedore thantwo times. Content of aluminium increased
more than two timem oxygen and synthet@ir and more than three times in nitrogen and
laboratory air in dynamic regimef plasma treatmentncrease of O is mainly caused by
oxidation of the samples however the value is affeatsaby decrease of carbon.

Composition of fibers treated by ptaa in laboratory air ithe static regime has not
changed.The movement of sample cagsemoval of gaseous products resulting from
oxidation during plasma treatment in the discharge area between sample and surface of
ceramics. This effect enables free egx of new active species participating in the
oxidation ofthe polymer and residues of precursor on the sample.
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Figure 6: Proportion of chemical bonds of carbon C 1s on samples afuminium butoxide/PVP fibers
before and after plasma calcination at exposure time of 10 minutes in different gases and in ambient
air in static and dynamic regime

Decomposition of base polymer and precursor can be confirmed by deconvolution
of peaks attributed to carbon to obse chemical bonds (Fig8). Reference samples
characterized by high proportion d2-C, GH bonds typical for vinyl chain and
pyrrolidone ringfrom PVP and alkoxide groups of precursor.-C*O and GN bonds
belong tothe base polymebDuring the plasma treatment of samples in oxygen, the decline
of C-C, GH, C-N bonds is visible. The ratio of carbon bonded to oxygen has risen (O
C=0 a CQ?. These effects indicate oxidation of carbon in vinyl chain and aluminium
butoxide leading to s$ssion of polymer chain and decomposition of unwanted part of
precursor. e ratio of CC, GH bondson the sample treated in nitrogen and synthetic air
is higher,however a significantproportionof oxidized carborcan be observed®amples
treated inlaboratory airin the static regime show higter proportion of @C, GH bonds
and lower GN compared to the reference samphedynamicregime the ratio of CC, G
H bondsis also higher, but the decrease afarbon content (sum of all carbon bonds
decreasedis caused by oxidatioof base polymerseen fromthe increase of the carbon
bound to oxygenwhile the proportion of €N and C*C=0 bonds characteristic for
pyrrolidone part of base polymelecreased




Mechanism of degradation of polymer in oxygmmiining plasmacan occur in
slightly different wayas in plasma generated in pure oxygen. Distribution of carhsad
bonds indicates that while in oxygen a strong degradation of vinyl chain can be observed,
in others gases, the pyrrolidone part of PV@asomposed. This effect can be caused by
other active particles besides oxygen species (such as atomic and molecular si&iegen
metastablesr OH radicals) produced in nitrogen, synthetic and laboratory air, which are
participating in degradation of base polymer.

3.2 Study of fibers morphology

3.2.1 Influence of exposure time

SEM picturesof referencesample,samples treate@t exposure time 10 and 30
minutesand conventional thermal cal@d samplere presented in Table The radius of
the fibers varies in the der of hundreds of nanometers. Thieefs are classified as
submicron. After the plasma treatment a slight shrinking of fibers was occwitied
increasing treatment timdue to he removal of organic matial. Plasma treatment ofie
fibers leads to formation of porosity on the surface of fitladrsady after 3 minutes of
plasma treatmen® he increase of the porosity of fibers is verggpectivefor applications
that require high specific surface such as filtration, catalysis, applicatbatteries, etc

EMPA_SG 2.0kV 8.1mm x20.0k SE(M,LA0)

EMPA_SG 2.0kV 7.9mm x20.0k SE(M,L.

Figure 7. SEM micrographs of Al(Bu)/PVP fibers samplescalcined by plasma at different exposure
time
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3.2.2 Influence of working gases

Influence of working gases on the surface morphology and structure of fibers was
investigated by SEM measurements on samples treat®@CBBD plasma for 10 and 30
minutes in synth&t air, oxygen and nitrogerfSEM micrographs are shown in Talile
Samples treatetly plasmain the oxygen evinced breaking of the fibef3egradation of
structure can be caused by strong removal of the material observed by elemental analysis,
but the moreprobable reason is properties of microdischarges constituting plasma. The
microdischarges gblasmagenerated by DCSBD in oxygen arlearacterized by higher
ratio of filamentary plasmandsmaller dimensions due to the electronegative properties of
oxygen. On the contrary, plasma generated in nitrogen and synthasiovary diffuse and
therefore,it is very suitable for plasma treatment of sensitive material suculasicron
fibersare

Figure 8: SEM micrographs of Al(Bu)/PVP fibers samples treated for 30 minutes in synthetic air,
oxygen and nitrogen

3.3 Plasma assisted total calcination

The esults obtained from previomseasurementwaere utilized for application ithe
total plasma assistedalcination usingDCSBD plasma.Total calcination processieans
complete removal of base polymer and unwanted part of precursor, oxidation of metal and
formation of crystalline structure tiefibers.

3.3.1 Thermogravimetric analysis

Thermogravimetric curvesf oeference sample and samples treated by plasma for 10
and 30 minutes of exposure time in plasma are shown if® firgeating rate was 6°C/min)
Degradation of the base polymer on reference sample and remaining Ipase@olymer
on plasma préreatedsamples during heat treatment hasimilar characterHowever,
considerably higher mass losses were detected on samples treated by plasma before
thermal treatment.

The differences between the mass losses on the reference sample and sample treated
by plasna for 30 minutes (grey curve in graph in Fig. 9) were 9.9%, 19% and 12.1% at
temperatures 250°C, 300°C and 350°C, respectively. Maximal diffefier&37% was
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noticed at 322°C. The reduction of 95% in mass was reached on plasma treated sample at
temperatue about 470°C compared to about 520°C on samples without plasma treatment.
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Figure 9: Thermogravimetric curves of samples with and without plasma prereatment at exposure
time of 10 and 30 minutes

TGA curve representing plasma treated sample by plasma after 30 min indicates
more evenly removal of organics on samples treated by plasma versus reference sample.
This effect might bauseful for thermal calcination without the need of adjustment of the
tempeature increase due to the sensitivity of samples on high volbarges during heat
processingFast degradation of materiahd high volume losses of material for a short
time oftenlead to thedamageof the fibrous structure.

3.3.2 Complete plasma assisted caination

The elemental composition and crystalline structure of samples of Al(Bu)/PVP
calcined with and without plasma pmeatment were studied by EDX measurements and
X-ray diffraction analysis on the following samples:

- ThCalc: Samples of thermally cgihated sample provided by manufacturer

- 30min+700°C Al(Bu)+PVP, plasma for 30 minutes, annealed for 4 hrs0&x°C

- 700°C Al(Bu)+PVP annealed for 4 hrs &00°Cwithout the plasma prgeatment

- 30min+1000°C Al(Bu)+PVP plasma for 30 minutes, annealed #birs at700°G
cooled and then annealed again for 4 hrs at temperature 1000°C

- 1000°C Al(Bu)+PVP annealed for 4 hrs at temperatuf60°C cooled and then
annealed again for 4 hrs at temperature 1000°C without plasrteateent

3.3.3 EDX analysis

Concentrations of elements ahe fibers calcined at different conditiongre
presented in FiglO. We can see lower values of carbon and higher oxygen and aluminium
content on samples treated by plasma before thermal processing.

12
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Figure 10: Concentration of major elements in sample oAl(Bu)/PVP fibers thermally calcined at
various conditions

In Fig. 11, we can see Xay diffractionon samplesPeaksat 26.4° and 28.3tome
from theunderlyingpad on whiclthe samples wem@easured.
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Figure 11: X-ray diffraction patterns of samples ZnO thermally calcined provided by manufacturer,
and samples of Zn(Ac)+PVP calcined at 700°C and 1000°C with amdthout plasma pre-treatment for
30 minutes.Accepted patterns from phases of AD; observed on samples.

The sampleghermally calcinedat 700 ° C did not showcrystalline structure
Tetragonalt-Al ;03 phaseand cubicd-Al,O; phase was observed samplescalcinedat
1000°C. The peaks attributed to the crystalline phases were narrower and higher on
samples préreated by DCSBD plasma before thermal calcination at 1000°C. In addition,
on the sample treated by plasma for 30 minutes before thermal calciaatt®00°C
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rhombohedral}-Al Oz phase corresponding to corundum was detected. Size of crystallites
of d-Al,O; phase was estimated to the order of nanometers, siz¢ Af,Oz; phase
crystallites to tens of nanometers.

3.4 Plasmaassisted alcination of Al,O31 discussion

Samples of AIBu)/PVP were prepared by the electrospinniAgmajor part ofthe
experimental work was focused on this material due to the sufficient quantity of fibers
provided by manufacturer.

By the study of the influence plasma generatday DCSBDa significantmass loss
of the material was observed short exposure timdn the first 10 minute®f plasma
calcinationthere wagletectedl5% of mass loss othe samples. Thdependence of mass
losses on exposure time during plasma treatineitated exponential decay.

Investigation of fibers in the term of chemical composition before and after plasma
calcination has shown th#te removed material belongs to thase polymer used as a
template for the preparation of inorgarsabmicronfibers and precursor serving as
source of inorganic material. Themoval of organic polymer wasignificant mainly
during the firstminutes ofplasma treatmenand decreas®f the ratio of carbonto
aluminiumindicates the exponentiatharacter

The losses of organic materialled to thedecline in fibes diameter (shrinkingf
fibers) and formatiorof porosity on the surface of the fibaisserved by SEM

On the base afrganics contemjuantificationand observation of morphology during
plasma treatmerin static and dynamic modéhe dynamic mode was assessed as clearly
betterin terms of maintaininghe diffuse charactesf plasma generated by DCSBD and
consequentijiomogeneous treatment of fiberghe submicron range

The effect of plasmgeneratedn oxygen,nitrogen,synthetic air and laboratory air
for removingof polymer and fibes morphologywas studiedPlasma generated in nitrogen
is characterized by strong diffusiveness and unifornbtyt low efficiency of organics
removal. On the contrary, oxygen is a strong oxidizing agent and degradation of organics is
considerable However, plasma generated in the oxygen is insufficient diffuse to the
plasma treatment without the degradation ofdiils structure. Synthetic air as a mixture of
nitrogen and oxygen combine the advantages of both working gases. The oxidation activity
is high and high content ofnitrogen helps to maintain suitable diffusiveness and
homogeneity of plasma. In addition, ghaa calcination in laboratory air with natural air
humidity led to improve the ability of the base polymer removing due to the OH radicals
produced in plasma. This fact is beneficial in the potential use of plasma generated by
DCSBD for plasmassisted calnationin industrial application

Due to the fibrous charactef samplethe active particles produced plasmaare
able topenetratethroughthe fibes. Partially dereased ability of treatment across the
sample thicknessvas observed irplasma generatl in oxygen, which is caused by
characteof microdischarges gemnated in electronegative gas.
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The dudy of chemical bonds orthe surface of fibersbefore and after plasma
treatment showed that removal of base polymer occurred via oxidation of carbon and
nitrogen which are pagof the basic polymer polyvifpyrrolidone andesidualpart ofthe
precursor.

Results obtained in plasma calcination wased for further study whenglasma
treatment by DCSBD waappliedas a prereatment methoébr total calchation During
conventional thermal calcination without the use of plasma, the initial heating might lead
to large volume losses usually causing damage of the fibrous structure. Therefore, careful
setting of heating rate and temperature during calcingioness is very importanthe
plasma prdreatment of samples resultedrmore even andoticeablematerial loseson
samples of hybrid fibers calcined by plasma before annealing. Plasma treated fibers also
exhibit shorter timeneeded taomplete removabf organicsand favourable influence to
formation of crystalline structure

4 Study of plasma assisted calcination of fibar
prepared by Forcespinning

In this chapter of experimental work the influence of plasma generated by DCSBD
was studied on samples diybrid inorganic/organicfibers consisting of TBT/PVP,
Ce(NG;)s/PVP, Li(Ac)+TBT/PVP, Zn(Ac)/PVA and ZrOGBH,O/PVP prepared by a
novel method of spinning techniqu&orcespinning”. Hybrid fibers were studied in term
of removal oforganic bas polymerusng ATR-FTIR measurementand EDX analysis.
Changes in morphology ahefibers werenvestigated by SH.

4.1 Degradation of base polymer
4.1.1 ATR-FTIR of PVP and PVA-based composite fibers
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Figure 122 ATR-FTIR spectra of titanium butoxide/PVP fibers (left) and lithium acetate and titanium

butoxide /PVP (right) fibers before and after plasma calcination at exposure time of 10 and 30 minutes

and thermally calcined sample
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Figure 13 ATR-FTIR spectra of cerium nitrate/PVP fibers (left) and zirconyl chloride/PVP fibers
(right) before and after plasma calcination at exposure time of 10 and 30 minutes and thermally
calcined sample

Figure 14: ATR-FTIR spectra of zinc acetate/PVA fibers before and after plasma calcination at
exposire time of 10 and 30 minutes and thermally calcined sample

Analysing the FTIR spectra oftomposite fibers TBT/PVP, Li(Ac)+TBT/PVP,
Ce(NG)s/PVP, ZrOCL/PVP and Zn(Ac)/PVA before and after 10 mirtes of plasma
treatment in Figl2, 13 and 14the characteristic gaks of PVP (vibration of carbonyl
group3 ( C =a@bout 16501670cm’™, symmetric stretchingibration of C-N at 1290cm
! symmetric and symmetricstretching and énding vibration of Chlin the region2830
2990cm™ and 14001520 cni, respectively and PVA ¢haracteristic peaks in the range
600-1500 cni overlapped with peaksharacteristic for zinc acetdtean beidentified
Water absorbed on material of fibers carobservedn the vibrationof O-H grous in the
region3100-3700cm™.

Also the vibration of bonds characteristic for individual precurscas affect
intensity ofpeaksattributed tobase polymerin thermally calcined sample, vibrations of
metal oxide are visible mainly below 8861™". After the plasma treatmenhedecreaser
complete disappearingf peaks corresponding to orgamuaterial of base polymeand
precursorcan be visible This implies that by the oxidation processes due to the active
plasma species the removing of organics from composite fibers occurs.
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