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1 Introduction  

1.1 Motivation 

Over the last 60 years, many types of inorganic submicron fibers have been prepared 

and developed. Apart from the carbon fibers, glass, metallic and ceramic fibers offer 

several advantageous properties compared to the ordinary organic (polymer) fibers, such as 

excellent mechanical properties (high mechanical strength), very high or very low 

electrical and thermal conductivity, excellent heat and chemical resistance.  

One of the methods by which inorganic micro- and nanofibers can be prepared is 

thermal treatment of composite organometallic fibers. The basis of these composite fibers 

is the carrier polymer material - base polymer and precursor serving as a source of 

inorganic material. From this "cocktail", composite organometallic fibers are prepared 

using spinning techniques. Then, the composite fibers are transformed to ceramics by heat 

treatment in the process of thermal calcination.  

Thermal calcination is used for removing of organic base polymer by the preparation 

of inorganic submicron fibers. It proceeds at high temperature (500-1000°C) for several 

hours (5-10 hrs). Due to the high temperature approach and long treatment times, 

conventional thermal calcination needed by the processing of inorganic submicron fibers is 

significantly time- and energy-consuming process. High temperature also limits 

preparation of submicron fibers from many materials. 

Recent research is focused on the searching for the procedures to prepare inorganic 

fibers in a simpler, low temperature and economic way. One of the potential solutions is 

the use of plasma. Plasma technologies are successfully replacing a number of processes in 

many fields of industry. With a large number of parameters by which the properties of 

plasma can be customized for a required purpose, it is an ideal tool for many applications.  

Motivation of presented thesis is a study of the potential use of low-temperature 

plasma generated at atmospheric pressure by the so-called Diffuse Coplanar Surface 

Barrier Discharge (DCSBD) on plasma assisted calcination in the preparation of metal 

oxide submicron fibers.  

1.2 Objectives 

The main aim of dissertation thesis was to study the potential use of Diffuse 

Coplanar Surface Barrier Discharge (DCSBD) for plasma assisted calcination of composite 

inorganic/organic submicron fibers at atmospheric pressure in the preparation of metal 

oxide submicron fibers realized in 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 

electrode system  
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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/polyvinylpyrrolidone (Al(Bu)/PVP) fibers in the preparation of inorganic Al2O3 

fibers using DCSBD discharge 

a) Observation of weight losses of material during plasma treatment of hybrid 

fibers 

b) Identification of removed material from hybrid fibers during plasma 

treatment 

c) Study of influence of different working 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 during plasma calcination 

3) Plasma assisted total calcination of aluminium butoxide/polyvinylpyrrolidone fibers 

by the preparation of inorganic Al2O3 fibers using DCSBD discharge 

a) Determination of thermogravimetric curves for samples with and without 

plasma pre-treatment 

b) Investigation of elemental composition of samples after thermal treatment 

with and without plasma pre-treatment 

c) Study of crystalline properties of fibers prepared by thermal treatment with 

and without plasma pre-treatment 

4) Study of plasma assisted calcination of different types of fibers prepared by 

forcespinning - Titanium butoxide/ polyvinylpyrrolidone (TBT/PVP), Cerium nitrate/ 

polyvinylpyrrolidone (Ce(NO3)3/PVP), Lithium acetate + titanium butoxide/ 

polyvinylpyrrolidone (Li(Ac)+TBT/PVP), Zinc acetate/ polyvinyl alcohol (Zn(Ac)/PVP), 

Zyrconyl chloride/ polyvinylpyrrolidone (ZrOCl2/PVP) 

a) Study of removal of organic base polymer by plasma treatment 

b) Influence of plasma on morphology of fibers at different exposure time in 

plasma 

2 Experimental equipment 

Experimental apparatus is based on DCSBD discharge [1], [2]. The distance between 

the sample and surface of DCSBD is fixed to 0.3 mm by a manually controlled movable 

sample holder allowing plasma treatment of samples in dynamic regime (Fig. 1). The 

reactor can be closed with a cover from PMMA and gas input and output on the bottom of 

the PVC construction enable plasma treatment in required working gas. DCSBD was 

powered by sinusoidal HV generator Lifetech VF 700 (Lifetech Ltd. Czech Republic), up 

to 20 kV peak-to-peak and frequency of 14 kHz. 
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Plasma Sample

DCSBD

Movable sample holder

   
Figure 1: Schematic sketch and picture of experimental apparatus 

Plasma treatment of samples was realized at atmospheric pressure in ambient air in 

dynamic regime. In addition, plasma treatment of Al (Bu)/PVP was realized also in 

synthetic air, oxygen and nitrogen in dynamic regime and in ambient air in dynamic and 

static regime. Gas flow was adjusted on 5 l/min for 3 min before plasma treatment. The 

samples were treated for required exposure time in a continuous flow mode. Exposure time 

was in the range of 1-60 min at input power 400 W.  

3 Plasma assisted calcination of Al2O3 fibers 

3.1 Removal of base polymer 

The first goal in plasma assisted calcination is the effective removal of the base 

polymer and unwanted part of the precursor from hybrid inorganic/organic fibers. In the 

following results the degradation of organics was observed using several methods 

depending on the exposure time in plasma on samples of Al(Bu)/PVP fibers.  

Changes in the mass of material in dependence on exposure time on hybrid fibers of 

Al(Bu)/PVP was observed by Gravimetric measurements. The decrease in mass indicates 

exponential decay. 

3.1.1 ATR-FTIR  measurement 

In the spectrum of reference Al(Bu)+PVP sample (Fig. 3), characteristic functional 

groups of polyvinylpyrrolidone can be observed in the region 1200-1700 cm
-1

. After 

plasma calcination strong decline in intensity of peaks characteristic for PVP (C=O at 

1640-1680 cm
-1

, deformation of C-H at 1380-1490 cm
-1

 and stretching vibration of C-N at 

1290 cm
-1

) can be detected. Stretching vibration of C-H at 2920-2980 cm
-1
 and 2840-2900 

cm
-1

, respectively, completely disappeared after 30 minutes of plasma treatment. In the 

spectra, stretching and bending vibration of C-H from CH2 groups in aluminium butoxide 

can be visible at 2850-2950 cm
-1

 and 1350-1600 cm
-1

, respectively. Also vibrations of C-O 

bond can be observed at 1000 cm
-1

. Vibrations of Al-O bond in aluminium oxide at around 

600 cm
-1

 are visible in the spectrum of thermally calcined sample. 
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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 are represented in graphs in Fig. 3. 

After the plasma treatment for 60 minutes the content of carbon decreased by 32.5% and 

content of aluminium increased by 8.2%.The highest decrease of carbon can be noted in 

the first 10 minutes of plasma treatment. During 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 aluminium on the sample before 

and after plasma treatment is unchanged. Therefore, 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 
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The changes in atomic ratio of carbon, oxygen and nitrogen to the aluminium (C/Al, 

O/Al and N/Al) in dependence on exposure time are shown in Fig. 4. The atomic ratio of 

C/Al was reduced by 31.1% and 37.1% on the samples calcined by plasma at 10 minutes 

and 60 minutes of treatment time, respectively. The atomic ratio of O/Al increased after 60 

min by 34.8%. Fitting of the dependence of atomic ratios on exposure time indicates 

exponential character of C/Al and O/Al. (Fig. 5). 
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Figure 4: Dependence of carbon and oxygen to aluminium atomic ratio - fitted 

3.1.3 Plasma assisted calcination in different working gases 

3.1.3.1 XPS 

A significant reduction in carbon content was measured by XPS after 10 min of 

plasma treatment in oxygen (56.8%), nitrogen (57.5%), synthetic air (55.2%) and 

laboratory air in dynamic mode (55.5%)
a
 (Fig. 7).  
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Figure 5: Elemental composition of Al(Bu) /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 

                                                 
a
 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. 
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Oxygen content on the samples treated by plasma in O2, N2 synthetic and laboratory 

air in dynamic regime increased more than two times. Content of aluminium increased 

more than two times in oxygen and synthetic air and more than three times in nitrogen and 

laboratory air in dynamic regime of plasma treatment. Increase of O is mainly caused by 

oxidation of the samples however the value is affected also by decrease of carbon.  

Composition of fibers treated by plasma in laboratory air in the static regime has not 

changed. The movement of sample causes removal of gaseous products resulting from 

oxidation during plasma treatment in the discharge area between sample and surface of 

ceramics. This effect enables free access of new active species participating in the 

oxidation of the polymer and residues of precursor on the sample. 
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Figure 6: Proportion of chemical bonds of carbon C 1s on samples of aluminium 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 observe chemical bonds (Fig. 8). Reference sample is 

characterized by high proportion of C-C, C-H bonds typical for vinyl chain and 

pyrrolidone ring from PVP and alkoxide groups of precursor. C*-C=O and C-N bonds 

belong to the base polymer. During the plasma treatment of samples in oxygen, the decline 

of C-C, C-H, C-N bonds is visible. The ratio of carbon bonded to oxygen has risen (O-

C=O a CO3
-2

). These effects indicate oxidation of carbon in vinyl chain and aluminium 

butoxide leading to scission of polymer chain and decomposition of unwanted part of 

precursor. The ratio of C-C, C-H bonds on the sample treated in nitrogen and synthetic air 

is higher, however, a significant proportion of oxidized carbon can be observed. Samples 

treated in laboratory air in the static regime show a higher proportion of C-C, C-H bonds 

and lower C-N compared to the reference sample. In dynamic regime, the ratio of C-C, C-

H bonds is also higher, but the decrease of carbon content (sum of all carbon bonds 

decreased) is caused by oxidation of base polymer, seen from the increase of the carbon 

bound to oxygen while the proportion of C-N and C*-C=O bonds, characteristic for 

pyrrolidone part of base polymer, decreased.  
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Mechanism of degradation of polymer in oxygen-containing plasma can occur in 

slightly different way as in plasma generated in pure oxygen. Distribution of carbon-based 

bonds indicates that while in oxygen a strong degradation of vinyl chain can be observed, 

in others gases, the pyrrolidone part of PVP is decomposed. This effect can be caused by 

other active particles besides oxygen species (such as atomic and molecular nitrogen states, 

metastables or 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 pictures of reference sample, samples treated at exposure time 10 and 30 

minutes and conventional thermal calcined sample are presented in Table 1. The radius of 

the fibers varies in the order of hundreds of nanometers. The fibers are classified as 

submicron. After the plasma treatment a slight shrinking of fibers was occurred with 

increasing treatment time due to the removal of organic material. Plasma treatment of the 

fibers leads to formation of porosity on the surface of fibers already after 3 minutes of 

plasma treatment. The increase of the porosity of fibers is very prospective for applications 

that require high specific surface such as filtration, catalysis, application in batteries, etc. 

 

  

  
Figure 7: SEM micrographs of Al(Bu) /PVP fibers samples calcined by plasma at different exposure 

time 

 

Reference 10 min 

30 min ThCalc 
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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 treated by DCSBD plasma for 10 and 30 

minutes in synthetic air, oxygen and nitrogen. SEM micrographs are shown in Table 2. 

Samples treated by plasma in the oxygen evinced breaking of the fibers. Degradation of 

structure can be caused by strong removal of the material observed by elemental analysis, 

but the more probable reason is properties of microdischarges constituting plasma. The 

microdischarges of plasma generated by DCSBD in oxygen are characterized by a higher 

ratio of filamentary plasma and smaller dimensions due to the electronegative properties of 

oxygen. On the contrary, plasma generated in nitrogen and synthetic air is very diffuse and 

therefore, it is very suitable for plasma treatment of sensitive material such as submicron 

fibers are. 

       
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 results obtained from previous measurements were utilized for application in the 

total plasma assisted calcination using DCSBD plasma. Total calcination process means 

complete removal of base polymer and unwanted part of precursor, oxidation of metal and 

formation of crystalline structure of the fibers.  

3.3.1 Thermogravimetric analysis 

Thermogravimetric curves of reference sample and samples treated by plasma for 10 

and 30 minutes of exposure time in plasma are shown in Fig. 9 (heating rate was 6°C/min). 

Degradation of the base polymer on reference sample and remaining part of base polymer 

on plasma pre-treated samples during heat treatment has a similar character. However, 

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 plasma 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 difference ï 23.7% was 

SynAir  O2 N2 



 

12 

 

noticed at 322°C. The reduction of 95% in mass was reached on plasma treated sample at 

temperature 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 pre-treatment 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 be useful for thermal calcination without the need of adjustment of the 

temperature increase due to the sensitivity of samples on high volume changes during heat 

processing. Fast degradation of material and high volume losses of material for a short 

time often lead to the damage of the fibrous structure. 

3.3.2 Complete plasma assisted calcination 

The elemental composition and crystalline structure of samples of Al(Bu)/PVP 

calcined with and without plasma pre-treatment were studied by EDX measurements and 

X-ray diffraction analysis on the following samples:  

- ThCalc: Samples of thermally calcinated sample provided by manufacturer  

- 30min+700°C: Al(Bu)+PVP, plasma for 30 minutes, annealed for 4 hrs at 700°C 

- 700°C: Al(Bu)+PVP annealed for 4 hrs at 700°C without the plasma pre-treatment 

- 30min+1000°C: Al(Bu)+PVP plasma for 30 minutes, annealed for 4 hrs at 700°C, 

cooled and then annealed again for 4 hrs at temperature 1000°C 

- 1000°C: Al(Bu)+PVP annealed for 4 hrs at temperature 700°C, cooled and then 

annealed again for 4 hrs at temperature 1000°C without plasma pre-treatment 

3.3.3 EDX analysis 

Concentrations of elements on the fibers calcined at different conditions are 

presented in Fig. 10. We can see lower values of carbon and higher oxygen and aluminium 

content on samples treated by plasma before thermal processing. 



 

13 

 

14,7 17,4 14,8 15,7 13,5

53,0 50,7 53,2 52,2 53,3

32,3 31,9 32,0 32,1 33,2

ThCalc 700°C 30 min

+

700°C

1000°C 30 min

+

1000°C

0

20

40

60

80

100

 

C
o
n
c
e
n
tr

a
ti
o
n
 [

A
t.

%
]

 C  O  Al

 
Figure 10: Concentration of major elements in sample of Al(Bu) /PVP fibers thermally calcined at 

various conditions 

3.3.4 XRD analysis 

In Fig. 11, we can see X-ray diffraction on samples. Peaks at 26.4° and 28.3° come 

from the underlying pad on which the samples were measured.  
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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 and without plasma pre-treatment for 

30 minutes. Accepted patterns from phases of Al2O3 observed on samples. 

The samples thermally calcined at 700 ° C did not show crystalline structure. 

Tetragonal ŭ-Al 2O3 phase and cubic ɖ-Al 2O3 phase was observed on samples calcined at 

1000°C. The peaks attributed to the crystalline phases were narrower and higher on 

samples pre-treated by DCSBD plasma before thermal calcination at 1000°C. In addition, 

on the sample treated by plasma for 30 minutes before thermal calcination at 1000°C 
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rhombohedral Ŭ-Al 2O3 phase corresponding to corundum was detected. Size of crystallites 

of ɖ-Al 2O3 phase was estimated to the order of nanometers, size of Ŭ- Al 2O3 phase 

crystallites to tens of nanometers. 

3.4 Plasma assisted calcination of Al2O3 ï discussion 

Samples of Al(Bu)/PVP were prepared by the electrospinning. A major part of the 

experimental work was focused on this material due to the sufficient quantity of fibers 

provided by manufacturer.  

By the study of the influence of plasma generated by DCSBD a significant mass loss 

of the material was observed in short exposure time. In the first 10 minutes of plasma 

calcination there was detected 15% of mass loss of the samples. The dependence of mass 

losses on exposure time during plasma treatment indicated exponential decay. 

Investigation of fibers in the term of chemical composition before and after plasma 

calcination has shown that the removed material belongs to the base polymer used as a 

template for the preparation of inorganic submicron fibers and precursor serving as a 

source of inorganic material. The removal of organic polymer was significant mainly 

during the first minutes of plasma treatment and decrease of the ratio of carbon to 

aluminium indicates the exponential character. 

The losses of organic materials led to the decline in fibers diameter (shrinking of 

fibers) and formation of porosity on the surface of the fibers observed by SEM.  

On the base of organics content quantification and observation of morphology during 

plasma treatment in static and dynamic mode, the dynamic mode was assessed as clearly 

better in terms of maintaining the diffuse character of plasma generated by DCSBD and 

consequently homogeneous treatment of fibers in the submicron range. 

The effect of plasma generated in oxygen, nitrogen, synthetic air and laboratory air 

for removing of polymer and fibers morphology was studied. Plasma generated in nitrogen 

is characterized by strong diffusiveness and uniformity, but 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 of fibrous 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 of nitrogen helps to maintain suitable diffusiveness and 

homogeneity of plasma. In addition, plasma 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 plasma assisted calcination in industrial application. 

Due to the fibrous character of sample the active particles produced in plasma are 

able to penetrate through the fibers. Partially decreased ability of treatment across the 

sample thickness was observed in plasma generated in oxygen, which is caused by 

character of microdischarges generated in electronegative gas. 
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The study of chemical bonds on the surface of fibers before and after plasma 

treatment showed that removal of base polymer occurred via oxidation of carbon and 

nitrogen, which are parts of the basic polymer polyvinylpyrrolidone and residual part of the 

precursor. 

Results obtained in plasma calcination were used for further study where plasma 

treatment by DCSBD was applied as a pre-treatment method for total calcination. 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 calcination process is very important. The 

plasma pre-treatment of samples resulted in more even and noticeable material losses on 

samples of hybrid fibers calcined by plasma before annealing. Plasma treated fibers also 

exhibit shorter time needed to complete removal of organics and favourable influence to 

formation of crystalline structure. 

4 Study of plasma assisted calcination of fibers 

prepared by Forcespinning 

In this chapter of experimental work the influence of plasma generated by DCSBD 

was studied on samples of hybrid inorganic/organic fibers consisting of TBT/PVP, 

Ce(NO3)3/PVP, Li(Ac)+TBT/PVP, Zn(Ac)/PVA and ZrOCl2.8H2O/PVP prepared by a 

novel method of spinning technique - Forcespinning
TM

. Hybrid fibers were studied in term 

of removal of organic base polymer using ATR-FTIR measurements and EDX analysis. 

Changes in morphology of the fibers were investigated by SEM. 

4.1 Degradation of base polymer 

4.1.1 ATR-FTIR  of PVP and PVA-based composite fibers 
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Figure 12: 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 

exposure time of 10 and 30 minutes and thermally calcined sample 

Analysing the FTIR spectra of composite fibers TBT/PVP, Li(Ac)+TBT/PVP, 

Ce(NO3)3/PVP, ZrOCl2/PVP and Zn(Ac)/PVA before and after 10 minutes of plasma 

treatment in Fig. 12, 13 and 14 the characteristic peaks of PVP (vibration of carbonyl 

group ɜ(C=O) at about 1650-1670 cm
-1

, symmetric stretching vibration of C-N at 1290 cm
-

1
, symmetric and asymmetric stretching and bending vibration of CH2 in the region 2830-

2990 cm
-1

 and 1400-1520 cm
-1

, respectively) and PVA (characteristic peaks in the range 

600-1500 cm
-1

 overlapped with peaks characteristic for zinc acetate) can be identified. 

Water absorbed on material of fibers can be observed in the vibration of O-H groups in the 

region 3100-3700 cm
-1

. 

Also the vibration of bonds characteristic for individual precursors can affect 

intensity of peaks attributed to base polymer. In thermally calcined sample, vibrations of 

metal oxide are visible mainly below 800 cm
-1

. After the plasma treatment, the decrease or 

complete disappearing of peaks corresponding to organic material of base polymer and 

precursor can be visible. This implies that by the oxidation processes due to the active 

plasma species the removing of organics from composite fibers occurs.  


















