
 

 

 University of Groningen

Synthesis and Coating of Electroactive Polymers: Wet vs. Dry Processing
Dianatdar Langeroudi, Afshin

DOI:
10.33612/diss.242171638

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2022

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Dianatdar Langeroudi, A. (2022). Synthesis and Coating of Electroactive Polymers: Wet vs. Dry
Processing. University of Groningen. https://doi.org/10.33612/diss.242171638

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 12-10-2022

https://doi.org/10.33612/diss.242171638
https://research.rug.nl/en/publications/101ae675-c084-46f1-afa3-af33cbc4d55e
https://doi.org/10.33612/diss.242171638


 

 
 

 

List of Figures 

 Page 

Chapter 1  

Figure 1. A schematic representation of (a) a polymer with non-
conjugated backbone bearing redox active groups (red balls) in its side 
chains; (b) a polymer with non-conjugated backbone containing the 
redox active sites along its backbone; (c)  a polymer with conjugated 
backbone bearing redox sites in its side chains; (d) a polymer with 
conjugated backbone including its redox groups along its backbone. 

 

 

 

7 

Figure 2. Electrical conductivity of doped/undoped conjugated polymers 
relative to selective inorganic materials. 

 

10 

Figure 3. Band gap structures for insulators, semiconductors, and 
conductors. 

 

11 

Figure 4. A schematic representation of oCVD reactor. Reproduced with 
permission. 

 

13 

Figure 5. The orientation of π- conjugation planes in either face- on or 
edge- on with respect to the deposition surface. The black arrows 
manifest the  intercrystallite conduction routes. Reproduced with 
permission. 

 

 

20 

Chapter 2  

Figure 1. TPA- polymer architecture with TPA in side chain (left), and 
along the backbone (right). 

 

46 

Figure 2. (a) UV-vis absorption spectra of rP, cP and their composites 
with CNTs; (b) Surface conductivity of CNT film and polymer 
composites measured by four-probe resistivity measurement (The values 
of standard deviation are too low to be observable in the figure). 

 

 

53 

 

Figure 3. CV curves of rP, cP and their composite electrodes in 1st, 2nd, 
10th, and 100th cycle : (a) rP; (b) rC; (c) cP; (d) cC; (e) their charge loss 
with cycling. Electrodes are prepared by solution cast of the sample 
solutions onto ITO. Measurements were performed in 0.1 M TBPO 
solution in acetonitrile using Ag/AgCl as RE and platinum wire as CE. 

 

 

55 

204

List of Figures

206



Figure 4. Current response of rP and cP film electrodes at different scan 
rates of 10 mV/s, 20 mV/s, 50 mV/s, and 100 mV/s. 57 

Figure 5. First scan charge – discharge curves: (a) rC, (b) cC; specific 
capacity loss during 100 cycle: (c) rC, (d) cC; and Coulombic 
efficiencies:  (e) rC, (f) cC. 59 

Figure 6. nanoindentation curve of (a) rP vs. rC, and (b) cP vs. cC. 60 

Figure 7. AFM of (a) rP and rC; (b) cP and cC. 60 

Figure 8. indentation curves for (a) rC  and (b) cC along with the 
electrochemically aged samples for 100 cycles (rC/cC 100) and 1000 
cycles (rC/cC 1000) of charge-discharge at 5 Ag-1; (c) Hardness (H) and 
elastic modulus (E) evolution for rC and cC and their aged samples at  5 
Ag-1. The samples were annealed in an oven at 140 °C for 30 minutes 
before the test on aged samples to eliminate the effect of solvent. 

61 

Figure 9. TEM images of rC (a, b) and cC (c, d). 63 

Figure S1. 1H NMR (top) and 13C NMR of TPA-CHO (bottom). 71 

Figure S2. 1H NMR (top) and 13C NMR of TPA-CH2OH (bottom). 72 

Figure S3. 1H NMR (top) and 13C NMR of TPAA. 73 

Figure S4. 1H NMR (top) and 13C NMR of P(TPAA). 74 

Figure S5. DEPT spectrum of P(TPAA). 75 

Figure S6. 1H NMR (top) and 13C NMR of P(TPA-Me). 76 

Figure S7. DEPT spectrum of P(TPA-Me). 77 

Figure S8. (a) rP before CV, (b) rP after 10 CV cycles (c) rC after 100 
CV cycles, (d) cP before CV, (e) cP after 10 CV cycles, (f) cC after 100 
CV cycles. 

77 

Figure S9. Charge-discharge curves for neat CNT films. 78 

Figure S10. DSC curves for rP and cP indicating the higher glass 
transition temperature of cP compared to rP (approximately two folds). 

78 

Figure S11. AFM scans of the electrochemically aged rC for (a) 100 
cycles, (b) 1000 cycles; the scans of the electrochemically aged cC for 
(a) 100 cycles, (b) 1000 cycles of charge-discharge at 5 Ag-1.

79 

205

List of Figures

207



Chapter 3 

Figure 1. Different reactor configurations with (a) stage on the ceiling, 
with oxidant vaporizing by crucible at the bottom, and oxidant and 
monomer flow with 0º relatively. Reprinted with permission from. 
Copyright (2006) American Chemical Society.; (b) stage on the bottom, 
with oxidant vaporizing by crucible on the ceiling, and oxidant to 
monomer flow with 90º. Reprinted with permission from. Copyright 
(2007) American Chemical Society; (c) stage on the bottom, with liquid 
oxidant and monomer flowing into the reactor with 90º; (d) with substrate 
on the ceiling, and solid/oxidant vaporizing by crucible flowing with an 
angle ˂ 90º; (e) tubular reactor configuration with monomer/oxidant 
(solid/liquid) flowing into the reactor with 180º. Reprinted with 
permission from. Copyright (2019) Royal Society of Chemistry. 

83 

Figure 2. A sketch of oCVD reactor custom-built in our group (top), a 
real-time image (bottom). 85 

Figure 3. FTIR spectra of (a) PPy, (b) PEDOT, and (c) PANI grown on 
silicon wafer by oCVD using SbCl5 as oxidant. 86 

Figure 4. (a)An illustration of R2R oCVD reactor constructed in MIT; 
(b) PEDOT conductivity distribution deposited in an area of ~ 20 cm ×
30 cm at deposition temperature of 100 ºC.

95 

Chapter 4 

Figure 1. A representation of the oCVD reactor. 111 

Figure 2. Different types of C-C coupling for two pyrrole units during 
oxidation polymerization. 113 

Figure 3. (a) Fourier transform infrared spectrum of PPy-T60 between 
600-3500 cm-1 ; (b) XRD spectrum of PPy-T60, revealing an amorphous
structure. 113 

Figure 4. (a) Conductivity of the deposited PPy thin films, deposited at 
different T along with calculation of oxidant to monomer surface 
availability (Cox/Cmo); (b) conductivity of the deposited PPy thin films, 
deposited at different P, or RR (see Table 1). Referring to Table S1 shows 
that Cox/Cmo remains constant for pressures series and follows the same 
trend as RR for oxidant to monomer ratio series, thus not included in the 
figure. 

* error bars are included, the maximum SD is less than 5%. 116 

206

List of Figures

208



Figure 5.  λmax and ECC as at different (a) temperature, (b) pressures, 
and (c) oxidant to monomer ratio. 119 

Figure 6. Quantification of the N/Cl and C/N ratios, as well as “O+ Sb” 
atomic contents for PPy-P300, PPy-P1000, PPy-RR0.2, and PPy-RR1. 
The theoretical C/N atomic ratio for PPy is the same as for the monomer 
and is shown for comparison. 120 

Figure 7. High resolution XPS data of C1s region for (a) PPy-P300, (b) 
PPy-P1000 (= PPy-RR0.5), (c) PPy-RR0.2, and (d) PPy-RR1; the fit is 
also shown and for each component the relative contribution to the total 
spectral intensity of the respective line is reported in Table 4. 124 

Figure 8. XPS spectra of the N1s core level region for (a) PPy-P300, (b) 
PPy-P1000 (= PPy-RR0.5), (c) PPy-RR0.2, and (d) PPy-RR1, providing 
information on the formation of polaron and bipolaron species ; the fit is 
also shown and the relative contribution of each component to the total 
N1s spectral intensity is reported in Table 5. 126 

Figure 9. XPS spectra of Cl2p core level region for (a) PPy-P300, (b) 
PPy-P1000 (= PPy-RR0.5), (c) PPy-RR0.2, and (d) PPy-RR1; the fit is 
also shown and the relative contribution for each component to the total 
Cl2p spectral intensity is reported in Table 6. 128 

Figure S1. FTIR spectra of PPy thin films deposited at different 
temperatures. 143 

Figure S2. FTIR spectra of PPy thin films deposited at different 
pressures. 144 

Figure S3. FTIR spectra of PPy thin films deposited at different oxidant 
to monomer (RR) ratios. 145 

Figure S4. UV-vis spectra of PPy thin films deposited at (a) different 
temperatures, (b) different pressures and (c) different oxidant to 
monomer (RR) ratios. 146 

Figure S5. Comparison of the surface morphology of PPy films 
deposited at different temperature or with oxidant to monomer ratio: 
SEM micrographs of  PPy-T40 and PPy-T60 (top); PPy-RR0.2 and PPy-
RR1 (bottom). 

147 

Figure S6. XPS spectra of the Sb 3d and O1s core level regions: (a) PPy-
P300, (b) PPy-P1000 (=PPy-RR0.5), (c) PPy-RR0.2, and (d) PPy-RR1. 

148 

207

List of Figures

209



Chapter 5 

Figure 1. A schematic representation of PU coating with PPy using 
oCVD and its piezoresistive behavior. 155 

Figure 2. FTIR spectrum of PPy grown on silicon wafer at deposition 
temperature of 60 ºC and pressure. of 300 mTorr. 158 

Figure 3. DSC spectra of PU and PU deposited with 160 nm PPy at 40 
ºC films indicating the shift of Tg to higher temperature. 159 

Figure 4. FTIR-ATR spectra of PPy (re-drawn for comparison), PU-PPy, 
and PU films. 160 

Figure 5. DMA of neat PU film as well as PU film deposited with 360 
nm PPy at 40 ºC, suggesting the lower damping ability of PPy-coated PU 
film. 161 

Figure 6. Tensile curve of PU and PU-PPy. 

*selected to represent the closet to the average properties. 162 

Figure 7.  (a) Young’s modulus, and (b) strain at break (%) for PU and 
PU-PPy;( PU thickness = 115 µm; PPy thickness = 85 nm). 163 

Figure 8. Cyclic tensile test of PU and PU-PPy films 164 

Figure 9. The change in ∆R/R0 with strain for (a) PU-PPy with different 
PPy, and (b) PU-PPy with PPy deposited at 40 ºC and 60 ºC in the same 
thickness range of 40-60 nm. 

165 

Figure 10. Gauge factor for PU-PPy for two different thicknesses of 63 
nm and 223 nm. 166 

Figure 11. SEM of PPy deposited at (a) 40 ºC and (b) 60 ºC, revealing a 
higher apparent roughness for the film formed at lower 40 ºC. 167 

Chapter 6 

Figure 1. Ragone plot showing power and energy densities for different 
electrochemical energy storage systems. 182 

Figure 2. A schematic representation of electrical double layer 
supercapacitor. 182 

208

List of Figures

210



Figure 3. Graphs of carbon felt (a) before coating; (b) after coating with 
PPy for 90 min. 187 

Figure 4. SEM images of (a) bare carbon felt; (b, c) carbon felt coated 
by PPy for 30 minutes: C1-PPy30; and (d, e) carbon felt coated with PPy 
for 90 minutes: C1-PPy90. 188 

Figure 5. (a) EDS of Cl(K) from cross section of C1-PPy90 starting from 
the outer surface exposed inside the reactor (top to bottom); (b)TGA of 
C1-PPy30 and C1-PPy90 between 35-750 ºC. 189 

Figure 6. The change in areal specific capacitance of C1-PPy30 and C1-
PPy90. The measurements were performed by cyclic voltammetry of 1 
cm2 the above electrodes used as WE, Ag/AgCl as RE, and platinum 
sheet as CE between -1 to 1 V in 1M  H2SO4. 190 

Figure 7. SEM graphs for C1-PPy30 electrode cycled for (a)100 times 
(b) 1000 times, (b) C1-PPy30 CV1000; the SEM graphs for C1-PPy90
electrode cycled for (c) 100 times, and (d) 1000 times. A three-electrode
cell was used for the experiment; LiClO4/PC (0.25 M) was used as the
electrolyte and the cycling conducted between -1 to 1V. 191 

Figure 8. EDS results showing evolution of carbon, nitrogen, antimony 
and chlorine during 100 and 1000 cycles for (a) C1-PP30, and (b) C1-
PPy90. 192 

Figure 9. TGA graphs for C2-PPy30, C2-PPy60, and C2-PPy90. 193 

Figure 10. CV curves of the initial three cycles for C2-PPy90 in H2SO4 
(1M) between -0.6 to 1 V. 194 

Figure 11. GCD curve of the 5th cycle for C1-PPy90 electrode with 
different cut-off voltages of 0.6, 0.7, 0.8, 0.9 V 195 

Figure 12. CV measurement of C1-PPy90 electrode at different scan 
rates of 10, 20, 50, 100, and 200 mVs-1 in H2SO4 (1M) using three-
electrode system. 196 

Figure 13. Areal capacitance evolution of C2-PPy30, C2-PPy60, and 
C2-PPy90 electrode from GCD measurements with current densities of 
0.5, 1, 2, and 5 mA cm-2. 197 

209

List of Figures

211



List of Tables 

Page 

Chapter 2 

Table 1. Formulation of polymeric samples and their composites for thin 
films ( for thick films, the numbers should be multiplied by 10). 51 

Chapter 3 

Table 1. Polymerization condition of oCVD for PPy, PEDOT, and 
PANI. 87 

Table 2.  IR transmittance band assignments for PPy, PEDOT, and PANI 
deposited on silicon wafer using SbCl5 as oxidant by oCVD. 87 

Table 3. Library of the monomer/oxidant combinations used for 
synthesis of conjugated polymers using oCVD. 88 

Table 4. The variety of substrates used for deposition of conjugated 
polymers along with their applications. 93 

Chapter 4 

Table 1. Operational parameters for oCVD depositions of PPy. 109 

Table 2. IR band assignment for PPy-T60. 114 

Table 3. The atomic percentage of C, N, Cl, Sb, and O in PPy films 
deposited with different oxidant to monomer ratio or pressure. (* The 
“Sn” content in PPy-RR0.2 is most likely the result of contamination 
during sample handling.) 120 

Table 4. Chemical environments for carbon as identified from the C1s 
XPS spectra of PPy films synthesized at different pressure and with 
different oxidant to monomer ratio. 122 

Table 5. Chemical environments for nitrogen as identified from the N1s 
XPS spectra of PPy films synthesized at different pressure and with 
different oxidant to monomer ratio. 125 

Table 6. Chemical environments for chlorine as identified from the Cl2p 
XPS spectra of PPy films synthesized at different pressure and with 
different oxidant to monomer ratio. 127 

210

List of Tables

212



Table S1. Detailed experimental condition of PPy synthesis using oCVD 
outlining deposition temperature (Ts), reactor net pressure during 
deposition (Pr), oxidant and monomer flow rates in sccm and also mol 
min-1, saturation pressure of the oxidant and monomer, partial pressures, 
diluent (N2) flow rates, and surface availability of oxidant to monomer 
in mol/mol and based on pressure Cox/Cmo

*. 
141 

Table S2. Chemical environments of antimony and oxygen as identified 
from the Sb 3d and O1s XPS spectra of PPy films synthesized at different 
pressure and with different oxidant to monomer ratio. 148 

Chapter 6 

Table 1. An overview of prepared electrodes. 185 

Table 2. Experimental conditions of PPy synthesis with high 
conductivity. 187 

Table 3. The extracted oxidation and reduction potential of C1-PPy90 
obtained from CV measurement in the first three cycles. 194 

Table 4. Comparison between supercapacitive performance of carbon 
felt-PPy electrode developed in this work with a few similar reports. 199 

211

List of Tables

213



Abbreviation 

(alphabetical order) 

TPA-CH2OH [4-(N-phenylanilino)phenyl] methanol 

NMP 1-Methyl-2-pyrrolidinone

AIBN 2,2′-Azobis(2-methylpropionitrile) 

TPA-CHO 4-(Diphenylamino)benzaldehyde 

TPA-Me 4-Methoxytriphenylamine

AFM Atomic force microscopy 

ALD Atomic layer deposition 

B.E. Binding energy 

CNT Carbon nanotube 

CP Conductive polymer 

CE Counter electrode 

CV Cyclic voltammetry 

DI water Deionized water 

DSC Differential scanning calorimetry 

DMA Dynamic mechanical analysis 

ECC Effective conjugation coordinate 

EDLC Electrical double-layer capacitor 

A Electron acceptor 

D Electron donor 

EDS Energy dispersive X-ray spectroscopy 

FTIR Fourier-transform infrared spectroscopy 

GCD Galvanostatic charge-discharge 

GPC Gel permeation chromatography 

212

Abbreviation

214



Tg Glass transition temperature 

H Hardness 

HH Head-to-head 

HT Head-to-tail 

HOMO Highest occupied molecular orbital 

ITO Indium tin oxide 

IR Infrared 

ICP Intrinsically conductive polymer 

LUMO Lowest unoccupied molecular orbital 

E Modulus of elasticity 

DMF N,N-dimethylformamide 

NMR Nuclear magnetic resonance 

oCVD Oxidative chemical vapor deposition 

(poly-(EDOT-co-3-TE)) poly-(3,4-ehylenedioxythiophene-co-thiophene-3-
ethanol) ethanol) 

PEDOT Poly(3,4-ethylenedioxythiophene) 

Poly(EDOT-co-TAA) Poly(3,4-ethylenedioxythiopheneco-thiophene-3-acetic 
acid) 

PProDOT Poly(3,4-propylenedioxythiophene) 

PPP Poly(para-phenylene) 

PPV Poly(p-phenylene vinylene) 

PANI Polyaniline 

PDI Polydispersity index 

PPy Polypyrrole 

PSS Polystyrene sulfonate 

PTFE Polytetrafluoroethylene 

213

Abbreviation

215



 

 
 

PTPA Polytriphenylamine 

PU Polyurethane 

PC Propylene carbonate 

RE Reference electrode 

R2R Roll-to-roll 

SEM Scanning electron microscopy 

TT Tail-to-tail 

TBAP Tetrabutylammonium perchlorate 

THF Tetrahydrofuran 

TEM Transmittance electron microscopy 

TPA Triphenylamine 

TPAA Triphenylamine acrylate = [4-(diphenylamino)phenyl] 
methyl ester 

VPP Vapor phase polymerization 

WE Working electrode 

XRD X-Ray Diffraction 

XPS X-ray photoelectron spectroscopy 

 

 

 

 

 

 

 

 

 

214

Abbreviation

216



 

 
 

SUMMARY 

Electroactive polymers have been of the subject of great interest in recent decades due to 
their ability to show metal-like conductivity while retaining polymer-like flexibility at the 
same time. They have found broad applications in microelectronics, medicine and energy 
sectors, particularly where biocompatibility is involved. This is due to their soft and 
flexible nature, making them suited to human interface compared to their inorganic 
counterparts. Since these polymers are often used in the form of a thin coating layer on 
an underlying substrate, widespread research has been done on their synthesis and 
processing. In this regard, two different techniques have been developed simultaneously 
with and without the use of solvent for their processing. Each of these techniques have 
strengths and challenges related to the type of polymer, polymer film formation, film 
properties, substrate choice and interfacial phenomena.  

This thesis aims to first provide an overview of electroactive polymers and their 
processing techniques namely wet and dry routes. The merits and demerits of each route 
is discussed in detail based on the state-of-the-art literature. Their scientific progress and 
technological relevance has been critically compared. This thesis investigated each 
method to study different aspects of these polymers. In particular, an electroactive unit 
(triphenylamine) was chosen as the building block for design and synthesis of different 
polymer architectures and how it affects their electrochemical energy storage 
performance. These polymers were investigated using wet processing, since their dry 
processing would be extremely challenging. 

In the second part of this thesis, the dry processing technique of oxidative chemical vapor 
deposition (oCVD) is comprehensively discussed from the early works which were less 
than two decades ago up to its current state-of-the-art. A unique contribution of this thesis 
is the synthesis of polypyrrole using oCVD with an in-depth molecular characterization 
to gain insight into its processing condition and thin film properties. The application for 
conductive coatings of polypyrrole was studied in the context of electrochemical energy 
storage and piezoresistive sensing devices using porous or delicate substrates. 
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SAMENVATTING 

Elektroactieve polymeren hebben de afgelopen decennia veel belangstelling gekregen 
vanwege hun vermogen om metaalachtige geleidbaarheid te vertonen terwijl ze 
tegelijkertijd polymeerachtige flexibiliteit behouden. Ze worden vooral toegepast in de 
sectoren van  micro-elektronica, medicijnen en energie, met name waar het gaat om 
biocompatibiliteit. Dit komt door hun zachte en flexibele karakter, waardoor ze geschikt 
zijn voor de menselijke interface in vergelijking met hun anorganische tegenhangers. 
Omdat deze polymeren vaak worden toegepast in de vorm van een dunne coatinglaag op 
een onderliggend substraat, is er veel onderzoek gedaan naar de synthese en verwerking 
ervan. In dit opzicht zijn er gelijktijdig twee verschillende technieken ontwikkeld met en 
zonder het gebruik van oplosmiddel voor hun verwerking. Elk van deze technieken brengt 
sterke punten en uitdagingen met betrekking tot het type polymeer, 
polymeerfilmvorming, filmeigenschappen, substraatkeuze en grensvlakfenomenen. 

Dit proefschrift beoogt eerst een overzicht te geven van elektroactieve polymeren en hun 
verwerkingstechnieken, namelijk natte en droge routes. De voor- en nadelen van elke 
route worden in detail besproken op basis van de state-of-the-art literatuur. Hun 
wetenschappelijke vooruitgang en technologische relevantie zijn kritisch vergeleken. Dit 
proefschrift onderzocht elke methode om verschillende aspecten van deze polymeren te 
bestuderen. In het bijzonder werd een elektroactieve eenheid (trifenylamine) gekozen als 
bouwsteen voor het ontwerp en de synthese van verschillende polymeerarchitecturen en 
hoe dit hun elektrochemische energieopslagprestaties beïnvloedt. Deze polymeren 
werden onderzocht met behulp van natte verwerking, omdat hun droge verwerking een 
grote uitdaging zou zijn. 

In het tweede deel van dit proefschrift wordt de droge verwerkingstechniek van 
oxidatieve chemische dampafzetting (oCVD) uitgebreid besproken vanaf de vroege 
werken die minder dan twee decennia geleden waren tot aan de huidige stand van de 
techniek. Een unieke bijdrage van dit proefschrift is de synthese van polypyrrool met 
behulp van oCVD met een diepgaande moleculaire karakterisering om inzicht te krijgen 
in de verwerkingsconditie en dunne-filmeigenschappen. De toepassing voor geleidende 
coatings van polypyrrool werd bestudeerd in de context van elektrochemische 
energieopslag en piëzoresistieve detectieapparaten die poreuze of verfijnde substraten 
gebruiken. 
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