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Abstract 9 

To improve the energy density of supercapacitors, novel electronically conducting polymers should 10 

be introduced to the research field. Polyazulene is a well-suitable candidate as it exhibits good 11 

capacitive behavior both in organic solvents as well as in various ionic liquids, but especially its 12 

long term cycling stability should be improved. Previously, enhanced properties have been obtained 13 

by combining conducting polymers with carbon nanomaterials to fabricate composites. This work 14 

presents an ionic liquid assisted electrochemical polymerization and characterization of 15 

polyazulene-reduced graphene oxide composites. The ionic liquid of our choice is choline-based 16 

liquid salt. We prepared stable dispersions of graphene oxide in this ionic liquid and performed 17 

potentiodynamic electropolymerization of azulene in the mixture. Changing the concentration of 18 

graphene oxide between 0.1 and 2 mg mL
-1

 had no remarkable effect on the polymerization or 19 

electrochemical behavior of the composite materials. The composites exhibit higher capacitances 20 

compared to neat polymer films determined by cyclic voltammetry and electrochemical impedance 21 

spectroscopy. The obtained films also exhibit excellent cycling stabilities retaining over 90 % of 22 

their initial capacitance with tendency towards improved cycling stability when combined with 23 

reduced graphene oxide. The successful incorporation and reduction of graphene oxide was 24 

determined by several spectroscopic techniques. 25 

 26 

1. Introduction 27 

In past years, composites have become important in obtaining light weight but exceedingly strong 28 

materials for aircrafts, vehicles and sports equipment, but they can also offer advantages in organic 29 

electronics components. Electronically conducting polymers (ECPs) are favored in various 30 

electronics applications, including energy storage devices, because of their accessibility, low price 31 

and flexibility, but due to swelling and shrinking occurring upon their charging/discharging, ECPs 32 
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can lose their properties rather quickly [1]. Incorporating carbon nanotubes (CNTs) into ECPs has 33 

been shown to enhance the mechanical stability but also improve the electronic properties [2,3], but 34 

since CNTs are an expensive choice for commercial applications, the ideas have been implemented 35 

into cheaper carbon nanomaterials, i.e. graphene. Graphene possesses uniquely high reactive 36 

surface area, good conductivity, and excellent thermal, mechanical and chemical stability [4,5] and, 37 

when produced by consecutively oxidizing and reducing graphite into chemically modified 38 

graphene sheets, it can also be produced in large quantities at low price [6]. 39 

Supercapacitors compete with conventional batteries in the market with their superior life times and 40 

power capabilities [7], but pure graphene or ECP based devices lack the high energy content or the 41 

long cycle life, respectively. In supercapacitor application, composites of different carbon 42 

nanomaterials and ECPs have shown promise [8]. A composite of polyaniline (PANi) and 43 

chemically reduced graphene oxide (rGO) showed a high specific capacitance of 480 F g
-1

 44 

compared to the value of 420 F g
-1

 for the neat polymer film under the same conditions [9]. After 45 

five cycles, the capacitance of neat polymer film had dropped to 280 F g
-1

 while composite still 46 

retained 410 F g
-1

, and after 1000 cycles the composite still showed 70 % of its initial capacitance. 47 

Specific capacitances of 108, 249 and 361 F g
-1

 were reported for rGO composites with poly(3,4-48 

ethylenedioxythiophene) (PEDOT), polypyrrole (PPy) and PANi, respectively [10]. After 1000 49 

charging/discharging cycles, all of the abovementioned composites retained over 80 % of their 50 

initial capacitance whereas PANi fibers’ capacitance decreased to 68 % after only 600 cycles. 51 

Electrochromic applications have also been reported to gain lifetime improvements upon 52 

combination with rGO [11]. 53 

Generally, the composites are fabricated by a chemical route: the polymer is polymerized by 54 

chemical oxidative polymerization and graphene oxide (GO) is reduced by strong reducing agents 55 

[8]. Chemical fabrication techniques may have the advantage of simple scalability, but 56 

electrochemical techniques offer a versatile way to control the structure of the final product and an 57 

eco-friendlier technique by which the composite materials can be directly coated on conducting 58 

substrates without additional steps [12,13]. Since the solvent, the electrolyte salt and any additives 59 

in the electrolyte solution have huge effect on the film microstructure and thus its electrochemical 60 

activity, a variety of materials can be obtained by electrochemical techniques [14–16]. The use of 61 

ionic liquids (ILs), for example, results in denser microstructure which boosts the electroactivity 62 

[17]. Since GO sheets are decorated with various negatively charged oxygen functional groups, it 63 

can be incorporated in the polymer film as a counter anion during electropolymerization [12,18–64 

20]. Additionally, weak π-π as well as electrostatic interactions between the negatively charged GO 65 

and positively charged radical cations as well as purely physical entrapment are possible [19]. GO 66 
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can then be efficiently reduced inside the film via electrochemistry thus avoiding the use of toxic 67 

reducing agents [12,21]. Previously, composites of ECPs and electrochemically reduced graphene 68 

oxide (ErGO) have been successfully fabricated in aqueous [11,19,21] and ionic liquid media [12]. 69 

Azulene is an intriguing aromatic, non-benzenoid hydrocarbon which is studied for non-linear 70 

optics, solar cells and dyads due to its unique charge transfer properties [22,23]. Azulene can be 71 

polymerized chemically [24] and electrochemically [17,25–29] to polyazulene (PAz) depicted in 72 

Scheme 1a, and has been used in all-solid-state ion selective electrodes [30] and supercapacitors 73 

[27,29] because it possesses high intrinsic pseudocapacitance. Although PAz already exhibits high 74 

capacitance, its cycling stability requires improvement [26]. By using ILs during polymerization 75 

and doping, an improvement in cycling stability compared to films produced and cycled in organic 76 

solvents has been recently reported [27,29]. PAz has been previously combined by electrochemical 77 

techniques with TiO2 [25,26], fullerene [17] and polybenzimidazobenzophenanthroline-78 

poly(ethyleneoxide) (BBL-PEO) [28] for improved electron transfer in organic solar cells. 79 

In this work, composite materials of polyazulene and electrochemically reduced graphene oxide 80 

were fabricated in a choline based ionic liquid using a facile electrochemical polymerization 81 

technique to obtain high energy material with improved long term cycling stability. The IL 82 

[Choline][TFSI] (Scheme 1b), also known as [N1112(OH)][Ntf2] and N,N,N-trimethyl-N-(2-83 

hydroxyethyl)ammonium bis(trifluoromethanesulfonyl)imide, chosen for this work has been 84 

previously studied for example in polymer electrolytes and actuators due to the good 85 

electrochemical stability of the anion and the biocompatible nature of the cation [31,32]. The 86 

electrochemical performance, with emphasis on the capacitive behavior, was determined in three-87 

electrode configuration using cyclic voltammetry (CV) and electrochemical impedance 88 

spectroscopy (EIS). The structure of different materials was determined by infrared spectroscopy 89 

(IR), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS) and scanning electron 90 

microscopy (SEM) techniques. The results show clearly improved capacitance as well as improved 91 

cycling stability over neat polymer material. 92 

 93 

 94 
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Scheme 1. The chemical structures of (a) PAz and (b) [Choline][TFSI]. 95 

 96 

2. Experimental 97 

2.1 Materials 98 

Ferrocene (Aldrich, 98 %), azulene (Aldrich, 99 %) and choline bis(trifluoromethylsulfonyl)imide 99 

[Choline][TFSI] (Iolitech, 99 %) were all used without further purification steps. [Choline][TFSI] 100 

was stored in argon filled glove box and dried in vacuum oven (45 °C, ≥ 2 h) prior to use, while 101 

ferrocene and azulene were stored under ambient conditions. Water content of [Choline][TFSI] was 102 

determined by Karl Fisher titration and the results are presented in Fig. S3, and the conductivity 103 

reported by the manufacturer is 3.978 mS cm
-1

 at 45 °C. 104 

 105 

2.2 Preparation of GO dispersions in ionic liquids 106 

GO was synthesized from natural graphite flakes (Alfa Aesar, mesh 325, 99.8%) using a modified 107 

Hummer’s method [6]. Our GO synthesis procedure as well as the procedure for the preparation of 108 

GO/IL –mixtures has been elaborated before [12]. A short description of the GO/[Choline][TFSI] 109 

dispersions as well as representative analysis results are presented in the supplementary 110 

information. 111 

 112 

2.3 Electrode preparation 113 

All electrochemical measurements were conducted using a conventional three-electrode 114 

configuration where a silver wire coated with AgCl served as quasi reference electrode (calibrated 115 

vs. Fc
0
/Fc

+
, EREF = 0.12 V) and a coiled Pt wire as the counter electrode in all experiments. Pt-116 

minielectrode, tin oxide glass (SnO2) and Si wafers were applied as working electrodes. A Pt-117 

minielectrode was polished mechanically with diamond pastes from 3 to 0.25 µm (Struers A/s) and 118 

rinsed with quartz distilled water and ethanol. SnO2 glass substrates with sheet resistance of 8.1 Ω 119 

cm
2
 (Pilkington) were cleaned by ultrasonication in acetone, ethanol and quartz distilled water 120 

successively for 10 min. Si wafers (Okmetic) were cleaned in hot piranha solution (1:3 30% H2O2 121 

and conc. H2SO4) overnight, rinsed with quartz distilled water and dried before an approximately 122 

100 nm layer of gold was evaporated on top of the wafers (Edwards coating system). The gold 123 

coated wafers were further cleaned with argon plasma prior to use. 124 

 125 

2.4 Electropolymerization and electrochemical characterization 126 

Films were deposited using cyclic voltammetry where the potential was cycled between -0.7 and 1.1 127 

V at 50 mV s
-1

 scan rate until a charge density of approximately 445 mC cm
-2

 was reached. Azulene 128 
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concentration was kept constant (50 mM) while GO concentration was varied between 0.1 and 2 mg 129 

mL
-1

. Before electrodeposition, the GO/IL dispersions and neat IL were dried in vacuum oven at 45 130 

ºC for 2 h. All electrolytes were deaerated with dry N2 before and during electrochemical 131 

experiments. 132 

After polymerization, the deposited films were rinsed with and emerged into monomer-free IL. The 133 

electrochemical behavior was studied using cyclic voltammetry for films after polymerization, 134 

electroreduction and long term cycling using two potential ranges (-0.6 - 0.8 V and 0.0 - 0.8 V) and 135 

several scan rates (20, 50, 100, 150 and 200 mV s
-1

). GO was electrochemically reduced by cycling 136 

the composite films between -0.5 and -1.9 V over 10 cycles at 50 mV s
-1

 scan rate. In all CV 137 

experiments, Autolab PGSTAT101 potentiostat with Nova 1.11 software was used and the 138 

experiments were performed at +32 ºC due to problems with solidification of [Choline][TFSI] near 139 

room temperature (18-20 ºC). The melting point of [Choline][TFSI] has been reported to be 21 °C 140 

[31]. Impedance spectra were acquired using IviumStat potentiostat in the frequency range from 141 

100 kHz to 100 mHz using 97 frequencies and 10 mV amplitude. 142 

 143 

2.5 Structural characterization 144 

For IR, Raman and SEM analysis, the films were polymerized on SnO2 glass substrates. The films 145 

were thoroughly rinsed with dichloromethane and ethanol to remove excess ionic liquid before 146 

structural characterization. The IR spectrum of GO was obtained by drying a drop of 1 mg mL
-1

 GO 147 

aqueous solution on a SnO2 glass. IR spectra were recorded with a Bruker Vertex 70 FTIR 148 

spectrometer equipped with liquid nitrogen cooled MCT detector. The spectra were measured at an 149 

incidence angle of 55
o
 relative to the surface normal using a Harrick Seagull variable angle 150 

reflection accessory. For each spectrum, 124 scans at 4 cm
-1

 spectral resolution were recorded. SEM 151 

images were recorded using LEO (Zeiss) Gemini 1530 FEG-SEM. Raman spectra were measured 152 

by Renishaw inVia QONTOR Raman microscope equipped with Leica microscope and a CCD 153 

detector using excitation wavelengths of 785 and 532 nm, 20x objective and 1200 l/mm grating. For 154 

elemental analysis, the films were deposited on gold coated Si-wafers, and the XPS spectra were 155 

obtained by Perkin-Elmer PHI 5400 spectrometer using Mg Kα excitation (1253.6 eV). The binding 156 

energy scale was calibrated by setting the binding energy of the Au 4f7/2 photoemission line of the 157 

calibration sample to 84.0 eV. The XPS spectra were fitted using Shirley background removal and 158 

Voigt line shape. 159 

 160 

3. Results and discussion 161 

 162 
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3.1 Electrochemical preparation of PAz/ErGO composite films 163 

Fig. 1 shows representative multicycle voltammograms obtained during potentiodynamic deposition 164 

of PAz/GO composite films in [Choline][TFSI], where GO concentration is varied between 1 (Fig. 165 

1a) and 2 mg mL
-1

 (Fig. 1b). Changing the GO concentration has no significant effect on the 166 

monomer oxidation or film deposition rate. All voltammograms exhibit trace-crossing in the first 167 

anodic sweep and a continuous current increase during polymerization. In the consecutive cycles, 168 

mainly two oxidation responses are detected in the anodic potential sweeps (0.0 and 0.55 V) and 169 

one reduction response during the cathodic sweeps (-0.05 V). After approximately 10 to 15 170 

polymerization cycles, the peak-to-peak separation ΔE (ΔE = Eox - Ered) is increasing, which is 171 

attributed to slower redox processes as the films become thicker. 172 

To partially restore the aromatic structure and recover the conductive properties of graphene, the 173 

composite films were electrochemically reduced by cyclic voltammetry. In our previous work, the 174 

number of reduction cycles was set to 30 to ensure efficient reduction of GO, but already after 10 175 

reduction cycles we observed almost maximal increase in capacitive performance of the reduced 176 

composite film [12]. Additionally, in earlier works a potentiostatic reduction at -0.85 V for 10 177 

minutes has been deemed sufficient [21]. To study the reduction of GO in [Choline][TFSI], a drop 178 

of diluted GO aqueous solution (cGO = 1 mg mL
-1

) was dried on SnO2 glass and 10 potential scans 179 

in the range 0.0 - (-1.9) V at 50 mV s
-1

 scan rate was applied. The resulting voltammogram is 180 

presented in Fig. S4a and shows a broad capacitive signal in the first cathodic sweep beginning at -181 

0.5 V. In consecutive cycles, no distinctive features are observed and the current response is 182 

reduced. After electroreduction, a color change from a light brown to dark brown was detected 183 

which is consistent with GO reducing to a graphene-like material. Since PAz might undergo 184 

irreversible structural changes during prolonged cycling to very negative potentials [26], the 185 

number of reduction cycles in this particular study was limited to 10. Fig. S4b illustrates the five 186 

first electroreduction CVs of PAz and PAz/GO composite films. In the first cycle, a capacitive 187 

current response is obtained and consecutive cycles are rather featureless both for PAz and its 188 

composite with GO. The capacitive current is, however, higher for the composite than for the 189 

polymer which could be an indication of GO. Broad signals exhibited in both CVs during the first 190 

cathodic sweep (for PAz at -0.8 V and for composite at -0.7 V) are related to the polymer [33]. 191 

 192 
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    193 

Fig. 1 Multicycle voltammograms of PAz/GO composite synthesis at Pt electrodes using 1 mg mL
-1

 194 

(a) and 2 mg mL
-1

 (b) concentrations of GO in [Choline][TFSI]. Potential was scanned between -0.7 195 

and 1.1 V (vs. Ag/AgCl) at 50 mV s
-1

 scan rate until a charge density of approximately 445 mC cm
-

196 

2
 was reached. First five cycles are presented. 197 

 198 

3.2 Characterization of the composite materials 199 

 200 

3.2.1 Morphology 201 

SEM images of neat PAz film as well as PAz/GO and PAz/ErGO composite films are presented in 202 

Fig. 2. The morphology of PAz is even and granule-like (Fig. 2a) while the SEM images of 203 

PAz/GO (Fig. 2b) and PAz/ErGO (Fig. 2c-d) materials reveal large sheets of GO in the structure. In 204 

addition, changes in the microstructure of the composites before and after electroreduction are clear. 205 

PAz/GO composite shows a layer of crumpled sheets distributed over the entire analyzed area 206 

which resembles other ECP/GO composites fabricated electrochemically in aqueous solutions 207 

[12,18,20,21]. Interestingly, the morphology of the composite changes drastically after reduction; 208 

PAz/ErGO film shows sheets of reduced GO scattered evenly in the granule-like polymer network. 209 

Some of the polymer has clearly deposited on top of the ErGO sheets (Fig. 2d) which indicates that 210 

GO sheets have been successfully incorporated inside the film, as well. When ECP/GO composites 211 

are electropolymerized from aqueous solutions, GO usually acts solemnly as the doping anion and 212 

is thus incorporated effectively in the film, but upon using ILs as electrolyte solution, anions of the 213 

IL are expected to act as primary doping anions and GO sheets incorporate into the film by 214 

mechanical entrapment and due to weak π-π and/or cation-π interactions. Therefore, the sheets 215 

observed in Fig. 2b could be only weakly bound to the surface and the interactions could be further 216 

altered during the electroreduction. To obtain good resolution SEM images, the films underwent an 217 



8 
 

exhausting washing procedure to remove all excess IL from the films, and any loosely bound sheets 218 

might have rinsed away during the washing. 219 

 220 

 221 

 222 

 223 

Fig. 2 SEM images of (a) PAz film, (b) PAz/GO and (c-d) PAz/ErGO composite films. 224 

Magnifications: 1000x (a-c) and 10000x (d). 225 

 226 

3.2.2 Electrochemical behavior of PAz/ErGO materials 227 

The p-doping behavior was recorded directly after polymerization and electroreduction to determine 228 

the effects of GO addition and reduction on film behavior. In the light of previous results [12,19], it 229 

was expected that after polymerization the films would exhibit lower electrochemical activity than 230 

PAz films due to poorly conducting GO embedded in the polymer matrix and only after reduction to 231 

better conducting ErGO, an increase in the electroactivity of the composite film would be observed. 232 

The resulting p-dope CVs are shown in Fig. 3 and 4. As is clearly indicated in Fig. 3, the 233 

electroactivity of composite materials is better than for the neat PAz already after polymerization: 234 

the redox charges (qredox) are 0.77 mC for PAz, 1.35 mC for PAz/GO0.1 mg/mL composite and 1.77 235 

mC for PAz/GO1 mg/mL composite after polymerization (Fig. 3a). Higher electroactivity could be a 236 

result of enlarged surface area [19] since large sheets of GO have been implemented in the material 237 
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as could be seen from the SEM analysis. After electroreduction, the activity of the composite 238 

materials increased (qredox for PAz/ErGO1 mg/mL 1.84 mC, Fig. 3a) or decreased slightly: qredox 0.90 239 

and 0.82 mC for PAz/GO2 mg/mL composite before and after reduction, respectively (Fig. 3b), and 240 

qredox 1.27 mC for PAz/GO0.1 mg/mL composite after reduction (Fig. 3a). The decrease in 241 

electroactivity is not, however, as profound as observed for PAz. Previously, a decrease in 242 

capacitance has been reported for PEDOT [21] and poly(N-methylaniline) [20] composites with 243 

rGO in aqueous solution. Slight loss of composite electroactivity is attributed to polymer 244 

degradation [26] and changes in morphology. 245 

The onset of polymer oxidation lies at similar potentials for each material but the difference 246 

between peak oxidation (Epa) and reduction potentials (Epc), however, is notably larger for 247 

composite films: ΔE is 0.2 V for PAz and 0.6 V for PAz/GO1 mg/mL composite (Fig. 3a). This can be 248 

an evidence of the resistive property of GO or the result of thicker films due to GO incorporation. 249 

Increased hysteresis could also be related to the microstructure of the materials: compact layer of 250 

crumpled GO sheets on top of the unreduced composite could slow down ion diffusion into the 251 

film. The dependence of maximum peak currents on the square root of scan rate is linear (Fig. S5) 252 

indicating diffusion limited reaction in the composite material. After electroreduction, Epa and Epc of 253 

PAz shift to more cathodic potentials while the p-doping response of composite materials remains 254 

almost unchanged. 255 

Fig. 4 depicts the p-doping behavior of the composites in the potential range from 0.0 to 0.8 V. 256 

When using slow scan rates (≤ 50 mV s
-1

), the shape of the CVs is ideally pseudo-rectangular, but 257 

upon increasing the scan rate the shape clearly deviates from ideal behavior for supercapacitors 258 

which is related to high viscosity (93.4 cP at 30 °C [34]) of [Choline][TFSI]. 259 

 260 

    261 
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Fig. 3 CVs of p-doping PAz and composite films polymerized using different GO concentrations 262 

over polymerization. Scan rate in (a) 50 mV s
-1

 and in (b) 150 mV s
-1

. The films were cycled 263 

between -0.6 and 0.8 V after polymerization (solid lines) and electroreduction (dashed lines). 264 

 265 

 266 

Fig. 4 CVs of p-doping the composites in the potential range 0.0 - 0.8 V with several scan rates. GO 267 

concentration over polymerization was (a) 0.1 mg mL
-1

, (b) 1 mg mL
-1

 and (c) 2 mg mL
-1

. 268 

 269 

Capacitance values were evaluated by integration of the charging half cycle of the CVs in a three-270 

electrode configuration, and the results are presented in Fig. 5. All composites clearly exhibit higher 271 

capacitances over neat PAz. As indicated in Fig. 5a and b, where the capacitance has been plotted 272 

against several scan rates, all films retained only half of the initial capacitance value at 200 mV s
-1

. 273 

This can be mostly attributed to the high viscosity and consequent low conductivity of the 274 

electrolyte [35]. After electroreduction, the composite films did not show changes in their 275 

capacitance whereas a slight decrease in the capacitance of PAz is observed. After electroreduction, 276 

PAz films showed an average capacitance of 55 ± 7 mF cm
-2

 while composites exhibited 277 

capacitances of 94 ± 0.2 mF cm
-2

 (PAz/GO0.1 mg/mL), 130 ± 8 mF cm
-2

 (PAz/GO1 mg/mL) and 93 ± 11 278 

mF cm
-2

 (PAz/GO2 mg/mL) at 20 mV s
-1

 scan rate. 279 

The capacitance retention of different materials during long term cycling is elaborated in Fig. 5c. 280 

All materials possess good electrochemical cycling stability over 1200 p-doping cycles retaining 281 

over 85 % of their electrochemical activity. A modest tendency towards improved cycling stability 282 

for the composite materials can be concluded based on these results, however, the differences 283 

between composite materials and the polymer are small. From Fig. 5b, the average capacitances 284 

after long term cycling were 50 ± 9 mF cm
-2

 and 123 ± 6 mF cm
-2

 for PAz and PAz/ErGO1 mg/mL 285 

films, respectively. 286 

 287 
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    288 

    289 

Fig. 5 (a) Dependence of capacitance on scan rate after polymerization (solid line) and 290 

electroreduction (dashed line). (b) Dependence of capacitance on scan rate after long term cycling. 291 

(c) Capacitance retention over 1200 p-doping cycles in the range 0.0 - 0.8 V at 100 mV s
-1

 scan rate. 292 

(d) CVs of p-doping PAz/ErGO1 mg/mL composite at 50 mV s
-1

 scan rate before (solid line) and after 293 

(dashed line) long term cycling. 294 

 295 

The complex Nyquist impedance plots recorded at 0.6 V for composite film and PAz are presented 296 

in Fig. 6. The Nyquist plots of the films obtained directly after polymerization are alike (Fig. 6a). 297 

After electroreduction and long term cycling (Fig. 6b-c), the Nyquist plots of PAz exhibit clear 298 

increase in charge transfer resistance related semi-circle in the high and medium frequencies 299 

whereas the composite films retain their impeding properties well. In the low frequency capacitive 300 

region, however, any significant changes are not detected between GO and ErGO composite 301 

materials and neat polymer film. We have previously reported the impeding behavior of PAz before 302 

and after long term cycling [29] and related the changes of charge transfer resistance to decrease in 303 

electroactivity which is evident from p-doping CVs. The CVs of p-doping PAz/ErGO1 mg/mL 304 
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composite before and after electroreduction (Fig. 3a) as well as before and after long term cycling 305 

(Fig. 5d) show no remarkable changes in electroactivity of the film, and are thus in good accordance 306 

with the results obtained by EIS. 307 

 308 

 309 

Fig. 6 Complex impedance plots of PAz/ErGO1 mg/mL composite film (●) and PAz film (□) at 0.6 V 310 

directly after polymerization (a), electroreduction (b) and long term cycling (c). 311 

 312 

3.2.3 IR spectroscopy 313 

The ex situ FTIR spectra of PAz, PAz/GO and PAz/ErGO composite films as well as GO are 314 

presented in Fig. 7. All band frequencies with tentative assignments are listed in supplementary 315 

information (Table S1). PAz IR spectra (Fig. 7c) exhibits peaks at wavenumbers 1 566, 1 475, 316 

1 392, 1 350 and 1 330 cm
-1

 which are attributed to the stretching of C=C bonds in the aromatic 317 

ring. The bands in the range from 1 294 to 1 016 cm
-1

 are attributed to =C-H in-plane deformation 318 

vibrations, with the exception of the peak at 1 136 cm
-1

 which probably arises from the doping 319 

anion [TFSI], and bands at 1 714, 945, 877 and 740 cm
-1

 are attributed to =C-H out-of-plane 320 

deformation vibrations. [25,26] The remaining peaks at 1 454 and 786 cm
-1

 are ascribed to the 321 

[Choline] cation [36] and [TFSI] anion [37], respectively. PAz related bands are observed in both 322 

composite films’ spectra, although the intensity of these peaks is considerably weakened in the 323 

PAz/GO composite spectrum (Fig. 7a and b, respectively). This can be explained by the changes 324 

observed in microstructure: the surface of PAz/GO composite is completely covered with crumpled 325 

sheets of GO with no evidence of polymer present while in the SEM image of the reduced 326 

composite a polymer film with granule-like structure is visible alongside evenly embedded ErGO 327 

sheets. Additionally, a peak at 1 093 cm
-1

 is observed before and after reduction of the composite 328 

and is attributed to the stretching vibrations of C-C and C-O of GO and ErGO. In PAz/GO IR 329 
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spectrum, PAz related bands at 1 242 and 1 220 cm
-1

 are not visible which could be due to 330 

asymmetric C-O-C stretching vibrations of the epoxide groups of GO at 1 232 cm
-1

. 331 

GO gives rise to the following well-established bands: a broad band above 3 000 cm
-1

 which is 332 

attributed to the stretching vibrations of bound and free hydroxyls, the stretching of carbonyl C=O 333 

bonds at 1 740 cm
-1

, bending of free and bound hydroxyls at 1 620 and 1 380 cm
-1

, respectively, 334 

stretching of C=C bonds of sp
2
 hybridized carbons at 1 570 cm

-1
, the asymmetric stretching of the 335 

epoxides C-O-C bonds at 1 240 cm
-1

, the stretching of C-O and C-C bonds at 1 080 and 1 000 cm
-1

, 336 

respectively, and bending vibrations of C-O-C at 850 cm
-1

 [41]. When GO is reduced, all bands 337 

related to hydroxyl groups are diminished while the intensity of C=C stretching band is expected to 338 

increase. Unfortunately, the IR vibrations of the individual components overlap to such extent that 339 

effective reduction of GO cannot be unequivocally deduced by IR. 340 

 341 

 342 

Fig. 7 IR spectra of (a) PAz/GO composite, (b) PAz/ErGO composite, (c) PAz and (d) GO. The 343 

peak related to GO in the composite materials’ spectra is designated with an asterisk. 344 

 345 

3.2.4 Raman spectroscopy 346 

The Raman spectrum of PAz has been previously studied by several excitation wavelengths and the 347 

spectra have shown strong dependence of the laser wavelength which is related to different units in 348 

the structure being differently resonance enhanced depending on the excitation energy [40,41]. The 349 

ex situ Raman spectra of PAz, PAz/GO and PAz/ErGO composite films obtained using excitation 350 

wavelength of 785 nm are depicted in Fig. 8 and the Raman spectra of PAz and PAz/GO composite 351 

films obtained using excitation wavelength of 532 nm are depicted in Fig. S6. All Raman bands are 352 

listed in Table S2., and the UV-Vis spectra of PAz and PAz/GO films obtained on ITO coated 353 

quartz glass are presented in Fig. S7. The UV-Vis spectra of PAz and PAz/GO show an absorption 354 
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band at approximately 430 nm related to the π-π* transition of PAz [42]. The excitation wavelength 355 

of 532 nm is closer to the absorption maximum of PAz than GO and therefore this excitation 356 

wavelength should give information on the Raman lines originating from neutral parts of the 357 

polymer [40,41]. The Raman spectrum of PAz obtained using λexc = 532 nm gives rise to similar 358 

spectra obtained using 514 nm laser [41]. A doublet is observed at 1 564 and 1 531 cm
-1

 and the 359 

other bands lie at 1 393, 1 259, 1 220 and 1 041 cm
-1

. The characteristic D and G bands of GO 360 

could not be well-distinguished from the Raman spectra obtained at 532 nm excitation wavelength 361 

although the peak at 1 394 cm
-1

 is broader than that observed in PAz Raman spectrum which could 362 

be attributed to the graphitic D band. 363 

PAz Raman spectrum obtained with 785 nm laser (Fig. 8) exhibits bands at 1 546 cm
-1

 with 364 

shoulder at 1 495 cm
-1

 and at 1 385, 1 259, 1 205 and 1 044 cm
-1

. Compared to the spectrum 365 

obtained at 532 nm excitation wavelength, the first bands lie at lower wavenumbers and, 366 

additionally, instead of a doublet a singlet is observed. This is in accordance with previous findings 367 

[41]. Tentative assignations have been made based on previous results with other aromatic polymers 368 

[43,44]. The most intense peak at 1 546 cm
-1

 is assigned to the stretching of C=C bonds while the 369 

shoulder at 1 495 cm
-1

 could be related to the stretching of C-C. Signals around 1 385 cm
-1

 have 370 

been previously attributed to the graphitic D band [40]. Combination of C-C stretching and C-H 371 

bending vibrations are assigned to 1 259 and 1 205 cm
-1

 [43]. GO and ErGO give rise to very well-372 

known G and D bands at Raman shifts around 1 590 and 1 300 cm
-1

, respectively, depicted in Fig. 8 373 

with dashed lines. The D band is related to the defects in the sp
2
 lattice and, therefore, the reduction 374 

of GO to ErGO should change the ratio of D to G band intensity and cause a shift of the bands to 375 

higher energies [45]. In the Raman spectra of PAz/GO composite obtained using λexc = 785 nm 376 

(Fig. 8b) clear signals originating from D and G modes of GO are visible at 1 571 and 1 314 cm
-1

. 377 

In addition, a shoulder at 1 505 cm
-1

 is observed related to the polymer backbone as well as bands at 378 

1 210 and 1 039 cm
-1

. In the reduced composites spectrum, PAz related signals at 1 530, 1 380, 379 

1 214 and 1 035 cm
-1

 are visible as well as a shoulder at 1 303 cm
-1

 which could be related to ErGO. 380 

Though the defect related D band would appear to be more intense in the PAz/GO than in the 381 

PAz/ErGO composite spectra, it is impossible to deduce the state of the reduction from Raman 382 

results due to the extensive overlapping of the two individual components’ signals. 383 

 384 
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 385 

Fig 8. Raman spectra of (a) PAz, (b) PAz/GO composite and (c) PAz/ErGO composite films 386 

polymerized on gold coated Si wafers. The spectra was obtained using excitation wavelength λexc = 387 

785 nm. 388 

 389 

3.2.5 X-ray photoelectron spectroscopy 390 

XPS was applied to verify both the incorporation of GO into PAz/GO composite film as well as 391 

efficient reduction of GO in PAz/ErGO composites. The C 1s XPS spectra of PAz, PAz/GO and 392 

PAz/ErGO films are presented in Fig. 9. During polymerization process, both GO and the IL are 393 

incorporated in the film, and additionally the complete removal of IL residue from the film is very 394 

difficult. These features are clearly observed in the XPS results. In all three films, the most intense 395 

de-convoluted peak centered at 284.7 eV is attributed to C-C and C=C bonds of both the polymer 396 

backbone as well as GO and ErGO [21]. Additionally, in all C 1s spectra peaks are found at 292.6, 397 

290.8, 289.1, 287.8, 286.6 and 285.7 eV. Peaks at 290.8 and 292.6 eV are assigned to C-F bonds of 398 

perfluorinated species (CF2 and CF3, respectively), which originate from the doping anion [46,47]. 399 

From the XPS survey data (Fig. S8), it is evident that the samples are also composed of small 400 

amounts of nitrogen and sulfur which are attributed to ionic liquid residue (choline cation and TFSI 401 

anion, respectively) in the film. The C-S/C-N de-convoluted peak is found at 285.7 eV. The peak 402 

centered at 286.6 eV is attributed to C-O. In PAz, this is related to the hydroxyl group of choline 403 

cation residue. In the spectra of the GO composite, the relative amount of C-O increases slightly 404 

which is caused by the hydroxyl and epoxy groups on the plane and edges of GO sheets, and 405 

correspondingly in the spectra of ErGO composite the relative amount of C-O decreases (Table S3) 406 

to similar value observed in PAz which is attributed to the reduction of GO [21]. In addition, the 407 

atomic concentrations of oxygen are 15, 19 and 16 % for PAz, PAz/GO and PAz/ErGO, 408 

respectively, and a decrease and an increase in the C:O ratio (Table 1) is detected upon the addition 409 
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and reduction of GO, respectively. This verifies the incorporation and successful electroreduction of 410 

the composite. However, the differences in C:O ratio are not as profound as previously reported for 411 

ECP/GO composites which could be a result of partial reduction of GO already during 412 

electropolymerization [11]. Usually, the peaks centered at 287.8 and 289.1 eV are assigned to C=O 413 

and O-C=O, and in the case of the composites, the oxygen functional groups on GO and ErGO may 414 

contribute to these signals [21]. However, these species are not present in PAz or in the IL used, but 415 

the peaks are clearly existing in PAz C 1s spectrum. One explanation could be over-oxidation of the 416 

polymer, but there was no evidence of such occurrence in the other analysis results (IR). These 417 

peaks can also be attributed to covalent (289.1 eV) and ‘semi-ionic’ (287.8 eV) C-F bonds of the 418 

doping anion [47,48]. Both covalent and ‘semi-ionic’ types are distinguished in the F 1s spectra 419 

(Fig. S9). 420 

 421 

    422 

 423 

Fig. 9 C 1s XPS spectra of (a) PAz, (b) PAz/GO composite and (c) PAz/ErGO composite films. 424 

 425 

Table 1. Atomic concentrations and C:O ratio calculated from the atomic concentrations. 426 



17 
 

 S (%) C (%) N (%) O (%) F (%) C:O 

PAz 2 70 4 15 9 4.6 

PAz/GO 1 69 6 19 5 3.6 

PAz/ErGO 1 78 1 16 4 4.8 

 427 

4. Conclusions 428 

We have successfully polymerized composites of polyazulene and reduced graphene oxide in a 429 

choline based ionic liquid by a facile electrochemical synthesis procedure. In conventional three-430 

electrode configuration, the reduced composite materials showed capacitances of 94 ± 0.2 mF cm
-2

 431 

(PAz/GO0.1 mg/mL), 130 ± 8 mF cm
-2

 (PAz/GO1 mg/mL) and 93 ± 11 mF cm
-2

 (PAz/GO2 mg/mL) at 20 432 

mV s
-1

 scan rate while the capacitance of neat polymer under the same conditions was 55 ± 7 mF 433 

cm
-2

. Highest capacitances were obtained using GO concentration of 1 mg mL
-1

 in [Choline][TFSI] 434 

though all composites exhibited higher capacitance than PAz alone and the differences between 435 

various GO concentration are small. All films exhibited good long term cycling stability but a 436 

tendency towards better cycling stability is reported for the composite material. By SEM we 437 

determined that the morphologies of the GO and ErGO composites varied significantly with large 438 

crumpled sheets of GO governing the structure of PAz/GO composite materials while a porous 439 

granule-like polymer matrix could be observed with evenly embedded ErGO sheets for the 440 

electrochemically reduced composite. The structural analysis by different spectroscopic techniques 441 

further verified the successful incorporation of GO into PAz as well as the reduction to ErGO. Since 442 

these composite materials possess a pseudo rectangular CV and good long term cycling ability, they 443 

are well suited as active components for supercapacitor application. 444 
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