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Abstract 

Polypyrrole (PPy) hybrid films incorporated with porous carbide-derived carbon (CDC) 

particles are synthesized through a novel one-step electrochemical synthesis process that 

provides a simple and efficient alternative for current tape-casting and inkjet printing 

technologies to make conducting polymer-CDC-based electroactive composites. The resulting 

porous, robust and electrically conductive hybrid layer was used to fabricate electroactive 

polymer actuators both as perpendicularly expanding actuators and as bending trilayer 

actuators. Raman and FTIR spectroscopy confirm successful incorporation of CDC in the PPy 

matrix. Cyclic voltammograms confirm slightly higher charging/discharging currents of the 

PPyCDC hybrid. This indicates the successful coupling of CDC in order to increase electric 

double-layer capacitance in the hybrid films. The maximum steady state electromechanical 

diametrical strain is 13% for hybrid material which is in the same order of magnitude as for 

PPy and 10x more than previously reported CDC films made with non-conducting polymer 

binders. Furthermore, the expanding actuators made from hybrid material are more efficient 

than non-modified PPy actuators, having doubled the amount of swelling per injected charge. 
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This improvement is very important since the low energy efficiency is a major shortcoming 

for ionic electroactive polymers. The high pseudocapacitance makes these new hybrid 

materials also interesting for energy storage applications. 

 

1. Introduction 

Materials that can transform electrical energy into a mechanical force are extremely 

useful as actuators for a wide span of applications ranging from robotics to manipulation of 

single cells [1–4]. So called ionic electroactive polymers (EAPs), comprising conducting 

polymers (CPs), ionic polymer-metal composites (IPMCs), responsive gels, and carbonaceous 

materials such as carbon nanotubes, are specifically interesting due to their low driving 

potentials, but their low energy efficiency is still a major shortcoming. CPs such as 

polyaniline, polypyrrole, and poly(3,4-ethylene-dioxythiophene) have been widely studied as 

active material for actuators especially for use in biomedical applications [5–8]. The volume 

change of CPs is caused by insertion and extraction of ions and solvent from the electrolyte 

the when material is electrochemically switched between the oxidized and reduced states 

[5,9]. 

The volume change of EAPs based on porous carbons such as CDC on the other hand 

is caused by the intercalation of ions due to the electric double layer charging of the 

electrodes [10,11]. Generally it is understood that high electric double-layer capacitance of 

porous carbon is related to high surface area and precise pore size distribution according to 

electrolyte used [12,13]. CDC synthesis allows formation of highly porous carbon materials 

with good mechanical properties. Microstructure, pore size, pore shape, and surface 

termination of nanoporous CDC can be precisely controlled by changing the synthesis 

parameters and the composition and structure of the initial carbide precursor [13]. As such, 

the process allows optimization of nanoporous CDC for various applications [11,14]. 
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Charging of electrical double-layers in polymer-supported carbon matrixes made of 

highly porous CDC is highly efficient and could potentially be used to boost the CP charge 

injection. Here we describe hybrid materials combined with highly porous carbon and CPs as 

the actuating material to acquire stable and efficient actuation and to enhance the performance 

of ionic EAPs. We expect the addition of CDC nanoparticles having a large specific surface 

area in the CP matrix to lead to an increased charge injection as well as to an enhanced overall 

stability and energy efficiency of CP actuators. 

CPs have been combined with different carbon materials prior to, but either 

synthesized onto or into the carbon electrodes or vice versa as CP electrodes with 

carbonaceous coatings, and not as a single hybrid material. They have been characterized for 

electromechanical actuator applications, [15–18] as well as electrode materials for 

electrochemical capacitors specially due to the high electrical conductivity, high 

pseudocapacitance, and relatively low cost [19,20]. However, the considerable volume change 

of the electrode films caused by the intercalation and depletion of ions during the reversible 

charge and discharge process resulted in a poor mechanical stability in advanced battery and 

supercapacitor applications [18,21,22]. Aforementioned works do not describe an in situ co-

polymerization methodology of conducting polymer and highly porous CDC. Here, we 

present for the first time a hybrid PPyCDC material, where the CDC particles are embedded 

in the conducting polymer matrix. We describe a novel direct co-electropolymerization 

method of polypyrrole and carbide-derived carbon composite materials in presence of 

dodecylbenzenesulphonate dopant on plain gold films and onto Au wire working electrodes in 

order to develop energy efficient and electromechanically active hybrid layers. The hybrid 

composite films are expected to bridge highly porous carbide-derived carbon materials and 

polypyrrole. CDC store electric energy physically and efficiently by ion adsorption, while 
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PPy has attracted intense interest due to significantly higher electromechanical strain and 

higher specific capacitance (pseudocapacitance) than carbon materials. 

 

2. Experimental section and methods 

2.1. Preparation of PPy(DBS)CDC hybrid films 

Pyrrole was acquired from Sigma Aldrich and vacuum-distilled prior to use. Sodium 

dodecylbenzenesulfonate (NaDBS) was received from TCI Europe (Purity > 95%), and CDC 

was received from Skeleton Technologies Ltd [23]. PPyCDC hybrid films were prepared from 

a CDC/Pyrrole precursor suspension using electrochemical synthesis routes. Gold coated 

silicon wafers were used as working electrodes and Au coated Si wafers or Pt wire were 

selected as counter electrode. For the diametrical strain measurements a Au wire working 

electrode (AuWE) was made using high purity gold wire (0.5 mm diameter) obtained from 

Goodfellow (Figure 1A and 1B).  
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Figure 1. Illustration of experimental set-up for hybrid material synthesis (A), diametrical 

strain measurement with a laser scanning micrometer (LSM) (B), and strain measurement of 

triple layer actuator device in the bending mode (C).   

Electrochemical synthesis of electroactive PPy(DBS) and PPy(DBS)CDC composite 

films were carried out in the three electrode configuration containing dispersed CDC particles 

(~ 1 gL-1), Py (0.1 M) and NaDBS (0.1 M) dissolved in MilliQ filtered water (18.2 MΩ). 

Chronoamperometric synthesis routes at constant potentials and with cyclic voltammetry 

(CV) pulses were employed to generate the PPy(DBS) and PPy(DBS)CDC hybrid films using 

an Ivium Compact.e potentiostat.  

For bending the beam measurements, we fabricated so-called trilayer actuators that 

can operate in air. First, a 20–30 nm layer of Au was sputtered on both sides of a dry 

Millipore Immobilon-P PVDF membrane (pore size 0.45 μm, area 5 × 5 cm2) using a Vacutec 

PlasmaSystems sputter at a pressure of 4.6 mTorr, 36.6 cm3/min Ar flow and a sputter rate of 

10 nm/min. Thereafter, PPy or PPyCDC hybrid material was electrosynthesized 

simultaneously on the on both sides of the Au coated PVDF film at a constant potential of 0.7 

V for 5 h in a solution of 0.1 M LiTFSI, 0.1 M Pyrrole in propylene carbonate (PC) with 1% 

H2O. In order to prepare the PPy(TFSI)CDC hybrids a CDC powder with concentration 1 
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mg/ml was added to the electropolymerization solution before polymerization. 

Electropolymerized actuators were then rinsed with small amount of PC and stabilized in 0.1 

M LiTFSI for 12 h. Finally, 0.5 x 2.5 cm2 sized films were sliced with scalpel for bending 

beam experiments. All potentials presented are given vs. a Ag/AgCl (3 M KCl) reference 

electrode. 

2.2. Characterisation  

All electrochemical characterisations of the EAP films also all expanding mode 

measurements were performed using a three-electrode system consisting of a KCl saturated 

Ag/AgCl reference electrode, a Pt wire or Au evaporated Si counter electrode. Depending on 

the experiment chosen, Au evaporated on Si (for electrochemical characterization) or Au-wire 

electrodes (for electromechanical characterization), were coated in advance with PPy(DBS) or 

PPy(DBS)CDC films. Charge induced swelling of the films was recorded by Mitutoyo LSM-

501H contactless Laser Scan Micrometer (LSM), controlled by a display unit (Mitutoyo 

LSM-6100) and the output signal was fed to the potentiostat. Schema of LSM for in situ 

thickness measurements is given in Figure 1A and 1B, and detailed description of the 

measurement procedure can be found in Melling et al. [24]. Electrochemical impedance 

spectroscopy (EIS) characterization was performed with an Ivium CompactStat.e 

electrochemical workstation. The impedance spectra were recorded at 0V bias potentials in 

the frequency range of 10 mHz–10 kHz, using an ac voltage of 5 mV amplitude. Particle size 

distribution and zeta potential in electropolymerization mixtures were analyzed with a 

Malvern Zetasizer. Fourier transform infrared (FTIR) spectroscopic measurements were 

performed on a PerkinElmer Spectrum GX FTIR. Raman measurements were carried out with 

Renishaw inVia microRaman using 514 nm laser excitation line. The Scanning Electron 

Microscopy (SEM) micrographs were taken using a Leo 1550 Gemini SEM operating at 5.02 

keV. The bending of trilayer actuators was measured by a laser displacement sensor using a 
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control unit (LK-KD500, Keyence) with a 30 mm-range laser head (LK-G82, Keyence), and 

Simulink (The MathWorks, Inc) software was used to compile and run the controllers (Figure 

1C) [25]. 

3. Results and Discussion 

3.1 Synthesis 

The electrochemical deposition of PPy(DBS) and PPy(DBS)CDC hybrids and their 

dual actuation modes are illustrated in Figure 1. Depending on the geometry used, the 

electrodeposited films demonstrate the ability to act as swelling cylinders (Figure 1B) or as 

electroactive bending beams (Figure 1C). Before the electrodeposition the synthesis solutions 

for PPy(DBS) and PPy(DBS)CDC films were analyzed by the Zetasizer instrument to 

measure particle size distribution and zeta potentials in solution. Figure 2 shows the size 

distribution of the two different synthesis solutions containing pyrrole monomers and NaDBS 

with or without the CDC particles. The peak around 200 nm refers to the pyrrole micelles.[26] 

The size distribution analysis of pyrrole, NaDBS and CDC mixture clearly shows the 

presence of the CDC particles in the solution with a size distribution of 0.5 to 1.5 µm and 

having a peak at 0.8 µm. The disappearance of first peak (~4 nm) which is present in pyrrole 

NaDBS solution is due to agglomeration of the small pyrrole-DBS micelles to CDC particles 

to form larger micelle structures. The zeta potentials of pyrrole, NaDBS and pyrrole, NaDBS, 

CDC were -24 mV and -37 mV, respectively, confirming the increased stability of pyrrole-

DBS-CDC micelles [27]. The electrolyte solution containing the CDC particles was optically 

opaque and therefore direct film growth monitoring from solution via LSM method was not 

possible. The thickness of PPy(DBS)CDC layers was measured directly after 

electropolymerization.  
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Figure 2. Size distributions of 0.1M Py, 0.1 M NaDBS (aq) (PPy(DBS)) and 0.1 M Py, 0.1 M 

NaDBS, 1 mg/mL CDC (aq) (PPy(DBS)CDC) measured by the Malvern Zetasizer. 

The amperometric graphs of the potentiodynamic synthesis of both materials are 

shown in Figure 3A. The radical polycondensation reaction of PPy(DBS) starts at the usual 

oxidation potential of ~0.5V, [28] however the oxidation potential of the CDC comprising 

solution is shifted to higher potentials. The same tendency can be seen for potentiostatic 

synthesis (Figure 3B). The current density, thus the reaction rate, is lower for the hybrid 

material compared to the pure PPy(DBS) when using the same synthesis potential of 0.7 V.  

 

  

Figure 3. (A): Cyclic voltammetry electrodeposition of pure PPy(DBS) (dashed red line) and 

PPy(DBS)CDC hybrid composite (back solid line). Scan rate: 10 mV/s. (B) shows 

potentiostatic electropolymerization curves of PPy(DBS) and PPy(DBS)CDC material at 

E=0.7 V. All potential are given vs. Ag/AgCl/3 M KCl. 
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The electrosynthesis resulted in black polypyrrole films. In the case of pure PPy, the 

films were glossier, while the hybrid PPyCDC films had a more matte appearance. The 

surface morphology is an important parameter as the hybrid films will be used in 

electromechanical applications. If the relatively large CDC particles were present in hybrid 

films, the SEM images could easily verify presence of carbon particles in the hybrid film. 

Figure 4 shows a high magnification SEM images taken, demonstrating the difference in 

surface morphology of PPy(DBS) and PPy(DBS)CDC films. Figures 4A and 4B show the 

typical cauliflower-like nodular structure of PPy(DBS) films. As can be seen in Figures 4C 

and 4D, the PPy(DBS)CDC films had a distinctly different structure, clearly showing the 

embedded CDC particles in the film layer. However the nodular structure of PPy(DBS) is 

preserved as well, covering the embedded CDC particles. This indicates that the addition of 

the CDC does not have a negative effect on the PPy morphology. 
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Figure 4. SEM pictures of a pure PPy(DBS) film surface (A, B), and a modified 

PPy(DBS)CDC surface showing the carbide-derived carbon particles embedded in PPy (C, 

D).  

 

The interaction between PPy and CDC in the composite was investigated using Raman 

spectrometry. It is known from literature that typical disordered carbons as CDC hold 

disorder-induced D-band associated with a double-resonance Raman process located at 1340 

cm-1 [29,30]. The position of this band may vary, depending on the structure of the disordered 

carbon and the presence of impurities or functional groups. TiC-derived carbons also have G-

band, located at 1590 cm-1 and corresponding to graphite in-plane vibrations. Figure 5A 

shows the Raman spectra of PPy(DBS) and PPy(DBS)CDC films. The Raman spectrum 

obtained for PPy(DBS) film prepared in the absence of any CDC particles is in good 
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agreement with literature spectra. The observed three bands at 933, 1248 and 1596 cm−1 

indicate the presence of bipolarons, which are characteristic of highly conductive doped 

polypyrrole chains [31]. These spectral features are also clearly observed for the PPyCDC 

hybrids. As seen in Figure 5A the spectra of PPy(DBS) and PPy(DBS)CDC were almost 

identical and the CDC G-band is drowned in the PPy signal. However, a significantly, broad 

band located between 1247 cm−1 and 1394 cm−1 can be seen in PPy(DBS)CDC spectrum, 

including distinct peak at 1334 cm-1 which is contributed to the CDC D-band thus confirming 

the incorporation of CDC in the hybrid material. The small difference between the hybrid 

material and PPy spectra obtained by Raman spectroscopy can be explained by the fact that 

this method is a surface sensitive. The small difference in intensity of electrodeposited thin 

films with and without CDC is due to the fact that the carbon material is shielded by the 

conjugated polymer. This effect has been described for instance in PPy/graphene blends as 

well [32].  

 

 

Figure 5. Raman (A) and FTIR (B) spectra of PPy(DBS)/CDC hybrid and PPy(DBS). 

 

The infrared spectra (Figure 5B) provide further proof that the CDC is embedded in 

the PPy matrix. Compared with the pure PPy(DBS) spectrum, it is clearly observed that most 
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of the present peaks are shifted to the higher wavenumbers when the CDC was introduced. 

The shifting is probably related to interactions such as π–π stacking between PPy backbone 

and CDC particles. Strong peaks near 1044 cm−1 and 887 cm−1 indicate the doping state of 

polypyrrole and these peaks are not so acutely seen at PPy(DBS)CDC spectrum [33].  

 

3.2 Electrochemical characterisation  

The cyclic voltammetric response of PPy(DBS) and PPy(DBS)CDC films is shown in 

Figure 6. PPy(DBS)CDC composite electrode displayed more distorted rectangular CV, 

indicating an uncompensated resistance in the system due to the poor electrical conductivity. 

This has also been noticed in graphene-oxide/PPy [34,35]. For the PPy(DBS)CDC, the current 

measured during the CV is a mixture of the charging of the electrical double layer in CDC and 

of the redox nature of PPy(DBS). At fast scan rates (>100 mVs−1), each of the two sets of 

voltammograms has a similar, distorted rectangular shape. This deviation from ideal 

behaviour is indicative of an uncompensated resistance in the system. At higher scan rates, the 

currents are correspondingly higher as well, leading to a more pronounced iR loss. At the 

lower scan rates the redox peaks of PPy(DBS) are clearly expressed, although they are 

relatively smaller in the hybrid films. The PPy(DBS) redox behaviour characteristic peaks are 

at their normal positions. However, in the case of PPyCDC composite the redox peaks are 

shifted anodically, which indicates that these films can be more easily oxidised and reduced, 

most probably due to the fact that the CDC incorporation results in more porous films 

resulting in easier ion transport and less compressed films [36]. Table 1 shows the specific 

capacitance, Cm (Fg-1) which was calculated the basis of the mass of deposited PPy(DBS) 

and PPy(DBS)CDC and evaluated from the cyclic voltammetry data shown in Figure 6 using 

the equation Cm= I/m(dE/dt), where I is the average current, dE/dt is the potential scan rate 

and m is the mass of electrochemically deposited active material layer. 
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Figure 6. CVs recorded in 0.1 M NaDBS for PPy(DBS) and PPy(CDC)DBS electrodes 

cycled between 0.7 V…-1 V at 10 mV/s, 20 mV/s and 100 mV scan rates. Potentials are given 

vs. Ag/AgCl/3 M KCl. 

 

Table 1. Specific capacitance of PPy(DBS) and PPy(CDC)DBS electrodes calculated at 

different scan rate values. 

Scan rate (mVs-1) Cm(PPy(DBS)) (Fg-1) Cm(PPy(DBS)CDC) (Fg-1) 
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10 125 132 

20 116 122 

100 94 38 

 

 

 

Figure 7. Electrochemical impedance spectra of pure conducting polymer (PPyDBS) and 

hybrid material (PPy(DBS)CDC). Inset show impedance response at higher frequency range. 

 

Figure 7 shows the Nyquist plot of both materials. The two impedance spectra lines 

are featured by a vertical trend at low frequencies, indicating capacitive behaviour according 

to the equivalent circuit theory. The inset of Figure 7 presents data collected at higher 

frequencies. It is seen that PPy(DBS)CDC material revealed a knee frequency, beyond which 

the capacitive behaviour was replaced by more inclined diffusion line, and the higher 

resistance due the lower conductivity of CDC particles, thus increasing the total film 

resistance. 
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3.3 Electromechanical characterisation  

Using the LSM we measured the diametrical strain of PPy(DBS) and PPy(DBS)CDC 

hybrid material electrodeposited on Au wire (Figure 8). For both materials the expansion 

occurred during the cathodic wave indicating that the cation motion (including solvent) is 

indeed the main driving mechanism in these materials [37]. The unmodified PPy showed the 

typical large perpendicular volume change of PPy(DBS) reaching up to ~25 %, similar rate as 

showed previously in ref. [24,38]. The PPy(DBS)CDC hybrid material had a diametrical 

strain of 13%, which is 10 times higher than that of pure carbide-derived carbon films made 

with non-conducting polymer binders [39,40]. Therefore, the conducting polymer is mainly 

responsible for increased expansion through PPy redox behaviour. Although, the absolute 

displacement of the hybrid material was lower compared to the PPy(DBS), the displacement 

per charge was actually doubled meaning that the hybrid material based actuators were more 

efficient. PPy(DBS)CDC showed 1.17% volume change per 1 mC inserted charge compared 

to 0.6% per mC of PPy(DBS). This improvement is very important since the low energy 

efficiency is a major drawback for ionic EAPs [41]. 
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Figure 8. Diametrical strain measurements describe relative dimensional change together 

with current and charge profiles during charging and discharging of PPy(DBS) electrode 

(thickness=14 μm) between 0 V and -1 V for 200s (a, b, c). Displacement, current, and charge 

profiles for PPy(DBS)CDC electrode (thickness= 13 μm) (c, d, e). Cylindrical film electrodes 

were deposited on Au wire.  

Having demonstrated that the hybrid materials do have a large volume change, we 

constructed trilayer actuators in order to demonstrate a bending actuator. The electrolyte, 0.1 

M LiTFSI in PC, was stored in the PVDF intermediate layer to allow operation in air. The 

PVDF, a commercial membrane used for instance in protein blotting applications, was used as 

passive electrolyte storage layer only and chosen for its electrolyte storage properties only. 

The PVDF was not poled thus it did not have any piezoelectricity. The deflection of trilayer 

bending actuator was reduced from 200 μm for PPy(TFSI) to 8 μm for the PPy(TFSI)CDC 

hybrid (Figure 9). Also, bending signal had more noise, which is mostly related to two 

important factors that are specific for this experimental set-up. Firstly, the bending response 
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of PPy(TFSI)CDC actuators is close to the detection limit of laser displacement sensor (2 μm 

in this configuration). Secondly, the bending signal is affected by the roughness of 

PPy(TFSI)CDC actuator surface. Compared to relatively flat PPy(TFSI) samples the 

PPy(TFSI)CDC samples include CDC particles with peak size distribution of 0.8 μm as 

shown in Fig. 2, making the surface more rough resulting in an added noise on the 

displacement signal. We attribute the decreased displacement to the increased stiffness 

(Young’s modulus) of the hybrid material due to the incorporation of the CDC particles and 

lower conductivity when the ±1 V sinusoidal signal with 1 Hz was applied to the bending 

actuator. Interestingly the deflection of the hybrid trilayer actuator is similar to the deflection 

of corresponding pure CDC based actuators illustrating that the mechanical and electrical 

properties of CDC might be dominating in hybrid material based actuator and advantages of 

PPy are more suppressed [10].  
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Figure 9. Bending displacement of PPy(TFSI) and PPy(TFSI)CDC trilayer actuators, and 

corresponding voltage and current profiles.  

The PPy(DBS)CDC hybrid material showed a slightly increased oxidative synthesis potential 

(Figure 3) as well as slightly reduced redox currents (Figure 6). We contribute this to the 

increased resistance of the hybrid material due to the insertion of the CDC nanoparticles that 

have lower conductivity, thus increasing the total film resistance as can be seen in Figure 7. 

The bending displacement (Figure 9) was reduced compared to PPy(DBS), when the CDC 

particles were added, being in the same range as pure CDC bending actuators. We contribute 

this to the dominating effect of the stiffer CDC particles compared to the low Young’s 

modulus of the polypyrrole polymer, increasing the total actuator stiffness thus reducing the 

displacement. However, the volume change per inserted charge (calculated from Figure 8) 

nearly doubled in the hybrid material compared the unmodified PPy, which we believe is 

caused by the synergetic behaviour of the CDC double layer charging and the PPy redox 

properties. 

4. Conclusion 

Here we have demonstrated for the first time the synthesis and characterisation of 

ionic EAP hybrid materials comprising conducting polymers and nanoporous carbon. 

PPy(DBS)CDC composites were prepared by an in-situ synthesis of nanoporous carbide-

derived carbon powder and pyrrole monomers using electrochemical polymerization. This 

one-step electrochemical synthesis method provides a novel, simple and efficient alternative 

for current tape-casting and inkjet printing technologies to make CDC-based electroactive 

composites. The PPy assisted as highly conductive and as electromechanically active binder 

increasing the maximum diametrical strain of the hybrid from 1.5% to 13 %, as compared to 

CDC with nonconductive polymer binders. The strain is the same order of magnitude as for 
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PPy(DBS). Although, the overall thickness change of hybrid material was somewhat lower 

compared to PPy(DBS), the PPy(DBS)CDC films demonstrated more efficient swelling per 

charge inserted, 1.17% volume change per mC inserted charge compared to 0.6% per mC of 

PPy(DBS). This improvement is very important as the low energy efficiency is a still a 

shortcoming for ionic EAPs. In addition the hybrid layer might increase the durability, or life 

time, of the actuator, because electric double-layer capacitance of the new electrode is 

increased. Morphology analysis of hybrid films showed effective incorporation of PPy and 

CDC and clarified a remarkable increase in porosity. The increased surface roughness may be 

of interest for bioelectronics applications such as the interaction with cells and bacteria as 

well as for energy storage applications. 
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