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The results of an experimental study devoted to the synthesis and characterisation of hybrid materials 
based on nanotubes (NT) of TiO2 modified by polyaniline (PANI) are presented in this work. The results 
demonstrated the final material performs well when applied as photoanode for water-splitting or for energy 
storage devices. 
TiO2 NTs have been synthesized by anodization of Ti foils from organic solution containing fluorides. The 
process of electro-polymerization of aniline has been carried out by cyclic voltammetry, starting from acid 
aqueous solution of the monomer. The performance of the polymeric structure has been investigated 
under the different conditions of electropolymerisation. The electrochemical capacitance of the samples 
has been investigated by cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and 
galvanostatic charge–discharge tests (CDT). Moreover, photocurrent tests were performed in order to 
evaluate their ability in exploit the light irradiation. 

1. Introduction 
The combination of conducting polymers and inorganic solids is often proposed in the literature to obtain 
hybrid composite materials highly performing for possible applications in the field of energy storage 
devices. High values of capacitance can be obtained with electrochemical capacitors at which the storage 
of charge occurs by two mechanisms (Ambade et al., 2013; Sugimoto et al., 2003): in the first one 
capacitance derives from charge separation at the interphase electrode/electrolyte (double layer 
capacitors CDL), while in the second one the charge derives from more or less reversible redox processes 
occurring at the active surface of the electrode material (pseudocapacitors). Pseudocapacitance is 
produced from a bulk process whereas the double-layer capacitance is produced from a surface process 
(Li et al., 2009). Coupling a porous matrix with high surface extension, along with an organic conductive 
polymer can give the right combination of properties to guarantee both the double layer and the faradic 
capacitive contributions to the resulting structure. When a microlayer of polymer is considered, attention 
should be paid on the mass of the polymer deposited (Snook et al., 2007): actually, for this device 
architecture, making the electrodes thicker in order to store more energy is not a viable approach as 
thicker electrodes may suffer from electron and ion transport limitations, which reduce power density 
(Beidaghi and Gogotsi, 2014).   
In the present work hybrid structures based on TiO2 nanotubes modified by polyaniline (PANI) are 
proposed. Due to its relatively low cost, TiO2 may represent a valid alternative to the more expensive metal 
oxides, such as RuO2 which is often used to this aim (Li et al. 2009; Lu et al., 2012). A microlayer of PANI 
obtained by an in-situ electropolymerization completes the structure conferring the faradic capacitive 
component. Electrochemical polymerisation has a number of advantages. Particularly, there is no need for 

337

                                                                                                                                                      

 

 

 

 

          DOI: 10.3303/CET1441057 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Please cite this article as: Palmas S., Mascia M., Vacca A., Llanos J., Mena E., Rodrigo M., Ampudia P., 2014, Hybrid nanotubular 
structures for photoelectrocatalysis or energy storage devices, Chemical Engineering Transactions, 41, 337-342  DOI: 
10.3303/CET1441057



added oxidants and electrodeposited conducting polymers are naturally integrated as a continuous uniform 
film on the electrode, saving the use of a binder (Peng et al., 2007).  
Previous work (Palmas et al., 2014) was carried out in which PANI was electrodeposited on analogous 
TiO2 support by means of galvanostatic electrolysis: in the present case cyclic voltammetry was used and 
different numbers of cycles were adopted in order to obtain different thickness of PANI layers.  
Details are presented on the performances of samples obtained in different experimental conditions and 
with different PANI loads.  The capacitance of the samples has been measured with different experimental 
techniques and the differences in the results have been discussed. Depending on the method used and on 
the experimental conditions adopted, different processes may be evidenced and monitored. As an 
example, by means of cyclic voltammetry, which is a typical technique used to derive capacitance of 
electrodes, over or under estimated values of capacitance may be obtained. As matter of fact, due to the 
large potential perturbation, the CV currents may include contributions from both localised and conduction 
band charge transfers, and hence give overestimated capacitance values. However, charge transfer 
kinetics could also affect the current according to the potential scan rate, leading to underestimated 
capacitance at high potential scan rates. As a steady state technique with small potential variation, 
electrochemical impedance spectroscopy (EIS) may be considered more reliable for measuring the 
capacitance with minimised effect from non-capacitive Faradic contributions (Peng et al., 2007).  

2. Experimental 
Titanium foils (Sigma-Aldrich®, 0.25mm thickness 99.7% metal basis) were electrochemically oxidized 
according to a procedure already described in previous work (Palmas et al., 2014). Briefly, after proper 
polishing and degreasing, oxidation was performed in glycerol / water solutions containing 0.14M NH4F; a 
potential ramp (scan rate 50 mV/s) was applied from open-circuit voltage (OCV) to 20V, then the applied 
potential was maintained at this fixed value for two hours. A subsequent annealing treatment was needed 
in order to transform the amorphous phase into crystalline structure. Thermal treatment was performed in 
air atmosphere for 1h at 400ºC. After anodization a functionalization of the electrode surface with 4-
nitrobenzenediazonium has been performed by cyclic voltammetric runs at 100 mV/s in a potential window 
from 0.4 to -0.7 V, in acetonitrile + 0.1 M (TBAPF6) solutions containing 2 mM of 4-nitrobenzenediazonium 
tetrafluoroborate. Electrochemical reduction of nitro group to amino group was performed by cyclic 
voltammetry in water/ethanol solution (90/10%V) containing 0.1M of KCl; the potential was varied from the 
open circuit potential to -1.2 V and back to 0.2 V. Scan rate was 100 mV/s. Finally, PANI polymerization 
was carried out on TiO2/NH2 electrodes. To this aim cyclic voltammetries were performed in the range from 
0 to 1.4 V in aqueous solutions containing aniline (0.1M) and HNO3 (1M). Different numbers of CV were 
applied in order to obtain PANI films with different thickness. In the rest of the text NT will be used to 
indicate a bare nanotubular structure, while modified samples will be identified with NT/PANIx, being x the 
number of cycles of duration of electropolymerization. The electrochemical characterization of the samples 
was done by cyclic voltammetry (CV), charge/discharge tests (CDT), and electrochemical impedance 
spectroscopy (EIS). All the runs were performed in a three electrode cell where the samples worked as 
anode, being a grid of platinum the counter electrode and a SCE the reference. All the values of potential 
given in the text refer to SCE. ZSimWin software was used to interpret the results from EIS measurements 
by the equivalent electrical circuit approach.   

3. Results and discussion 
Different techniques were adopted in order to investigate on the performance of the samples. In particular, 
CV, CDT, and EIS were used to derive their capacitance, and the results were discussed also interpreting 
the different values obtained.  Actually, depending on the operative conditions at which each measurement 
is carried out, different capacitances may be measured at the same sample, because different phenomena 
may be evidenced by the different technique.  
If data from cyclic voltammetry are concerned, as we expected, different results have been obtained 
depending on both the potential scan rate, and the potential window investigated. Figure 1a) shows an 
example of CV with the classical rectangular shape obtained at NT sample in a potential range in which 
the DL capacitive behaviour is well evident. Figure 1b) resumes the values of capacitances derived by 
integration of the voltammetric area at two potential scan rates, performed at NT raw sample, and after 
several steps of superficial modification. Lower values are generally measured at high scan rate, when 
superficial sites, with rapid response, are mainly responsible for the capacitve behaviour, while higher 
values of capacitance are obtained at low scan rate when also slow responsive sites may give their 
contribution to the charge storage.  
No appreciable differences are noticed among the values, at least up to the PANI load is sufficiently 
increased. 
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Figure 1 – a) Example of CV at NT sample performed at different scan rate; b) capacitances derived from 
CV runs for different samples at the lowest and highest scan rates. 

On the sample with high PANI load, also a faradic contribution to the capacitance could be the responsible 
for the great difference between the values measured at this sample with respect to those with lower PANI 
loads. The strong difference between the values measured at the two scan rates at this sample could 
indicate that the effect of the polymer is mainly due to the bulk sites or slow response sites.  
Figure 2 depicts the values of capacitance derived from CDT by the relationship:  
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in which Q is the overall charge released (C) during the discharge period ∆t carried out at a constant 
current density I (A/cm2), over a potential window ∆V of 0.5V. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 – Values of capacitance obtained during CDT with different discharge current, at samples with 
different PANI loads.   

As it was expected, PANI load in the sample being the same, decreasing values of capacitance are 
obtained as the discharge current is increased. The values of capacitance are slightly increasing with the 
PANI load and, also in this case, the most important increase is obtained at the highest load.  
Differences in the values obtained by CV and CDT are worth to be observed.  
 
If data from EIS measurements are considered, different values were obtained in this case, depending on 
the frequency of the potential oscillation, being the highest values obtained at the lowest frequency. 
Figure 3a) depicts the trend of the Nyquist plots at different PANI loads, while figure 3b) resumes the 
values of capacitance derived by the imaginary impedance evaluated at the minimum frequency (0.1Hz). 
Values of the imaginary impedance, Z”, are in fact related to the so called low frequency capacitance CLF 
as follows: 
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Figure 3 - Trend of the Nyquist plots at samples with different PANI loads a); values of low frequency 
capacitance of the related samples.   

An analysis extended to the whole range of frequency, allows obtaining useful information on the different 
contributions of capacity. To this aim, data obtained from EIS measurements have been also analyzed 
with the equivalent circuit approach. Following this approach, the phenomena which occur at the electrode 
structure are quantitatively interpreted by means the response of an electrical circuit that, stressed with the 
same alternate signal, is able to give a response analogous to that of the tested sample.    
Different circuits were proposed in the literature to interpret the behavior of PANI/electrodes: two or more 
capacitive/resistive elements were generally included in the circuit, depending on the structure. Thus for 
example, R(C(RC)) circuit was proposed when PANI was deposited at flat surfaces of stainless steel: two 
elements were considered to take account for capacity at non-homogeneous electrode surfaces and ionic 
diffusion process in the polymeric film (Li et al., 2009; Shinde et al., 2014). The circuit may be more 
complicated, when porous layers are used as support: one more RC element appeared in the circuit 
proposed by other authors (Xie et al., 2011, Shen et al., 2011) to fit the data obtained at PANI/TIO2NT. 
According to this last paper, in the present case the electrical circuit, reported in the inset of Figure 4, 
allowed modelling the response obtained at raw NT and at samples with different PANI loads. Resistive 
contributions are included in the circuit to represent the solution resistance (RS), the capability of the 
sample to charge transfer (Rct) and the resistance to leakage (RLK), which can give indication about the 
auto-discharge of the electrode (Shen et al., 2011). In order to take account for all the contributions to the 
total capacitance of the electrode, a pseudocapacitance (CPS) is included in the circuit along with the bulk 
capacitance (CB) and double layer contribution (CDL). 
 

 

Figure 4 – Example of the Nyquist plot along with the related fit of data obtained for sample NTPANI21 by 
using the equivalent circuit in the inset.  

Figure 4 shows an example of the fit obtained for the NTPANI21 sample: full line in the figure represents 
the response calculated by means of the ZSimWin software.  
Figure 5 resumes a comparison between the values of the circuital parameters, derived by the fitting. In 
this case, data are reported as a function of the total charge, expressed in coulombs, involved during the 
different voltammetric cycles of PANI deposition. As it can be noticed, the extent of the CDL contribution is 
very low, compared with that of the bulk capacitance. Actually, rather than increasing the areal extent, a 
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prolonged deposition of the polymer, at least up to a certain point, seems to increase the concentration of 
bulk sites able to interact with the solvent.  
This is also confirmed by the trend of the resistances (Figure 5b): as the PANI load increases the value of 
RCT decreases, at least up to certain values of load. Beyond this point, not only the capability of the 
electrode to charge exchange is affected (RCT increases), but also an increase in the auto-discharge 
current is observed (RLK decreases).   
 

 

Figure 5 – Values of the circuital parameters, derived by the fitting procedure: data are reported as a 
function of the charge passed during the loading of PANI 

Table 1 resumes the capacitances obtained at raw NT and at the samples with the maximum PANI load. 
It is worth to notice the differences in the absolute values obtained from the different measurements, but 
also the analogies. In all the cases: 

•  the value measured at the PANI modified sample is higher than that measured at the raw NT 
sample, confirming the positive effect of the polymer  

• analogous data are obtained from EIS and CV if the values at the highest scan rate are 
considered; this may confirm that at the lowest value of frequency (0.1Hz) examined in this work 
not all the active sites are involved in the process. A lower value of frequency should be needed 
in order to involve also the slowest sites 

• the highest values obtained from charge- discharge test, which agree with those derived from CV 
measurements at low scan rate, may indicate that in these experiments also bulk sites are being 
stressed by the signal.  

Table 1: Comparison between capacitance of NT and PANI21 samples. The two values derived from CV 
refer to capacitances calculated at the lowest and highest values of scan rate, respectively. CB, CDL and 
Cps represent the values of the parameters obtained by the equivalent circuit approach. 

 NT      C [μF/cm2] NTPANI21    C [μF/cm2] 
CV 

CDT 
EIS CLF 

1000/700 
1120 
889 

2800/1000 
2460 
1061 

CB 
CDL 
CPS 

82.13 
0.093 
803 

666.3 
0.098 
383.4 

 
The last three rows in Table 1 also report the values of the different capacitance contributions as derived 
from the fit of the response of the equivalent circuits. As it may be observed the sum of these values well 
agrees with the low frequency value CLF of capacitance reported in Table 1 as derived from EIS. 
Finally, the performance of the samples has been tested during the photo-electrosplitting of water, and the 
final data have been compared with analogous data obtained at samples in which PANI was deposited by 
galvanostatic electrolysis (Palmas et al., 2014). Table 2 resumes the values of photocurrents measured in 
KOH solution during the experiments carried out with samples irradiated by white light. In particular, the 
ratio I / INT between current measured at the modified sample and that measured at NT is reported in the 
Table 2; moreover, in order to make the comparison with previous data easier, each sample has been 
identified by the charge (expressed in coulombs) passed during the PANI deposition.   
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Table 2: Values of current ratios between photocurrent measured at modified samples with respect to that 
measured at NT  

This work Palmas et al., 2014  

PANI Charge 
[C] 

Current ratio 
I / INT 

PANI Charge 
[C] 

Current ratio 
I / INT 

0.022 1.6 0.036 2.0 
0.038 2.0 0.072 1.6 
0.131 0.39 0.144 0.19 

 

As can be observed, the trend of data obtained at the two kinds of electrodes is similar: for both the cases 
a maximum of performance seems to be present at an intermediate PANI load.  Accordingly with data in 
Figure 5, higher PANI loads become not more effective also in terms of photocurrent.   

4. Conclusions 
The present work was devoted to evaluate the performance of TiO2 nanotubes, modified by polyaniline, for 
applications in storage devices or for water-splitting process. Different capacitances were derived from 
different techniques and the related values were compared and the differences among them were 
discussed. The electrochemical capacitance of the samples has been investigated by cyclic voltammetry 
(CV), electrochemical impedance spectroscopy (EIS) and galvanostatic charge–discharge tests (CDT). 
Moreover, photocurrent tests were performed in order to evaluate their ability in exploit the light irradiation. 
Results show that PANI modified TiO2 nanotubes exhibit promising performance for photoelectrocatalysis 
and energy storage devices. 
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