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Titania nanotubes infiltrated with conducting polymer PEDOT 

modified by Prussian Blue – a novel type of organic-inorganic 

heterojunction characterised with enhanced photoactivity 

K. Siuzdak
a
, M. Szkoda

b
, J. Karczewski

c
, J. Ryl

d
, A. Lisowska-Oleksiak

b

The highly ordered p-n heterojunction was formed based on 

titania nanotubes containing conducting polymer with Prussian 

Blue matrix. The study demostrates, for the first time, cases when 

composite based on titania arrays scaffolding and Prussian Blue 

embedded in PEDOT exhibits reversible Fe
II
/Fe

III
 redox activity.  

Highly enhanced photoactivity and capacitance of the obtained 

material are depicted in comparison to pristine titania. To the best 

of our knowledge this is first report showing heterojunction with 

titania nanotubes containing redox active species that may take 

part in efficient photocurrent generation. 

Highly ordered titania nanostructures are currently regarded 

as a promising material for sensors, electrochromic devices, 

solar cells and supercapacitors
1
, owing to their relatively 

simple and highly-controlled anodization procedure. However, 

the usage of titania nanotubes (NTs) as a photoelectrode 

material is limited to the UV illumination as a result of the 

wide band gap energy
2
. Thus, many efforts are undertaken to 

shift its activity towards the visible wave range, e.g. metal or 

non-metal doping
3
, integration with other metal oxides

4
 or 

deposition of conducting polymer (CP).
5
 In the case of different 

approaches concerning TiO2NT covered by CPs, many 

drawbacks were identified, such as uneven polymer 

distribution
6
 and complicated synthesis requiring protocol, e.g. 

initial TiO2 surface modification
7
 or electrode illumination 

(photo-electropolymerisation)
8
. In regard to composite 

photoactivity, only two times higher enhancement of 

photocurrent after polymer deposition was reached
9,10,11

 at 

most, or its photostability was unsatisfactory
12

. Another 

interesting approach leading to titania activation in the visible 

range concerns the deposition of different metal 

hexacyanometallates - mainly iron, cobalt or zinc analogues
13

. 

For Mehcf-modified TiO2, the photoelectrochemical 

characterisation
14

 and photoelectrochromic behaviour have 

been investigated
15

. The obtained results showed that, for 

instance iron hexacyanoferrate species anchored on the titania 

surface could play a crucial role in efficient photoactivity, 

preventing recombination of the electron-hole pair in TiO2.
16

 

Despite many approaches towards enhancement of titania NTs 

activity under irradiation which were proposed concerning 

both polymer electrodeposition in the presence of different 

counter ions’ sources (Bu4NBF4
17

, SDBS
18

, LiClO4
19

) or 

sensibilization by various ferricyanide derivatives
20

, no 

combinations of both attempts were achieved. 

Here, the study shows the preparation of inorganic-organic 

heterojunction where ordered titania nanotubes were 

infiltrated by nanostructure combining poly(3,4-

ethylenedioxythiophene) (PEDOT) and iron hexacyanoferrate 

(Fehcf, Prussian Blue). For the first time, composite with the 

use of titania nanotubes exhibits reversible redox reaction that 

is attributed to both high and low spin Fe
II
/Fe

III
 redox couple of 

Prussian blue activity
21.

 The study reports on the highly 

improved electrochemical activity of the obtained material as 

well as on the generated photocurrent. The detailed 

experimental conditions for material preparation and its 

characterisation are given in ESI. In general, ordered titania 

arrays were produced via two step anodization performed at 

electrolyser voltage of 40 V for 2 h each, followed by 

calcination in 450°C. Finally the samples underwent a 

hydrogen plasma treatment for 1h22. The deposition of 

polymer was realized during potentiostatic polymerisation in 

three electrode cell in the presence of Fe(CN)6
3-/4- 

ions under 

the potential of 1.6 V consuming charge of Q = 30 (small 

polymer amount) or Q = 300 mC cm
-2

 (excess of polymer 

amount). Polymer film pEDOT/Fe(CN)6
4-/3-

 obtained onto 

TiO2NT support was then subjected to potentiodynamic 

polarisation in FeCl3 solution according to the procedure 

described previously23. Characterisation of material using 

different spectroscopic techniques and electrochemical studies 
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were performed for the pristine titania and composite 

containing small polymer amount (consumed charge of 30 mC 

cm
-2

) and all potentials were given vs. Ag/AgCl/0.1M KCl used 

as reference electrode in three electrode cell. Fig. 1a shows 

SEM images of titania nanotubes whereas the composite material with 

small and the excess of polymer material are given in Fig. 1b and 1c, 

respectively. The titania layer (Fig. 1a) is composed of regular 

nanotubes with internal radius of 50 nm, wall thickness of 25 nm and 

length of 2.5 µm. In the Fig. 1b), in the nearest vicinity of the vertical 

walls some small irregular species may be identified. Taking into 

account consumed charge and previous experimental data
23

 the 

thickness of this polymeric layer is c.a. 3 nm. Therefore, SEM imaging 

does not sufficient for clear distinction between pristine titania and 

titania modified with a small polymer amount. However, when a large 

excess of pEDOT:Fehcf is deposited (see Fig. 1c), it covers TiO2NT 

completely and only at some crack sites, a tubular structure is 

unsheathed as it is indicated in Fig. 1d registered at higher 

magnification of area pointed in Fig. 1c. Energy-dispersive X-ray 

spectroscopy (EDX) inspection performed in different locations at the 

surface and across the layer of the composite sample shows that 

apart from Ti and O, sulphur, iron and nitrogen atoms are present at 

the surface region as well as at the bottom of the tube. The atomic 

content of elements in composite with the small polymer amount (Q = 

30 mC cm
-2
) was found as follows: Ti (16.0 at %), O (33.7 at %), C 

(42.1 at %), N (2.7 at %), Fe (0.6 at %) and S (4.9 at %). Thus, the 

ratio of pEDOT and PB could be estimated roughly to 4 pEDOT mer 

units for 1 PB unit each combining two iron atoms. The identification 

of the titania crystalline phase and CPs with embedded inorganic 

species was performed additionally by Raman and X-ray 

photoelectron spectroscopy. 

 
Fig. 1. SEM image of TiO2 (a) and composite with a small 

amount (Q = 30 mC cm
-2

) (b) and a large excess  

(Q = 300  mC cm
-2

) (c,d) of deposited pEDOT:Fehcf. 
 

Similarly to EDX results, the XPS analysis of composite shows 

that heterojunction consists of C, S, O atoms originating from 

polymer, and C, N, Fe atoms which are typical only for PB 

species are shown in Fig. 2, whereas the XPS spectra found for 

the other elements are given in ESI (Fig. S4). The binding 

energies for iron found in the range of 708-711 eV are known 

for compounds containing iron at valence states Fe
II
 or/and 

Fe
III

. The location of registered A and B maxima are similar for 

Fe2p3/2 in pristine Prussian Blue
24

. However, the location of B 

peak is shifted towards higher energy values when compared 

to pure PB as in the previous report
25

. The main peak could be 

then ascribed to Fe
(III)

-(NC), whereas the smaller one could be 

attributed to Fe
(II)

-(CN). The main core-level peaks of N1s (see 

Fig. 2b) are centred at 397.5, 399.2 and 401.6 eV. Peak A 

originates from nitrogen present in cyanide groups in Fehcf 

and peak B could result from the chemically new configuration 

formed by direct interaction between polymer and 

hexacyanoferrate ions.
25

 The weakest signal C might be 

ascribed to the M-C≡N-Ti surface complexes
26

. The spectrum 

registered for S2p (see Fig. S4a) gives two maxima that were 

deconvoluted into doublets. Peak assigned as A is attributed to 

sulphur in C-S bond of thiophene ring present in pEDOT chains, 

whereas B signal could be identified as S in higher valence. This 

signal may result from direct interaction between polymer 

chains via S and Fe atoms from Fehcf
25

. The peaks found in 

Ti2p (Fig. S4b) region were localized at 459.2 and 464.94 eV. 

They are attributed to Ti(IV) in anatase. The peaks 

corresponding to O1s (Fig. S4c) spectrum were identified at 

530.4, 531.4 and 533.0 eV. The highest one results from titania 

lattice oxygen. The next one (B) could be assigned to O in 

water molecules as it is known that they are incorporated into 

the metal hexacyanoferrate structures
27

. The last signal 

(marked as C) is attributed to oxygen in the C-O arrangement 

present in the polymer chain. Concerning the carbon region, 

the registered C1s (Fig. S4d) signal could be fitted by four 

single peaks located at 284.7, 285.54, 286.6 and 288.87 eV. 

The most intensive signal located at 284.7 eV could be 

attributed both to C-C, while the peak found at 285.54 eV may 

be assigned to C-S arrangement
28

. The next one, at 286.6 eV, is 

typical for C-O-C in ether ring of pEDOT, whereas the smallest 

one (288.87 eV) could be rather ascribed to carbon atoms in 

the CN group
29

. It should also be noted that apart from the 

polymer chain, the source of carbon could be identified 

partially as titania surface contamination originating from an 

anodization process performed in an organic electrolyte
3
. 

  
Fi g. 2. XPS spectra for: a) Fe2p3/2 and b) N1s of 

TiO2/pEDOT:Fehcf (Q = 30 mC cm
-2

). 
 

The Raman spectra recorded for heterojunction and only for 

TiO2NT support are presented in Fig. 3a. The active modes 

typical for anatase crystalline phase
30

 were observed for both 

n-type semiconductor and composite material. After polymer 

deposition, a signal occurs which may be assigned to vibrations 

in thiophene ring (1433 cm
-1

) and in polymer chains (1495 cm
-1

 

and 1561 cm
-1

), and in single bonded carbons in both polymer 

chain (1366 cm
-1

) and in thiophene ring (1267 cm
-1

)
31

. 

Furthermore, at wavenumbers: 442, 571 and 988 cm
-1

 the 

oxyethylene ring deformations could be identified and 

confirmed pEDOT presence. In order to follow the change in 

optical properties upon polymer deposition, the UV-vis spectra 

were measured (see Fig. 3b). For titania, strong absorbance is 

observed mainly in the UV region that results from the wide 

bandgap energy (Ebg=2.98 eV). The very wide band observed in 

the range of 400-700 nm results from the sub-band gap states 
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caused by the unusual structure of TiO2 nanotube, saturation 

of oxygen vacancies or other defects
3
. The absorbance 

spectrum recorded for composite exhibits a shape similar to 

titania, but characterised with much highly improved 

absorbance ability above 450 nm, that could be attributed to 

the π-π* transitions in the oxidized polymer matrix. Another 

reason for visible light absorption is metal-ligand charge 

transfer of Fe(CN)6
3-

/Fe(CN)6
4-32

. Additionally, as it is known, 

cyanoferrate anions could be easily chemisorbed onto the 

surface of titanium dioxide leading to the formation of 

Fe(II)(CN)5-C≡N-Ti(IV)
33

. Such an arrangement is characterised 

by broad absorption in the visible range resulting from metal-

metal charge transfer (MMCT) (Fe
II 

→ Ti
IV

) and could have 

some influence onto the absorbance ability of the whole 

heterojunction. In order to investigate the electrochemical 

properties of the formed heterojunction, cyclic voltammetry 

(CV) curves were registered (see Fig. 4a). 

 
Fig. 3. a) Raman spectra and b) absorbance spectra for titania 

and TiO2NT/pEDOT:Fehcf material (Q = 30 mC cm
-2

). 
 

The materials used as working electrodes: TiO2NT and 

TiO2NT/pEDOT:Fehcf were polarized from -0.4 V up to +0.9 V 

For TiO2NT electrode, recorded CV is characterised with 

capacitive behaviour. The electroactivity is low and that could 

be identified with the oxidation/reduction of surface hydroxyl 

groups
34

. In the case of pEDOT:Fehcf deposited onto ordered 

titania, two reversible sharp (+0.15 and +0.13 V) oxidation and 

reduction peaks are observed respectively. They are attributed 

to the Fe(CN)6
3-/4-

 activity and were previously shown for 

pEDOT:PB hybrid
28

. As it was reported, at a potential of +0.15 

V PB (blue) is reduced to Everitt’s salt whereas at +0.55 V the 

peaks observed were less sharp and lower. They had less 

symmetric behaviour than the signals observed below 0.2 V 

and could be identified as a prestep of formation of Berlin 

Green (BG) as shown by Ricci et al
35

. This peak is cathodically 

shifted when compared to sharp, electrochemical activity of 

pure Fehcf and it may be caused by the electrochemical nature 

of titania acting as a pEDOT:Fehcf support. According to Itaya 

et al
36

, this potential activity comes from trivalent high-spin 

iron ions Fe
III

, whereas low spin iron activity is negligible. At 

the potential above 0.7 V, the growing current reaches the 

anodic wave of electrolyte decomposition. The CV exhibits also 

a typical rectangular shape which is characteristic for 

pseudocapacitive behaviour of conducting polymer
37

. Huge 

difference between charging current of TiO2NT and composite 

could be also caused by the three-dimensional architecture of 

titania substrate that is infiltrated by the CP matrix. The 

photoactivity of heterojunction was verified as a current 

generated under simulated solar light irradiation (see Fig. 4b), 

when electrode was polarized up to 0.4 and 0.8 V. These 

potentials were selected according to the electrochemical 

activity exhibited on CV curves. In the case of titania, the 

photocurrent reached 61 μA cm
-2

 at 0.8 V and 40 μA cm
-2

 at 

0.4 V. However, when the composite heterojunction was 

illuminated, the generated current reached 298 and 140 

μAcm
2
 at 0.8 and 0.4 V, respectively. The current value 

registered in the dark for TiO2NT was always below 1 μAcm
-2

, 

whereas for TiO2NT /pEDOT:Fehcf was observed on the level of 

10 μAcm
-2

, and resulted from the capacitive behaviour of the 

polymer. Denoting photocurrent as the difference between 

the current registered under illumination and in the dark, after 

pEDOT:Fehcf deposition the photocurrent increased to 4.72 (at 

0.8 V) or 3.25 times (at 0.4 V) when compared to TiO2NT and is 

also much higher comparing to titania infiltrated with polymer 

without redox centres.
22

 Furthermore, it should be noted that 

when 0.4 V was applied, the chronoamperometry (CA) curve of 

TiO2NT/pEDOT:Fehcf exhibited spikes upon light illumination, 

but the current rapidly stabilized, whereas at 0.8 V the typical 

square shape transients were registered. It can be inferred 

that the recombination process does not occur at a significant 

rate at higher anodic potential applied to the working 

electrode
38

. The impact of the electrode potential on the 

current density value and CA shape may be related with the 

oxidation state of the polymer
39

 and with the efficiency of 

charge separation resulted from electrical field generated in 

the space charge layer. Moreover, during the whole CA 

measurement period, the current registered both under 

illumination and in the dark periods is registered at the same 

level and indicates high stability and photocorrosion resistance 

of titania The obtained photocurrent enhancement observed 

for TiO2NT/pEDOT:Fehcf composite could be attributed to the 

several factors. First, it is related to the absorbance ability of 

the polymer resulting from the π-π* transitions. According to 

Liang et al.
40

, during illumination of polymer-titania NTs 

junction the adsorbed photon promotes electron transfer from 

the ground to the excited state. If e-h recombination does not 

proceed immediately, they are trapped in metastable states or 

migrate through a tubular structure towards the electrode. 

Here, TiO2NT structure provides a straight path for electron 

movement and the close contact between the polymer matrix 

and the tubular structure facilitate charge collection. Apart 

from the absorbance ability of polymer and ordered titania 

morphology, the relative position of energy bands of inorganic 

and organic elements plays a very important role. In Fig. S5, 

schematic representation of the energy diagram of 

heterojunction is depicted. The lowest unoccupied molecular 

orbital (LUMO) level is situated in an energetically higher 

position than the conduction band edge of TiO2NT. Thus, when 

the junction is illuminated, the excited electrons of 

pEDOT:Fehcf in the highest occupied molecular orbital 

(HOMO) level could move to the LUMO and then the 

electronic transport of charge carriers could easily occur from 

polymer towards TiO2NT
41

. Additionally, the applied external 

potential would lead to band bending and facilitate charge 

separation and their transfer from an organic to inorganic part 

and thereby improve charge separation or the faradaic 

process
42

. Separated holes of TiO2NT can enter the HOMO of 

pEDOT:Fehcf and then could be efficiently extracted to the 

interface between photoanode and aqueous electrolyte and 

consumed to oxidized H2O. Additionally, other destinations for 

holes could be the low spin iron centres
43

. Other factors that 

play an important role in photoactivity enhancement are 

related to the presence of Prussian blue centres at the surface 

of titania. It is highly possible that during the first stage of 

polymer formation, feriicyanide ions become bound to the 

titania surface via axial cyanide bridge: Ti-C≡N-Fe
43

. This type 

of bonding constitutes a good platform for strong electronic 
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coupling between surface species and a semiconductor
44

. As 

discussed above, the efficient generation of photocurrent 

possesses a complex nature and needs further studies. 

 
Fig. 4. a) The cyclic voltammetry and b) chronoamperometry 

curves recorded in 0.5 M K2SO4 for titania and 

TiO2/pEDOT:Fehcf (Q = 30 mC cm
-2

). 

 

In summary, a new synthetic method and preliminary results 

concerning organic-inorganic heterojunction containing highly 

ordered titania nanotubes and inorganic redox centres 

embedded in pEDOT is presented. The analysis of Raman, EDX 

and XPS spectra confirms the efficient polymer deposition and 

the presence of Prussian Blue species embedded in the pEDOT 

matrix. TiO2/pEDOT:Fehcf is characterised by a much higher 

charging current when compared to pure titania and exhibits 

reversible redox behaviour typical for Prussian blue activity. 

The current generated by heterojunction under solar 

simulated radiation is 4.72 times higher than the one 

registered for titania at +0.8 V that was mainly attributed to 

Fermi level alignment both of n and p element. Importantly, 

the combination of ordered titania and polymer containing 

inorganic species exhibits high stability during the 

electrochemical and photoactivity test that facilitates long-

term usage of prepared heterojunction in prototype devices. 

This work was financially supported by the Polish National 

Science Center: Grant no. 2012/07/D/ST5/02269. 
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