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The photoelectrochemical polymerization of poly(3,4-ethylenedioxythiophene), PEDOT, was successfully
realized on anodic film grown to 50 V on magnetron sputtered niobium. Photocurrent Spectroscopy was
employed to study the optical properties of Nb/Nb2O5/PEDOT/electrolyte interface in a large range of
potential, and to get an estimate of the band gap and flat band potential of both the oxide and the
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polymer. Scanning Electron Microscopy was used to study the morphology of PEDOT. Both the optical
and morphological features of the photoelectrochemically grown polymer were compared with those
showed by PEDOT electropolymerized on gold conducting substrate.

© 2010 Elsevier Ltd. All rights reserved.
hotoelectrochemistry
and gap

. Introduction

A conventional electrolytic capacitor consists of a valve metal
e.g. aluminium or tantalum), covered by an anodic film, the dielec-
ric, in direct contact with an electrolyte, the true counter electrode,
hich in turn is connected to a current collector, usually made by

he same valve metal. In the so called “solid state” tantalum elec-
rolytic capacitors, the liquid electrolyte has been substituted by a
olid ionic conductor (�-MnO2), whose conductivity is one of the
rawbacks of the device. Thus, it has been recently proposed in the

iterature to replace manganese dioxide with a conductive polymer,
hich in principle can show a conductivity comparable to that of a
etal [1].
Since 1999 [2], poly(3,4-ethylenedioxythiophene) has been suc-

essfully proposed as suitable conducting polymer for tantalum
olid capacitor due to its excellent environmental stability. Usually,
EDOT is synthesized chemically in aqueous medium in the pres-
nce of an oxidizer agent (i.e. ferric sulphate). However, this method
an leave strongly acidic oxidant on the polymer chains, which
an cause the degradation of the dielectric, thus the electropoly-
erization should be safer for preparing PEDOT to be employed as
ounter electrode in solid state capacitors [3]. To overcome the dif-
culty of performing such electrochemical process on dielectrics,
e recently proposed a photoelectrochemical method [4] to grow
olypyrrole on tantalum oxide. Such method has been successfully

∗ Corresponding author.
E-mail address: santamaria@dicpm.unipa.it (M. Santamaria).

013-4686/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.electacta.2010.09.062
employed to synthesize PEDOT on Ta2O5 [3] and on Ti–Zr mixed
oxides [5].

Few examples of photoelectrochemical polymerization on semi-
conductors have been reported in the literature for protection
against corrosion of the materials [6] or as reaction initiators [7].

On the other hand, high cost and limited availability of tantalum
natural resources are pushing capacitor technologists to replace
Ta with Nb, which is more abundant in earth crust and whose
oxide, i.e. Nb2O5, has a permittivity higher than that measured for
Ta2O5. However, as far as we know, only a paper has been published
reporting on the chemical polymerization of pyrrole and aniline on
Nb2O5 to be employed in electrolytic capacitors [8].

In this work we report on the photoelectrochemical polymeriza-
tion of PEDOT on anodic film grown to 50 V on magnetron sputtered
niobium. Photocurrent Spectroscopy was employed to study the
optical properties of Nb/Nb2O5/PEDOT/electrolyte interface in a
large range of potential, while Scanning Electron Microscopy was
used to get information of the morphology of the polymers.
The characteristic features of the photoelectrochemically grown
polymer were also compared with those showed by PEDOT elec-
tropolymerized on gold conducting substrate.

2. Experimental
The electropolymerization was performed on gold electrode
(rod 4 mm diameter or foils) in 0.1 M LiClO4 propylene carbonate
(PC, 99.8 Sigma–Aldrich) with 0.1 M 3,4-ethylenedioxythiophene
(EDOT).

dx.doi.org/10.1016/j.electacta.2010.09.062
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:santamaria@dicpm.unipa.it
dx.doi.org/10.1016/j.electacta.2010.09.062
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Niobium films 300 nm thick were magnetron sputtered onto a
lass substrate using a 99.9% pure niobium target of 100 mm diam-
ter. The deposited niobium had a body-centred cubic structure
ith a 110 preferred orientation. These films were anodized at a

onstant current density of 50 A m−2 in 0.1 mol dm−3 ammonium
entaborate at 293 K, the potential being kept constant for 1 h at the
nal cell voltage of 50 V [9,10]. The polymerization was performed

n 0.1 M LiClO4 propylene carbonate (PC, 99.8 Sigma–Aldrich) with
.04 M 3,4-ethylenedioxythiophene (EDOT) concentration under

rradiation (� = 310 nm).
The electrochemical and photoelectrochemical experiments in

ropylene carbonate were carried out using a three electrodes cell
ith a Pt wire as counter electrode and an aqueous silver/silver

hloride (Ag/AgCl: 0.197 V/HNE) as reference electrode, separated
y a fritt glass from the working electrode. The liquid junction
otential between aqueous and non-aqueous solution has been
hecked to be negligible.

The PEDOT morphology was investigated using a Philips XL30
SEM scanning electron microscope. Some of the PEDOT films were
etached from the substrate with copper conducting adhesive in
rder to allow the view of electrode side polymer and of its cross
ection. The Nb2O5/PEDOT/electrolyte junction was investigated by
hotocurrent Spectroscopy (PCS). The photoelectrochemical setup
s described elsewhere [11]. Briefly, a 450 W UV–visible xenon
amp, coupled with a monochromator, irradiates the specimen
hrough a quartz window in the anodizing cell. A two-phase lock-in
mplifier, with a mechanical chopper (chopping frequency = 13 Hz),
nables separation of the photocurrent from total current.

. Results and discussion

.1. Electrodeposition and characterization of PEDOT on gold

In Fig. 1 we report the current density vs time curve recorded
y polarizing a gold electrode at 1.2 V (Ag/AgCl) in 0.1 M LiClO4
C (propylene carbonate) solution containing 0.1 M EDOT (3,4-
thylenedioxythiophene). This potential value is more anodic
han the oxidation potential of EDOT/EDOT+ couple (Eox = 1.1 V vs
g/AgCl in PC, according to Ref. [12]) but is lower than oxidation
otential of propylene carbonate (Eox = 1.8 V vs Ag/AgCl, accord-

ng to Ref. [13]). Thus, we can attribute the measured current to
he oxidation of monomer and to its subsequent polymerization,

ccording to the following processes:

EDOT(sol) → nEDOT+• + ne− (1a)

EDOT+• + zClO4
− → (n − z)H+ + [(EDOTn)z+(ClO4

−)z] (1b)
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ig. 1. Current density and charge density vs time recorded by polarizing the elec-
rode (gold rod) at 1.2 V (Ag/AgCl) in 0.1 M LiClO4 propylene carbonate solution
ontaining 0.1 M EDOT.
a Acta 56 (2010) 737–744

where ne− are n-electrons, nEDOT are n-monomers of ethylene
dioxythiophene, nEDOT+ are n-radical cations of EDOT and z is a
measure of the doping level of polymer. In Eqs. (1a) and (1b), usually
reported for the electropolymerization of pyrrole and thiophene on
conducting substrates [14], the formation of EDOT radical cations is
the preliminary step toward the polymer growth and its simultane-
ous doping according to Eq. (1b) [15]. The curve of Fig. 1 is analogous
to those reported in the literature for the electropolymerization of
3-4 ethylene dioxythiophene performed in very similar experimen-
tal conditions [16,17]. After a very short induction time (∼0.4 s),
during which we suppose that the oxidation of monomers brings
to the formation of soluble oligomers [18], the nucleation of the
polymer on the gold surface begins with the subsequent thicken-
ing of the PEDOT layer. A careful SEM analysis of polymer cross
sections (see Fig. 2a) allowed to estimate an average thickness of
∼1.4 �m for PEDOT after circulation of 460 mC cm−2, correspond-
ing to a polarization time of 230 s (see Fig. 1). If we assume for
PEDOT a density of 1.5 g cm−3 [3], it is possible to estimate an elec-
tropolymerization efficiency of 70% by comparing the experimental
thickness to that estimated according to Faraday law:

d = PM
nF�

q (2)

where PM is the monomer molecular weight (i.e. 142 g mol−1), � is
the polymer density, q is the charged per unit surface in C cm−2 and
n is assumed 2.25, since the polymerization of EDOT is assumed to
involve two electrons while the partial oxidation of already grown
film (i.e. doping) is assumed to consume the excess 0.25 charge [18].
An efficiency lower than 100% can be explained by the occurrence
of coupling reactions between radicals bringing to formation of
oligomers soluble in the electrolyte (not only during the induction
time), the occurrence of doping process of already grown polymer,
which reduces the charge effectively employed for the polymer
thickening.

In Fig. 2b and c we report the SEM micrographs relating to
the morphology of the polymer surface after two different circu-
lated charges. By comparing the pictures, it comes out that PEDOT
becomes more porous with increasing the circulated charge. The
morphology is different with respect to that shown by PEDOT pre-
pared in water [19] and in methyl benzoate solutions [20], but very
similar to that shown by the film electropolymerized in propylene
carbonate in spite of different supporting electrolyte and bath tem-
perature [20]. This finding indicates a strong influence of the solvent
on the morphology of the layer. A different morphology is shown by
the polymer-electrode side (see Fig. 2d), which appears very com-
pact. This is in agreement with a porosity increasing with increasing
circulated charge.

In Fig. 3 we report the cyclic voltammetry recorded by sweeping
the potential of the gold/polymer electrode at 10 mV s−1 in a 0.1 M
LiClO4 in PC. During the forward scan an anodic peak is present
at 0.5 V (Ag/AgCl), which can be attributed to the doping process
of polymer chains, while in the reverse scan two cathodic peaks,
at −0.2 and −0.6 V (Ag/AgCl), correspond to the de-doping process
[12]. In the voltage range between −2 and −0.6 V (Ag/AgCl) the
polymeric film is stable and its electronic structure is not modified.

The grown polymer was not photoactive at the formation volt-
age, whilst cathodic photocurrent was observed under cathodic
polarization. In Fig. 4a we report the photocurrent vs wavelength
curve at constant potential (photocurrent spectrum) recorded by

polarizing the polymeric film of Fig. 1 at −2 V (Ag/AgCl) in 0.1 M
LiClO4 PC. At this potential the photocurrent is cathodic as expected
due to the p-type semiconductor nature of the polymer. From the
photocurrent spectra for photon energy in the vicinity of the band
gap, it is possible to estimate the optical band gap value of the
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ig. 2. SEM micrographs relating to PEDOT grown potentiostatically at E = 1.2 V (Ag/
urface morphologies after circulation of (b) 460 mC cm−2, (c) 120 mC cm−2, and (d)

olymer according to the following equation:

Iphhv)n ∝ (hv − Eopt
g ) (3)
here Iph is the photocurrent yield, assumed proportional to the
ight absorption coefficient, h� is the photon energy, Eopt

g the optical
and gap and an n value equal to 0.5 has been assumed for indi-
ect optical transitions and n value equal to 2 has been assumed for

ig. 3. Cyclic voltammetry relating to PEDOT film electrochemically grown after
irculation of 460 mC cm−2 on gold electrode, recorded at 10 mV s−1 in 0.1 M LiClO4

ropylene carbonate solution.
on gold. (a) Cross section of polymer after circulation of 460 mC cm−2; solution-side
rode side morphology.

direct optical transitions [21]. As shown in Fig. 4b and c, a direct
optical transition at 1.74 eV and an indirect one at around 1.58 eV
were determined, both values being very close to those reported
in previous works for PEDOT [21,22]. Moreover, the direct optical
band gap of PEDOT agrees quite well with the theoretically esti-
mated HOMO-LUMO gap (1.68–1.83 eV) of oligomers extrapolated
to infinite chain length [23]. The lower band gap measured in the
hypothesis of indirect (or non-direct if amorphous) optical transi-
tions could be attributed to the formation, near the valence band of
PEDOT, of a band of defects (polaron and/or bipolaron) during the
de-doping process [24].

In Fig. 5 we report the photocurrent vs potential curve (pho-
tocharacteristic) recorded by irradiating the polymer surface at
485 nm in 0.1 M LiClO4 PC electrolyte. By moving the polarizing
voltage toward the anodic direction at 10 mV s−1, the photocurrent
decreases as typical of p-type semiconductors. It is interesting to
mention that the photocurrent goes to zero at −0.55 V (Ag/AgCl),
that can be assumed as a rough estimate of the flat band poten-
tial in propylene carbonate. The occurrence of doping process at
potential very close or more anodic with respect to this value (see
Fig. 3) induces the metallization of the polymer and hinders the
possibility to detect any photocurrent.
3.2. Characteristic energy levels location of Nb2O5/PC interface

In Fig. 6a we report the photocurrent spectrum relating to the
50 V anodic film on Nb, recorded by polarizing the electrode at 8 V
vs (Ag/AgCl) in 0.1 M LiClO4 PC electrolyte. According to Eq. (3), a
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ig. 4. (a) Raw cathodic photocurrent spectrum relating to PEDOT film electrochem
he Au/Pedot interface in 0.1 M LiClO4 propylene carbonate at E = −2 V (Ag/AgCl). Ba

on-direct band gap value of 3.42 eV (see Fig. 6b) can be estimated,
hich is very close to that previously estimated in aqueous solu-

ion for films grown on Niobium in the same conditions [10]. The
ocation of characteristic energy levels of the junction (flat band
otential, Efb, conduction and valence band edges) was carried out
y assuming the zero photocurrent potential, E*, derived from the
hotocurrent vs potential plot at 320 nm (Fig. 7), as a proxy of
he flat band potential (Efb = −0.5 vs Ag/AgCl) of the oxide/organic
lectrolyte interface. If we assume that the organic electrolyte is

quivalent to an aqueous solution at the niobium oxide isoelectric
oint (pHpzc), this value compares well with the Efb reported in
ef. [10] estimated in strongly acidic electrolyte, according to the
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grown after circulation of 460 mC cm−2 on gold electrode, recorded by polarizing
p estimate by assuming (b) direct and (c) non-direct optical transitions.

following equation:

Efb = Efb pHpzc − 0.059(pH − pHpzc) (4)

where pHpzc = 4.1 for Nb2O5 [25]. From such estimate, after loca-
tion of the conduction band mobility edge of oxide around 0.37 eV
above Efb [10], the energy level of the valence band edge of anodic
Nb2O5 was located at around 2.55 eV below the reference electrode,
i.e. at about 0.75 eV below the oxidation potential of propylene car-
bonate (Eox = 1.8 V vs Ag/AgCl, according to Ref. [13]). This estimate
of energy levels of the junction agrees with the observed anodic
photocurrent, in the absence of monomer, attributed to the pho-
toelectrochemical oxidation of the solvent. In Fig. 8 we show the
schematic picture of the energetic levels at the oxide/organic inter-
face.

3.3. Photoelectrodeposition and characterization of PEDOT on
Nb2O5

In Fig. 9a we report the current vs time curve recorded under
irradiation (� = 320 nm) by polarizing Nb2O5 at UE = 8 V (Ag/AgCl),
in 0.1 M LiClO4 PC solution containing 0.04 M EDOT. By irradiating
the anodic oxide surface with photon energy higher than the band
gap of the anodic film (� = 320 nm), the growth of polymer occurred
according to the following processes:

Nb2O5 + h� → e−
CB + h+

VB (5a)

nEDOT(sol) + nh+
VB → nEDOT+• (5b)
nEDOT+• + zClO4
− → (n − z)H+ + [(EDOTn)z+(ClO4

−)z] (5c)

where e−
CB is an electron in the conduction band of oxide and h+

VB
is a hole in the valence band of oxide. Eqs. (5b) and (5c) are similar
to Eq. (1a) and (1b).
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According to the energetics of the oxide/electrolyte interface of
ig. 8, it is evident that both the oxidation of EDOT and of PC are
hermodynamically possible. The occurrence of photoelectrochem-
cal polymerization was confirmed by SEM analysis of the samples
t short times or by direct visual inspection for longer photodepo-
ition times.

As shown in Fig. 9b, during the early stages of photoelectrode-
osition Iph decreases almost exponentially as a function of the
irculated charge, i.e. of polymer layer thickness. This behaviour
an be explained by the reduced number of photons reaching the
xide surface with increasing polymer thickness. If we assume that
he growing polymer behaves like an absorbing metallic layer with
constant light absorption coefficient, ˛, it is possible to fit the
xperimental curve according to the following equation:

ph(qph) = Iph(0) exp(−4.9 × 10−4˛PEDOT qph) (6)
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ig. 7. Photocurrent vs potential curve relating to an anodic film of Nb2O5, recorded
y irradiating the electrode in 0.1 M LiClO4 propylene carbonate at 320 nm.
hν / eV

t and with PEDOT on the irradiated surface, recorded by polarizing the electrode in
ide (b) without and (c) with PEDOT.

where Iph is the photocurrent, a the light absorption coefficient of
the growing polymer and qph the photocirculated charge per unit
area. From the initial slope of the Iph vs qph curve, a light absorption
coefficient of ∼4.8 104 cm−1 can be estimated by Eq. (6), which is
in agreement with the values reported in the literature and slightly
lower than that estimated with the same procedure during the
early stage of electropolymerization of polypyrrole on Ta2O5 but
under irradiation of monochromatic light at shorter wavelength
[4]. At longer photoelectropolymerization time a deviation from
the linear slope is observed, that can be explained by considering
that the photo oxidation occurs on a surface progressively larger
with respect to the initial one owing to a spot light smaller that the
whole exposed surface. A possible variation in the efficiency of the
photo oxidation of EDOT cannot be excluded although we have no
experimental evidences supporting this hypothesis.

A morphological study of PEDOT photoelectrochemically grown
on Nb2O5 electrodes was carried out. In Fig. 10 we report the SEM
micrographs of solution-side and oxide-side PEDOT grown on nio-
bium oxide. The morphologies in both cases are really different
with respect to those evidenced for electrochemically grown poly-
mer (see Fig. 2). The solution-side micrograph (Fig. 10a) reveals that
the surface of the polymer is slightly corrugated, with the presence
of compact and flat regions delimited by interconnected ridges of
polymeric material, missing for electrochemically grown polymer
even at higher circulated charges. Analogous morphology has been
reported for poly(3-hexylthiophene) grown by spinning coating on
Li:ZnO film spin coated on ITO glass from sol–gel solution [26] as
well for polypyrrole film electrodeposited on ITO [27]. In this last
work both the shrinkage and the drying of the polymer were dis-
carded as possible source of wrinkles formation. According to our
results these morphological features are rather independent from
the method of growth of polymers so that the wrinkles seem orig-

inated during the growth process at the oxide/polymer interface
and affected mainly by the polymer-oxide interaction governing
the adhesion process. By comparing the morphological features
of the polymer after doping and de-doping no appreciable differ-
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ining Edot) interface. The reported oxygen reduction potential is from Ref. [11].

ences were evidenced, thus suggesting that the morphology of the
polymer is not strongly influenced by the anions incorporation.

At higher magnification an irregular morphology appears
between the ridges on the solution-side polymer but less porous
than that shown by the electrochemically grown polymer after the
same amount of circulated charge (compare Figs. 2c and 10b). A
very uniform surface was observed on oxide side polymer formed
by the cohesion of small polymer islands (Fig. 10c).

In Fig 10d we also report the SEM micrograph relating to the
cross section of the photoelectrochemically grown polymer. By
averaging the measured thickness on several areas of the same sam-
ple and on several samples, it was possible to estimate the efficiency
of the process, as described in Section 3.1, very close to that esti-
mated for electrochemically grown polymer. In spite of the rough
estimate, the efficiency is very close to that previously reported
for the photoelectrochemical synthesis of polypyrrole on tantalum
oxide in MeCN solution.

The presence of a PEDOT layer in its metallic state adherent to
the surface of the anodic film does not modify appreciably the shape
of the anodic photocurrent spectra with respect to those recorded
in the absence of polymer (see Fig. 6a), neither the value of mea-
sured optical band gap (see Fig. 6c). In fact its value (3.39 eV) is
coincident with that reported in Fig. 6b thus suggesting that the
measured photocurrent is sustained by the photo-holes generated
in the valence band of the niobium oxide. The growth of poly-
mer film partially absorbing the incident light accounts for the
decreasing photocurrent intensity recorded under constant anodic
polarization (see Fig. 9a). The formation of a metallic-like p-type
degenerated semiconductor is suggested owing to the anion doping

process described in Eq. (5c).

By polarizing the oxide/PEDOT/solution interface under
cathodic potential, the de-doping process allows to evidence
the p-type character of the polymer. In Fig. 11a we report the
cathodic photocurrent spectrum of Nb2O5/PEDOT/solution junc-
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Fig. 10. SEM micrographs relating to PEDOT grown photoelectrochemically (� = 320 nm) at E = 8 V (Ag/AgCl) on Nb2O5 after circulation of 120 mC cm−2. (a and b) Solution-side
surface morphologies, (c) oxide side morphology and (d) cross section of polymer.
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by polarizing the Nb/Nb2O5/PEDOT interface in 0.1 M LiClO4 propylene carbonate at E = −2 V (Ag/AgCl). Band gap estimate by assuming (b) direct and (c) non-direct optical
transitions.
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ig. 12. Photocurrent vs potential curve relating to PEDOT film photoelectrochem-
cally grown after circulation of 120 mC cm−2 on oxide (Nb2O5) electrode, recorded
y irradiating the Nb/Nb2O5/Pedot/Solution interface in 0.1 M LiClO4 propylene car-
onate at 500 nm.

ion recorded at −2 V vs Ag/AgCl. A direct optical transition at
.78 eV (Fig. 11b) and an indirect one at around 1.46 eV (Fig. 11c)
ere determined; both values being very close to those estimated

or PEDOT grown on gold electrode. In Fig. 12 we report the pho-
ocurrent vs potential curve recorded at 500 nm in 0.1 M LiClO4 PC
lectrolyte relating to the polymeric film grown on Niobium oxide.
rom this figure it is possible to see that the potential of zero pho-
ocurrent is more cathodic than those measured for PEDOT grown
n gold electrode; probably owing to an additional potential drop
nside the niobium oxide absent for conducting substrate like gold.

. Conclusions

A photoelectrochemical method for the electropolymerization
f EDOT on wide band gap anodic Nb2O5 was successfully realized.
SEM characterization was performed on both electrochemically

nd photoelectrochemically grown polymers for evidencing their
orphological features.
A photoelectrochemical investigation was performed in order

o get information on the energetics of the Nb/Nb2O5/electrolyte
nterface as well as on the solid state properties (band gap, flat band
otential, conductivity type) of the polymer. The photoelectro-
hemical properties of PEDOT prepared on Nb2O5 were compared

ith those of the polymer electrochemically grown on gold.

The described method allowing the polymerization of conduct-
ng polymers in physical and electric contact with the wide band
ap material can play an important role for the fabrication of large
rea metal/oxide/conducting polymer composites not only for solid

[
[
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state capacitors but also, more generally, for organic/inorganic elec-
tronic devices.
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