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ABSTRACT: The spin-spray-assisted layer-by-layer (LbL) assem-
bly technique was used to prepare coordinative oxidative
multilayers from Ce(IV), inorganic polyphosphate (PP), and
graphene oxide (GO). The films consist of successive tetralayers
and have a general structure (PP/Ce/GO/Ce)n. Such oxidative
multilayers have been shown to be a general platform for the
electrodeless generation of conducting polymer and melanin-type
films. Although the incorporation of GO enhances the film growth,
the conventional dip LbL method is very time consuming. We
show that the spin-spray method reduces the time required to grow
thick multilayers by the order of magnitude and the film growth is
linear from the beginning, which implies a stratified structure. We
have deposited poly(3,4-ethylenedioxothiophene), PEDOT, on the
oxidative multilayers and studied these redox-active films as models for melanin-type capacitive layers for supercapacitors to be used
in biodegradable electronics, both before and after the electrochemical reduction of GO to rGO. The amount of oxidant and
PEDOT scales linearly with the film thickness, and the charge transfer kinetics is not mass transfer-limited, especially after the
reduction of GO. The areal capacitance of the films grows linearly with the film thickness, reaching a value of ca. 1.6 mF cm−2 with
20 tetralayers, and the specific volumetric (per film volume) and mass (per mass of PEDOT) capacitances are ca. 130 F cm−3 and 65
F g−1, respectively. 5,6-Dihydroxyindole can also be polymerized to a redox-active melanin-type film on these oxidative multilayers,
with even higher areal capacitance values.

■ INTRODUCTION
A successive layer-by-layer (LbL) self-assembly of charged
components is an extremely versatile technique for the
fabrication of thin films with a wide variety of materials.1

The oldest LbL technique involves dipping a substrate
alternately in solutions of oppositely charged polyions (dip
LbL), but spin, spray, and spin-spray-assisted LbL techniques
have shown great promise. In most cases, the individual layers
are bound together by Coulombic interactions, but coor-
dinative bonding and hydrogen bonding can also be used to
prepare LbL multilayers. However, despite the widespread use
of this technique, only a few noncatalytic chemically reactive
LbL multilayers have been described in the literature.2,3 We
have demonstrated that an oxidative multilayer based on
coordinative bonding between a redox-active transition metal,
for example, Ce(IV), and a polyanion, for example, inorganic
polyphosphate (PP), can be used as a general platform to
generate thin conducting polymer or polydopamine films on
surfaces.4−6 Incorporation of graphene oxide (GO) sheets into
the multilayer greatly enhances its growth and allows it to bind
a larger amount of oxidant in the multilayer, resulting in thicker
polymer films.7

Redox-active polymer films can be used as pseudocapacitive
components in supercapacitors. In general, supercapacitors

have many advantageous properties in energy storage.8 They
exhibit long cycle life and high power density because of fast
charge and discharge rates. Simple electrochemical double-
layer capacitors (EDLCs) have a low energy density, which can
be increased using high-surface-area carbon materials.9 In
EDLCs, the energy is stored electrostatically within the
electrical double layer at the electrode−solution interface,
but faradaic reactions can be used to increase the storage
capacity. In pseudocapacitors, the energy is stored in the
oxidation state of the electroactive materials. The fast redox
reaction between the substrate electrode and the electroactive
material is accompanied by ion flux in and out of the surface
film. The highest storage density can be achieved in hybrid
systems, which combine the high-surface-area EDLCs with
effective pseudocapacitance. In general, the capacitance of
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supercapacitors varies in the range from some tens to hundreds
of Faradays per gram (or cm3) of the material.8−10

Metal oxides and conducting polymers are typical
pseudocapacitive components in supercapacitors.9 Conducting
polymers are widely used because they are highly conductive,
flexible, and easily prepared.9−11 Among conducting polymers,
polyaniline (PANI), polypyrrole (PPy), and various poly-
thiophene derivatives, especially poly(3,4-ethylenedioxythio-
phene) (PEDOT), are the most commonly utilized pseudo-
capacitive materials. PEDOT, especially, has been extensively
studied for supercapacitors because of its high conductivity,
chemical, thermal, and electrochemical stability, and the facile
preparation of thin films using the PEDOT:poly(styrene
sulfonate) (PSS) mixture.12,13

The major disadvantage of pure conducting polymer-based
electrode materials is the volumetric swelling and shrinking of
the material during electrochemical cycles, which decreases
their cycle life.10 Pure PEDOT films possess the same general
disadvantages as other conducting polymers, and it is usually
combined with carbon nanotubes, GO, or metal oxides.9,10

The capacitance values reported for PEDOT-based films vary
greatly. The highest reported capacitance of pure PEDOT
films is 300 F g−1, but generally, the values obtained are much
smaller.14−23 With films prepared using the LbL self-assembly,
GO is a convenient component as it is cheap, is easily prepared
in large quantities, and can be incorporated into the multilayers
because of its anionic charge and coordinative properties. Even
though GO is electrically insulating, it can easily be reduced to
a conductive form (reduced graphene oxide, rGO), which can
improve the film conductivity. Hybrid films containing carbon
nanotubes or graphene-based materials generally display
specific capacitance values of around 100−200 F g−1, but
some values outside of this range have also been
reported.13,24−34 Still much higher capacitance values can be
achieved if metal oxides are incorporated into the struc-
ture.32,35−38 The wide spread of the reported values underlines
the sensitivity of the measured film capacitance on its
composition and structure and the fabrication and measure-
ment techniques.
We have previously shown that GO enhances the

mechanical properties of oxidative (PP/Ce)n multilayers
formed by the dip LbL technique and that the formed (PP/
Ce/GO/Ce)n films grow much faster, reaching a thickness of
ca. 230 nm already after five (PP/Ce/GO/Ce) tetralayers.4,7 In
these films, Ce(IV) reversibly binds to the oxygen-containing
groups of PP and GO with coordinative bonds, and the larger
amount of Ce(IV) in these hybrid multilayers allows thicker
conducting polymer films to be oxidized on them. However,
the morphology of these dip LbL multilayers is not well
defined and their surface roughness is very high. In this work,
we have prepared oxidative (PP/Ce/GO/Ce) multilayer films
using the automated, fast, and inexpensive spin-spray LbL film
deposition technique, in which small volumes of reagent
solutions are sequentially sprayed on the horizontally spinning
substrate (Scheme 1).39,40 The spin-spray LbL technique is a
relatively new LbL technique, which combines many
advantages of the spin LbL and spray LbL techniques.39,41−45

With the spin-spray LbL technique, the individual layers are
thinner than those with the dip LbL method but their
deposition time is greatly shortened. The centrifugal force
advances the draining and subsequent drying of the surface,
and the assembly of an individual layer, including the rinsing
and drying of the film, takes less than a minute. In addition, the

spin-spray technique requires less material and decreases the
material waste, leading to smoother films with more uniform
electrical and optical properties.39,41,42,46,47 With the dip LbL
technique, the multilayer build-up is exponential, at least in the
beginning, but with the spin-spray method, the films grow
linearly, they are generally more stratified, and the plate-like
components are more parallel to the surface. The spin-spray
LbL technique has been applied, for example, to conducting
and transparent films,46,48 gas barrier films,47,49 antifogging
coatings,50 films for corrosion or electromagnetic shielding,51,52

and in batteries.46,48

Although the dip LbL and spray LbL techniques have been
compared previously,44,53−56 there are only a few papers
thoroughly comparing the spin-spray and dip LbL techni-
ques.46,47 The work mostly emphasizes the effect of the
deposition method on the film morphology, thickness, and the
material consumption. However, the chemically reactive (PP/
Ce/GO/Ce) LbL multilayers set some specific requirements
for the film properties, and it is necessary to see the effect of
the LbL technique on intrafilm diffusion of the reactants
(oxidant and monomers), the reactant capacity, the reaction
kinetics, and the formation and properties of the produced
post-LbL-assembly film. This is especially important because
the gas permeation studies have shown that the spin-spray-
assembled films with plate-like components are better barriers
than those prepared using the dip LbL technique.47,49

Therefore, the aim of this work is twofold. First, we study
the effect of the deposition technique on the structure and
properties of coordinative multilayers containing large plate-
like GO particles. We compare the growth, morphology,
oxidative capacity, reaction kinetics, and electrochemistry of
the spin-spray LbL (PP/Ce/GO/Ce)n films, with and without
PEDOT, to the previously studied dip LbL (PP/Ce/GO/Ce)n
and (PP/Ce)n films. Second, we will demonstrate that the
oxidative multilayers are promising general systems for the
fabrication of thin polymer-based electroactive films with high
specific capacitance. Layered supercapacitors have been
prepared with conducting polymers using electropolymeriza-
tion and similar techniques,11 but there are only a few
examples of the use of a true dip LbL57,58 or spray LbL59,60

technique. In these cases, prepolymerized polyaniline was used,
although an aerogel with in situ-polymerized PEDOT
sandwiched between metal oxide layers has also been
reported.61 However, this work demonstrates the use of a
true spin-spray LbL technique and the in situ oxidative

Scheme 1. Preparation of Oxidative Multilayers and
Polymer Films Using the Spin-Spray LbL Technique and
Postassembly Polymerization (PP = Inorganic
Polyphosphate and GO = Graphene Oxide)
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polymerization of any suitable monomer (the oxidation
potential is the main limiting factor).5 The electrochemical
properties of the spin-spray LbL (PP/Ce/GO/Ce)n/PEDOT
films are studied with cyclic voltammetry and in situ
ultraviolet−visible (UV−vis) spectroscopy as a function of
the oxidative film thickness. In particular, we are interested in
the specific areal, volumetric, and mass capacitance of the films
as they can show the potential of such films for supercapacitor
structures.
There are basically two different test configurations for

supercapacitors, the two-electrode and three-electrode config-
urations.62 In a two-electrode system, the films forming the
capacitor are sandwiched together and separated by a thin
porous film. This configuration is typical for the actual
supercapacitor devices. The three-electrode configuration, on
the other hand, is a typical setup for electrochemical studies,
and it contains only one electrode (working electrode) covered
by the active capacitive material. The capacitance values
obtained from measurements with the two setups are not
identical. In general, there is no direct functional dependence
between the values except with symmetric capacitors, but the
capacitances obtained by the three-electrode configuration are
approximately twice those obtained by the other method. The
two-electrode configuration measures the device capacitance,
while the specific capacitance of the active material is given by
the electrochemical setup. Therefore, when comparing the
reported values, care should be taken to observe the
configuration used. On the other hand, the three-electrode
configuration is often used because it allows a fast and facile
screening of materials and films and can offer important
information about the processes taking place in the film,
especially when using cyclic voltammetry.
Our final goal is to find materials and composite films for

supercapacitors to be used for driving small biodegradable
electronic devices. In fact, PEDOT may not be the best
material for biodegradable systems, although it has good
biocompatibility, but we use it here as an easily prepared
model material to assess the applicability of oxidative films for
supercapacitor fabrication.63,64 However, we have previously
shown that melanin-type films can also be prepared using
oxidative films starting from 5,6-dihydroxyindole and that
Ce(IV) is an efficient oxidant for the preparation of
polydopamine from dopamine,6,65 and we also present
preliminary results of polydopamine-based capacitive films
formed using the oxidative multilayers. This demonstrates the
potential of using oxidative spin-spray LbL multilayers as
general platforms for the facile and rapid production of
capacitive films, also with biocompatible materials.

■ EXPERIMENTAL SECTION
Materials. Cerium(IV) ammonium nitrate (Sigma-Aldrich),

sodium chloride (J.T. Baker), sodium sulfate (VWR), 3,4-ethyl-
enedioxythiophene (EDOT, TCI), and N-trimethoxysilylpropyl-
N,N,N-trimethylammonium chloride (TMSPA, 50% in methanol,
ABCR) were used as received. Potassium metaphosphate (98%,
ABCR) was washed with water several times using vacuum filtration
with a Büchner funnel and dried at 110 °C in order to remove residual
phosphoric acid from the reagent. Graphene oxide was prepared from
natural graphite (Alfa Aesar, 325 mesh) using a downscaled version of
the modified Hummers method66 with a synthesis procedure that has
been described before.67 Water distilled twice in quartz vessels was
used for the preparation of aqueous solutions.
Substrates. Films for atomic force microscopy (AFM) and light

microscopy analysis and some scanning electron microscopy (SEM)

samples were assembled on phosphorus-doped (100) silicon wafers
(Okmetic, Finland). All other films were assembled on glass slides
with a SnO2 coating on one surface (Pilkington K glass) or on glass or
quartz slides with indium tin oxide (ITO) coating on one surface
(≤20 Ω/□). Silicon wafers were cleaned in a fresh Piranha solution
(a 3:1 volume ratio of conc. H2SO4 and 30% H2O2. WARNING!
Piranha solution is extremely corrosive and should not be stored in
tightly closed vessels!) for at least 1 h, rinsed with water, and dried
first with N2 gas and then at 110 °C for at least 1 h. SnO2- or ITO-
coated slides were washed in a 5:1:1 volume ratio solution of H2O,
25% ammonium hydroxide, and 30% H2O2 for 30 min, rinsed with
water, and dried similarly to the silicon wafers.

LbL Assembly of Oxidative Films. 10 mM cerium(IV)
ammonium nitrate, 10 mM polyphosphate solutions (PP, 10 mM
KO3P and 0.1 M NaCl, diluted by stirring overnight), and a 0.3 mg/
mL GO suspension were used in the LbL assembly. Fresh PP
solutions were always used in order to minimize polymer hydrolysis.68

The GO suspension was exfoliated in an ultrasonic bath (VWR
USC500THD) for 30 min before use. A 10 mM EDOT solution was
prepared in H2SO4 (pH = 1.5) by ultrasonicating the mixture for 30
min (Hielscher UP100H). All substrates were silanized with 1:9 v/v
TMSPA/methanol solution before the LbL assembly for 10 min,
washed with methanol and water, and dried with N2 gas in order to
positively charge the surface. The LbL multilayer films were deposited
using an automatized spin-spray multilayer deposition device,
described in detail previously (Scheme 1).40 Briefly, substrates were
attached to a horizontal spinner below the air channel of the spraying
unit, and the spinning speed was allowed to stabilize to 1500 ± 200
rpm. Pressurized air is constantly driven through the air channel
above the substrate toward it. During the film assembly, solutions are
flown one by one through the polyether ether ketone (PEEK) tube
inside the air channel. The air flow breaks the liquid into a mist and
sprays it on the substrate. The following spraying scheme was used for
the (PP/Ce/GO/Ce)n multilayers: (1) reagent solution for 3 s
followed by 20 s of drying and (2) rinsing with a water spray for 10 s,
followed by 20 s of drying. These steps were repeated until a desired
number of layers were deposited (before the assembly of each (PP/
Ce/GO/Ce) tetralayer, an additional couple of seconds delay was
required for instrumental reasons). After the process, films were
further rinsed with water and/or dried if necessary, and the oxidative
film on the nonconducting sides of the ITO-coated wafers was
carefully removed using cotton sticks, ≥25% ammonium hydroxide
solution, water, and N2 gas for rinsing and drying.

Polymerization of EDOT and Polydopamine. EDOT was
polymerized on the LbL films by immersing the oxidative films in 10
mM monomer solutions (an aqueous pH 1.5 H2SO4 solution) for
16−20 h within a few hours after oxidative film preparation (Scheme
1; the oxidative power of the films decreases with time5). Finally, films
were rinsed with water and dried after polymerization. When required,
the nonconductive side of the ITO slides was cleaned with cotton
sticks and water in order to remove possible PEDOT coatings from
the backside of the substrates. Polydopamine was polymerized onto
the oxidative spin-spray LbL film similarly to that previously described
by exposing the oxidative multilayer to a 5,6-dihydroxyindole solution
for 100 min.6

Film Characterization. The PEDOT polymerization on the ITO-
coated slides in the stirred EDOT monomer solutions was followed
by UV−vis spectroscopy at 25 °C (Agilent Cary 60 with a constant-
temperature cell holder). All other UV−vis spectra were measured
with the Agilent Cary 60 or a HP 8453 Diode Array UV−vis
spectrophotometer. The light microscopy pictures were taken with a
Hysitron Ubi 1 nanomechanical test instrument (Hysitron, Inc.), and
the SEM images were taken with a Thermo Scientific FEI Apreo S
ultrahigh resolution field emission scanning electron microscope or a
Jeol JSM-6335F scanning electron microscope. The AFM images were
measured from the representative areas of the dry films on a silicon
wafer at a controlled temperature and relative humidity with an AFM
microscope (diCaliber, Bruker) using the tapping mode. The water
content of the dry films was allowed to stabilize for at least 1 h before
the AFM measurements. The thickness of the films was measured
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with AFM by making a slit to the films with a scalpel. The image
processing and analysis were carried out using Gwyddion 2.50
software. Thickness or the root-mean-square (rms) surface roughness
of the films was estimated using the mean or combined mean values
of the representative areas of the images. Error bars represent
standard deviation or combined standard deviation of multiple
measurements.
Electrochemical and spectroelectrochemical measurements were

made using a computer-controlled potentiostat (Autolab
PGSTAT101; IviumStat, Ivium Technologies or PalmSens4,
PalmSens) in a three-electrode configuration. The (PP/Ce/GO/
Ce)n or (PP/Ce/GO/Ce)n/PEDOT films on ITO- or SnO2-coated
slides were used as a working electrode, the platinum wire was used as
an auxiliary electrode, and the miniature Ag/AgCl electrode was used
as a reference electrode. All potentials are given against this electrode
(the potential of the electrode was checked before and after every
measurement, and it deviated less than 10 mV from the Ag/AgCl (sat.
KCl) reference electrode). The studied films were immersed into 0.5
M Na2SO4 electrolyte solution deaerated with nitrogen. The
electrochemically active film area of the films (ca. 0.5−1.5 cm2) was
estimated by measuring the area of the immersed films.

■ RESULTS AND DISCUSSION

Growth and Structure of Spin-Sprayed Oxidative
Multilayers. The LbL films consisting of successive tetralayers
of (PP/Ce/GO/Ce) can be grown very fast using the spin-
spray technique. The thickness of the spin-sprayed multilayers
grows linearly from the beginning, contrary to the correspond-
ing dip LbL films (Figure 1a). The latter exhibited exponential
growth in the beginning, which is indicative of intrafilm
diffusion during the assembly.7,69 Exponential growth was
observed also with (PP/Ce) multilayers prepared using the dip
LbL technique.4 The linear growth of the spin-sprayed films
can be attributed to the high shear stress within the thin
solution layer and its rapid drying, which shortens the time
available for structural rearrangements or diffusion during the
assembly process.39,41,46,47 In addition, the GO sheets will also
be aligned with the surface and diminish intrafilm diffusion.
Linear growth is, in fact, generally observed with spin-sprayed
polyelectrolyte multilayers.42,46 The growth of the spin-sprayed
film was found to be linear at least up to 40 tetralayers
(maximum number of layers tested in this work), with an
increase of 11 nm per one (PP/Ce/GO/Ce) tetralayer. As a
function of the number of tetralayers, these films are
considerably thinner than the corresponding multilayers
prepared using the dip LbL technique and reach ca. 50 nm
after five (PP/Ce/GO/Ce) strata, which is only ca. 20% of that

of a dip LbL film with the same number of tetralayers.7 From
the practical point of view, a huge difference can be seen when
the obtained multilayer thickness is plotted as a function of the
build-up time (Figure 1b). The build-up time has been
calculated based on the reported deposition schemes, assuming
no additional breaks between the steps.4−7 The spin-spray
technique produces thinner individual layers, but the time
required to reach a given total thickness is dramatically shorter
than that with the traditional dip LbL technique. Introduction
of GO sheets in the structure also greatly enhances the
multilayer growth.
When the oxidative (PP/Ce/GO/Ce)n multilayers were

immersed in dilute aqueous solutions of EDOT, a polymer film
was formed on the surface. The thickness of the (PP/Ce/GO/
Ce)n/PEDOT films still scaled linearly with the number of
oxidative (PP/Ce/GO/Ce) tetralayers (Figure 1a), but the
average thickness per nominal (PP/Ce/GO/Ce) stratum is
only ca. 7 nm. All these AFM-based thickness measurements
have been carried out with dried films, and because Young’s
modulus of spin-casted and electrochemically polymerized
PEDOT films is of the order of 1−2 GPa,70 we tentatively
attribute this shrinkage to the elastic properties of the drying
polymer film filling the pores in the oxidative multilayer. This
is analogous to the deformation of the adjacent layers in a
photovoltaic device by the water-swollen PEDOT layer.71 This
conclusion is also supported by the spectroscopically estimated
effective thickness of the deposited PEDOT film in contact
with solution, shown also in Figure 1a (vide inf ra). The
thickness of the PEDOT film is close to that of the dry
oxidative multilayer, which implies that the polymer film
penetrates the multilayer, filling the available pores and
possibly restructuring the film, instead of forming only at the
multilayer/solution interface. This is also supported by the
high redox capacity of the polymer.
Overlapping GO sheets can be seen in the AFM and SEM

images of the spin-sprayed oxidative (PP/Ce/GO/Ce)n
multilayers, except with thick polymer films (Figures 2 and
S1). On thick (PP/Ce/GO/Ce)n/PEDOT films, a clear
globular surface structure becomes apparent. The rms
roughness (obtained from 10 μm × 10 μm AFM images) of
both films increases up to 10 tetralayers (ca. 110 nm) but levels
off with thicker films. The surface roughness is much smaller,
both in absolute value and in relation to the film thickness,
than that in the corresponding films prepared using the dip
LbL technique but still higher than that in the (PP/Ce)n films

Figure 1. 7(a) Thickness of (PP/Ce/GO/Ce)n (solid black) and (PP/Ce/GO/Ce)n/PEDOT (solid red) spin-spray-assembled films measured by
AFM, effective thickness of the PEDOT film (open green circles) as a function of the number of tetralayers (n), and linear fits to the data; error
bars represent standard deviations of multiple measurements. The inset shows the rms surface roughness of the films; given error bars represent
standard deviations of multiple measurements (lines are only a guide to the eye). (b) Thickness of the oxidative multilayer as a function of the time
required for the film build-up process. In (a) and (b), the behavior of dip LbL (PP/Ce/GO/Ce)n films is shown for comparison (open red circles).
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without GO.4,7 At a larger scale, the films appear smooth and
uniform (Figure S2). It may be noted that spinning is essential
for the formation of smooth films because sprayed-only films
contain aggregated GO sheets.55 In contrast to the dipping
method, spin and spin-spray coating tend to orient
polyelectrolytes and the GO flakes on the surface.72,73 The
linear growth and leveling of the surface roughness imply a
more or less stratified structure of the spin-sprayed (PP/Ce/
GO/Ce)n multilayers, which is also supported by the light
microscopy images of the terraced edges of the films (Figure
2).
Surface Polymerization of PEDOT. The polymerization

of PEDOT onto the oxidative film from an adjacent pH 1.5
aqueous EDOT solution was followed by UV−vis spectrosco-
py. The use of low pH is advantageous because the oxidation
potential of the Ce(III)/Ce(IV) redox pair increases with
decreasing pH.5,7 Transfer of the films from acidic solution to
pure water causes small changes in their spectra, which are
characteristic of the dedoping of the polymer (Figure S4).74,75

The acidity of the solution has been shown to affect the
apparent oxidation state of PEDOT films because of protonic
doping,76,77 but the nascent polymer film is in a highly oxidized
state.
The polymerization of PEDOT on the oxidative films is a

complicated process, but it can be divided into two main
processes.7 In the primary reaction, Ce(IV) oxidizes EDOT
monomers to radical cations (EDOT+•) and is reduced to
Ce(III). The initial amount of Ce(IV) in the oxidative film
limits the oxidation process. The second process is the further
reaction of the radical cations with EDOT monomers to form
an oxidized polymer chain. These processes, cerium reduction
and PEDOT formation, can be followed spectroscopically, and
the absorbance changes of the spin-spray LbL (PP/Ce/GO/
Ce)n/PEDOT films during the polymerization are similar to
those seen with dip LbL films (Figure S3).4,5,7 The absorbance
decreases at 300 nm as Ce(IV) is reduced to Ce(III) and
increases above 400 nm because of the formation of an
oxidized polymer film. A third, much slower process is
observed during the final stages of polymerization, charac-

terized by absorbance increase at ca. 800 nm and decrease
above 900 nm. A similar slow process was also seen with dip
LbL oxidative multilayers.7 In polythiophenes, the charged
quasiparticles in the polymer chains have been classified as
polarons (one positive charge) and bipolarons (doubly
charged), and the spectral features have been assigned to
these species.78 The semi-empirical models used allow us to
accommodate two polarons in a single polymer chain, but
recent theoretical calculations utilizing density functional
theory (DFT) have offered a more multifaceted picture.79,80

According to this model, the oxidation of the polymer chain
introduces multiple charges in the chain, and systems with an
odd or even number of positive charges represent polaronic or
bipolaronic states, respectively. The states differ in their spin
values, but most of them produce levels in the band gap and
give rise to transitions in the visible and near-IR range.
Accordingly, the final stages of the spectral behavior of the
nascent PEDOT film can be assigned to slow charge
redistribution within the polymer matrix, in which charge is
diffusing and equalizing between the initially highly oxidized
polymer segments around the cerium atoms and the polymer
chains with a lower oxidation level.
The kinetics of the PEDOT polymerization process was

evaluated at 310, 840, and 1000 nm, corresponding to the
Ce(IV) reduction, PEDOT formation, and the charge
redistribution processes, respectively (see the Supporting
Information and Figure S5 for details). It should be noted
that the two last reactions are complex processes involving
various monomer and radical couplings and oxidation and
disproportionation-like reactions of the polymer. However,
they were all found to follow the first-order kinetics, and the
corresponding pseudo-first-order rate constants kCe, kPEDOT,
and kdisp are shown in Figure 3 as a function of the oxidative

multilayer thickness. The rate constants for the two main
reactions, Ce reduction and PEDOT formation, decrease
approximately linearly with thickness, which illustrates the
heterogeneous nature of these reactions. Both processes
continue simultaneously until all available oxidants are used.
In thick multilayers, mass transfer of the reactants becomes
more difficult and slows the film formation. Although the time
constant of the PEDOT formation decreases from ca. 30 min
with thin oxidative films to ca. 1 h with thick ones, the reaction
is practically complete within a few hours even with thick films.

Figure 2. AFM images of spin-sprayed (a) (PP/Ce/GO/Ce)3/
PEDOT and (b) (PP/Ce/GO/Ce)20/PEDOT films; (c) SEM image
of a (PP/Ce/GO/Ce)15 film (with 16 nm evaporated carbon surface
film) and (d) light microscopy image of the edge of a (PP/Ce/GO/
Ce)100 film.

Figure 3. Rate constants for the reduction of Ce(IV) (kCe, black), for
the formation of PEDOT (kPEDOT, red), and for the slow equalization
of the oxidation state of PEDOT by charge redistribution (kdisp, blue).
The lines represent linear fits to the data. Open symbols show the
kPEDOT or kdisp values for dip LbL-fabricated (PP/Ce)5 (red square)
and (PP/Ce/GO/Ce)4 (red circle and blue triangle) multilayers.5,7
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The apparent rate of charge redistribution is practically
independent of thickness, which shows that it is a
homogeneous process taking place within the formed
PEDOT film. Results for two dip LbL oxidative films are
also included in Figure 3,5,7 and they show that neither the
presence of GO nor the fabrication method has any significant
effect on the polymerization rate or charge equilibration
processes with films of similar thickness.
The absorbance changes at 310 and 900 nm during the film

formation are proportional to the amounts of active oxidant
and the as-formed PEDOT film, respectively (Figure 4), and
they depend linearly on the thickness of the oxidative
multilayer. Based on the absorbance changes, the oxidation
capacity of the spin-spray LbL (PP/Ce/GO/Ce) multilayers is
higher than that of the dip LbL (PP/Ce) multilayers but lower
than with dip LbL (PP/Ce/GO/Ce) multilayers with the same
amount of Ce layers (Figure 4a). Therefore, incorporation of
GO into the oxidative multilayers increases the amount of
bound oxidant per nominal Ce layer, more with dip LbL films.
However, the number of oxidative tetralayers is not a
reasonable parameter when discussing the oxidative capacity
of the films. More valuable information is obtained by looking
at the oxidative film thickness, and, in terms of it, the amounts
of both the reactive oxidant and the as-deposited polymer
seem to be practically independent of the method of multilayer
preparation (Figure 4b). With spin-sprayed multilayers, the
active oxidant content and the amount of formed polymer
increase linearly with the thickness of the oxidative film.
Although it is possible to produce thick GO-containing films
with few layers by the dip LbL technique, the spin-spray
method is much faster, leads to more organized and smoother
films, and can be easily extended to still thicker films.
Electrochemistry of the Polymer Films. The as-made

(PP/Ce/GO/Ce)n/PEDOT films exhibit two different electro-
chemical processes, the irreversible reduction of GO to
reduced GO and the reversible oxidation−reduction of
PEDOT. These redox processes are independent of each
other, and PEDOT redox cycling can be carried out prior to or
after the GO reduction. However, the reduction of GO takes
place already below −0.4 V versus Ag/AgCl,81,82 at which
potential PEDOT is not yet completely reduced and is
practically completed within a single voltammetric sweep,
irrespective of the film thickness (Figure S7). The reduction
slightly increases the film absorption over a wide range (Figure
S6), probably because of increased scattering, but has no effect
on the spectral behavior of PEDOT (Figure S6). In situ UV−

vis difference spectra for the reduction (from −0.1 to −1.1 V)
and oxidation (from +0 to +0.8 V) of the (PP/Ce/rGO/
Ce)40/PEDOT film are shown in Figure S9, and typical
absorbance changes for the PEDOT-based material are seen in
the spectra.
In addition to the two redox processes discussed above, the

films contain redox-active cerium also. However, the redox pair
Ce(IV)/Ce(III) is generally very sluggish and was not
observed in the (PP/Ce) multilayers without a polypyrrole
coating.4,5 A cerium-based slow redox reaction is also seen in
(PP/Ce/rGO/Ce) multilayers before the deposition of a
PEDOT film but not after it (Figures S8 and S10). Therefore,
Ce(IV)/Ce(III) electroactivity, within the time scale of the
experiments, requires the presence of a conductive material
capable of coordinating to the metal, either pyrrole or rGO.7

Thiophene moieties, on the other hand, are poorly
coordinating, and PEDOT cannot act as an electron mediator
to the metal redox pair. It also prevents its electrical interaction
with rGO, possibly by effectively encapsulating the cerium ions
during the polymerization process.
The relative amount of electroactive PEDOT as a function

the film thickness was determined by UV−vis spectroelec-
trochemistry. Graphene oxide was reduced to rGO before the
measurements because the complete reduction of PEDOT
requires more cathodic potentials than the GO reduction. The
absorbance of the totally reduced PEDOT film at the
maximum wavelength of the π → π* transition (ca. 560 nm,
the absorbance of the (PP/Ce/rGO/Ce) multilayer sub-
tracted, see the Supporting Information), in Figure 4, shows
that the amount of redox-active polymer depends linearly on
the thickness of the oxidative multilayer. The same conclusion
is obtained from the absorbance difference between the fully
reduced and oxidized polymers. The difference spectra of the
oxidized and reduced films (measured at +0.8 and −1.1 V vs
Ag/AgCl, respectively; no spectral changes were seen outside
this potential range) were identical in shape with all multilayers
studied (Figure S11), and the absorbance changes at 560 and
900 nm are shown in Figure 4 as a function of the thickness of
the oxidative multilayer. Therefore, the amount of electroactive
PEDOT is linearly dependent on the thickness of the
underlying oxidative film. Because the total amount of
PEDOT formed is also linearly dependent on the oxidative
film thickness (Figures 1 and 4), this shows that the fraction of
the electroactive polymer is independent of the film thickness.
In addition, the spectra of reduced PEDOT (Figure S10) allow
an independent estimation of the effective thickness of the

Figure 4. Absorbance change due to polymerization of PEDOT at 310 and 900 nm, corresponding to the loss of Ce(IV) and the formation of
oxidized PEDOT, respectively, on spin-spray and dip LbL5,7 (PP/Ce/GO/Ce)n or (PP/Ce)n multilayers. In (a), as a function of the number of Ce
layers and in (b), as a function of the thickness of the oxidative film. (b) Absorbance of the completely reduced PEDOT (560 nm, absorbance of
the (PP/Ce/rGO/Ce) multilayer subtracted) and the difference at 560 and 900 nm between completely oxidized (+0.8 V) and reduced (−1.1 V)
PEDOT.
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polymer film formed using the reported complex dielectric
function of neutral PEDOT (at 594 nm), and these thickness
values are shown in Figure 1a (see the Supporting Information
for details).83

Film Capacitance. Cyclic voltammetry is an excellent
technique to obtain a general picture of any electrochemical
processes. In addition to a qualitative understanding of the
redox reactions involved, it allows a rapid screening of the
capacitive behavior of the films. Graphene oxide sheets are
insulating, and (PP/Ce/GO/Ce)n/PEDOT films were studied
electrochemically using cyclic voltammetry (from −0.4 to +0.8
V) both before and after the electrochemical reduction of GO
in order to see whether it has any effect on the film properties.
According to the spectroelectrochemical studies mentioned
above, the oxidation state of Ce(III) remains unchanged in this
potential range and no significant reduction of GO takes place.
The anodic upper limit is set by the overoxidation of PEDOT.
The cyclic voltammograms of the (PP/Ce/GO/Ce)n/PEDOT
films in this potential range are shown in Figure 5a (and in
Figure S12). In the range from −0.4 to +0.8 V, the
voltammograms are almost rectangular at high (100 mV/s)
and low (10 mV/s) scan rates, which is typical for capacitive
processes, and the current is linearly dependent on the film
thickness with both scan rates (Figure 5c), especially after the
reduction of GO. Similar linear dependence on PEDOT film
thickness has been previously reported for the capacitive
current, while the faradaic current of redox species in solution
is only slightly affected.84 This implies that the PEDOT film is
porous enough to allow a free movement of the small
electrolyte ions in solution but blocks larger species, which
react mainly at the film/solution interface. In addition, the

effect of the potential sweep rate was tested with a (PP/Ce/
GO/Ce)15/PEDOT film (thickness ca. 100 nm, Figure 1a),
and the current is linearly dependent on the sweep rate after
the reduction of GO (Figure 5b; note also the 10-fold
difference in the scales of the two y-axis in Figure 5c; a linear
dependence of current at +0.1 V on the scan rate was also
observed with (PP/Ce/rGO/Ce) multilayers, see Figure S8),
which shows that diffusion is not a limiting factor. Especially,
GO sheets do not hamper the counterion diffusion. The linear
dependence of current on thickness also shows that the
fraction of electroactive PEDOT is thickness-independent on
the voltammetric time scale, which is much smaller than that of
the equilibrium spectroelectrochemical measurements, in
Figure 4. The spectra display only a small effect of GO
reduction on the observed redox changes in PEDOT (Figure
5d), and the positive shift in the absorbance can be attributed
to increased scattering. However, there is a negative deviation
from linearity (both with thickness and sweep rate) in current
before the reduction of GO, and this effect can be described
using a simple RC circuit model (dashed lines in Figure 5b; see
the Supporting Information). The time constant of the film is
high before GO reduction, and this can be attributed to a large
charge transfer resistance across the film (ca. 1.4 kΩ cm2

during oxidation for a (PP/Ce/GO/Ce)15/PEDOT film; the
effective resistance is lower during the reduction sweep
because the film is in a conducting state). The GO sheets
slow down the charge transfer kinetics in the films because of
their insulating nature but do not deactivate the polymer.
The film capacitance was estimated from the third

voltammetric cycles in the intermediate potential range
(from −0.2 to +0.6 V vs Ag/AgCl), according to eq 1,

Figure 5. (a) Cyclic voltammograms of the (PP/Ce/GO/Ce)n/PEDOT films before (dashed lines) and after (solid lines) the reduction of GO
(sweep rate 100 mV/s). The inset shows cyclic voltammograms of the (PP/Ce/GO/Ce)10/PEDOT film with 10 mV/s (magenta) and 100 mV/s
(green) sweep rates. (b) Oxidation (positive) and reduction (negative) current in the voltammograms of a (PP/Ce/GO/Ce)15/PEDOT film (at
+0.1 V) as a function of the potential sweep rate. Dashed lines are linear (red) or RC-model (black) fits to data. (c) Effect of the total film thickness
on current (at +0.1 V) before and after GO reduction to rGO. Dashed lines are linear fits to data after GO reduction, and standard deviation of
thickness measurements is shown only for some symbols for clarity. Note that the scale on the left current axis is 10× that of the right axis. (d)
Absorbance changes of a (PP/Ce/GO/Ce)20/PEDOT film at 580 nm during oxidation (solid symbols and lines) and reduction (open symbols and
dashed lines) before (black) and after (red) GO reduction to rGO. The inset shows the absorbance changes of a (PP/Ce/rGO/Ce)40/PEDOT
film (referenced to a neutral PEDOT film at −1.1 V) over a wider potential range. Dashed lines show the range used in the analysis.
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where v is the sweep rate and E1,2 denote the end point
potentials. This limited potential range does not utilize the
whole available electrochemical window of PEDOT, but it was
used in order to compare the effect of GO reduction on the
capacitance values.
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The dependence of the specific capacitance of the films with
respect to their geometrical area and volume, calculated using
the macroscopic area of the film and the total film thickness
(Figure 1), is shown in Figure 6a,b as a function of the total
film thickness. The areal capacitance exhibits a nearly linear
dependence on the film thickness, both before and after the
reduction of GO in the film, and GO reduction leads only to a
small increase. The potential scan rate has a negligible effect,
especially after GO reduction. On the other hand, the
volumetric capacitance seems to level off after ca. 60 nm,
which corresponds to an approximate oxidative film thickness
of 110 nm (10 (PP/Ce/GO/Ce) tetralayers) and the leveling
of the surface roughness (Figure 1). The maximum volumetric
capacitance obtained for a (PP/Ce/(r)GO/Ce)n/PEDOT film
is 120−140 F cm−3. An independent estimation for the specific
capacitance per mass of PEDOT (note that this is not per mass
of the total film) can be obtained from the optically
determined thickness of the PEDOT film (Figure 1) and the
areal capacitance, using 1.5 g cm−3 as the density of neutral
PEDOT.83,85,86 Because the PEDOT film thickness depends
linearly on the number of tetralayers in the oxidative
multilayer, the behavior of the specific mass capacitance
closely mirrors that of the volumetric capacitance and reaches

values of 60−70 F g−1 with thicker films. Preliminary
electrochemical stability measurements showed that at least
90% of the initial capacitance is retained after 500 cycles,
similar to that of a multilayer of PEDOT and graphene.87

The contribution of GO on the film capacitance was also
studied using a film with 15 oxidative tetralayers without
PEDOT (Figure 6a,b). Before GO reduction, the capacitance
of the bare multilayer is negligible but amounts up to two-
thirds of the areal capacitance of a similar film with PEDOT
after the reduction, under the same experimental conditions.
The volume capacitance (calculated per volume of the film
before PEDOT deposition) displays similar behavior but the
values are lower, maximally 50% of the capacitance in the
presence of PEDOT. However, the capacitance without
PEDOT is highly dependent on the potential sweep rate,
which shows that the charge transfer in the (PP/Ce/rGO/
Ce)n films is slow because of the low conductivity of the rGO
or insufficient percolation. In the PEDOT-containing film, the
oxidation state of GO has only a small effect on capacitance,
although its effect on charge transfer rate is more pronounced
(Figure 5). Therefore, PEDOT is required in the film to
impose electrical connection throughout the film and to obtain
a highly redox-active film with fast charge transfer kinetics.
Interestingly, the contributions from rGO and PEDOT do not
seem to be additive, and part of the rGO/solution interfacial
capacitance is lost when the sheets become wrapped with the
polymer. As mentioned above, the Ce(IV/III) pair is also
redox-active in the rGO-containing multilayers before, but not
after, the PEDOT deposition. However, this pair is kinetically
so sluggish that its contribution is negligible in the
voltammetric time scale.

Figure 6. Specific (a) areal (mF/cm2), (b) volumetric (F/cm3), and (c) mass capacitance (per mass of PEDOT, F/g) of the (PP/Ce/GO/Ce)n/
PEDOT films measured in a three-electrode configuration with 10 mV/s (black symbols and lines) and 100 mV/s (red) sweep rates before and
after the reduction of GO to rGO (open and solid squares or circles, respectively). The capacitance of the (PP/Ce/GO/Ce)15 multilayer without
PEDOT shown in (a,b) before and after GO reduction (open and solid triangles, respectively) at the total thickness corresponding to a PEDOT-
covered multilayer. The inset in (c) shows the mass specific capacitance as a function of PEDOT film thickness. Lines are just a guide to the eye,
and standard deviation of thickness measurements is shown only for one curve for clarity. Capacitance error bars for films with rGO enhanced using
wider end gaps.

Langmuir pubs.acs.org/Langmuir Article

https://dx.doi.org/10.1021/acs.langmuir.0c00824
Langmuir 2020, 36, 6736−6748

6743

https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00824?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00824?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00824?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00824?fig=fig6&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c00824?ref=pdf


The reported capacitance values in the literature cover a
wide range because of different preparation methods,
composition, and measurement conditions. In addition, with
thin films, the measurement of the film thickness or mass is
prone to errors. Typical values for the specific volumetric
capacitance for PEDOT-based materials range from ca. 30 F
cm−‑3 to ca. 330 F cm−3.14,17,88 Based on electrochemical
considerations or DFT calculations, the theoretical specific
capacitance of pure PEDOT has been estimated to be ca. 210
F g−1 or 100 F cm−3.24,85 Nanostructured PEDOT-based films
were reported to have a specific mass capacitance in the range
110−150 F g−1.89 PEDOT is often applied as a polyelectrolyte
complex with PSS, and a recent study attributes the
pseudocapacitive behavior of PEDOT-PSS electrodes to the
double-layer charging at the domain boundaries between
PEDOT-rich and PSS-rich microphases, giving rise to a
volumetric capacitance of 34 F cm−3.17 A similar value of 39
F cm−3 has been obtained using electrochemical transistors.14

The error estimates for the capacitance values are relatively
large, especially with thinner films, and these errors originate
mainly from the uncertainty in the total film thickness. On the
other hand, the effective thickness of the PEDOT layer is
obtained using spectroscopic data, and these values are more
precise (there might be systematic errors because of
uncertainty in the optical parameters). Therefore, the specific
mass capacitance, calculated per mass of PEDOT, displays
smaller errors and behaves more smoothly as a function of total
film or PEDOT layer thickness. The behavior of capacitance as
a function of film thickness is interesting because there are only
very few papers dealing with the thickness dependence. The
capacitive current has been shown to increase linearly with film
thickness, as was also observed in this work (Figure 5c), which
implies linear dependence of the areal capacitance on thickness
and a constant volumetric capacitance.84 With much thicker
PEDOT/poly(ethylene oxide) networks, the specific mass
capacitance was constant until finally decreasing when ion
diffusion becomes a limiting factor (above ca. 100 μm).90 A
roughly linear relation between the observed capacitance and
film thickness was also observed with PEDOT/PSS transistors
below 1 μm.14 A constant mass specific capacitance (92 F g−1)
was obtained for electropolymerized PEDOT films.91 There-
fore, the values obtained in this work are well in accordance
with the published specific capacitances. A change in observed
volumetric or mass capacitance would imply changes in film
structure with thickness. Although it would be tempting to
assume that the observed capacitance of thin films displays
thickness-dependent contributions from, for example, inter-
facial and bulk (redox) capacitance, we attribute the apparent
change to experimental errors and, especially, to the non-zero
intercepts of the areal capacitance versus thickness plots
(Figures 6a and S14). Very thin films do not form a
homogeneous cover on the surface, and the observed behavior
will deviate from ideal.
The microscopic nature of the capacitance on PEDOT-

based electrodes has been considered recently. Mathematical
models based on coupled ion−electron diffusion and migration
have been shown to reproduce the form of the cyclic
voltammogram without any assumption of faradaic pro-
cesses.17 DFT calculations suggest charge storage in nano-
capacitors formed between the polymer chain and the
counterion.85 We have measured the spectral behavior of the
films over a wide potential range (Figure 5d) in the spectral
range of the π → π*(HOMO−LUMO) transition in PEDOT,

which is less affected by the complicated spectral features of
the polaronic and bipolaronic states than spectral behavior
above 700 nm. Clear spectral changes take place within the
potential range used for the capacitance determination,
showing that PEDOT reduction and oxidation take place
within the whole potential window. The effect of GO
reduction is very small, and the PEDOT/rGO (or GO)
interfaces do not significantly contribute to the overall
capacitance (Figure 6). In fact, the polymer reduces the
contribution from the rGO/solution interface. Therefore, even
with the thin films containing PEDOT, we attribute the
observed capacitance mainly to the doping−dedoping process
of PEDOT, which charges and discharges the polaron/
bipolaroncounterion nanocapacitors.85

All the films studied here are rather thin, below 200 nm, and
at the moment, we have not enough data to reliably extrapolate
the properties to much thicker films. However, after the
reduction of GO, the behavior of the current with the film
thickness suggests that charge transfer kinetics is unlikely to
become an important limiting factor in thicker films. A
thorough assessment of the application potentials of the films
as capacitive elements will, however, require more detailed
studies of the charge transfer kinetics, as well as measurements
using the two-electrode configuration, and these will be
covered in our ongoing work. In addition to the (PP/Ce/
GO/Ce)/PEDOT films, electroactive spin-spray LbL (PP/Ce/
GO/Ce)/polydopamine films have been prepared in our
laboratory from 5,6-dihydroxyindole.6 Preliminary experiments
show that the areal capacitance of a bioinspired (PP/Ce/GO/
Ce)20/polydopamine film at pH 7 (in a 0.1 M phosphate buffer
containing 0.1 M KCl) is ca. 3.5 mF/cm2 after the reduction of
GO, even higher than that of the corresponding PEDOT-based
film. The reduction of GO increased the capacitance of the
polydopamine film by an order of magnitude, and the results
highlight the potential of oxidative (PP/Ce/GO/Ce) multi-
layers as general platforms for capacitive films.

■ CONCLUSIONS

Coordinative (PP/Ce/GO/Ce) films are examples of reactive
LbL multilayers and represent a general technology platform
for the oxidative polymerization of conducting polymers into
their structure. The addition of GO into the oxidative films
increases the amount of cerium in the films per nominal Ce
layer. Compared to the dip LbL technique, the spin-spray LbL
film assembly is a much faster method for growing oxidative
multilayers with repeating (PP/Ce/GO/Ce) tetralayer strata.
The films grow linearly, and their surface roughness stays low
(below 15 nm), contrary to the corresponding films prepared
by the dip LbL technique, which display exponential growth
and high roughness.
EDOT polymerizes on the (PP/Ce/GO/Ce)n multilayers

and the amount of Ce(IV) in the oxidative film is the limiting
factor in the polymerization process. The reduction of Ce(IV)
and the formation of oxidized PEDOT follow the pseudo-first-
order kinetics. After drying, the resulting (PP/Ce/GO/Ce)n/
PEDOT films are thinner than the oxidative films before
polymerization. The initial amount of oxidant, Ce(IV), and the
amount of polymerized PEDOT depend linearly on the
thickness of the oxidative film. The effective thickness of the
formed PEDOT film and the amount of redox-active polymer
also increase linearly with the thickness of the oxidative
multilayer.
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The electrochemical behavior of the PEDOT-covered films
was studied before and after the reduction of GO to rGO. The
PEDOT effectively fills the underlying oxidative film, which
allows high electroactivity and facile charge transport without
diffusion limitation in a voltammetric time scale. The current
and redox changes also scale linearly with film thickness after
the reduction of GO to rGO. The effect of the GO reduction
can be attributed to a better conductivity of films containing
rGO.
The work aims at facile preparation of biodegradable

supercapacitors, and the (PP/Ce/GO/Ce)n/PEDOT films
were used as simple models. The capacitance values of the
electrodes were determined by cyclic voltammetry. The
specific areal capacitance scales linearly with the film thickness,
reaching ca. 1.6 mF cm−2 with a (PP/Ce/GO/Ce)20/PEDOT
film. The specific volumetric (per volume of the whole film)
and mass (per mass of PEDOT) capacitances were ca. 120−
140 F cm−3 and 60−70 F g−1, respectively, in accordance with
literature values for pure PEDOT-based films. With films
containing PEDOT, the GO or rGO sheets do not have a
significant contribution to the capacitance at scan rates of 100
mV/s and below. Preliminary tests showed that at least 90% of
the initial capacitance is retained after 500 potential cycles. In
addition, preliminary experiments with polydopamine, a
bioinspired redox-active material, yielded a capacitance of 3.5
mF/cm2. Further studies on the stability of the films, their
behavior in two-electrode configuration, and the charge
transport kinetics and interfacial processes are in progress.
We have previously presented studies of oxidative multi-

layers based on dip LbL (PP/Ce) and (PP/Ce/GO/Ce)
multilayers. The spin-spray technique allows a significantly
faster deposition of multilayers. The incorporation of GO
sheets into the structure always increases the surface
roughness, significantly with the dip LbL technique, but
results in films with higher oxidation capacity (more
incorporated oxidant) per nominal Ce layer. However, even
if the amount of deposited material per nominal layer or the
kinetics of EDOT polymerization vary in differently prepared
films, the effect of the film composition or fabrication
technique is very small when comparing films of the same
thickness. Therefore, the major and somewhat unexpected
result of the work is that the reaction kinetics and the reactant
capacity, important for these chemically reactive and redox-
active multilayers, are not noticeably affected by the assembly
technique. The GO sheets do not markedly influence the film
capacity or charge transfer kinetics, and (especially after
reduction) their main role in the PEDOT-containing films is in
structural reinforcement and layer thickness enhancement. The
deposited PEDOT affects the rGO/ambient interface in a
subtle way which hampers the utilization of the benefits of the
components in full. However, the results suggest that the spin-
spray-assembled oxidative multilayers are promising platforms
for the fabrication of capacitive films for charge storage
applications, based on various polymerizable materials.
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(82) Kotov, N. A.; Deḱańy, I.; Fendler, J. H. Ultrathin Graphite
Oxide−Polyelectrolyte Composites Prepared by Self-Assembly:
Transition between Conductive and Non-Conductive States. Adv.
Mater. 1996, 8, 637−641.
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