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ABSTRACT: Oxidative layer-by-layer multilayers, consisting of
polyphosphate (PP), Ce(IV), and graphene oxide, are a general
platform for the electrodeless, spatially resolved deposition of redox-
active and capacitive films of conducting polymers and melanin-type
materials. However, the film formation process has not been closely
examined. We show that PP plays a crucial role in the structure,
stability, and function of the multilayers. Random P−O−P bond
cleavage in PP at low pH rapidly decreases the effective chain length
and, together with the lower complexing capacity of the Ce(III)
species, leads to the dissolution of the oxidative multilayer during the
polymer film deposition. The multilayer dissolution takes place
during, e.g., poly(3,4-ethylenedioxythiophene) (PEDOT) film
formation, and produces a homogeneous polymer film on the
substrate. On the other hand, polymerization of 5,6-dihydroxyindole (DHI), an analogue of polydopamine, is carried out at higher
pH, and the DHI-melanin film forms only on the outer surface, leaving the bulk of the multilayer intact. This leads to a poor
electrical contact between the substrate electrode and the redox-active polymer film. Low pH and long deposition times are,
therefore, beneficial for the formation of good-quality redox-active polymer films. PEDOT films prepared using oxidative multilayers
have good specific volume and mass capacitance, and good retention of their capacitance. Capacitance spectroscopy revealed the
contribution of different dynamic processes and showed that the redox processes limit their capacitance in the 100 ms timescale,
restricting the power density of the film. The capacitance of the DHI-melanin films decreases drastically in the same timescale while
the capacitance and charge storage capacity values remain higher than those of the PEDOT films. Improving the electrical
connection to the substrate using alternative deposition techniques and increasing the film conductivity will make the DHI-melanin
films promising components for biodegradable supercapacitors.
KEYWORDS: layer-by-layer, PEDOT, melanin, supercapacitor, polyphosphate

■ INTRODUCTION
The layer-by-layer (LbL) sequential assembly of polyelec-
trolytes has been shown to be a very general technique for a
controlled and reproducible preparation of thin films.1 It is
insensitive to the nature, size, or form of the substrate and
allows us to create thin films with an almost unlimited variation
in composition and structure without sophisticated exper-
imental set-up or strictly controlled ambient conditions. In its
simplest form, it can be realized by dipping the surface
alternately in dilute aqueous solutions of a polyanion and
polycation (dip-LbL). This method is, however, time-
consuming and material-inefficient, whereas the spin-and-
spray LbL method offers greatly accelerated growth, and
improved film morphology and material efficiency.2

We have recently demonstrated that LbL multilayers
prepared using inorganic polyphosphate (PP), Ce(IV) ions,
and graphene oxide (GO) are oxidative multilayers that can be
used as general platforms for electrodeless preparation of

capacitive films.2−6 Such capacitive films can be used in
supercapacitors for energy storage purposes. Supercapacitors
have many beneficial properties such as a high power density,
long cycle life, and high operating safety. Simple electro-
chemical double-layer capacitors (EDLCs) store energy
electrostatically within the electrical double layer at the
electrode−solution interface and their electrodes are often
made from conductive and high-surface-area carbon materials.7

However, the downside of such supercapacitors is that they
have much lower energy density compared to, e.g., batteries,
and in pseudocapacitors, some of their power density and cycle
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life are sacrificed to enhance it.7 These capacitors store energy
in the oxidation state of the electroactive materials, and their
electrodes are often made using conducting polymers or metal
oxides.
Transient electrical devices could be used in many

applications such as environmental monitoring, consumer
electronics, data-secure hardware, and implantable medical
devices.8 These target applications set high requirements for
the energy storage materials powering the devices. They need
to be nontoxic, biocompatible, biodegradable, and still have
satisfactory mechanical and electrochemical properties.9 The
conducting polymer poly(3,4-ethylenedioxythiophene)
(PEDOT), for example, has good biocompatibility,10,11 and
it can be used in the supercapacitors powering implantable
bioelectronics.12 Conducting polymers, however, are not
generally biodegradable.10 One of the attractive material
candidates for biocompatible and biodegradable supercapaci-
tors is eumelanin, a ubiquitous quinone-based pigment in
nature.13−15 Eumelanin is a disordered and amorphous
material with complicated structure16 consisting of 5,6-
dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic
acid (DHICA) as its basic monomeric constituents in various
redox states and tautomeric forms. In addition to the redox
activity, eumelanin has a broadband UV−vis absorbance, and it
can effectively bind many metals.
A synthetic eumelanin analogue DHI-melanin can be

produced simply by oxidizing 5,6-dihydroxyindole.17−20

Similar to polydopamine coatings,21 the immersion of a
substrate in a dilute neutral solution of DHI leads to the
formation of thin DHI-melanin coating on its surface.20

However, due to the simultaneous aggregation of DHI in the
solution phase, the self-limiting thickness in a single-deposition
step is limited to ca. 20 nm.20 More advanced DHI-melanin
film fabrication methods include matrix-assisted pulsed laser
evaporation,22 electrochemical polymerization,23,24 and ammo-
nia-induced solid-state polymerization.14,25 We have previously
shown that oxidative multilayer films with a general structure
(PP/Ce/GO/Ce)n are suitable for the generation of
bioinspired electroactive melanin-type films from 5,6-dihy-
droxyindole (DHI).2,5 In these multilayers, the role of the
graphene oxide in the film is to enhance the multilayer growth
and its mechanical properties, whereas Ce(IV) acts as an
oxidant.6 Our aim has been to use oxidative multilayer films as
a general method for the preparation of thin films for
biocompatible and/or biodegradable supercapacitors. The
specific volumetric capacitance obtained for thin (PP/Ce/
(r)GO/Ce)n/PEDOT films is in the range of 120−140 F cm−3

(60−70 F g−1), and the (PP/Ce/rGO/Ce)n/(DHI-melanin)
films have considerably higher areal capacitance than the
PEDOT-based films.2 These results were encouraging for the
further optimization of oxidative multilayer films for the
preparation of electroactive films on desired substrates.
Despite the success of oxidative films as platforms for

polymer film formation their precise structure and action are
unknown. In this work, we have undertaken a more detailed
depth profiling of the oxidative multilayers covered with
PEDOT or DHI-melanin films using, e.g., the recently
introduced argon gas cluster ion sputtering to minimize the
chemical changes in the films.26,27 We also evaluated their
charge transfer kinetics and electrochemical stability using
electrochemical impedance spectroscopy and cyclic voltamme-
try, and showed how the polymer film formation conditions
affect the underlying oxidative multilayer.

Finally, we have now also detailed the role of polyphosphate
(PP) in the oxidative multilayers. We have previously
characterized other components of the oxidative multilayers
quite thoroughly.3,6 Polyphosphate is a polymer of orthophos-
phoric acid consisting of tetrahedral PO4 units joined together
via P−O−P bonds. Inorganic polyphosphates are large
nontoxic and biodegradable polyanions, which effectively
complex many cations. They can be branched polymers,
which are rapidly hydrolyzed in aqueous media, or linear
polymers found in the cells of all living organisms, which
makes them an important completely inorganic biomolecule;
they were long considered a molecular fossil but are now
known to participate in many vital biological functions.28−32

We show that they play also an important role in the structure
and function of the oxidative multilayers.

■ EXPERIMENTAL SECTION
Materials. Ammonium cerium(IV) nitrate (Sigma-Aldrich),

potassium ferricyanide (J.T. Baker), potassium ferrocyanide trihydrate
(Merck), sodium dihydrogen phosphate monohydrate (J.T. Baker),
sodium sulfate (VWR), sodium chloride (J.T. Baker), sodium
hydroxide (Sigma-Aldrich), natural graphite flakes (mesh 325,
99.8%; Alfa Aesar), sodium nitrate (Riedel), potassium permanganate
(Oy Tamro Ab), 5,6-diacetoxyindole (TCI), 3,4-ethylenedioxythio-
phene (EDOT, TCI), N-trimethoxysilylpropyl-N,N,N-trimethylam-
monium chloride (TMSPA, 50% in methanol, ABCR), sulfuric acid
(>95%, Fisher Scientific), glacial acetic acid (VWR), hydrogen
peroxide (30%, VWR), ammonium hydroxide solution (c.a. 25%,
Sigma-Aldrich), methanol (Riedel-de Haen̈), and ethanol (Etax AaS,
ALTIA, Finland) were used as received. Potassium metaphosphate
(98%, ABCR) was washed on a Büchner funnel with water and dried
at 110 °C to remove residual phosphoric acid. Graphene oxide was
prepared from graphite using the modified Hummers method (see the
Supporting Information (SI) for details). The graphene oxide dialysis
was performed using a 3500 molecular weight cutoff membrane
(Thermo Scientific SnakeSkin). All aqueous solutions were prepared
in water distilled twice in quartz vessels. Materials in the study of
polyphosphate degradation are described separately in the Supporting
Information.
Substrates. The films were assembled on glass slides with indium

tin oxide (ITO) coating on one surface. The substrates were washed
in a 5:1:1 (v/v/v) solution of H2O, 25% ammonium hydroxide, and
30% H2O2 for 30 min, rinsed with water, and dried first with N2 gas
and then at 110 °C. Dry substrates were pre-treated with 1:9 v/v
TMSPA/methanol solution for 10 min, washed with methanol and
water, and dried with N2 gas to obtain positively charged surfaces.
Layer-by-Layer Film Fabrication. The oxidative (PP/Ce/GO/

Ce)n multilayer films were prepared from 10 mM ammonium
cerium(IV) nitrate, polyphosphate, and graphene oxide. Polyphos-
phate solution (10 mM) was prepared by mixing 10 mM KO3P and
0.1 M NaCl and stirring overnight; a fresh solution was always used to
minimize polyphosphate hydrolysis. GO was exfoliated in an
ultrasonication bath (VWR USC500THD) for 30 min to prepare a
0.3 mg/ml GO suspension, and was used without delay. The oxidative
multilayer films were fabricated using an automated house-made spin-
spray multilayer deposition device.2 The precursor solutions were
sequentially sprayed on a horizontally spinning substrate (1500 ± 200
rpm) using the spraying scheme previously described.2 All films were
rinsed with water and dried with nitrogen flow.
Polymerization of PEDOT and DHI-Melanin. EDOT and DHI

were oxidized on an oxidative (PP/Ce/GO/Ce)n multilayer films for
17 h at pH 1.5 and for 2 h at pH 4.5 respectively (see the Supporting
Information for details).
Film Characterization. Electrochemistry. Electrochemical meas-

urements were made in a three-electrode configuration and all
solutions were deaerated with N2. A platinum wire was used as an
auxiliary electrode and a Ag/AgCl (eDAQ, ET072) as a reference
electrode. All potentials are referred to this reference, and its potential
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was checked against a Ag/AgCl (sat. KCl) laboratory standard before
and after every measurement series (deviation less than ±2 mV).
Measurements were done using either an IviumStat potentiostat
(Ivium Technologies) or a PalmSens4 potentiostat (PalmSens). The
impedance spectra fitting was made with Palmsens PSTrace 5.8
software. Additional details are given in the Supporting Information.
The effect of the electrochemical reduction of GO was studied by X-
ray photoelectron spectra (XPS) at several locations on a dry (PP/
Ce/(r)GO/Ce)15/(DHI-melanin) film, and the film thickness and
surface roughness were estimated with scanning white light
interferometry and atomic force microscopy (AFM), respectively.
X-ray Photoelectron Spectroscopy (XPS). X-ray photoelectron

spectra were measured with a Thermo Scientific Nexsa X-ray
photoelectron spectrometer using monochromated Al Kα (1486.6
eV) X-ray radiation. Reflection electron energy loss spectra (REELS)
were measured with the same device. For depth profiling and high-
resolution XPS analysis of contamination-free surfaces, the films were
gently etched with MAGCIS dual mode ion source using an argon gas
cluster ion beam with 4 eV cluster energy per atom (unless otherwise
specified). All XPS spectra were analyzed with Thermo Scientific
Avantage software (v5.9925) using a Shirley background and mixed
Gaussian/Lorentzian product function with an L/G mix value of 30%
in the peak fitting.
Scanning White Light Interferometry (SWLI). For thickness

analysis, the DHI-melanin-based film was etched with monatomic
Ar+ beam after Ar cluster depth profiling until a clear indium signal
was observed in the XPS survey spectrum. The thickness of the film
was estimated with a custom-made scanning white light interfer-
ometer as the average mean step height from 6 data points. A detailed
description of the instrument is provided in the Supporting
Information.
SEM-EDS and AFM. The scanning electron microscopy (SEM)

images were taken with Thermo Scientific Apreo S field-emission
SEM. Secondary electron micrographs were obtained from uncoated
samples at a pressure of 100 Pa (H2O) using a low-vacuum detector.
EDS spectra were collected and analyzed using an Oxford Instruments
Ultim Max 100 detector with AZtec v4.1 software. Atomic force
microscope (AFM) images were measured with Park Systems Park
NX10 in a noncontact mode. The AFM images were processed and
analyzed using Gwyddion 2.60 software. RMS surface roughness of
the films was estimated after excluding grains by 50 nm threshold
criteria.
NMR Spectroscopy. The 31P NMR spectra were acquired with a

Bruker Avance 400 FT NMR spectrometer (31P: 161.8 MHz)
equipped with a 5 mm BBO (broadband observe) probe using
(nondeuterated) H2O as solvent at 25.0 °C, without field-frequency
lock. The temperature was calibrated with an ethylene glycol standard
sample (80% ethylene glycol in DMSO-d6, Bruker Biospin). The 31P
NMR spectra were measured with the standard Bruker pulse-acquire
sequence zg using a 6.9 μs 90° excitation pulse (p1), 0.56 s acquisition
time (aq), 1.0 s relaxation delay (d1), 14.6 kHz spectral width (swh),
and 500−1000 scans (ns). (For the analysis of the 31P NMR spectra
and estimation of the shielding constants, see the SI.)

■ RESULTS AND DISCUSSION
Degradation of Polyphosphate. Polyphosphates are

rather stable at physiological pH but are hydrolytically
degraded in aqueous solutions due to the cleavage of the P−
O−P bonds by water. The degradation rate is known to
depend on pH, temperature, counterion, and polyphosphate
concentration.32 In general, low pH and high temperature
increase the degradation rate, while metal cations may either
enhance or inhibit the degradation, and different degradation
reactions have been suggested for linear polyphosphate chains.
Monomeric orthophosphate units can be cleaved from the
chain ends in a reaction, long chains can be cleaved in the
middle to generate shorter segments, and a nonhydrolytic
formation of cyclic trimetaphosphate anions has been

suggested. The mechanism of the hydrolytic cleavage involves
a nucleophilic attack of a water molecule to a positively
charged phosphorus atom,33 and at lower pH, protonation of
the P�O moiety leads to acid catalysis.
In the oxidative multilayers, the PP chains effectively bind

other components together by coordinatively bonding to the
metal ions.6 In addition, they modify the mechanical properties
of the multilayers. Therefore, the stability of the PP chains is
important for the applications of oxidative multilayers. The
degradation reactions have been studied using titrimetric,
chromatographic, and viscometric methods, and especially, by
nuclear magnetic resonance spectroscopy.34 Especially, 31P
NMR is the most straightforward method to study
polyphosphate chain degradation. All of the studies of PP
degradation are rather old, and we have considered it necessary
to have a closer look at the behavior of PP in different
conditions using 31P NMR spectroscopy. In linear poly-
phosphates, the phosphorus signals can be divided into three
main groups. The final degradation product, orthophosphate
(O), is usually taken as the reference signal (0 ppm). The
chemical shift of the phosphorus atoms in the middle of the
chain (M) is ca. −20 ppm, and that of the atoms at the chain
ends (E) ca. −10 ppm.34 In the spectrum of a highly degraded
PP sample the M (and E) signals show several overlapping
multiplets (Figure S2) because in short chains the chemical
shifts of the different phosphorus atoms can be differentiated.
However, we could not observe signals attributable to
branching sites (chemical shift estimated at ca. −50 ppm),
which suggests that the PP used is a linear polymer.
The signals due to the end groups allow the estimation of

the number average molar mass of the polymer (Figure 1, see

the SI for details). Because of the noise in the spectrum, the
longest chain lengths that could be reliably determined were
ca. 1600 monomer units. At pH 2, the end group signal was
detected already after a couple of hours, but at pH 4, only after
ca. 60 h (Figure S2). When PP was dissolved in pure water
(with 100 mM NaCl, initial pH ca. 4.5) the end group signal
appeared after ca. 7 days and no orthophosphate signal was
observed even after more than 40 days. This shows that the
cleavage of the PP chains preferably takes place in the middle
of the chain and not at the ends. We can obtain a simple
kinetic model for PP degradation by considering the cleavage
of individual bonds. During the hydrolysis, the total number of

Figure 1. Degradation of inorganic polyphosphate at pH 2 (298 K; 40
mM potassium polyphosphate in 100 mM NaCl + 10 mM phosphoric
acid; for the calculation of the error bars, see the SI). The line is a fit
to the kinetic degradation model discussed in the text. The cations are
not included in the number average molar mass. The inset shows the
linearization of the model.
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monomer units remains constant (includes also possible
monophosphates) and the number of chains (monomers
included) increases by one per every bond cleavage,
independent of its location (either in-chain or terminal). If
we assume that the probability of the P−O−P bond cleavage
does not depend on the position of the bond in the chain or
the chain length (assumed valid down to relatively short
chains) we obtain a kinetic equation for the average chain
length in the PP sample as (see the SI)

n
B
P

t1 exp( / )0

0

1Ä

Ç
ÅÅÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑÑÑ

=

Here B0 and P0 are the initial number of P−O−P bonds and
monomer units in the sample, respectively, and τ is the time
constant for the bond cleavage. Figure 1 shows a fit of the
model to the NMR data for the PP degradation at pH 2, and
also the linearization of the model (inset). The model well
describes the process, yielding B0/P0 = 1.0, as expected for long
polymer chains, and τ = (3160 ± 40) h for the P−O−P bond
cleavage time constant (error refers to the standard deviation
of the fit parameter; note that the nonlinear model weighs the
most important first data points more than the linearized form,
see the SI for discussion). The success of the model supports
the hydrolysis mechanism involving the P−O−P cleavages
mainly in the bulk of the chain; we were not able to detect any
cyclic products. In spite of the long time constant, the average
chain length decreases rapidly during the first 10 h because the
hydrolysis effectively splits longer chains. This has important
consequences for the oxidative multilayers because the
deposition of PEDOT takes place at low pH.
Film Composition. The (PP/Ce/GO/Ce)15, (PP/Ce/

GO/Ce)15/PEDOT, and (PP/Ce/GO/Ce)15/(DHI-melanin)
films were analyzed with X-ray photoelectron spectroscopy
(XPS) to obtain information about the film composition
before and after the polymer film formation onto the oxidative
multilayer. The attenuation length of the XPS photoelectrons
in the oxidative multilayer is ca. 3 nm, and thus the technique
provides information about the outermost part of the sample
surface.5 Therefore, the composition and chemical structure of
the film interior were studied by sputtering them using low-
energy argon clusters. This minimizes the chemical changes of
polymeric materials during sputtering and produces a more
reliable depth profile.26,27

Film Composition. (PP/Ce/GO/Ce)15/PEDOT. EDOT was
polymerized onto a (PP/Ce/GO/Ce)15 film from an aqueous
monomer solution at pH 1.5 (H2SO4). The composition of the
oxidative film is discussed in the Supporting Information. The
SEM image (Figure S6) shows that the (PP/Ce/GO/Ce)15/
PEDOT film surface is smooth and uniform, except that
structures due to GO are still visible. The survey spectrum is
dominated by the C 1s, O 1s, and S 2p peaks, and the Ce and
P signals are greatly attenuated (Figure S6). The depth
profiling, which was continued until the indium signal was
observed, shows that the atomic composition of the (PP/Ce/
GO/Ce)15/PEDOT film is very uniform throughout the film,
including the outermost surface (Figure 2). Cerium and
phosphorus are almost completely depleted from the whole
film, indicating that the film is practically pure PEDOT with
some remaining GO after the polymerization step. High-
resolution XPS spectra of the (PP/Ce/GO/Ce)15/PEDOT
film are well in accordance with that of a PEDOT polymer,
further evidencing that PEDOT produced via oxidative

multilayers is similar to PEDOT produced by other techniques
(see the Supporting Information for details). The uniform
composition of the film and lack of PP and Ce can be
attributed to the rapid hydrolysis of polyphosphate under the
highly acidic conditions applied during EDOT polymerization.
The hydrolysis breaks the coordinative Ce-PP network and
leads to the dissolution of the phosphates in the polymer-
ization solution. The low complexing power of the Ce(III)-ion
also prevents its complexation by the coordinative groups in
the remaining GO.5 The dissolution of the multilayer
framework provides also a natural explanation for the
previously observed shrinkage of the film after PEDOT
formation.2 The C:O:S atomic ratio of the (PP/Ce/GO/
Ce)15/PEDOT film is 7.6:3.3:1 (an average of 19 measure-
ments from the argon cluster sputtered film with 2−8 eV
energy per Ar+ atom), close to 6:2:1 expected for pure
PEDOT. The higher amounts of carbon and oxygen can be
attributed to the remaining GO in the film implying that
PEDOT amounts to ca. 80% of the mass of the film.
Film Composition. (PP/Ce/GO/Ce)15/(DHI-melanin). DHI-

melanin was oxidized onto the (PP/Ce/GO/Ce)15 film at pH
4.5. The resulting film has a globular surface structure (Figure
S9), similar to that of a eumelanin/(graphene-type) hybrid
material.35 The high ridges seen in Figure S9a correspond in
size to the GO flakes, and they disappear after the reduction of
GO, which can be attributed to the wrapping of the GO sheets
upon reduction.36 Excluding the ridges, the RMS surface
roughness of the film is low, ca. 19 nm (from 10 × 10 μm2

images), unaffected by the electrochemical reduction of GO,
and close to the values of the corresponding (PP/Ce/GO/
Ce)15 and (PP/Ce/GO/Ce)15/PEDOT films.2 The thickness
of the (PP/Ce/rGO/Ce)15/(DHI-melanin) film is ca. 270 nm,
as estimated by scanning white light interferometry (Figure
S14). Unfortunately, the method could not be used for the
(PP/Ce/GO/Ce)15/(DHI-melanin) film because the contrast
was too low in this case.
The molecular structure of the DHI-melanin is complicated

but it is thought to be composed of indole-based oligomers
(dihydroxyindole, DHI, its oxidized form indolequinone IQ,
and its tautomeric forms quinone methide QM, and quinone
imine QI; Figure 3a) and their oxidative ring-cleavage
products, such as pyrrolecarboxylic acid moieties.17−19,37

Theoretical calculations show that DHI is the most stable

Figure 2. Relative atomic concentrations of (PP/Ce/GO/Ce)15/
PEDOT film during depth profiling. The relative atomic concen-
trations of the sputtered (PP/Ce/GO/Ce)15 film are shown for
comparison (open symbols and percentages in parentheses).
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catecholic form, both in the gas phase and in an aqueous
solution.37 On the other hand, IQ and QM are close in energy
in vacuum,37,38 likely due to intramolecular hydrogen
bonding.38 However, the o-quinone form IQ is more stable
in water by many kJ mol−1,37,38 and the other main tautomer of
indolequinone, quinone imine QI, is even less stable than
QM.37,38 On the other hand, recent thermodynamic
considerations suggest that, under the current conditions

where the material is formed in a partially oxidized state at pH
4.5, QM may be present in similar amounts in aqueous
solutions.39 Therefore, DHI, QM, and IQ would be the main
reduced and oxidized forms of the as-synthesized DHI-
melanin.
In addition to carbon, oxygen, phosphorus, and cerium, the

(PP/Ce/GO/Ce)15/(DHI-melanin) film also contained nitro-
gen and sodium (Figures 3 and S3). Sodium is a remnant of

Figure 3. (a) Structures of 5,6-dihydroxyindole (DHI), and different tautomers of its oxidized form (5,6-indolequinone, IQ; quinone methide,
QM; quinone imine, QI). (b) Survey spectrum of the (PP/Ce/GO/Ce)15/(DHI-melanin) film at different sputtering stages. (c) Relative atomic
concentrations of the (PP/Ce/GO/Ce)15/(DHI-melanin) film during depth profiling.

Figure 4. (a−c) C 1s, O 1s, and N 1s spectra of the (PP/Ce/GO/Ce)15/(DHI-melanin) film after light sputtering for 40 s. The inset in (c) shows
the dependence of the imine/amine ratio ([�N−] / [R2NH]) on the total metal atom-% (Ce + Na) in the film (the dashed line is a linear fit to
the data points).
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the buffer used in the polymerization. The atomic distributions
display a marked depth dependence with the melanin-type
material being concentrated close to the outer surface. Both
cerium and polyphosphate were absent from this region,
suggesting that DHI-melanin covers the whole surface, in
accordance with our previous results.5 The fraction of carbon
and nitrogen (indicating the presence of melanin) dropped as
the film was sputtered with a concomitant rise in the fraction
of oxygen, phosphorus, and cerium (indicating the presence of
the oxidative film). However, the removal of the DHI-melanin
outer layer required longer sputtering times compared to
PEDOT film (Figures 2 and 3), which implies stronger
adhesion of the DHI-melanin coating.25

The structure of the oxidative multilayer was partially
preserved in the bulk of the (PP/Ce/GO/Ce)15/(DHI-
melanin) film (Figure 3) but the Ce/P ratio was slightly
smaller than in the bulk of a bare oxidative multilayer (ca. 2.1
and 2.7, respectively). Only little melanin-type material was
found in the bulk both before (Figure 3) and after the
electrochemical reduction of GO (Figure S10), as seen in the
low amount of nitrogen, but some interpenetration down to
the substrate surface takes place, as also evidenced by the
electroactivity of the (PP/Ce/rGO/Ce)n/(DHI-melanin) films
(vide inf ra). The difference between the DHI-melanin and
PEDOT-coated films is caused by the higher pH (4.5 vs 1.5)
and shorter reaction time (2 vs 17 h) in the former case.
Polyphosphate hydrolysis is markedly decreased under these
conditions, and the oxidative film deterioration close to the
outer surface is mostly caused by the low coordination
capability of the Ce(III) ion formed. The DHI monomers
cannot effectively enter the bulk of the multilayer either.
The (PP/Ce/GO/Ce)15/(DHI-melanin) film was slightly

cleaned by an argon gas cluster sputtering for 40 s to remove
any possible impurities from the surface before recording the
high-resolution XPS spectra in Figure 4 (see the Supporting
Information for data of 0 s and 10 s sputtered film). The as-
synthesized DHI-melanin is in a partially oxidized form and the
C 1s spectra of the outer part of the film can be deconvoluted
with four main peaks corresponding to C−C/C�C, C−N,
C−O, and C�O carbons, and with three additional small
peaks attributed to COOH, COO−, and a satellite peak. The
binding energies are generally in accordance with the
literature5,27,40 and the ratio of carbon functionalities is within
the values anticipated for DHI-melanin, e.g., close to the DHI3/
(pyrrole-2,3-dicarboxylic acid) tetramer17,19 (Table S5).

Relative areas of the carbon−nitrogen and carbon−oxygen
peaks in the C 1s, O 1s, and N 1s spectra are also in good
accordance with each other (Table S5). Transition-metal ions
can enhance the intra- and extradiol cleavage of the catechol
rings,41 and the COOH groups formed in the ring cleavage act
as a binding site for Na+ ions.42 Finally, the presence of the
high-BE shake-up signal is confirmed by the reflection electron
energy loss spectrum (REELS) of the film (Figure S13). The O
1s spectrum of the outer part of the film can be deconvoluted
with two main peaks, C�O (531.5 eV) and C−O (533.3
eV),5,27,40 together with a wide Na Auger and a satellite peak.
It can be estimated that ca. 50% of the DHI-melanin is in the
oxidized form.
The N 1s spectra of polydopamine have often been reported

to contain a peak attributed to a primary amine (R-NH2) or its
protonated form (R-NH3

+), with the binding energy of ca. 402
eV.41 In all of these cases, the polydopamine film has been
prepared by the oxidation of dopamine, and the amino
functionality represents uncyclized monomers in the final
product. On the other hand, in DHI-melanin films no free
amino signal has been observed, and the major peak can be
attributed to the pyrrolic nitrogen (R-NH-R) in the indole
structure (400.3 eV).5,27,40 Cleavage of the pyrrolic 5-ring can
thus be ruled out. On the other hand, the minor component in
the N 1s spectra at 398.5 eV was not observed in our previous
work, probably due to the lower resolution of the spectra.5

Calculations suggest that the QM form with a �N− nitrogen
group is present in DHI-melanin,37−39 and we attribute the
peak at 398.5 eV to the �NR (imine group).18,27,40 However,
like Paulin et al., we observed that the �NR/R2NH group
ratio increases significantly with film etching time.27 The pKa
value of the secondary amine in IQ and DHI is most probably
so high that the formation of an imino-like structure by
deprotonation need not be considered. On the other hand,
metal-ion binding is likely to affect the imine formation in
DHI-melanin,37,41 and the sputtering results offer now a direct
way to study this hypothesis because the relative amount of
cations, especially the cerium ions, increases with the film
etching time (Figures 3, 4, S10, and S11). The presence of QM
makes the imine/amine ratio nonzero even when no metal is
present but the [�N−]/[R2NH] ratio increases roughly
linearly with metal content (Figures 4c and S11), which we
attribute to the effect of metal coordination on the DHI form.
Overall, based on the results of this study, the polymer film

formation mechanism on the oxidative multilayer can now be

Figure 5. Role of polyphosphate hydrolysis during the monomer oxidation on the oxidative film. Film thicknesses shown are only schematic.
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explained. The polymer film formation on the oxidative
multilayer takes place before the GO reduction. The SEM,
XPS, and electrochemical studies of oxidative films in ferro/
ferricyanide solution suggest that the monomers are unlikely to
penetrate deep into the multilayer, and therefore, the reaction
proceeds from the solution/multilayer interface (see the
Supporting Information for details). However, during
PEDOT film formation the polyphosphate hydrolysis takes
place within the multilayer and PP and cerium are released as
monomers are oxidized. Our earlier data show that Ce(IV)
disappears from the film at approximately the same rate as
PEDOT is formed, which supports this conclusion.2 On the
other hand, during the DHI-melanin formation, polyphosphate
is not hydrolyzed to any significant degree, and the multilayer
dissolution is mainly due to the lower complexing power of
Ce(III). The bulk of the oxidative multilayer is stable and
prevents DHI from entering deep inside it, which restricts the
melanin formation mainly close to the multilayer/solution
interface. Therefore, the decomposition of the oxidative
multilayer concurrently with the monomer oxidation and
subsequent reactions is favorable to the use of these LbL
multilayers for polymer film formation (Figure 5). The
reduction of GO is carried out after the film formation but
the data presented suggest that this does not have a marked
effect on the polymer film (Figure S10).

Capacitance of (PP/Ce/(r)GO/Ce)n/PEDOT Films. The
behavior of a (PP/Ce/GO/Ce)15/PEDOT film was studied
with electrochemical impedance spectroscopy (EIS) at differ-
ent potentials between −0.2 V and +0.6 V (vs Ag/AgCl), both
before and after the reduction of GO. The XPS results showed
that this film consists only of PEDOT polymer and some
graphene oxide sheets, with very little polyphosphate left, and
it is homogeneous throughout its thickness. In addition,
PEDOT in the film is in the oxidized state in the entire
potential range2 and the conductivity of the polymer increases
with the potential.
The cyclic voltammograms of the (PP/Ce/(r)GO/Ce)15/

PEDOT film are shown in Figure 6a. The voltammograms are
nearly rectangular in form, which is typical for capacitive
behavior. The integrated capacitance clearly depends on the
sweep rate, i.e., the experimental timescale, and the reduction
of GO increases the capacitance. On the other hand, the
differential capacitance decreases slightly with potential (inset
of Figure 6a), as the cathodic and anodic current traces are not
parallel. At 100 mV/s sweep rate, the initial integrated
capacitance is ca. 0.9 mF/cm2 with good charging−discharging
stability. After the initial drop within the first 500 cycles, the
capacitance decreases only ca. 2−4 percentage points/1000
cycles, and ca. 80% of the initial capacitance is retained after
4000 cycles, comparable with other PEDOT-based films
(Figure 6b).43,44

Figure 6. (a) Cyclic voltammograms of the (PP/Ce/(r)GO/Ce)15/PEDOT electrode at 10 and 100 mV/s sweep rates (integrated capacitance
values shown). The inset shows the differential capacitance (Cdiff) as a function of potential (at 100 mV/s) for films with GO and rGO. (b)
Capacitance retention of the (PP/Ce/GO/Ce)15/PEDOT electrode as a function of charging−discharging cycles at 100 mV/s.

Figure 7. (a) High-frequency part of the Nyquist impedance plots of the (PP/Ce/(r)GO/Ce)15/PEDOT electrode in 0.5 M Na2SO4 solution at
different potentials (vs Ag/AgCl). The inset shows the whole frequency range. (b) Bode plots of the same electrode at different potentials. The
inset shows the behavior of the capacitance and resistance attributed to the high-frequency semicircle as a function of potential.
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The impedance behavior of PEDOT films is quite
complicated (Figure 7, see the SI for Kramers−Kronig test
results for data quality validation), and is best described by a
transmission line model and its modifications.45 We do not
consider that a quantitative analysis of the EIS results by
equivalent circuits would markedly add to the understanding of
the properties of the (PP/Ce/(r)GO/Ce)15/PEDOT films.
On the other hand, a qualitative inspection of the impedance
spectra can lead to some physically important conclusions. At
medium-to-low frequencies, the Nyquist plots display a gradual
change from a nearly capacitive behavior toward a diffusion-
controlled domain. This behavior is qualitatively similar to that
on a pseudocapacitive electrode, and the phase angle in this
frequency range is close to a purely capacitive behavior.46 The
reduction of GO slightly increases the nonideal behavior of the
film at the lowest frequencies, which can be attributed to the
morphological changes involved.
At high frequencies, the Nyquist plots show a semicircle-like

feature (a hump in the Bode plots), which is not usually
observed in the impedance spectra of PEDOT films, except
sometimes in nonaqueous solutions.47,48 Such a semicircle is
often attributed to the interfacial charge transfer resistance, or
to the interfacial impedance at the electrode/film interface.46

The simplest model for a capacitive interface consists of a
parallel double-layer capacitor Cdl and a parallel resistance Rp
in series with a solution/electrode resistance.49 This model
describes the semicircles in the Nyquist plots rather well
(Figure S20 and Table S8), and the resulting capacitance and
parallel resistance values are shown in the inset of Figure 7b at
different potentials before and after the GO reduction. This
capacitance is negligible compared to the observed total
integrated capacitance (Figure 6), and it is quite insensitive to
the applied potential and the state of GO in the film, but the
parallel resistance shows a minimum and decreases upon the
GO reduction (except at the lowest potential). This resistance
determines the leakage current through the interface at the
time domain corresponding to these high frequencies. Its
complex behavior as a function of potential and GO redox
state cannot be unambiguously interpreted, and as seen below,
it is not relevant to the overall properties of the capacitive film.
We can tentatively attribute the behavior to changes in the film
conductivity and the morphological changes upon the GO
reduction and PEDOT film swelling during its doping.

The impedance spectroscopy commonly used in electro-
chemistry is only one form of the general immittance
spectroscopy. In studies of system dynamics, another form,
called capacitance spectroscopy, can offer certain advantages
over the EIS. Capacitance spectroscopy is a model-
independent tool that yields information about the charge
transfer kinetics and other dynamic processes.50,51 The
complex capacitance is defined as C(ω) = 1/(jωZ(ω)),
where j is the imaginary unit, and ω = 2πf the angular
frequency. The real C′ and imaginary C″ parts of it are
obtained from the impedance data according to eqs 1 and 2,
where Z′ = Z′obs− Rs (Rs = solution and electrode resistance
(26 Ω), which is usually subtracted from the observed
impedance)50,51

C
Z
f Z2 2=
| | (1)

C
Z
f Z2 2=
| | (2)

The complex capacitance is directly related to the complex
dielectric function and yields information about any relaxation
processes in the system.52 The real part is related to the film
capacitance and the imaginary part to conductivity and energy
loss terms.53Figure 8 shows the real and imaginary components
of the complex capacitance of the (PP/Ce/(r)GO/Ce)15/
PEDOT film as a function of excitation frequency at different
potentials. At low frequencies, the real part of the complex
capacitance C′ is of the order of 1 mF/cm2, in line with the
integrated capacitance value, and decreases slightly with
potential. This is in accordance with the differential
capacitance, which is seen to decrease with potential (Figure
6a).
The imaginary component C″ represents the frequency

dependence of all kinds of relaxation phenomena at the
electrode.50Figure 8b shows that C″ displays a clear maximum
at around 10 Hz, concurrent with a large drop in C′, nearly
independent of the GO reduction and electrode potential,
except at the most cathodic potential (Table S9). To
unambiguously differentiate between relaxation due to redox
reactions and other processes the capacitance spectrum should
be measured at potentials where PEDOT is not electroactive.51

This is not feasible in this case as it would require exposing the

Figure 8. Real (a) and imaginary (b) parts of the complex capacitance as a function of frequency for the (PP/Ce/(r)GO/Ce)15/PEDOT electrode
in 0.5 M Na2SO4 at different potentials. The inset in (a) shows the voltammetrically obtained integrated areal capacitance of the (PP/Ce/rGO/
Ce)15/PEDOT as a function of the inverse of the voltammetric timescale (=RT/Fv). The inset in (b) shows the relaxation time corresponding to
the maximum of C″ as a function of potential. The processes contributing to the film capacitance in different time domains are schematically shown
in (a).
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film to very cathodic potentials for a longer time. However, the
high-frequency edge of the C″ peak coincides with the low-
frequency end of the semicircle in the Nyquist plots, as clearly
seen when comparing Figure 8b and the Bode plots in Figure
7b, and the peak maximum is well in the rising part of the
Nyqvist plot, attributed to the pseudocapacitive behavior of the
film in the form of redox reactions.46 Therefore, we can
attribute the C″ maximum to charge transfer phenomena.54

The analysis of the Nyquist plots suggested that the high-
frequency semicircle is due to interfacial nonfaradaic processes,
which conclusion is further supported by the capacitance plots.
The behavior of the high-frequency parts of the C′ and C″
plots (corresponding to the frequencies of the semicircles in
the Nyquist plots) does not follow that expected for a
relaxation process but is in accordance with the model of
interfacial nonfaradaic phenomena (see the SI for details).
These high-frequency phenomena have only a negligible effect
on the overall capacitive behavior of the film.
We can, therefore, elaborate our earlier conclusions about

the source of the (r)GO/PEDOT film capacitance.2 At long
timescales, the small intrinsic electrical double-layer capaci-
tance of the film (passive capacitance, seen at high frequencies;
Figures 8a and S21) and the charge transfer (active) redox
pseudocapacitance, mechanistically due to the charging/
discharging of the nanocapacitors consisting of the polymer
and counterions (seen at low−medium frequencies; Figures 8a
and S21), both contribute to the observed capacitance.
However, when the timescale becomes smaller the transfer
processes have no time to contribute, which leads to a decrease
in the observed capacitance and is clearly seen in the
previously reported scan rate dependence of the (r)GO/
PEDOT film capacitance.2 If the characteristic voltammetric
timescale55 is taken as (τ = RT)/Fv we can define a
voltammetric frequency scale as f = 1/τ. This approximate
analysis allows us to compare the voltammetric and impedance
results, showing that the drop in the integrated capacitance
takes place at frequencies close to the C″ peak (inset of Figure
8a). The anomalous effect of the GO reduction at −0.2 V vs
Ag/AgCl is significant only at very low frequencies below 0.1
Hz, in which timescale we can expect diffusional mass transfer
control to be important. The conductivity of the film is also
low at this potential, decreasing the contribution from redox
processes and emphasizing passive double-layer charging.

The time constant τ corresponding to the maximum of C″ is
often used as a figure of merit for supercapacitors because it is
directly related to the effective discharge rate, and therefore the
power density, of the capacitor.50,56,57 Except for the rGO-
containing film at the lowest potential the time constant is (90
± 20) ms (inset of Figure 8b and Table S9; the error refers to
the standard deviation of data). It is practically independent of
the redox state of GO in the film, which is understandable
because (r)GO is only a minor component in the film. This
value is very small in comparison to many other capacitive
films based on carbonaceous materials or polythiophenes and
their composites.50,56−62

Capacitance of (PP/Ce/rGO/Ce)n/(DHI-melanin) Films.
Our aim is to create biodegradable supercapacitors for
transient electronics, and although the biocompatibility of
PEDOT is relatively good,10,11,63 it is not an ideal material for
this purpose. Bioinspired materials would be desirable, and
melanins and other quinonoid compounds have recently
attracted attention as versatile and cost-effective bioinspired
alternatives for supercapacitor electrode materials.13−15,64

The electrochemical reduction of GO (Figure S24)
significantly enhances the electroactivity of the (PP/Ce/GO/
Ce)n/(DHI-melanin) films, and all electrochemical measure-
ments were performed after the reduction. Cyclic voltammo-
grams of the (PP/Ce/rGO/Ce)n/(DHI-melanin) films are
shown in Figures 9a and S23, using a rather small potential
range because of the irreversible changes in the DHI-melanin
at higher anodic potentials in aqueous media.5,24 The
voltammograms do not show any specific redox process in
the studied potential range, which is typical to the DHI-
melanin,14,65 even though its oxidation state changes
continuously within the whole potential window.5 This can
be attributed to the convolution of several redox processes of
various redox pairs in different chemical environments.13

The areal capacitance and charge storage capacity of the
(PP/Ce/rGO/Ce)n/(DHI-melanin) films strongly depend on
the timescale of the experiment, and they are compared to the
corresponding values of the (PP/Ce/rGO/Ce)15/PEDOT and
(PP/Ce/rGO/Ce)15 films in Figure 9b (the upper axis shows
the characteristic voltammetric frequency to allow comparison
with the PEDOT films). Both the areal capacitance and
capacity of the (PP/Ce/rGO/Ce)15/(DHI-melanin) films are
much higher than those of the (PP/Ce/rGO/Ce)15/PEDOT
film, especially at low sweep rates. However, they decrease

Figure 9. (a) Cyclic voltammograms of the (PP/Ce/rGO/Ce)15 (in 0.5 M Na2SO4) and (PP/Ce/rGO/Ce)15/(DHI-melanin) films (in 0.1 M
phosphate buffer with 0.5 M Na2SO4, pH = 7.1). (b) Capacitance and the charge storage capacity of the (PP/Ce/rGO/Ce)15, (PP/Ce/rGO/
Ce)15/PEDOT, and (PP/Ce/rGO/Ce)n/(DHI-melanin) films with different sweep rates (n = 6 or 15). Data for (PP/Ce/rGO/Ce)15 and (PP/Ce/
rGO/Ce)15/PEDOT films have been taken from our earlier work.2
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rapidly with the sweep rate, which is unfortunately typical for
melanin-based electrodes.13,65 On the other hand, the areal
capacitance and capacity still remain higher than with PEDOT-
based films in the entire sweep rate range studied. This shows
that melanin-based materials have a good potential for efficient
biocompatible supercapacitor films but the dynamic properties
of the studied films are not optimal. We envision that the
charge transfer kinetics of the material can be improved by
mixing DHI-melanin and materials with higher electronic
conductivity,35 or by using alternative deposition methods that
are currently being investigated. In fact, the present work has
shown that the oxidative LbL multilayers are not optimally
suited for the deposition of DHI-melanin films because the
intact multilayer beneath the polymer film greatly increases
electrode resistance. However, the oxidative multilayers can
produce high-quality PEDOT films.
Finally, it may be noted that, outside the potential window

used for the capacitance measurements, the voltammograms of
(PP/Ce/rGO/Ce)n/(DHI-melanin) have a distinctive feature,
an evident redox peak pair at ca. −0.85 V during the reduction
of GO (Figure S24). This peak is observed at slightly more
cathodic potentials than the oxidation−reduction peaks of the
[Ce(catecholate)4]4− complex or related compounds,66,67 and
we attribute the observed redox peaks to the Ce(III)/
Ce(IV)�DHI-melanin complexes in the film. The cathodic
peak current (Figure S24) is clearly higher than the anodic
one, suggesting that the Ce(III) DHI-melanin complex is
much less stable and more prone to side reactions.67 It is
noteworthy that in the oxidative films the Ce(III)/Ce(IV)
redox pair is typically sluggish3,4 and these redox peaks were
not observed in the reduction voltammogram of the bare
oxidative (PP/Ce/GO/Ce)15 film (data not shown). However,
this redox process is not relevant to the use of these films in
capacitors, except that they show the presence of electroactive
cerium species in the films.

■ CONCLUSIONS
Oxidative multilayers prepared by sequential layer-by-layer
deposition using polyphosphate (PP), Ce(IV), and graphene
oxide (GO) provide an effective electrodeless method to form
electroactive and capacitive polymer films on spatially defined
areas. It has been known that in these multilayers Ce(IV) acts
as an oxidant and GO enhances the multilayer growth and its
mechanical properties. In this work, we have shown that PP is
an essential component that binds the multilayer together, and
it is hydrolyzed under acidic conditions by a random cleavage
of the P−O−P bonds in the linear chain. This mechanism
rapidly decreases the mean polymer chain length, which leads
to the dissolution of the multilayer, especially when Ce(IV)
has been converted to less coordinating Ce(III) during the
polymerization reactions. This happens with conducting
polymers, e.g., PEDOT, when polymerized at low pH.
However, this seems to be advantageous because, in spite of
the multilayer dissolution, the process leads to a homogeneous
polymer film well attached to the substrate and removes most
of the bioincompatible cerium from the film. The so-formed
PEDOT film is thinner than the original oxidative multilayer
and consists mainly of the polymer with a small amount of GO
(ca. 80% w/w PEDOT) but only negligible amounts of cerium
or PP. This guarantees a good-quality conducting film with
direct electrical contact with the substrate electrode. On the
other hand, in the case of DHI-melanin formation the reaction
time is too short and the pH too high for a significant PP

hydrolysis to take place. Therefore, DHI-melanin film is mainly
formed only on the exterior surface of the oxidative multilayer
while the bulk of the multilayer remains intact. This severely
weakens the electrical contact between the redox-active
melanin-type film and results in a long time constant for
electrochemical processes. In general, the oxidative multilayers
produce good-quality polymer films when the PP hydrolysis
rate is much faster than the polymerization rate.
The formed PEDOT films possess good specific volumetric

and mass capacitance, which are well retained after successive
charging−discharging cycles. We have used capacitance
spectroscopy to identify various dynamic processes that
contribute to the capacitance and the electrochemical behavior
of the film in general. The analysis shows that interfacial
capacitance, redox pseudocapacitance, and mass transfer effects
all contribute to the observed capacitance at different
timescales and experimental frequencies. The interfacial
capacitance is effective at high frequencies, but its contribution
is negligible to the capacitance observed at voltammetric
timescales. The main contribution at voltammetric timescale
comes from redox processes, which therefore pose the ultimate
limitation for the power density of the capacitive film. The
DHI-melanin films, on the other hand, have still higher areal
capacitance than the PEDOT films. The observed capacitance
decreases rapidly with decreasing timescale, however always
staying greater than that of the PEDOT film.
Fabricating melanin-type capacitive films suitable for

biodegradable supercapacitors requires improving the proper-
ties of the current films, although their energy density seems
promising. In this respect, two factors must be specifically
addressed. Using oxidative films is not a suitable technique to
prepare these films because the melanin-type material is
concentrated on the outer surface of the multilayer. The nearly
intact nonconducting multilayer between the redox-active layer
and the electrode greatly increases the film time constant,
thereby effectively decreasing the power density of the film.
This calls for alternative methods of film preparation, which is
not straightforward with these generally intractable materials,
that would also eliminate the use of a bioincompatible metal
like cerium. On the other hand, the conductivity of the
melanin-type material must also be increased, and the film
fabrication technique should have high material and cost
efficiency, and be sustainable and upscalable. We are currently
addressing these questions in our present ongoing work.
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