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The layer-by-layer assembly of polyaniline-PSS (PANI:PSS) complexes and iron oxide nanoparticles-
decorated few-layer graphene (Fe-FLG) from aqueous dispersions, yielding an electrode material with
excellent electrochemical capacitive performance in simple neutral aqueous electrolyte is presented. The
simple dip-coating procedure allows the effective incorporation of both materials and the control of the
film nanoarchitectonics. The resulting composite coating was characterized by XPS and Raman spec-
troscopies. A linear dependence of the capacitance on the film mass indicates that both building blocks
are efficiently (and electrochemically) connected within the films. The electrochemical performance of
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Si):evrocg;acitors the film-coated electrodes was tested in both acidic (0.1 M HCl) and neutral (0.1 M KCl) aqueous elec-
2D materials trolytes. Electrodes constituted of 15 self-assembled bilayers showed the best performance with a high
Graphene capacitance of 768.6 Fg~! and 659.2 Fg~! in 0.1 M HCl and 0.1 M KCl, respectively, at the current density

of 1Ag~. Moreover, a high stability to continuous cycling was observed, even in aqueous neutral so-
lution (86% capacitance retention after 1600 cycles at 3 A g~'). This ternary material then constitutes a
promising candidate for the construction of environmentally friendly supercapacitors.

© 2018 Published by Elsevier Ltd.

Conducting polymers
Energy storage

aspects in the construction of electrochemical devices for energy
storage applications [4,5]. In this sense, the layer-by-layer (LbL)
assembly becomes an enabling methodology facilitating the inte-
gration of polymers and nanomaterials in a controlled fashion,

1. Introduction

Nanoarchitectonics refers to the rational design and construc-
tion of nanostructures into functional materials with control at the

nanoscale [1-3]. Within nanoarchitectonics, the integration of
hybrid polymer—inorganic nanoarchitectures at solid interfaces has
attracted considerable attention in many electrochemical applica-
tions. In particular, the precise control of the film architecture and
the effective integration of the different building blocks are crucial
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avoiding nanomaterials aggregation and producing an intimate
contact of the film components [6,7].

Supercapacitors (SCs) are electrochemical devices able to store
charge by a nanometer-scale charge separation between the elec-
trolyte and the electrode material by two main mechanisms: the
electrochemical double-layer capacitance (EDLC) and redox
capacitance [8]. The SCs performance depends on the electrode
material and its nanoarchitecture, especially if composites or
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hybrid materials are employed [9,10]. Beyond the electrode
composition, an increase of the energy density can be achieved by
using organic electrolytes (increasing the operating voltage), but
with a concomitant loss of capacitance and power densities and
other disadvantages as their toxic nature and polluting production.
On the contrary, neutral aqueous electrolytes appear as a non-
corrosive good alternative due to a combination of different fac-
tors, as its high conductivity, low-cost, environmental-friendliness
[11].

Few-layer graphene (FLG) refers to a 2D-structure formed by a
small number (typically 2—10) of stacked graphene layers. These
carbon nanomaterials have become versatile building blocks in the
construction of electrochemical devices due to their unique elec-
trical, mechanical, and chemical properties [12—16]. The main
charge storage mechanism operating in these materials is the
double-layer capacitance, but the global capacitance can be
strongly increased by incorporating other electroactive materials,
such as metal oxides [17,18] or conducting polymers (CPs) [19—21].

Polyaniline (PANI) has been one of the most studied CPs for
supercapacitors applications owing to its inexpensive simple syn-
thesis and high stability and electroactivity in acidic solutions and
the possibility of storing charge by its reversible electrochemical
transformations (redox capacitance) [22—24]. However, the
swelling and shrinkage during the doping/dedoping process and
the poor electroactivity at pH 7 limit the storage performance and
cyclability of PANI-based SCs in neutral aqueous electrolytes.

Particularly, the complementary properties of carbon nano-
materials and PANI have recently promoted a great interest in
producing composites to be applied in charge storage devices
[25—27]. A synergistic effect can be attained by the high redox
switching rate of PANI and the mechanical stability and good
electronic conductivity of carbon nanomaterials [22,28]. Even an
increase in the electronic conductivity of PANI composites in
neutral solutions can be achieved by a doping effect within the
assemblies [29—31]. However, the control of composition and ar-
chitecture of the hybrid PANI/carbon nanomaterial coating remains
as a keystone for transforming the nanocomposite into an elec-
trochemically active film [32,33].

On the other hand, the combination of inorganic nanomaterials,
carbon nanomaterials and conducting polymers has been demon-
strated as an efficient way of merging the positive features of each
material [34—36]. As an example, Pardieu et al. [37] developed a
hybrid LbL assembly of PEDOT:PSS and Fe304 NPs-modified FLG
with good capacitance and cyclability, whereas Li et al. [38] pre-
sented a free-standing composite paper of MnO, nanoflakes/PANI
nanorods on rGO with even higher gravimetric capacitance in
Na,SOs3 solutions. Other systems comprising the integration of
Fe304, PANI and carbon nanomaterials have been reported to pre-
sent a good capacitive performance in acidic solutions [39,40].
Table 1 presents a detailed comparison of the capacitive perfor-
mance of some hybrid coatings.

Within this scenario, in this work we present a hybrid electro-
active material formed by the LbL assembly of PANI:PSS complexes
and iron oxide nanoparticles-coated FLG by dip-coating from
aqueous dispersions, yielding an electrochemically stable electrode
material. The capacitance and coating mass result linear on the
number of deposition cycles, indicating a homogenous film
growing-up and highly connected nanoarchitecture. The film-
coated electrodes present high capacitance retention when going
from highly acidic to neutral KCl solution, due to the enhanced
electroactivity of PANI. Moreover, charge-discharge curves showed
good cycling stability even in KCI solution, reinforcing its utility as
electroactive material in environmentally friendly aqueous
supercapacitors.

2. Experimental section
2.1. Chemicals

Aniline, Ammonium Persulfate (APS), Polyethylenimine (PEI)
(50% in Hy0, Mw~750 kDa), Poly (sodium 4-styrene sulfonate) (PSS)
(Mw~70kDa) were purchased from Sigma-Aldrich. Sulfuric Acid,
Hydrochloric Acid and Potassium Chloride were purchased from
Anedra. (1-Hexadecyl)trimethyl-ammonium bromide 98% (CTAB)
and 1-octadecene (90%) were purchased from Alfa Aesar. Expanded
graphite was purchased from Carbone Lorraine, Iron (II) stearate
(9% of iron) and sodium stearate (tech. grad.) were purchased from
Strem Chemicals. Oleic acid was purchased from VWR Chemicals.

All chemicals were employed as received except for Aniline,
which was vacuum distilled. All solutions were prepared with Milli-
Q water (18.2 MQ cm).

2.2. Fe-FLG synthesis

The FLG was obtained by ultrasonication of expanded graphite
in the presence of CTAB as surfactant. Briefly, 10 mg of CTAB was
dissolved in 200 mL of water and 200 mg of expanded graphite was
added. Probe sonication was performed during 2h at 120 W of
power. The material was filtered and dried overnight at 60 °C.

The synthesis method used to produce the iron oxide-modified
FLG was the thermal decomposition of iron stearate complex in a
high boiling point solvent in presence of FLG [41]. In more detail,
200 mg of FLG was firstly dispersed in a solution of 1.44 g of iron
stearate (II), 0.184 g of oleic acid and 0.706 g of sodium oleate in
15 mL 1-octadecene in a sonication bath during 15 min. The solu-
tion was heated to 120 °C in order to dry the material, and 15 min
later the system was closed with a cooling condenser and heated up
to 290 °C for 2 h. After the reaction, the Fe-FLG was cleaned with
chloroform by centrifugation 5 times and filtered on a Buchner
flask. The material was dried overnight at 60 °C. Finally, 25 mg of
Fe-FLG was dispersed in 25 mL of CTAB solution (1 g/50 mL) for
1 min probe sonication (120 W of power) in order to be used in the
LbL assembly process.

2.3. PANI:PSS complex synthesis

Firstly, a 5 mM aniline solution in 0.5 M HCl was prepared in a
40 mL falcon tube. The solution was stirred for 10 min and then PSS
was added to achieve a concentration of 5mM in monomer units.
Finally, solid APS was added to reach a 5 mM concentration and the
solution was stirred for 3 h. For the LbL building-up, a 1/10 dilution
of this stock solution was employed.

24. Layer-by-Layer assembly process

Before starting the assembly process, the Au electrodes were
cleaned with soft basic piranha solution (1NH4OH:1H;0,:7H,0).
The LbL assembly was started by immersing the substrates in a
1 mgmL~! PEI solution for 10 min [42]. After that, a rinsing with
Milli-Q water for 5 min was performed. Then, the substrates were
alternatively dipped in a PANI:PSS 1/10 in 0.5 M HCI solution for
10 min with a wash step in 0.5M HCl for 5min and in a CTAB-
exfoliated Fe-FLG solution with a rinsing with Milli-Q water for
5 min. This constituted a single bilayer, so the n times repetition of
that process yielded a (PANI:PSS/Fe-FLG), assembly.

2.5. TEM

Transmission electron microscopy was carried out on a JEOL
2100F with a voltage 200 kV and a point resolution of 0.2 nm. To
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Table 1
Supercapacitor performance comparison between this study and others.
Method Electrolyte (three electrode cell) Csp(Fg) Cycling Reference
stability
Spin-coating layer-by-layer of PEDOT:PSS 0.5 M Na,SO3 while N, bubbling 153Fg~'at  114% after [37] Pardieu et al.
and raspberry-like Fe304 NPs-modified 0.1Ag™! 1600 cycles  J. Mater. Chem. A, 2015, 3 (45), 22877
few-layer graphene —22885
Free-standing composite paper of MnO, 1M Na,SO3 636.5Fg ! at 85% after [38] Li et al.
nanoflakes/polyaniline nanorods hybrid 1Ag™! 10000 cycles J. Mater. Chem. A, 2015, 3 (33), 17165
nanostructures on reduced graphene —-17171
oxide
Layer-by-layer assembly of graphene oxide 1 M NaCl 151Fg~'at  85%after 1000 [61] Khoh et al.
and Fe304 NPs 09Ag! cycles Colloids Surfaces A Physicochem. Eng.
Asp. 2013, 436, 104—112
Stainless steel/multiwalled carbon Physiological electrolyte (PBS, pH 7.4, 0.1 M 401Fg'at  90% after 2000 [62] Ammam et al.
nanotubes/polyaniline electrode KH,PO4 + 0.1 M NayHPO4 + 0.1 M Nacl) 14Ag7! cycles Chem. Commun. 2012, 48 (14), 2036.
Graphite foam/PANI/SnS; 2 M Na,S04 300Fg'at 73%after 5000 [63] Wang et al. 2D Mater. 5 (2018)
by electrodeposition 1Ag™! cycles 031005.
Core-shell polypyrrole/polyaniline 1M Kcl 291Fg'at Notreported [64] Mi et al.
composite electrode 3Ag™! J. Power Sources 2008, 176 (1), 403
1M H,S04 416Fg ! at —409
3Ag!
Thin film layer-by-layer assembly of 1M HS04 3752Fg 'at 90.7% after [65] Lee et al.
graphene oxide and polyaniline 05Ag™! 500 cycles J. Mater. Chem. 2012, 22 (39), 21092
Layer-by-layer assembly of graphene oxide 1 M H,SO4 381Fg'at 83%after 1000 [66] Luo et al.
and polyaniline on polystyrene 4Ag7! cycles Electrochim. Acta 2015, 173, 184—192

microsphere followed by the removal of
the polystyrene template

Ternary 3D graphene-Fe;04-Polyaniline 1M H,S04
Ternary rGO/Fe304/PANI composite 0.5M H3PO4
Layer-by-layer assembly of iron-modified 0.1 M KCl
graphene and PANI:PSS complex
0.1 M HCl

486.5Fg ' at 52.1% after  [39] Mezgebe et al.

1Ag™! 2000 cycles  Mater. Today Energy 2017, 5, 164—172

631.7Fg ! at 78% after 5000 [67] Mondal et al.

1Ag™! cycles J. Phys. Chem. C 2017, 121 (14), 7573
—7583

659.2Fg ! at 86% after 1600 Our study

1Ag™! cycles

768.6Fg~! at 84% after 1600

1Ag™! cycles

prepare the simple, the powder was dispersed in ethanol by
ultrasonication and a drop of the solution was then deposited on a
copper grid covered with a carbon membrane.

2.6. XRD

X-ray diffraction measurements were performed on a Bruker D8
Advance with a source of copper and a LynxEye detector in the
20°—80° (20) range with a scan step of 0.03°.

2.7. DLS and zeta potential

A 1/10in 0.5 M HCI PANI: PSS diluted solution (the same used for
the LbL assembly process) was used for the dynamic light scattering
(DLS) and zeta potential measurements. DLS measurements were
carried out with a ZetaSizer Nano (Nano ZSizer-ZEN3600, Malvern,
U.K.) at 25°C. The zeta potential was determined from the elec-
trophoretic mobility measured by laser Doppler velocimetry with
the same equipment. The Smoluchowski approximation of the
Henry equation was employed for calculations. Measurements
were performed in triplicate using disposable capillary cells (DTS
1061 1070, Malvern) at 25 °C with a drive cell voltage of 30V and
employing the monomodal analysis method.

2.8. TGA

Thermogravimetric Analysis (TGA) was carried out on a Q500
Automatic Sample Processor (TA Instruments). Before the analysis,
the Fe-FLG was dried at 60 °C for 5 h. For the runs, the sample was
heated from 25 to 900 °C at a rate of 20 °C min~! under nitrogen gas
purge at 90 mL min .

2.9. XPS

The X-ray photoelectron spectroscopy (XPS) measurements
were carried out in an ultrahigh vacuum (UHV) spectrometer
equipped with a VSW Class WA hemispherical electron analyzer. A
dual anode Al Ka X-ray source (1486.6 eV) was used as incident
radiation.

2.10. QCM

The quartz crystal microbalance measurements were carried out
on the QCM-E1 (Gothenburg, Sweden) equipped with a quartz
crystal with gold. The fundamental oscillation frequency of this
quartz oscillator is about 5MHz. This apparatus allows the fre-
quency and dissipation shifts at 5, 15, 25 and 35 MHz to be moni-
tored. The LbL assembly process was performed ex-situ in a home-
made Teflon cell by exposing only the gold surface zone of the
sensor to the different solutions. After a certain number of bilayers
were assembled, the film was dried with N,. Four different mea-
surements were performed in dry state by mounting and
demounting the crystal. As the fundamental frequency and the
overtones are superimposed, the changes in frequency were
transformed into mass deposited per unit area upon use of the
Sauerbrey equation.

2.11. Raman spectroscopy

Raman spectra were acquired using a LabRAM ARAMIS confocal
microscope spectrometer equipped with a CCD detector. A 532 nm
laser was used as excitation source (100 mW -YAG-with Laser
Quantum MPC600 PSU).
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2.12. Electrochemical measurements

Electrochemical measurements were carried out with a Gamry
Reference 600 potentiostat. A three-electrode Teflon-lined cell was
used, with a capacity of 2 mL. The counter electrode used was a Pt
wire and the reference electrode used was a Ag/AgCl (3 M NaCl)
electrode. All the potentials presented here are referred to this
electrode. Gold electrodes were prepared by sputtering on glass
plates. A thin layer of Ti was previously deposited on glass sub-
strates to improve the adhesion.

3. Results and discussion
3.1. Fe-FLG and PANI:PSS complex characterization

The grafting of the iron nanostructures onto the FLG was per-
formed by using the solvothermal synthesis method. In order to
investigate the crystalline structure of the modified-FLG, X-ray
diffraction measurements were performed. The XRD pattern in
Fig. 1(A) shows reflection peaks at 30.1°, 35.4°,43.1°, 57.1°, and 62.6°
corresponding to Miller indices (220), (311), (400), (511), and (440)
of magnetite phase, respectively. Moreover, the spectrum shows
the appearance of two peaks at 26.5° and 54.9°, ascribed as the
(002) and (004) reflections of the hexagonal crystalline structure of
graphite. This result confirms the incorporation of iron nano-
structures onto the exfoliated FLG and the presence of a crystalline
phase [37,43].

Moreover, TGA was used determine the amount of iron oxide in
the Fe-FLG structures. The major weight losses occur in the range of
400—700 °C (Fig. S1), ascribed as the release of CO and CO; from the
oxidation of graphene nanosheets. Assuming that the final residues
are the iron oxide nanostructures, the iron oxide content results
about 22% of the material [18,37].

A Mooy Fe,0,
(311) Graphitic C
= (220)
< (004)  (440)
2
()]
=
g
£ 30 40 50 60
30 40 50 60
20 | degrees

Fig. 1. XRD pattern (A) and TEM images of Fe-FLG (B).

TEM images were taken to explore the morphology of the iron
oxide-modified FLG (Fig. 1 (B)). The iron nanostructures randomly
decorate the graphene sheets and show a size range between 5 and
10 nm. Moreover, the iron nanostructures remain attached to the
FLG after probe sonication, which indicates a strong interaction
between both materials. Typically, FLG up to 10 layers was obtained
[37,43,44].

In the last years, Raman spectroscopy has emerged as one of the
most versatile tools for studying the properties of graphene-related
materials. From the number of layers to the presence of functional
groups and the doping state, several features of graphene can be
studied employing this technique [45]. Herein, Raman measure-
ments were performed to characterize each material, and also to
confirm their presence in the LbL assemblies. The Fe-FLG spectrum
shows the features of magnetite and graphene; the peak located at
662 cm~! is ascribed as the symmetric stretching of oxygen atoms
along the Fe—O bonds (Aqg) [46—48]. Considering the graphene
zone of the spectrum, the D, G and 2D bands can be observed at
1310cm, 1580 cm ™! and 2710 cm ™}, respectively. The first band
requires the presence of defects for its activation and the Ip/I¢ ratio
can be used for the evaluation of the degree of disorder/defects
present in the graphene-like material. In this case, the Ip/Ig pro-
portion is 0.14, which allow concluding that the exfoliation process
for obtaining the graphene and the incorporation of iron nano-
structures results in a low proportion of defects in the final mate-
rial. Furthermore, the low proportion of defects would explain the
good electroactivity of the assemblies (the spectrum is presented
together with that of the LbL assembly, see below).

The synthesis of PANI:PSS complex involved the PSS-templated
oxidative polymerization in acidic solution. This method allows
obtaining a negatively charged well-dispersed complex with good
electroactivity in neutral solutions. Regarding the PANI:PSS char-
acterization, Fig. 2(A) shows the Raman spectrum of the PANI:PSS
complexes deposited onto Au substrate. The characteristic peaks of
C—H bending in the quinoid and benzenic ring appear at 810 cm™!
and 1170 cm™}, respectively. The peak at 1255 cm™! corresponds to
the C—N stretching mode of the polaronic units. The vibration of
the semiquinone radical appears at 1340cm~!. The bands at
1486 cm™! and 1586 cm ™! correspond to C=N stretching and C=C
stretching of the quinoid ring, respectively. On the other hand, the
peaks appearing at 1030 cm~' and 1600 cm™! correspond to the
—S03 moiety of PSS [49,50].

Moreover, dynamic light scattering and zeta potential mea-
surements were performed in order to measure the size and sta-
bility of the PANI:PSS dispersion. Fig. 2(B) shows the volume
distribution of size obtained from DLS measurement. The size
determined for the particles was 47+17nm and the zeta
potential —40 + 3 mV. The complexes exhibit narrow particle size
and its elevated charge in suspension indicates high dispersion
stability and allowed them to be easily incorporated in LbL as-
semblies by dip-coating.

3.2. Layer-by-Layer assembly process

The LbL technique was used to effectively incorporate both
materials into electrochemically connected films from aqueous
solutions. In Scheme 1, a representation of the LbL assembly process
is shown.

Dry-state QCM measurements were performed in order to
quantify the mass deposited in each assembly step and use it later
for calculating the specific capacitance. Fig. 3(A) shows the changes
in the deposited mass as increasing the bilayers number. It can be
seen that after 3 bilayers, the growth is linear, indicating that
almost the same amount of material is deposited in each LbL cycle.
The same linear increase was observed for the peak current in cyclic
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Fig. 2. Raman spectrum (A) and volume size distribution measured by DLS (B) of PANI:PSS complexes.

voltammetry measurements (see below), assessing the excellent
integration of the building blocks into a homogeneous coating
material.

Fig. 3(B) shows the Raman spectrum of the 9-bilayers assembly.
The Aig band of the Fe-FLG appears at 662 cm~, the C—H bending
of the benzenoid ring of PANI:PSS at 1170 cm !, and the D, G and 2D
band of graphene at 1350cm™!, 1580cm~! and 2710cm™,
respectively. This result allows confirming the effective incorpora-
tion of both hybrid materials in the LbL assemblies. Detailed de-
scriptions of the Raman spectra of PANI:PSS and Fe-FLG were given
in previous sections.

In order to gain further information about the presence of the
two components in the LbL assemblies, XPS measurements of a 21
bilayers assembly was performed. The spectra belonging to S2p,
Cls, N1s and Fe2p are showed in Fig. 3(C). In the S2p spectrum the
signals appear at about 168 eV and can be fitted to a set of two
bands at 167.5 and 168.7 eV, assigned to S2p3,> and S2pq 2 respec-
tively, corresponding to the sulfonate moiety in PSS [42]. An inte-
grated area ratio of 0.5 was employed for taking into account the
degeneration of these levels (fwhm = 1.3 eV). The Cls spectrum
shows the presence of three components appearing at 285.0, 285.9
and 286.7 eV. They are assigned to C—C/C=C, C—N/C=N and C—N*/
C=N", respectively (fwhm = 1.4eV) [38,51]. The absence of any
oxidized carbon signal accounts also for the low defect level in the
graphene-like material incorporated to the assembly, which is
consistent with the Raman results. In the case of the N1s spectrum,
the peaks appearing at 398.8, 399.5, 400.6 and 402.4eV are
assigned as = N-, —NH—/—NH,, —NH."- and —NR{. The first three
components correspond to PANI and the last one appears due to the
surfactant presence in the assembly (fwhm=17eV) [52,53].

°.
r g %o.
PANI:PSS 110

Wash with HCI 0.5M

& (

Gold Substrate

) CTAB-exfoliated Fe-FLG

Finally, the Fe2p spectrum with two signals at 710.6 and 724.5 eV
confirms the presence of the iron NPs-modified graphene in the
assembly [43,54].

On the other hand, in Fig. 3(D) TEM images of a 6 bilayers as-
sembly are presented. The images show the presence of well
dispersed Fe-FLG into the films.

3.3. Electrochemical performance

The incorporation of Fe NPs onto graphene has been reported to
improve the capacitance of graphene-like materials [17,18]. To test
this idea, cyclic voltammetry measurements of assemblies of
PANI:PSS and Fe-FLG or FLG without any grafting were performed.
After comparison of the voltammetric results, it can be concluded
that the assemblies containing Fe-FLG present improved electro-
chemical response in both acidic and neutral solutions (Fig. S2).
Furthermore, by comparing assemblies having the same number of
bilayers, the capacitance is clearly increased in the case of Fe oxide
modified-FLG.

It is well-known that the electroactivity of PANI is strongly
dependent on the pH of the electrolyte and it is greatly weakened in
solutions with pH higher than 3. Therefore, its use in applications
operating at neutral pH, such as biosensors and neutral medium
supercapacitors is limited. In order to surpass this problem, some
authors have employed PANI synthesized in presence of polyanions
(such as PSS), yielding complexes electroactive in both acidic and
neutral media [55,56]. Following this idea, we made use of the LbL
technique for building-up an acidic and neutral media electroactive
assembly by alternating PANI:PSS and Fe-FLG layers.

In Fig. 4(A) the cyclic voltammograms at different scan rates in

pHT

®
R

Repeat n times

Q.

Wash with water

(PANI:PSS/Fe-FLG),
Layer-by-Layer Assembly

Scheme 1. Representation of the Layer-by-Layer assembly process. In a first step, a layer of PEI is deposited onto the Au substrate.
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Fig. 3. Dry-state QCM deposited mass as increasing the number of bilayers (A), Raman spectra of PANI:PSS, Fe-FLG and 9-bilayers assembly (B), S2p, C1s, N1s and Fe2p XPS spectra
of a 21 bilayers assembly (C), and TEM images of a 6-bilayers assembly showing the presence of iron NPs (D).

0.1 M HCI (left) and neutral (0.1 M KCl, right) media for a 15 bilayers
assembly are shown. Also, the cyclic voltammograms for different
number of bilayers (3, 9, 15 and 21) in the same conditions are
presented in Fig. S3 and Fig. S4, respectively. All the assemblies
present good electroactivity in both media. The voltammograms
show the typical pseudocapacitance behavior of PANI and graphene
assemblies: two peaks attributed to Leucoemeraldine to Emer-
aldine and Emeraldine to Pernigraniline transitions in PANI (only
one peak can be observed in voltammograms in acidic media
because the second one is not reached in the potential range
employed), with an important electrical double layer capacitance
component ascribed to the Fe-FLG [18,57]. No peaks corresponding
to the pseudocapacitive behavior of iron nanostructures were
observed. This result is explained by the low content of iron oxide in
the Fe-G (ca. 22%, see Fig. S1). It has been reported that at low
loading (less than 55% approximately), no redox peaks are observed
for iron-modified graphene nanostructures [18,58]. Notably, the
integration of the water-dispersible PANI:PSS complex with the
iron-modified graphene by the LbL technique yields an excellent
performance of the whole coating in neutral medium. The good
electrochemical response of PANI:PSS in neutral solutions has been
attributed to the doping effect of the sulfonate groups on PANI,
which stabilizes the voltammetric response [55,56]. Moreover,
some authors have reported that the sulfonate groups of the PSS
change the internal pH within the assembly by creating a more
acidic microenvironment [31,59]. Furthermore, it is known that the
conductivity of the graphene-like material is not affected by the
changes in the pH, which also accounts for the good response in
neutral medium [7].

For LbL assemblies, it has been reported that the successive
deposition of layers can lead to a blocking in the ionic transport
across the assembly if both components are not electronically well-
connected [7]. The relation between the peak current and the scan
rate for the 15 bilayers assembly is shown in the inset of Fig. 4(A)
from 20 to 2000 mV s~ in both neutral and acidic media. The linear
behavior indicates that the LbL assembly provides good paths for
the electrons without blocking the ionic transport, needed for
charge compensation (the same feature can be observed in Fig. S5
for the assemblies with 3, 9, 15 and 21 bilayers).

Fig. 4(B) shows the different voltammograms as increasing the

number of bilayers in both HCI (left) and KCl (right) solutions at
500mVs~L. The linear increase in the peak current with the
number of bilayers for both media, presented in the inset, reveals a
homogeneous deposition of the electroactive materials as the
number of bilayers increases and ensures the good electrochemical
connection between the successive layers and the metallic base
electrode [7,42]. This result is in concordance with the QCM results
(Fig. 3(A)).

In order to quantify the performance of the assemblies as both
neutral and acidic medium supercapacitors, the specific capaci-
tance from cyclic voltammetry measurements were computed ac-
cording to the following equation (Equation (1)):

1

Ve
— [ 1wvuav
i)

G = mv(fo

(1)

where Csp is the specific capacitance (F g~'), m is the mass depos-
ited onto the electrode obtained by the QCM measurements (g), v is
the sweep rate (Vs~1), Vrand Vi are the integration potential limits
(V) and I (A) is the current.

Fig. 4(C) shows the specific capacitance values at different scan
rates obtained from cyclic voltammetry measurements for a 15
bilayers assembly in both media, and the same data is shown in
Fig. S6 for 3, 9, 15 and 21 bilayers assemblies. In Fig. 4(D), the vol-
tammetric capacitances at 20 mV s~ are shown. The assembly with
15 bilayers shows the highest values of specific capacitance in both
media, 265.2Fg~! and 238.3Fg~! for HCl and KCl, respectively.
This result implies that the assembled film retains 90% of the acidic
medium capacitance in KCl solution (this is the ratio of the capac-
itance in KCl solution over that in HCl solution). An average of
88 + 10% capacitance retention in KCl medium was obtained from
the whole set of results at different scan rates. This result confirms
the possible use of this assembly as a neutral medium
supercapacitor.

In order to evaluate the advantages of the LbL synthetic pro-
cedure, a composite-coated electrode was prepared by direct
mixture of PANI:PSS and Fe-FLG components (see SI). The vol-
tammetric response in both acidic and neutral solutions was lower
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Fig. 4. Cyclic voltammograms at different scan rates in 0.1 M HCl (left) and 0.1 M KCl solutions (right) for a 15 bilayers assembly. The inset shows the anodic peak current versus the
scan rate (A). Cyclic voltammograms for different bilayers number in 0.1 M HCI (left) and 0.1 M KCl (right) solutions at 500 mV s~ .. The inset shows the anodic peak current versus
the bilayers number (B). Specific capacitances in HCl and KCl media obtained from the cyclic voltammetry curves for a 15 bilayers assembly (C). Specific capacitances in HCl and KCI
media obtained from the cyclic voltammetry curves at 20 mV s~ for different bilayers number. Mixture refers to the coating formed by direct aggregation of both components (D).

Bars indicate SD from 5 CV curves.

and less defined than in the case of the LbL assemblies (Fig. S7). The
gravimetric voltammetric capacitances at 20mVs~! were also
included in Fig. 4(D). These values are significantly lower than those
obtained for films produced by the LbL approach, suggesting that a
high proportion of non-electroactive aggregates (or ineffective
electrochemical connection between the electroactive domains and
the base electrode) are produced in the case of direct mixture.
These results reinforce the utility of the LbL procedure to produce
well-connected electroactive materials.

In this sense, the mesostructure of the LbL assemblies was also
investigated by X-ray reflectivity (XRR) (SI file). XRR results suggest
higher mesoscale order in the case of the LbL assembly as compared
with the coating formed by direct mixture of the components
(Fig. S8). In the case of the LbL assembly, the presence of a broad
Bragg peak suggests the presence of lamellar structures oriented
parallel to the substrate, which were confirmed by GISAXS mea-
surements (Fig. S9), as expected from an LbL construction strategy.

In order to further characterize the supercapacitor performance
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of the assemblies, the galvanostatic charge-discharge curves at
different current densities (from 1 to 5 Ag~!) were evaluated. The
charge-discharge curves for (A) HCl and (B) KCl media are pre-
sented in Fig. 5. The galvanostatic charge-discharge curves are not
linear in the whole range of potential, varying the slope during the
charge/discharge. This feature has been assigned to the redox
transitions in the conducting polymer [60].

The specific capacitance from the charge-discharge curves was
calculated according to the following equation (Equation (2)):
Cop =14t/(V m) (2)
where Csp is the specific capacitance (F g~1), I (A) is the discharge
current, 4t is the discharge time, V is the potential window and m is
the mass deposited onto the electrode obtained from the QCM
measurements (g).

The discharge Csp values obtained for the 15 bilayers assembly in
both acidic and neutral media are shown in Fig. 5 (C). The assembly
displays specific capacitance values ranging from 768.6Fg~! to
1715Fg 'and 659.2Fg 1 to 128.6 Fg~! (1-5A g~ 1) in HCl and KCl
solutions, respectively. As noted above, the highest values were
768.6 Fg~! and 659.2 Fg~! for the current density of 1 Ag~'. This
result implies 86% capacitance retention in neutral medium with
respect to the acidic medium. From all the curves performed, we
obtained an average capacitance retention in KCl medium of
82 + 4%, which is in good agreement with the cyclic voltammetry
measurements.

Furthermore, the cycling stability (at 3 Ag~') was measured for
the 15 bilayers assembly, the one that showed the highest specific
capacitance in both media (Fig. 5 (D)). This assembled film showed
84% capacitance retention in HCI and 86% capacitance retention in

A 0.6 15 Bilayers, HCI
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KCl up to 1600 cycles. This good stability in both media can be
explained by the effect of the iron-modified graphene in the as-
sembly. The poor stability of PANI-like conducting polymers
through cycling is well-documented, as well as the very good one of
the graphene-like materials [18,57,60].

For comparison, some quantitative results from works on
similar systems in neutral and acidic electrolytes are shown in
Table 1. The assembled material developed in this work shows
higher specific capacitance in both media and also good cycling
stability (it is important to note here that all the results listed in this
table were performed in a three-electrode cell configuration, so
making the studies comparable between them).

In Fig. 6, the Ragone plot with the performance of the 15 bilayers
assembly in both media is shown. The values of specific energy and
specific power were calculated from the galvanostatic charge-
discharge curves in the range 1-5Ag~' according to the
following expressions (Equation (3) and Equation (4)):

E:% Csp V2 3)
E
P=— (4)

where E is the specific energy (W h kg-1), Csp is the specific
capacitance (F g~ 1), V is the potential window (V), P is the specific
power (W kg~1) and 4t is the discharge time (seconds).

For HCl and KCl solutions, the highest specific energy reaches
523Whkg™! and 449Whkg ! at the power density of
350 Wkg !, respectively. Furthermore, at the power density of
1750 W kg1, the system holds an energy density of 11.7 W hkg~!
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Fig. 5. Charge-discharge curves for a 15 bilayers assembly at different current densities in (A) 0.1 M HCl and (B) 0.1 M KCI. Specific capacitance values obtained from discharge
curves at different current densities for a 15 bilayers assembly in both media (bars indicate SD from 5 curves for the same electrode) (C). Cycling stability of the 15 bilayers assembly

in both media at 3Ag~! (D).
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Fig. 6. Ragone plot showing the performance of the 15 bilayers assembly in both
media. The figure was created by incorporating our experimental data (blue and red
dots) in the Ragone plot already reported by Simon and Gogotsi. Reproduced with
permission from P. Simon and Y. Gogotsi, Nature Materials 2008, 7, 845. Copyright 2008
Springer Nature. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

and 8.75 W h kg~! for acidic and neutral medium, respectively.

4. Conclusions

We presented the construction, characterization and capaci-
tance performance of a layer-by-layer assembly of PANI:PSS com-
plexes and Fe oxide nanoparticles-coated FLG from aqueous
dispersions. The simple dip-coating procedure yielded a mechani-
cally and electrochemically stable electrode material, which
showed excellent capacitive performance in neutral aqueous elec-
trolyte. Raman and XPS spectroscopies proved the effective incor-
poration of both materials, and the linear increase of the
capacitance on the deposited mass proved an efficient electro-
chemical connection within the film. The electrochemical perfor-
mance of the film-coated electrodes was tested in both acidic and
neutral aqueous electrolytes, showing the best results for the 15
bilayers assembly. This assembly showed a high capacitance of
768.6 Fg ' and 659.2Fg~!in 0.1 M HCl and 0.1 M KCl, respectively,
at the current density of 1 A g~, which implies that the capacitance
is not greatly diminished from acidic to neutral medium. Moreover,
the system showed a good stability to continuous cycling in both
media after 1600 charge-discharge cycles at 3 Ag~! (84% and 86% in
acidic and neutral solutions, respectively). The electrode material
performance is relatively high in both media, compared to similar
systems reported in literature. This ternary composite coating then
constitutes a promising candidate for the construction of environ-
mentally friendly supercapacitors.
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