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Abstract: Single-wall carbon nanotubes/polypyrrole (SWCNT/PPy) composite thin-film electrodes
were prepared by electrodeposition of the pyrrole monomer on a porous network made of SWCNT
bundles. Electrode/electrolyte interface, which is intimately related to the pseudocapacitive charge
storage behavior, is investigated by using coupled electrogravimetric methods (electrochemical
quartz crystal microbalance (EQCM) and its coupling with electrochemical impedance spectroscopy,
Ac-electrogravimetry), in a 0.5 M NaCl electrolyte (pH = 7). Our results show that the range of usable
potential is greater for composite SWCNT/PPy films than for SWCNT films, which should allow a
higher storage capacity to be obtained. This effect is also confirmed by mass variation measurements
via EQCM. The mass change (corresponding to the amount of (co)electroadsorbed species) obtained
with composite SWCNT/PPy films is four times greater than that observed for pristine SWCNT
films if the same potential range is examined. The permselectivity is also greatly improved in the
case of composite SWCNT/PPy films compared to SWCNT films; the former shows mainly cation
exchange preference. The quantities of anions estimated by Ac-electrogravimetric measurements are
much lower in the case of composites. This corroborates the better permselectivity of these composite
SWCNT/PPy films even with a moderate amount of PPy.

Keywords: carbon/polymer composites; carbon nanotubes; conducting polymers; SWCNT; doped
polypyrrole; electrochemical quartz crystal microbalance; EQCM; electrode/electrolyte interface;
ion transfer

1. Introduction

Polymers and polymeric composites are a unique class of materials, extensively used in
numerous fields of applications such as electrochemical energy storage and conversion [1].
Due to their peculiar physicochemical and mechanical properties, these materials have
been stimulating new research that aims at refining their structural, morphological and
compositional characteristics to achieve the desired properties required for electrode or
electrolyte materials used in energy devices [2,3].

Among them, supercapacitors (SCs) can provide a large amount of power in a rela-
tively short time and can operate for a very high number of charge/discharge cycles and a
longer lifetime than batteries [4,5]. These versatile attributes have led to their incorpora-
tion in a wide range of applications (such as city transit buses with stop-and-go driving,
cranes and forklifts [6]). SC devices consist of two electrodes in contact with an electrolyte
electrically isolated by a separator. During the charging process, the charges are stored and
separated across the two electrode/electrolyte interfaces, which provides electric energy
for the external load upon discharge. Briefly, SCs can be classified into two types with
regard to their charge storage mechanism: electrical double-layer capacitors (EDLCs) and
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pseudocapacitors. EDLCs store charges by electrostatic adsorption of electrolyte ions at
the electrode–electrolyte interface, typically use carbon materials as electrodes [7–9]. As
for the pseudocapacitors, energy is stored by fast and reversible redox reactions between
the electrolyte and electroactive species on the electrode surface at characteristic potentials,
commonly employing transition metal oxides and conducting polymers (CPs) as electrode
materials [10,11].

Due to their high conductivity, porosity and superior electrochemical stability, carbon
materials are widely used as EDLC electrode materials [12], namely activated carbon
(ACs), carbon nanotubes (CNTs) and graphene are the most studied examples. CNTs
are of particular interest for the development of SC electrodes since they present unique
tubular structures and superior electrical conductivity, mechanical, thermal and chemical
stability [7]. CNTs have been considered as a promising candidate for high-power electrode
material because of the aforementioned properties. In spite of the fact that the surface area
of CNTs (800 m2·g−1) is small as compared to ACs (2000–3000 m2 g−1) [7,13], they can offer
a reasonable specific capacitance [14], which is speculated to stem from their aligned pore
structures, which, therefore, contribute to higher ion diffusion kinetics. Another option
is the use of CNTs as support for electroactive materials because of their high mechanical
resilience and open tubular network, which can form composite materials with metal
oxides and/or CPs [15,16].

Regarding the electrode materials for pseudocapacitors, CPs are a very attractive
solution due to their low price, non-toxicity and tunable chemical, electrical and phys-
ical properties. These polymers can be electrochemically doped in the presence of an
electrolyte to obtain very good electrical conductivity (10 to 100 S.cm−1) and a wide elec-
trochemical window. The most commonly used CPs for pseudocapacitive charge storage
involve poly(3,4-ethylenedioxythiophene) (PEDOT) [17], polypyrrole (PPy) [18], polyani-
line (PANI) [19], and polythiophene (PTh) [20]. Moreover, transitional metal oxides such
as ruthenium oxide (RuO2) [21], MnO2 [22], ZnO [23], and NiO [24] have also been widely
studied. Although the pseudo-capacitance can be much higher than EDL capacitance, it
suffers from low-power density and poor stability upon cycling, which further highlights
the interest of composite electrodes, uniting their benefits in a single electrode. In this
context, a mix of carbon materials and CPs, merging the advantages of the two components,
was evaluated in the field of pseudocapacitors. Indeed, a good electrical conductivity, a
high specific surface area, a combination of charge storage mechanisms (associated with
the electroadsorption and the Faradic reactions) and adequate control of the microstruc-
turation can lead to synergetic effects which can drastically improve the electrochemical
properties [25,26]. Different binary-composite films were assessed, employing various
methods of preparation: high specific capacitances were attained with PANI-CNTs [27] or
PEDOT-CNTs [28,29] composites; enhanced robustness of the flexible PPy-CNTs [30] or
improved capacitive property of PTh-CNTs films [31] has also been revealed. Nevertheless,
a deep understanding of the interfacial ionic transfer was not yet fully reached for these
binary-composite materials. This is the reason why new methods of investigation are
necessary to further improve their performances.

Taking into account the recent advances in the field of capacitive charge storage, on one
hand, fabrication of composite electrodes with high specific surface area appears to be a key
development path to achieve better SC performances. On the other hand, understanding
the principles governing the ionic exchange mechanisms in nanostructured supercapacitor
electrodes is equally important to shed light on this path and improve current devices.
Therefore, suitable morphological, compositional as well as electrochemical characteriza-
tion tools should be employed to assess composite electrode designs and the processes
occurring at the electrode/electrolyte interface. For this purpose, various sophisticated
analytical techniques have been developed to survey electrode–electrolyte interfaces that
mainly govern the electrochemical operation of energy devices. Among them, the elec-
trochemical quartz crystal microbalance (EQCM) [32–36] provides gravimetric changes of
electrodes during electrochemical characterizations (such as charge/discharge) and offers
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valuable insights of the interfaces, once the required conditions of the deposited film in
terms of viscoelastic and hydrodynamic properties are included [37–39].

Therefore, this work focuses on the understanding of the processes occurring at the
electrode/–electrolyte interfaces of composite electrode materials by using EQCM-based
coupled electrochemical methods. Carbon- and CP-based composites (SWCNT/PPy) are
prepared by the electrochemical synthesis of doped polypyrrole on the single-wall CNT-
based networks, the latter providing a high specific surface area. Interfacial properties are
characterized not only with gravimetric EQCM but also with its coupling with electrochem-
ical impedance spectroscopy (EIS), the so-called Ac-electrogravimetry [40,41]. This comple-
mentary method can deliver unique species-selective and frequency-dependent informa-
tion about the ionic exchange mechanisms at the electrode/electrolyte interface [42–44].
The processes occurring at SWCNT/PPy composite electrode/electrolyte interface, which
are related to their pseudo-capacitive charge storage behavior, are discussed in comparison
to their pristine components (i.e., SWCNT [32] and PPy [45,46]).

2. Materials and Methods
2.1. Materials

Single-wall CNT (755117-1G, length: 300–2300 nm and diameter: 0.7–1.1 nm), sodium
dodecyl sulfate (NaDS), pyrrole monomer, sodium chloride and N-methylpyrrolidone
(NMP) solvent were acquired from Sigma-Aldrich. Poly(vinylidene fluoride)-co- hexafluo-
ropropylene (PVDF-HFP) is obtained from Solef® 21508, Solvay Solexis, Milan, Italy.

2.2. SWCNT/Polypyrrole Composite Thin Film Electrode Preparation

In the first step, the SWCNT film preparation was performed based on a method
described in the literature [47,48]. SWCNTs were deposited by the “drop-casting” on a
gold electrode (effective surface area of 0.2 cm2) of a quartz crystal resonator (9 MHz,
AW Sensors, Valencia, Spain), from a slurry containing 90% SWCNT powder and 10%
PVDF-HFP (Poly(vinylidene fluoride-hexafluoropropylene)) polymer binder in N-methyl-
2-pyrrolidone. A slurry containing 9 mg SWCNT powder, 1 mg of PVDF-HFP in 10 mL
of NMP was ultrasonicated for about 20 min. Around 8 µL of this slurry was deposited
on the gold electrode of the QCM. Then, the carbon films were subjected to a heat treat-
ment at 120 ◦C for 30 min, with a heating rate of ~5 ◦C·min−1 to evaporate the residual
solvent and improve the adhesion properties of the films on a gold electrode. The film
thickness was estimated to be around 500 nm (based on field emission gun scanning elec-
tron microscopy (FEG-SEM) analyses, Figure 1). In a second step, the composite films of
SWCNT/polypyrrole were obtained, following a method described in the literature [49].
The procedure consists of cycling the SWCNT electrode, previously prepared, in a solution
containing 0.1 M pyrrole (freshly distilled) and 0.05 M sodium dodecyl sulfate (NaDS), at a
scan rate of 0.01 V·s−1 in a potential range from 0 V to 0.675 V vs. Ag/AgCl during 2 cycles.
The resulting films are taken out of the 3-electrode cell, rinsed with double distilled water
and dried by purging with N2 flow.

2.3. Morphological and Physical Characterizations

Prior to the thin film preparation, the SWCNT powders were characterized using
nitrogen adsorption (the specific surface area was estimated at ~842 m2·g−1, by using
Brunauer–Emmett–Teller (BET) analysis), X-ray diffraction (XRD) and high-resolution
transmission electron microscopy (HRTEM). The morphological and structural observa-
tions, not shown here, were already given in Reference [34]. The surface morphology of
the SWCNT/polypyrrole, after thin-film formation on the gold electrode of the resonators,
was investigated by field emission gun scanning electron microscopy (FEG-SEM) (Zeiss,
Supra 55, Oberkochen, Germany).
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Figure 1. FEG-SEM images of single-wall carbon nanotubes/polypyrrole (SWCNT /PPy) nanocomposite film deposited on
the gold electrode of a quartz resonator: (a) surface morphology with an inset showing the PPy clusters and (b) cross-section
(red arrows point out the PPy clusters and orange colored arrows show the average film thickness).

2.4. Electrochemical and Electrogravimetric Characterizations

EQCM measurements were performed in 0.5 M NaCl (at pH = 7) in a three-electrode
configuration. A lab-made QCM device was used to measure the microbalance frequency
shift (∆f ). Gold deposited on the quartz resonator was used as the working electrode.
Platinum grid and Ag/AgCl (3 M KCl) was used as a counter and a reference electrode,
respectively. The gravimetric conditions for the QCM analyses were assured by keeping
film thickness acoustically thin (df < 500 nm) (Figure 1).

Ac-electrogravimetric measurements were also performed in the same three-electrode
configuration described above. A four-channel frequency response analyzer (FRA,
Solartron 1254) and a lab-made potentiostat (SOLETEM-PGSTAT) were used. The QCM
was performed under a dynamic regime, and the modified working electrode was polar-
ized at selected potentials to which a sinusoidal small-amplitude potential perturbation
was superimposed. The frequency range was between 63 kHz and 10 mHz. The mass
change, ∆m, of the working electrode was measured simultaneously with the AC response,
∆I, of the electrochemical system, which led to the electrogravimetric (mass/potential)
transfer function (TF), ∆m

∆E (ω), and the electrochemical impedance, ∆E
∆I (ω), to be obtained

simultaneously at a given potential and frequency modulation, f (pulsation,ω = 2πf). The
operation principle and the details of the Ac-electrogravimetric measurement setup have
been described in previous papers [40,41,50].

3. Results and Discussion
3.1. Morphological Aspects of the SWCNT/PPy Composites

The SWCNT/PPy composite electrodes are prepared in a two-step process. In a first
step, a thin layer of SWCNT is formed on the gold electrode of the quartz resonators by
drop-casting a slurry containing SWCNT and PVDF-HFP as an active material and as
a binder, respectively. The morphological characteristics of the SWCNT-modified QCM
resonators were previously discussed [34]. Briefly, N2 adsorption analysis indicates that the
SWCNTs have a pore diameter of 1–2 nm and a high specific surface area (~842 m2·g−1).
Thin layers formed using these SWCNTs present a network of CNT bundles, made of
at least ~10–20 CNTs [34]. In the second step, SWCNT-modified QCM resonators were
used as a working electrode for the electropolymerization of pyrrole monomer, leading
to the SWCNT/PPy composites. The surface morphology of SWCNT/polypyrrole (PPy)
thin films was characterized by FEG-SEM, as shown in Figure 1. The images reveal a
high-density of CNT bundles as it was already seen under the same film preparation
conditions [34]. After two cycles (cyclic voltammetry) of PPy electrodeposition on the
SWCNT-based electrodes, the formation of polypyrrole clusters with typical cauliflower
or nodular morphology is observed in agreement with the previous studies [45], which
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is more evident on certain locations on the film surface (Figure 1a inset and Figure 2b,
indicated with red arrows).
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Figure 2. EQCM results of SWCNT/PPy composite thin films: (a) current vs. potential; (b) mass variation vs. potential;
(c) calculated F dm

dq values vs. potential; (d) specific capacitance values (calculated from panel a) vs. potential. Measurements
in aqueous electrolyte 0.5 M NaCl pH 7.0 at 3 different scan rates.

The cross-section of the SWCNT/PPy shown in Figure 1b permits the composite
thin-film thickness (df) to be estimated. The thickness is slightly inhomogeneous along
the thin film and presents a variation from 450 to 550 nm. The electrodeposited PPy
component (only two cycles of electrodeposition) on the SWCNTs does not significantly
change the film thickness, and therefore, the gravimetric conditions are kept for the QCM
based analysis. It is important to note that the composite film thickness is mainly governed
by the SWCNT layer under these experimental conditions. Although the exact location of
PPy electrodeposition is difficult to pronounce, it likely occurs on the porous surface of the
network formed by the SWCNTs, rather than forming a second compact layer on top of
the former.

3.2. EQCM Study of the SWCNT/PPy Composites

Classical EQCM studies were already performed for pristine SWCNT films in NaCl
electrolytes, as shown in [32,34]. In these experiments, the appropriate potential range
was selected from –0.4 V vs. Ag/AgCl to 0.4 V vs. Ag/AgCl. The current response
reveals a classic square shape with bumps, while the mass change corresponds to a V-shape
type: in the cathodic part, a cation/solvent contribution is observed, and on the contrary,
an anion/solvent contribution was distinguished in the anodic region. A permselectivity
failure, indicating a mixed contribution of cations and anions, is also seen around the point
of zero charges (PZC)/point of zero mass (PZM), corresponding to a potential of +0.1 V vs.
Ag/AgCl. The maximum mass variation is less than 1 µg·cm−2 in the case of the cation
response and starting from this potential reference. In light of these results, an EQCM
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analysis of the SWCNT/PPy composites was performed. The SWCNT/PPy composite
film is oxidized and reduced between 0.45 V and −1.2 V vs. Ag/AgCl at three different
scan rates of 25 mV·s−1, 50 mV·s−1 and 100 mV·s−1 in 0.5 M NaCl solution (pH = 7).
Figure 2a,b show the corresponding current and the mass changes, respectively. A slight
contribution of the PPy component is apparently observed in the CV responses (Figure 2a),
as compared to that of pristine SWCNTs [32]. Indeed, the current evolution is smoother or
less bumpy in the case of the composite film, for example, when the region around −0.2 V
vs. Ag/AgCl is examined. On the contrary, the mass response of the film is totally different
in terms of amplitude and shape. Previous EQCM studies on pristine SWCNT in the same
electrolyte have shown a V-shaped mass response around the PZC, which is around 0.1 V
vs. Ag/AgCl [32]. Instead, here, for the composite film, the mass response shows only
one slope; even a larger potential range has been examined. When the composite film
was reduced, a larger mass increase was observed: a factor of four is observed between
the amplitudes of composite and pristine SWCNTs for the same potential range. On the
other hand, the anion contribution is completely removed here for the same potential
range (Figure 2b), which was observed for the pristine SWCNT film from +0.2 to +0.4 V
vs. Ag/AgCl. When the composite film is oxidized, the mass decreases all the time, while
in the case of pristine SWCNTs, the mass increases for the higher potentials revealing an
anion contribution, as already demonstrated [32]. These qualitative remarks already show
that the presence of PPy changes the interfacial ion-exchange behavior of the SWCNTs.

Figure 2c shows the F dm
dq

(
= F dm

dt × 1
i

)
function calculated from the EQCM data as a

function of potential, which is equivalent to the global molar mass of the species obtained
from the reduction branch in the range from 0.4 V to −1.2 V vs. Ag/AgCl in 0.5 M NaCl. At
the cathodic potential region, the values vary in the range of 50–200 g·mol−1, which could
correspond to Na+ with a high number of hydration or Na+ accompanied by free solvent
molecules. However, at the anodic potentials, the values are smaller, and they vary in the
range 0–50 g·mol−1, which is also difficult to be attributed to a single ion contribution
(i.e., 23 g·mol−1 and 35 g·mol−1, for Na+ and Cl−, respectively). Unfortunately, using
EQCM alone to understand the interfacial process appears to be limited in the present case
because the charge compensation can also be due to the concomitant insertion of anions or
to solvated cations or to a mixture of these species. Dynamic approaches have the potential
to reach a fair separation of these processes (identification by the kinetic transfers). For this
reason, Ac-electrogravimetric investigations were performed to complement the EQCM
and will be discussed in Section 3.3.

Figure 2d depicts the variation of specific capacitance values as a function of the
applied potential under the same conditions as mentioned previously. The gravimetric
specific capacitance values (Cs) are estimated to be around 25 to 30 F·g−1 in the range
from −1.0 V to +0.45 V vs. Ag/AgCl. For very cathodic potentials, reduction of water
interferes in the CV curves and thus, strongly modify the Cs values. Otherwise, these
Cs are in the same order of magnitude as that obtained with pristine SWCNT thin-film
electrodes [34,51,52].

A small dependence on the scan rate values is observed in the EQCM responses,
which is more pronounced in the F dm

dq the function is shown in Figure 2c. This result
suggests that depending on the scan rate, different species may contribute to the electroad-
sorption and/or faradaic processes. Indeed, the information provided by the classical
EQCM is insufficient for a thorough explanation of the transfer mechanism of the dif-
ferent species. As Ac-electrogravimetry was proven to be a strong complementary tool
to EQCM in the previous CNT studies [32–34], the composite films were also analyzed
with this technique. As mentioned earlier, this coupled tool can deliver unique species-
selective and frequency-dependent information about the ion exchange mechanisms at the
electrode/electrolyte interface.
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3.3. Ac-Electrogravimetric Study of the SWCNT/PPy Composites

With the Ac-electrogravimetric approach, an EQCM response deconvolution was per-
formed with the pristine SWCNT, as shown in references [32,34]. Briefly, the contribution
of Na+.H2O, H+ and Cl− were detected when the surface is negatively and positively
charged, respectively. The faster interfacial transfer is obtained for the Na+.H2O and Cl−

species. H2O was observed at lower kinetics of transfer, whereas H+ was seen at very low
values. In terms of quantities, major contributions are due to hydrated sodium with a
quasi-equivalent contribution of water in the cathodic part and a lesser proton and chloride
contributions. These findings are compared below to those obtained with the SWCNT/PPy
composite electrodes.

The measurements were performed at each 200 mV in the range from 0.4 V to −1.2 V
vs. Ag/AgCl in 0.5 M NaCl electrolyte. Figure 3 shows an example of the experimental and
theoretical electrochemical transfer functions (TFs) obtained from Ac-electrogravimetry
of an SWCNT/PPy thin film in 0.5 M NaCl electrolyte at −0.4 V vs. Ag/AgCl. The
experimental data were fitted according to the model presented briefly in Appendix A
(theoretical part). More details about the theory can be found in previous works [40,41].
A Mathcad software® was used to perform this step, assuring a good fitting for all the
transfer functions measured at a given potential and by using the same set of parameters.
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Figure 3. Experimental and theoretical electrochemical data of the SWNT/PPy thin film in 0.5 M NaCl measured at −0.4 V vs.
Ag/AgCl: (a) electrochemical impedance, ∆E

∆I (ω) and (b) charge/potential transfer function, ∆q
∆E (ω). Theoretical functions

were calculated with the following parameters: df = 0.4 µm, Kc1 = 9.50 × 10−5 cm·s−1, Gc1 = 7.98 × 10−9 mol·s−1·cm−2·V−1,
Kc2 = 3.46 × 10−3 cm·s−1 and Gc2 = 9.3 × 10−7 mol·s−1·cm−2·V−1.

A good agreement between experimental data and theoretical curves are evident in
Figure 3. The electrochemical impedance, ∆E

∆I (ω) (Figure 3a), present a slightly distorted
straight line at the lower frequency domain, indicating that there is a multi-ion transfer
contribution. Therefore, it is difficult to extract information from this transfer function.
The charge/potential transfer function, ∆q

∆E (ω) (Figure 3b), permit an easier separation
of the ionic contributions, however, without any possibility to identify the ionic species
involved. Figure 3b shows two loops, which can be attributed to at least two species,
where their time constants are not sufficiently different from each other to obtain perfectly
separated loops. Here, a big loop is observed around a characteristic frequency of 10 Hz,
followed by a smaller one appearing at low frequencies. Equations (A1) and (A2) given
in Appendix A were used here for the fitting process, assuming the contribution of two
ions named c1 and c2. At this level, these two transfer functions, ∆E

∆I (ω) and ∆q
∆E (ω), are

similar to those obtained with pristine SWCNTs under the same experimental conditions
of measurements [32].
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In the mass/potential transfer function, ∆m
∆E (ω), one big loop appears in the third

quadrant (Figure 4), which is characteristic for cation/solvated cation contributions or free
solvent molecules in the same flux direction. In the fitting process of the experimental
∆m
∆E (ω), three species are considered: Na+.nH2O at higher frequencies, free H2O molecules
at intermediate frequencies and H+ at lower frequencies. The identification of these species
was achieved by the determination of their molar mass, Mi, using Equation (A3) given in
the theoretical part of Appendix A. The two parameters Ki and Gi, were already given by
the electrochemical response for the two ionic species. For the free solvent, Ks and Gs are
only estimated through the mass/potential transfer function, ∆m

∆E (ω).
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Figure 4. Experimental and theoretical electrogravimetric transfer function, ∆m
∆E (ω), of the SWNT/PPy

thin film in 0.5 M NaCl measured at −0.4 V vs. Ag/AgCl. Theoretical function was calculated with
the following parameters: df = 0.4 µm, Kc1 = 9.50 × 10−5 cm·s−1, Gc1 = 7.98 × 10−9 mol·s−1·cm−2·V−1,
Kc2 = 3.46 × 10−3 cm·s−1, Gc2 = 9.3 × 10−7 mol·s−1·cm−2·V−1, Ks = 1.97 × 10−3 cm·s−1,
Gs = 1.99 × 10−6 mol·s−1, Mc1 = 1 g·mol−1, Mc2 = 23 + 18 g·mol−1 and Ms = 18 g·mol−1.

The contribution of three different species in the charge compensation process, es-
timated by fitting the experimental data, was further confirmed by carefully analyzing
the partial electrogravimetric transfer function. For example, the cation 1, c1, the con-

tribution is removed and ∆m
∆E

∣∣∣c2s
(ω) is calculated or the cation 2, c2, the contribution is

removed and ∆m
∆E

∣∣∣c1s
(ω) is calculated (Equations (A3) and (A4)). Figure 5a,b exhibit a

good agreement between the theoretical and experimental data. These partial electrogravi-
metric transfer functions provide a crosscheck for validating the hypothesis involving
three different species and a better separation of the various contributions. If the molar
masses chosen to identify the species are different from reality, a good agreement cannot

be obtained. It should be noted that for ∆m
∆E

∣∣∣c1s
(ω), a small loop appears in the fourth

quadrant at low frequencies. According to our calculation, this response is related to the
proton contribution, and normally, the cation response is located at the third quadrant
of the Cartesian coordinates system. This difference is due to the mathematic treatment
observed in Equation (A4) where a factor of Mc1-Mc2 appears; in our case, a negative value
is obtained as the molar mass of c2 (hydrated sodium) is higher than the molar mass of c1
(proton). Thus, the response is located at this part of the complex plane, which appears as
a virtual anion contribution. Since we have a perfect agreement for all the TFs, our model
used in the fitting process is confirmed to be valid at this potential (−0.4 V vs. Ag/AgCl).
This procedure was followed for different potentials in the potential range used for the
EQCM measurements. The key parameters, Ki, Gi and Mi, are obtained for all the species
involved directly or indirectly in the charge compensation process.
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Figures 3 and 4.

For potentials more cathodic than −0.3 V vs. Ag/AgCl, the contribution of only three
species is found mixing the two cations, Na+.nH2O and H+, and free solvent molecules
following the same transfer direction. On the contrary, for more anodic potential values,
the proton contribution vanishes, and chloride species appear at very low frequencies.

Figure 6a,b display how the kinetic transfer rates, Ki, and the transfer resistance, Rti,
of the species evolve as a function of the applied potential. The potential range corresponds
to the conditions where the electroadsorption/desorption or insertion/expulsion processes
of the thin film can be observed. The Ki values presented in Figure 6a indicate that the
Na+.nH2O ion is the fastest of the four species. This observation may be correlated to
an easier dehydration process of the sodium species compared to the protons. For the
latter ions, it is noted that their corresponding interfacial transfer occurs at low frequencies.
Additionally, the concentration of the protons in the electrolyte is much lower compared to
that of sodium species at this pH value.
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Furthermore, the kinetic transfer rates, Ks, of free water molecules are somewhat
close to the values of the Na+.nH2O ions. As for the Cl− ions, their transfer occurs at low
frequencies and only at more anodic potentials.
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In SWCNT/PPy composites, the kinetic transfer rates, Ki, of Na+.nH2O are signifi-
cantly lower than the Ki of the Na+.nH2O in pristine SWCNTs [32] and higher than the
Ki of the Na+ species detected in pristine PPy [45,49], measured under similar conditions.
These results indicate that the composite structure does not hinder the sodium species
transfer, and probably it is governed by the insertion process in PPy rather than a faster
electroadsorption/desorption process. Additionally, the contribution of the sodium species
to the charge compensation process (both electrostatic and faradaic) is enlarged to the
whole potential range, i.e., 0.4 V to −1.2 V vs. Ag/AgCl (larger than that used for SWCNTs
alone), but at the expense of their kinetics.

For the other species, the following trends were observed: (i) the kinetic transfer rates,
Kc, of the H+ in the SWCNT/PPy are faster than the kinetic transfer rates of H+ in the
SWCNT and (ii) the kinetic transfer rates, Ka, of the Cl− in the SWCNT/PPy are more or
less equivalent to the kinetic transfer rates of the Cl− in the SWCNT [32] and in the pristine
doped PPy [46].

In view of the transfer resistance values, Rti, of the ions, the Na+.nH2O species from
the SWCNT/PPy are slightly more difficult to be transferred compared with the Na+.nH2O
species in the SWCNT: 10 ohms·cm2 in Figure 6b versus 2 ohms·cm2, previously given
in [32]. The Rti of H+ in the SWCNT/PPy composite is more or less equivalent to that
in pristine SWCNT. The Rti of Cl− in the SWCNT/PPy composite is comparable to that
obtained in pristine SWCNT [32] and that found in doped PPy electrodes [46].

Taking into consideration of the Ki and Rti values of various species detected, one can
suggest that there is no major hindrance of the ions transfer when doped PPy is deposited
on the SWCNT electrodes. The species detected are related to the electroactivity of the
two components. For example, at the anodic potentials, there is no cation contribution in
pristine SWCNTs, whereas it exits in the composite structure due to the PPy.

Figure 7 displays the relative concentration change for the ionic species detected in
the Ac-electrogravimetric measurements. The Ci-C0 values for H2O are significantly higher
than the Ci-C0 values of Na+.nH2O, H+ and Cl−. The relative concentration change of the
Na+.nH2O in SWCNT/PPy is equivalent to the Ci-C0 values of the Na+.nH2O in pristine
SWCNT. These values agree well with the Ci-C0 values of Na+ detected in doped PPy
structures [46]. The same trend was observed for H+ and Cl− anions, Ci-C0 values of the
H+ and Cl− did not significantly vary in the SWCNT/PPy composite compared to pristine
SWCNTs [32]. The Ci-C0 values of the free solvent in the SWCNT–PPy composite are
significantly higher than the Ci-C0 values of the free solvent in the SWCNT. These values
are rather similar to that obtained for doped PPy thin films studied in our group [46],
which indicates that the water transfer is principally governed by the doped PPy of the
composite electrode.
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Solely evaluating the electrochemical signatures of the pristine SWCNT and SWCNT/PPy
composites does not allow us to distinguish the improvements in terms of interfacial species
transfer behavior. Therefore, the main novelty of the present study is the way of charac-
terization of the electrode/electrolyte interface by combining EQCM with simultaneous
EIS measurements, providing a gravimetric and dynamic deconvolution of the interfacial
processes. The results of the advanced electrogravimetric study revealed the differences
between the pristine and composite electrodes relative to their charge compensation mech-
anism. The clarified points include the enlargement of the usable potential window and the
enhanced permselectivity of the SWCNT/PPy composites compared to those of pristine
SWCNTs, which could be revealed thanks to the advanced electrogravimetric tools (EQCM
and its EIS coupling) used in our study.

4. Conclusions

Globally, the signature of PPy in the SWCNT/PPy composite is not very visible, both
in current and mass response. Only after a closer examination, it can be seen that this
composite SWCNT/PPy film has a much-improved response compared to pristine SWCNT
and PPy films tested under the same conditions. These subtleties can be summarized
as follows:

• The range of usable potential is greater for composite SWCNT/PPy films than for
SWCNT films, particularly for the cathodic part, since it is possible to push this
limit further (more cathodic potentials than −0.6 V vs. Ag/AgCl) before reaching
solvent degradation under the same experimental conditions. This should allow a
higher storage capacity to be obtained. This effect is also confirmed by mass variation
measurements via the responses given by the quartz microbalance tool;

• The mass change obtained with composite SWCNT/PPy films is much higher than
that observed for pristine SWCNT films if this mass variation is considered as a whole.
However, this observation should be moderated because the most cathodic potential
that can be achieved with these composite films is much lower compared to the tests
on SWNCT films. Nevertheless, if the same potential range is examined, classically
from −0.4 V vs. Ag/AgCl to +0.4 V vs. Ag/AgCl, the amount of (co)electroadsorbed
species is still four times greater;

• The permselectivity is also greatly improved in the case of composite SWCNT/PPy
films compared to SWCNT films. This is, on one hand, confirmed by the shape of the
∆m-E response, given by the EQCM measurements, which is monotonically decreasing
for composite SWCNT/PPy films while it has a classical “V” shape around the PZC for
SWCNT films. The part corresponding to the most anodic potentials is mainly related
to the electroadsorbed anions. In the case of the composite SWCNT/PPy films, this
contribution is clearly very small. On the other hand, the quantities of anions estimated
by Ac-electrogravimetric measurements are much lower in the case of composites.
This corroborates the better permselectivity of these composite SWCNT/PPy films
even with a moderate amount of PPy.
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Appendix A

The experimental data of the electrochemical impedance, ∆E
∆I (ω), and the charge/potential

TF, ∆q
∆E (ω), were fitted using theoretical functions given in Equations (A1) and (A2). It is

considered here that only two ions, c1 and c2, are involved in the charge compensation process.

∆E
∆I

∣∣∣∣
th
(ω) =

[
jωdf

(
Gc1

jωdf + Kc1
+

Gc2

jωdf + Kc2

)]−1
(A1)

∆q
∆E

∣∣∣∣
th
(ω) = dfF

(
Gc1

jωdf + Kc1
+

Gc2

jωdf + Kc2

)
(A2)

where df is the film thickness, Ki represents the kinetics rate of transfer, whereas Gi describes
the level of difficulty corresponding to this transfer for each ionic species, c1 and c2 in our
case, transferred at the electrode/electrolyte interface. For the parameter Gi, an analogy
with a transfer resistance is generally used: Rti = 1

FGi
.

The theoretical electrogravimetric transfer function, ∆m
∆E (ω), can be calculated, taking

into account the charged/uncharged species contribution:

∆m
∆E

∣∣∣∣
th
(ω) = df

(
Mc1

Gc1

jωdf + Kc1
+ Mc2

Gc2

jωdf + Kc2
+ Ms

Gs

jωdf + Ks

)
(A3)

In Equation (A3), additional parameters, Ks and Gs for the solvent molecules are
added as the molar mass (Mi) of each species.

From the theoretical overall electrogravimetric transfer function (Equation (A3)),
it is possible to calculate the theoretical partial transfer functions by removing the c2

contribution, calculating ∆m
∆E

∣∣∣c1s

th
(ω); or the c1 contribution, calculating ∆m

∆E

∣∣∣c2s

th
(ω), as

shown in the following equations:

∆m
∆E

∣∣∣∣c1s

th
(ω) = df

(
(Mc1 − Mc2)

Gc1

jωdf + Kc1
+ Ms

Gs

jωdf + Ks

)
(A4)

∆m
∆E

∣∣∣∣c2s

th
(ω) = df

(
(Mc2 − Mc1)

Gc2

jωdf + Kc2
+ Ms

Gs

jωdf + Ks

)
(A5)
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