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ABSTRACT:

To reach a deeper understanding of the charge storage mechanisms of electrode materials is one
of the challenges towards improving its energy storage performance. Herein, we investigate the
interfacial ion exchange of a composite electrode made of carbon nanotube/poly(ortho-
phenylenediamine) (CNT/PoPD) in a IM NaCl aqueous electrolyte via advanced
electrogravimetric analyses based on electrochemical quartz crystal microbalance (EQCM).
Classical EQCM at different scan rates of the potential revealed the complex electrogravimetric
behavior, likely due to multi-species participation at different temporal scales. Thereafter, in
order to better understand the behavior of each species (ion, counter ion, co-ions) in the charge
compensation mechanism, the electrogravimetric impedance spectroscopy analysis (also called
ac-electrogravimetry) was pursued. Ac-electrogravimetry revealed the role of each species
where Na® cations, Cl” anions as well as protons participate in the charge compensation
mechanism of the CNT/PoPD composite, with different kinetics and proportions. The water
molecules, with opposite flux direction with the cations, are also detected suggesting their
exclusion during cationic species transfer. Having analyzed ac-electrogravimetry responses in
depth, the positive synergistic interaction between the CNT and the PoPD is highlighted
revealing the creation of other electro-active sites in the nanocomposite electrode for ion

exchange.

KEYWORDS: Interfacial ion dynamics, electrochemical quartz crystal microbalance, ac-

electrogravimetry, carbon nanotubes, poly(ortho-phenylenediamine), nanocomposite



1. INTRODUCTION

The growth in the use of electronic devices such as laptops, phones, and tablets, in addition to
the trend towards using electric vehicles have led to a strong and rapid demand for energy and
high-performance energy storage devices."? Supercapacitors and batteries are electrochemical
energy storage systems, which play a significant role in the electronic and transport areas.’
Their efficiency relies strongly on the properties of the electrode materials, especially, their

morphology, surface area, and porosity.*

Electrochemical double layer capacitors, also called supercapacitors, are promising energy
storage systems, which present a long-life cycle and high-power density, and store energy via
adsorption/desorption process of ions at the electrode/electrolyte interface. Carbon materials
such as porous carbon, carbon nanotubes (CNTs) and graphene have been extensively studied
as electrode material for supercapacitors.®” They can store energy through a reversible
electrostatic process, in which the electrolyte ions are accumulated onto the surface. However,
in order to achieve a maximum specific capacitance, the correlation between the pore size of
the electrode material and the ions size should be optimized.® ! Therefore, understanding the
charge storage properties of electrode material in the nanometric scale is a very important factor

to consider in enhancing the performance of supercapacitors.

A substantial research effort has been conducted to understand the charge storage mechanisms
of the electrode materials using electrogravimetric methods. Ye et al.'' used electrochemical
quartz crysal microbalance (EQCM) to investigate the charge storage process of Single-Layer
Graphene (SLG) in neat ionic liquid. The results show that the double-layer charging of SLG
is dominated by desorption of positively charged ions/species and reorganization of them. The
charge storage properties of SWCNT have been as well studied by EQCM. Barisci et al.'?

reported that the ions transfer onto SWCNT film is complex, since the formation of double-



layer depends on multiple parameters, for instance the nature of electrolyte ions, and the
electrogravimetric behavior at positive potentials is different to that occurring at negative
potentials. Thus, in addition to the classical EQCM studies that provides a global response of
the charge compensation process, Escobar-Teran et al.'* employed ac-electrogravimetry as an
alternative characterization method, to better understand this global EQCM response and to
deconvolute the electrogravimetric behavior of SWCNT-based electrode. It was found that in
aqueous NaCl electrolyte, while hydrated sodium ion and proton participate at cathodic
potentials, chloride ion and water molecules participate at anodic potentials during the electro-
adsorption process at SWCNT electrode, with different kinetics. These results showed a good

correlation with EQCM response which confirm the conclusions drawn.

Ac-electrogravimetric method is based on coupling quartz crystal microbalance with
electrochemical impedance spectroscopy. It can provide an access to relevant information
occurring at the electrode/electrolyte interface (EEI): (i) identification of species involved in
the electrochemical processes (with their flux directions at the EEI), (ii) separation of their
nature (charged and non-charged), (iii) determination of their kinetics, and (iv) variation of their
relative concentrations.!> !¢ In this context, several studies have reported on the use of advanced
electrogravimetry for studying pseudocapacitive materials such as conducting polymers:
polypyrrole (PPy),!” polyaniline (Pani),'® and Prussian blue (PB);!® and metal oxides, e.g.
ZnO,"” W03, and MnO:.?' These works highlighted the advantage of using ac-
electrogravimetry to explain in details the process occurring at the EEI and its ability to
discriminate between cations, anions, and solvent molecules transferred at the electrode surface,
and therefore to understand the charge storage properties of the electrode materials. In the case
of nanocomposite materials, the electrogravimetric methods have been used not only to explain
the combination of the properties of different phases in the nanocomposite, but also to reveal

the creation of other active sites for the ions exchange.’’?* For example, the CNT/PB



nanocomposite has been characterized by EQCM and ac-electrogravimetric methods in order
to underline the benefit of this combined method on the charge storage properties. Indeed, a
synergistic interaction between the two phases was identified and different sites in the

nanocomposite were accessible for both electroadsorption/insertion of the different species.??

Poly ortho-phenylenediamine (PoPD) has shown an excellent cycling stability as electrode for
supercapacitors and a great promise for developing PoPD-based nanocomposite with carbon
nanomaterials,”> which could provide enhanced properties for energy storage devices. For
instance, Sacer et al.?® have studied the electroactivity of GO/PoPD composite by EQCM. The
results showed an improvement of the electrochemical properties of the composite compared
to the PoPD alone. Besides, the hydration of the composite film was identified as a rate-limiting
process and played an important role for better reversibility of the redox reaction. However,
further information about the participation of the charged species during the electrochemical
process have not been reported. Another promising structure of PoPD-based nanocomposite,
combining PoPD with CNT, drew attention in the electroanalytical chemistry, electrocatalysis
and corrosion fields.’’*! Besides, as it was reported in our pervious paper, CNT/PoPD
composite showed enhanced charge storage performance, which was ascribed to the positive
synergistic effect between the CNTs and PoPD, permitting the electrolyte ions to easily access
into the electrode.> In contrast, the charge storage mechanisms of CNTs/PoPD nanocomposite
have not yet been studied in sufficient detail, and the positive synergistic interaction between
the two compounds and the access of electrolyte ions into the electrode are not clearly

understood.

In this work, we report for the first time a detailed characterization of the charge storage
mechanism of CNT/PoPD nanocomposite-based electrode using a coupled electrochemical and
gravimetric method under dynamic regime. The PoPD was prepared on CNT modified

electrode by electropolymerization method in acidic medium. Thereafter, the classical EQCM
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technique was used to follow the mass variations during the electrochemical cycling of
CNT/PoPD nanocomposite which presented a non-monotonous dependence as a function of
applied potential and its scan rate. Subsequently, ac-electrogravimetry was applied in order to
discriminate and identify the involvement of different charged and non-charged species.
Specifically, access to the kinetic parameters of each species at the EEI was enabled and their

relative concentration variation in the electrode was estimated.

2. EXPERIMENTAL

2.1. Prepartion of CNT/PoPD nanocomposite

Thin layers made of carbon nanotubes (SWCNT with a diameter of about 0.7-1.1 nm and a
length between 300 and 2300 nm, Sigma Aldrich) have been coated on the gold electrode of
the quartz crystals (resonant frequency of 9 MHz-AWS form Valencia, Spain) by using drop
casting. A 0.9 mg portion of carbon nanotubes and 0.1 mg of poly(vinylidene fluoride-
hexafluoropropylene (PVDF-HFP) were dispersed in 5 ml of N-methyl-2-pyrrolidonne (NMP)
by ultrasonic treatment to obtain a homogeneous dispersion. A 10 pl of the resulting dispersion
was deposited on the gold surface (0.2 cm?) of quartz crystal electrode by drop-casting using a
precise micro-pipette and dried in an oven for 2 h at 120 °C.'3 Thereafter, PoPD was formed on
CNT modified electrode by electrochemical deposition using a 3-electrode cell, in which, CNT
modified electrode, platinum grid, and Ag/AgCl (3 M KCI solution saturated with AgCl; from
Sigma-Aldrich) were used as working, counter, and reference electrodes, respectively. The
electrodeposition of PoPD was performed in 0.1 M sulfuric acid solution containing 5 mM oPD
(1,2-diaminobenzene monomer, from Sigma-Aldrich) using cyclic voltammetry in the potential
range from -0.35 to 0.8 V vs. Ag/AgCl at a scan rate of 0.005 V.s'. The difference of the
resonant frequency of the quartz crystal (Af) measured before and after the deposition of CNT

and PoPD, was used to estimate the mass of CNT/PoPD nanocomposite, that is found to be



wt.% ratio of 1/5, according to the Sauerbrey equation (Af,,, = —k,.Am) where k=16.31 Hz.g"
!.cm? is the experimental sensitivity coefficient.>** Under our experimental conditions, these
films can be considered acoustically thin enough, which keep the gravimetric regime of the

QCM device.

2.2. Morphological characterization

The morphology of the electrode surface and the thickness of the film were characterized by a
field emission gun scanning electron microscope (FEG-SEM, Zeiss, Supra 55). The chemical
composition of the nanocomposite was investigated using an energy dispersive X-ray detector

(EDX) coupled to FEG-SEM instrument.

2.3. Electrogravimetric measurements

The electrogravimetric properties of CNT/PoPD electrode were investigated using three-
electrode configuration in 0.5 M aqueous NaCl solution at pH=2 (pH was adjusted by the
addition of HCI). A CNT/PoPD coated quartz crystal substrate was used as working electrode,
a platinum grid as counter electrode, and Ag/AgCl (3 M KCI solution saturated with AgCl;
from Sigma-Aldrich) as reference electrode. Electrochemical quartz crystal microbalance (lab-
made QCM device coupled with an Autolab PGSTATI100, potentiostat-galvanostat)
measurements were carried out in the potential range from -0.5 V to 0.5 V vs. Ag/AgCl at

different scan rates.

The ac-electrogravimetric measurements, using a lab-made potentiostat (SOTELEM-
PGSTAT) were performed at fixed potentials, in the frequency range from 63 kHz to 10 mHz
with a small amplitude potential perturbation. The QCM was used under dynamic regime. The
ac response, Al, and the mass change, Am, were measured simultaneously at given potentials,

and the obtained results were analyzed by a four-channel frequency analyser (FRA, Solartron



1254). Thereafter, the electrochemical impedance (AA—f (w)), the charge/potential (i—g (w)), and

the electrogravimetric (AA—:? (w)) transfer functions (TFs), were fitted by the theoretical

expressions given in Equations 1-3, respectively. It should be noted that all the transfer
functions, including cross and partial TFs, were fitted with the same parameters (M;, Ki and G;:
molar mass, kinetics of transfer and inverse of the transfer resistance, respectively), and good
agreement of both shape and frequency between the experimental and the theoretical curves

were obtained (see Refs. '%!1733737 for more details).

3. RESULTS AND DISCUSSION
3.1. Preparation and characterization of CNT/PoPD nanocomposites

The electropolymerization of oPD (on bare gold-patterned quartz substrate and on CNT
modified electrode) by cyclic voltammetry were performed, as described previously (Fig. S1).
During the 1% cycle, both electrodes show a peak of the monomer oxidation at 0.6 V with a
current density of about 2 mA cm? (Fig. S1a). After several cycles, two redox peaks appeared
at around -0.2 V (for the 1% redox peak) and around 0 V (for the 2" redox peak) as shown in
Fig. S1b. In the subsequent cycles, the current value of these redox peaks increases, while that
of the oxidation peak of the monomer decreases, indicating that polymerization of oPD is
successful and the PoPD film grows on the surface of the electrodes. After 200 CV cycles, the
polymerization of oPD on CNT shows a higher current density compared to the polymerization
on bare gold electrode (Fig. S1b). This behavior is principally attributed to the high surface
area of the CNT coating, resulting in improved electrical properties of the nanocomposite.*®*
The obtained result is in agreement with the earlier reports.***' Then, the resulting films were

characterized using FEG-SEM coupled to EDX detector. Fig. 1 and Fig. S2 show the FEG-

SEM images of CNT, PoPD, and CNT/PoPD nanocomposite coated quartz crystal substates.



Figure 1. FEG-SEM images of CNT/PoPD nanocomposite deposited on gold-patterned quartz

electrodes.

Fig. S2a shows the surface morphology of the film denoted as CNT thin film, displaying a
network composed of bundles of single wall CNT with an average size of about 10-20 nm, as
described previously.*® The FEG-SEM image of PoPD film (Fig. S2b) shows a nodular
structure on the surface which extends to a compact film with an average thickness of about
150 nm. In the Fig. 1a and Fig. 1b, the CNT/PoPD nanocomposite film images show a part of
the CNT network integrated in the PoPD film. This morphology is expected to provide a high
mechanical robustness and continuous pathways for electron transport. As it is observed in the
cross-section image (Fig. 1b), the nanocomposite film has an average thickness of about 700
nm. The association of the two components gives the possibility to benefit from both EDLC
behavior of CNTs and faradic reaction of PoPD. The CNT/PoPD nanocomposite were also
analyzed by EDX detector coupled to FEG-SEM in order to determine the chemical
composition. As shown in Fig. S3, the intense C peak in the EDX spectrum indicates the
presence of C related to the CNT and PoPD. The presence of N and O confirm the formation
of PoPD on the CNT film. In addition, the spectrum shows the presence of Au and Si of the

gold-patterned quartz electrode.

3.2. Interface analyses by electrochemical quartz crystal microbalance



The electrochemical behavior of CNT/PoPD nanocomposite film was characterized using CV
coupled to the quartz crystal microbalance in aqueous 0.5 M NaCl solution at different scan
rates (Fig. 2). Fig. 2a shows the typical redox behavior of PoPD.?® The peak-to peak separation
increase with the increase of scan rate from 10 to 100 mV.s!, indicating a limitation in the
charge transfer process.*>* The simultaneous mass changes were also reported as function of
potential and at different scan rates (Fig. 2b).

Considering the curve of 10 mV.s™!, a particular behavior is observed: during the reduction, the
mass decreases from 0.5 V to 0.1 V, followed by an increase in the mass from 0.1 Vto -0.4 V,
and at the end, the mass decreases from -0.4 V to -0.5 V. With an initial evaluation of this
behavior at the cathodic scan, the decrease of the mass can be attributed to a major contribution
of anions, whereas the increase of the mass can be related to a main response of cations. The

higher scan rates lead to a major change in the Amass profiles, especially evident
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Figure 2. (a) CV curves, and (b) mass responses of the CNT/PoPD nanocomposite in 0.5 M

NaCl at pH=2, from -0.5 to 0.5 V, with different scan rates.

in the potential range between 0.1 V to -0.5 V. The mass response observed at more cathodic
potentials may corresponds to an anion and/or a non-charged species contribution (with
opposite flux direction to cations), which gradually increases from 10 mV.s™! to 100 mV.s! and
starts to dominate the global mass response. This result can be related to the transfer of several
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species with different portions and kinetics. In order to elucidate this phenomenon, already
revealed by the EQCM data, the ac-electrogravimetry was performed at different fixed
potentials in the range from -0.4 to 0.4 V vs. Ag/AgCl. The latter complementary method has
been shown to be beneficial to study the interfacial charge transfer mechanisms. Accordingly,
using these analyses, we expect (i) to identify the nature and the transfer kinetics of different
species that contribute into interfacial charge compensation occurring in CNT/PoPD
nanocomposite films and (ii) to explain the scan-rate dependent atypical mass change observed

in the EQCM results.

3.3. Interface analyses by electrogravimetric impedance spectroscopy (ac-

electrogravimetry)
3.3.1. Identification of the involved species in the charge storage mechanism of CNT/PoPD

Ac-electrogravimetric measurements were performed in aqueous NaCl solution at different

fixed-potentials from -0.4 to 0.4 V vs. Ag/AgCl with a potential perturbation amplitude of 50

mV. The experimental electrochemical impedance, i—f (w), the charge/potential, i—g (w), and the

LA . . .
mass/potential, £ (w) transfer functions (TF), were obtained from ac-electrogravimetry. The

charge/potential TF can determine the interfacial transfer of ionic species, while the
mass/potential TF discriminates the nature of different charged species (anions, cations), as well

as the free solvent contributions.'®!”

Fig. 3 shows the results of the electrochemical impedance, the charge/potential, and
mass/potential TFs of CNT/PoPD nanocomposite measured at 0 V vs. Ag/AgCl. Fig. 3a
presents the electrochemical impedance, which shows a slightly inclined straight line at low
frequencies, indicating the contribution of multi-ions into the charge compensation process.

The charge/potential transfer function (Fig. 3b) exhibits one suppressed loop which can be
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attributed to the participation of more than one charged species. The difference in the time
constant of the species is not sufficient to permit them to be seen as separate loops.

Characteristic frequencies range from 10 Hz to 0.01 Hz.

The experimental data of electrochemical impedance and charge/potential TF were fitted using

the following theoretical expressions:

7(0)) (jod sza)d K)*l (i: ions) (Equation 1)
Aq(a)) Fd,y. de g (rions) (Equation 2)

where K describes the kinetics of species’ transfer, Gi represents the ease/difficulty of each
species’ transfer at the electrode/electrolyte interface, dris the film thickness and F is Faraday
constant. The obtained curves of the experimental data and the theoretical fit show a successful
agreement, revealing the contribution of three charged species. The fitting process provides the
values of K; and G: parameters of each species, which are reported in Table S1. However, the
results obtained by electrochemical impedance and charge/potential TF do not allow the
identification of nature of these species to be clarified. Therefore, the mass/transfer function
was used to identify all the species (charged and neutral), to follow their flux direction and to

estimate their kinetics of transfer.

The obtained parameters (K; and G:) of the charged species (from Equation 1 and 2) are used

in the fitting of the mass/potential TF according to the following equation:

—(w) =—d Z (1 ions and neutral species) (Equation 3)

where M; is the molar mass of the species involved in the charge compensation mechanism.

The additional parameter appears in the theoretical mass/potential TF (Equation 3), i.e. the

12



molar mass (M;) of each species, is used to identify the nature of the ionic or non-ionic species

contributing to the charge compensation mechanism.

Fig. 3c presents the experimental and the theoretical curves corresponding to the mass/potential
TF for CNT/PoPD nanocomposite film. The curve shows two well defined loops emerged in
different quadrants. From a theoretical standpoint, the contributions of anionic species appear
in the first (I) and the fourth (IV) quadrant, and the contributions of cations appear in the
second (II) and third (III) quadrant, depending on their interfacial transfer kinetics.'®!?
However, the transfer of free solvent molecules depends of their flux, and thus, they can be

detected in the same quadrant either with anions or cations.**

The fitting of the experimental i—’: (w) data using the theoretical expression (Equation 3) and

with the parameters given in Table S1 reveals the participation of three charged species CI,
Na', H" and free H20 molecules at intermediate frequencies. It is noted that the mass/potential
TF (Equation 3) involves the M; (the molar mass of the species involved in the charge compensation
mechanism), which enables the identification of the species, thus differentiating between H" from H;0"
and bare Na" from hydrated sodium species. The experimental and theoretical curves showed a

good agreement (Fig. 3c).
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Escobar-Teran et al.*> have studied the electrogravimetric behavior of SWCNT under the same
conditions of our study. The results show that the response of SWCNT thin film at 0 V vs.
Ag/AgCl presents the participation of only charged species (CI) and free solvent (H20). While,
the electrogravimetric response of PoPD polymer film shows no species involvement at the
same potential.>®> Accordingly, the pairing the CNT and the PoPD polymer exhibits a positive

synergetic effect, which leads to the creation of other active sites for the ion exchange.
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In order to further confirm the participation of the four different species identified in the Fig.
3c, the partial electrogravimetric transfer functions have been reported in Fig. 4. These
functions are calculated by removing the contribution of one of the species and checking the
quality of the fit of the remaining contribution, which provides a validation/control procedure
of the proposed model. As shown in Fig. 4, the resulting curves of the experimental data and
the theoretical fit showed a successful agreement, which confirm our hypothesis about the

nature, kinetic and contribution of different identified species.

3.3.2. Transfer dynamics of different species involved in the charge storage mechanism of

CNT/PoPD film

In Fig. 3 and Fig. 4, ac-electrogravimetric results at 0 V vs. Ag/AgCl were reported. It should
be noted that the ac-electrogravimetric analyses were performed at several potentials in the
range from -0.4 to 0.4 V vs. Ag/AgCl. From the ac-electrogravimetric measurements, the
characteristic frequencies, fi, associated to the kinetics and the resistance of transfer of each

species, Rt;, can be determined. By using K; and G: parameters of each transferred species, f;

K.
and Rt; were calculated using the following formula: f;, = ——and RY, :E’ respectively.

nd .
The calculated values of f; and Rt; were reported in Table S1. Fig. 5a and Fig.5b present the
variation of f; and Rt; of each species at different potential in the potential range studied. The
results show that the order of the transfer kinetics at different potentials presents the following

tendency: fi (CI') > fi (H20) > fi (Na")> f; (H"). In contrast, the transfer resistance of the species,

Rt;, showed an inverse behavior to their transfer kinetics.

The ac-electrogravimetry reveals the contribution of multi-species with different kinetics and
resistance of transfer. These results confirm the hypothesis discussed previously to explain the

change in the mass variation curves as a function of the scan rate reported in Fig. 2b. As shown
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10000

Figure 5. Variation of (a) the characteristic frequency (f;) and (b) the transfer resistance (R#;) of

the CNT/PoPD film measured in 0.5 M NacCl solution at pH=2.

in Fig. 2b, at 100 mV.s, the electrochemical behavior of CNT/PoPD nanocomposite during
the oxidation shows a large mass increase followed by a mass decrease. It is important to
highlight that this EQCM profile described with the participation of anions became more
pronounced at high scan rates. Indeed, the anion contribution is detected at high frequency
(faster process) in the ac-electrogravimetric measurements which strengthens the idea that
anion contribution is amplified for the high values of the scan rates in the EQCM (Fig. 2). While
at lower scan rate (from 50 to 10 mV.s!), the behavior observed at 100 mV.s"! gradually
becomes less evident and the mass response (Fig. 2b) in EQCM becomes dominated by the
cation contribution. It means that the cation contribution, as it exhibits at a slow transfer process,
is hardly detected at high scan rate, but starts to govern the electrogravimetric response at lower

scan rates.

At more anodic potentials (from 0 V to 0.4 V vs. Ag/AgCl), the CNT/PoPD nanocomposite

shows the contribution of Cl" and H20, which can be caused by the presence of SWCNT.*?
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Indeed, the PoPD alone does not show any gravimetric response at these potentials as depicted
in our former study.? But the contributions of Na* and H, seen in the case of the CNT/PoPD
nanocomposite, have not been detected neither in the CNT nor in the PoPD films, in the above
mentioned potential range. This effect can be related to a synergetic effect between CNT and

PoPD, which creates other active sites in the nanocomposite structure.

3.3.3 Gravimetric contribution of each species in the charge storage mechanism of

CNT/PoPD film; correlation between ac-electrogravimetric and EQCM results

The estimation of the relative concentration of each species, Ci, with respect to the potential
variation is one of the assets of the ac-electrogravimetry. This can be achieved using the

Equation 5, which is obtained through an integration process of the Equation 4:

ACi y = G (Equation 4)
AE jod s+ K;

E; AG; E; -G; .
G —Cy :IEOE(a))dE = IEO ?dE (Equation 5)

o—0 i
Fig. 6a presents the relative concentration changes (C: — Co) of individual species identified by
ac-electrogravimetry. The Ci — Coevolution of Na® and H' are higher that the C; — Co changes
of CI~ and H20, especially at cathodic potentials. It is important to note that in spite of the lower
kinetics of transfer, protons present a non-negligible contribution. Their participation to the
charge compensation mechanism of PoPD was described as a proton addition-elimination
reaction, due to the motion of electrolyte ions together with electron transfer.** In comparison
with the gravimetric response of SWCNT?® and of PoPD? under the same conditions, the
CNT/PoPD nanocomposite presents collective effects caused by the redox process of PoPD and
the electroadsorption process on CNT, in addition to enhancing the accessibility to the new sites

for ion exchange.
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Figure 6. Ac-electrogravimetric results of the CNT/PoPD film deposited on gold-patterned
quartz crystal electrode. (a) Variation of the relative concentration (C; — Co) and (b) the

corresponding relative mass variation of each species, Ami, calculated at different potentials.

The relative mass variations of each species at different potentials were calculated (Fig. 6b),
using the relative concentration changes presented in Fig. 6a. The gravimetric contributions of
the different species implicated in the electrochemical process present a different behavior, Na*
mainly dominates the Am response, while the H" has not a significant effect due to its low
atomic mass. The gravimetric reconstruction of the global mass variation can be calculated by
the addition of different mass contributions presented in Fig. 6b and compared with that of
classical EQCM (Fig. 7a and Fig.7b). The global mass variation (Amac-electrogravimetry: Obtained
from ac-electrogravimetry results at different potentials) (Fig. 7b), shows a good agreement
with the mass variation at the low scan rate (10 mV.s™') measured with the classical EQCM
(Fig. 7a). This comparative study further confirms the contribution of different species detected
by ac-electrogravimetry and emphasizes the complementarity of the latter to the classical

EQCM.
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Figure 7. Mass variation (a) obtained by EQCM at 10 mV.s™! and (b) reconstructed from ac-

electrogravimetry. Measurements were performed in the same conditions.

4. CONCLUSIONS

We have reported on the electrochemical charge storage mechnisms of CNT/PoPD
nanocomposite in aqueous media, thorough investigation of the results obtained via in situ
advanced electrogravimetric methods. After the successful formation of CNT/PoPD by the
electropolymerization of oPD on CNT modified gold-patterned quartz electrode, EQCM
analyses in acidic NaCl media revealed that the charge transfer process of the nanocomposite
modified electrodes takes place with the participation of multi-species. Thereafter, ac-
electrogravimetry measurements were performed to better understand the global EQCM
response and to investigate the transfer dynamics of each species exchanged at the CNT/PoPD
electrode surface. It was found that the CI~ contribution is detected at high frequencies, due to
its fast process, followed by H2O molecules in the same flux direction as CI~. While, at lower
frequencies, Na* and H" were involved through slower process in the opposite flux direction to
Cl and H20. Regarding their gravimetric contribution, the relative concentration of Na” and H"

were higher than that of CI" and H20. Besides, Na* mainly dominated the Am response of the
20



composite electrode, while H" did not have a significant effect due to its low atomic mass.
These finding; shed the light on the positive synergistic interaction between CNT and PoPD,
leading to the enhanced accessibility to new sites for ion-exehange transfer in the composite

electrode, which have not been detected in niether- the pristine CNT and PoPD films.

SUPPLEMENTARY MATERIAL

Electrochemical polymerization of oPD, FEG-SEM images of CNT, PoPD and CN/PoPD, EDX
analysis of SWCNT/PoPD, and the estimated values for K;, Gi, Rt; and f; parameters extracted
from the fitting results of ac-electrogravimetry measurements are provided in the

supplementary material.
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Figure S1. Electrochemical polymerization of oPD on gold-patterned quartz electrode and

gold-patterned quartz substrates modified by CNT; a) 1° cycle and b) 200" cycle.

200 nm
—i

Gold

Figure S2. FEG-SEM images of CNT (a) and PoPD (b) deposited on gold-patterned quartz

electrodes.
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Figure S3. EDX spectrum of SWCNT/PoPD nanocomposite deposited on gold-patterned

quartz electrode.

Table S1: Estimated values for K;, Gi, Rt; and f; parameters extracted from the fitting results

of ac-electrogravimetry measurements of the CNT/PoPD film at 0 V vs. Ag/AgCl, measured

in 0.5 M NaCl at pH=2. (a: anion, s: solvent, c1: cationl and c2: cation2)

pH=2 Species M; K; Gi Rt=1/FG; | fi=Ky/ndy
identification (g.mol™") (cm.s™) (mol.s.em™ | (Q.cm?) (Hz)
(9) 2V
at0 Vv
a CI 35 471 10* -4.3310° 2.39 15.01
S H>O 18 3.77 107 -7.92 107 13.09 1.20
cl H" 1 2.8310° 3.68 10°® 281.94 0.09
c2 Na* 23 1.72 107 9.50 1077 10.91 0.55
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