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ABSTRACT

In this work electrochemical performance of thin composite films consisted of poly(3,4-
ethylenedioxythiophene) (PEDOT), graphene oxide (GOx) and oxidized multiwalled carbon nanotubes
(0xMWCNTSs) is investigated in various sulphates (Li;SO4, Na;SO4, K;S04, MgS0O4) and acidic (H,SO4)
electrolytes. Capacitance values, rate capability and cycling stability achieved for the composite layers
are correlated with the electrolytes’ properties such as the conductivity, viscosity, cation size and pH.
The highest capacitance values are achieved in acidic solution (98.6 mF cm~2 at 1 mA cm~2), whereas
cycling stability is better in neutral electrolytes (88.4% of initial capacitance value after 10'000 cycles
recorded for symmetric supercapacitor in 0.5 M MgSO,4 solution). Diffusion controlled and non-diffusion
controlled capacitance contributions are calculated and the results are discussed considering various
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Electrochemical capacitors

ranges of sweep rates taken into account in the linear fitting and extrapolation of parameters.

© 2021 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

A great demand for high power and high energy storage devices
drives development of new electrode materials of improved elec-
trochemical properties as well as stable electrolytes. There are two
ways to increase the energy of the device by enhancing the capaci-
tance or widening the working voltage. Hence, it is very important
to match the electrolyte to the properties of the electrode mate-
rial in order to achieve the highest capacitance along with the sta-
ble work of the device [1-4]|. Therefore, it is crucial to understand
the charge storage mechanisms in various electrolytes. Electrolytes
are divided into three main types: aqueous, organic and ionic lig-
uid. The aqueous ones are advantageous compared to the other
two types in terms of conductivity, viscosity and environmental
issue. The major drawback, however, is a low potential range of
their stability limited by the thermodynamic decomposition volt-
age of water (1.23 V). Still, neutral aqueous electrolytes are stable
in wider potential range than acidic or basic ones. Moreover, us-
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ing concentrated electrolytes one can increase the useful potential
range above the voltage of theoretical decomposition of water. For
instance, 1.9 V was achieved for 0.3 M K,S04 when unequal mass
of negative and positive electrodes was implemented [5], 2.2 V for
1 M Li,SO4 using gold current collectors [6], and 3.2 V for satu-
rated NaClO4 on glassy carbon substrate [4]. Naderi et al. achieved
2.8 V for flexible asymmetric capacitor based on conducting poly-
mer/reduced graphene oxide/MnO, nanocomposites with water-in-
salt electrolyte (27 mol kg~! potassium acetate) [7]. The combina-
tion of higher capacitances obtained in aqueous electrolytes than
in organic ones or ionic liquids along with the wide operating po-
tential range leads to a high energy density of the device.

The electrolyte choice has a great impact on capacitance, en-
ergy and power values as well as cyclability of energy storage de-
vices. Ion size and its mobility is crucial for electric double layer
capacitors (EDLCs), where physical adsorption of ions on the elec-
trode surface determines the capacitance values. For this reason,
new electrode materials with tunable porosity are developed to
match the pore sizes with the ionic radii of the electrolyte ions
[8-11]. In the case of electrodes operating only with non-faradaic
processes, the electrolyte properties are key factors to utilize the
whole specific surface area. Also, electrochemical performance of
pseudocapacitive materials, such as conducting polymers or transi-
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tion metal oxides, that involve faradaic reactions is influenced by
ion size, pH, conductivity and viscosity of electrolytes.

Electroactive polymers are attractive components of composite
electrode materials due to their excellent properties such as high
conductivity in doped state, pseudocapacitive behaviour, fast ki-
netics of oxidation and reduction processes and flexibility [12-14].
They play a role of conducting binder and a matrix for other elec-
troactive components. Electroactive polymers are conducting only
in their doped state with counter-ions balancing the charge of the
polymer chains. In p-type electroactive polymers, such as poly(3,4-
ethylenedioxythiophene (PEDOT), polyaniline (PANI) or polypyr-
role (PPy), anions compensate the charge of polarons and bipo-
larons created during oxidative polymerisation, so they behave as
anion exchangers [15,16]. Bund and Neudeck observed migration
of anions and solvent molecules upon doping/dedoping processes
of poly(3,4-ethylenedioxythiophene) films in various electrolytes,
with no significant exchange of cations [15]. When large polyan-
ions (e.g. polystyrene sulfonate (PSS)) or macromolecule counter-
ions (e.g. graphene oxide) are introduced during polymerization
process, p-type polymers act as cation exchangers [16-18]. How-
ever, migration of cations are noticed also in polymer layers with-
out large anions trapped inside them, as observed by Gruia et al.
in the case of PEDOT films with ClO4~ counter ions [19] or by Jure-
viciute et al. for poly(vinylferrocene) films in aqueous perchlorate
solutions [20]. Therefore, it is crucial to investigate electrochemi-
cal performance of electroactive polymers and polymer-based com-
posites in various electrolytes as migration of ions and solvent
molecules influence properties of the polymer films such as elec-
trochemical response, ionic conductivity, morphology, stiffness, etc.
[19,21-23].

Composites based on PEDOT and carbonaceous materials have
attracted attention as electrodes for supercapacitors due to good
electrochemical and thermal stability, high capacitance values, and
good rate capability [24-32]. As we showed in our recent work
[29], ternary composites that combine two different carbonaceous
materials and conducting polymer exhibit improved electrochem-
ical properties compared to the analogous binary composites.
Electrochemical performance of such ternary composites depends
strongly on their microstructure, morphology, ratio between the
components, adhesion to the electrode substrate etc. [26,29,33]. In
majority of works related to composites based on conducting poly-
mer and carbonaceous materials, the main focus is on the micro-
nanostructure, chemistry and ratio of components and their in-
fluence on the electrochemical properties of the final composites,
while the presented electrochemical performance is often limited
to one or two electrolyte solutions.

In this work we present thorough electrochemical study of
ternary PEDOT/GOx/oxMWCNTs composites in various aqueous
electrolytes containing different cations: Lit, Na*, K+, Mg2t, H*
and the same anion SO42~. Capacitance values, rate capability
and cycling stability are discussed taking into account electrolytes’
properties such as pH, conductivity, viscosity and effective ion size.
We evaluate the electrochemical results to differentiate diffusion
controlled and non-diffusion controlled contributions to capaci-
tance values using Trasatti’s analysis [34,35] as well as equation
proposed by Conway [36]. Moreover, we discuss the achieved val-
ues depending on sweep rate range taken into account in the lin-
ear fitting and extrapolation of parameters in both methods, which
is not debated in literature.

2. Experimental
2.1. Chemicals

Monomer 3,4-ethylenedioxythiophene (EDOT) and multiwalled
carbon nanotubes —MWCNTs (>98% carbon basis, O.D. x ILD. x L
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10 nm £ 1 nm x 4.5 nm + 0.5 nm x 3-~6 pm) were purchased
from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany) and used
as received. The suspension of graphene oxide (4.5 mg/mL) was
prepared via modified Hummers method (supplied by Institute
of Electronic Materials Technology (ITME), Warsaw, Poland). In-
organics: Li;SO4, Na;SO4, K;SO4, and concentrated acids: H,SO4
(98 wt.%), HNO3 (65 wt.%) (Avantor Performance Materials Poland
S.A., Gliwice, Poland) were of analytical grade and used without
any further purification. Water-based electrolytes were prepared
using deionized water.

2.2. Preparation of the thin composite films

The composite PEDOT/GOx/oxMWCNTs films were electrode-
posited from an aqueous suspension of carbonaceous materials
containing EDOT monomer, as described in our recent work [29].
Briefly, pure MWCNTs were chemically oxidized with concentrated
HNOj3 (24 h, 130 °C), washed, filtrated and dried (overnight, 80 °C)
under vacuum conditions. Afterwards, 5 mg of modified carbon
nanotubes and 80 pL of EDOT monomer (0.015 mol dm~3) were
added to the 30 ml of deionized water (conductivity < 0.06 pS)
and sonicated for 3 min (amplitude 50%, power 25 W) with Ultra-
sonic Lab Homogenizer (UP200St, LT Scientific, Hielscher). In the
next step 11.11 ml of graphene oxide suspension (4.5 mg/ml) and
appropriate amount of deionized water was added to the mixture
of CNTs and monomer to obtain 50 ml of the synthesis solution.
Before the electrodeposition process, the solution was stirred with
magnetic stirrer and deaerated with argon for 1 h. The solution
was also stirred (800 rpm) during the deposition process to ensure
homogeneity of the composites layers. The films were electrode-
posited in the three-electrode system at a constant potential of 1 V
vs. Ag|AgCl|0.1 M KCl on the working electrode (glassy carbon (GC),
2 mm in diameter) or platinum plates (area of 1 cm~2). Pt mesh
and Ag|AgCl|0.1 M KCl served as a counter and reference elec-
trode, respectively. The deposition process was controlled by the
deposition charge (cut-off at 0.8 C cm~2). Afterwards, the prepared
composite films were washed carefully with deionized water, im-
mersed into the water-based electrolyte solution and reduced elec-
trochemically at —0.6 V vs. ref Ag|AgCl|3 M KCl for 5 min. Elec-
trochemical reduction process causes partial reduction of graphene
oxide component, as described in our former works [28,29].

2.3. Characterisation techniques

The structure and morphology of the electrodeposited PE-
DOT/GOx/oxMWCNTSs layers were investigated using scanning elec-
tron microscope (accelerating voltage equal to 20 kV) with a sec-
ondary electrons detector (FEI Quanta FEG 250 Scanning Elec-
tron Microscope (SEM), ThermoFischer Scientific, Waltham, MA,
USA) and transmittance electron microscope (TEM, FEI Europe, Tec-
naiF20 X-Twin). The total porosity and the pore size distribution of
the composite samples were determined by the Brunauer-Emmett-
Teller (BET) method using NOVAtouchNT-LX-1 Qunatachrome In-
struments analyser (Anton Paar GmbH). Conductivity of the elec-
trolytes were measured on CPC-500 conductometer (ELMETRON,
Zabrze, Poland).

Electrochemical measurements were carried out in two-
and three-electrode cell configuration using SP-200 potentio-
stat/galvanostat (Bio-Logic, Seyssinet-Pariset, France) under EC-Lab
Software (V11.31 version). In three-electrode setup Pt mesh and
Ag|AgCl|3.0 M KCI served as counter and reference electrodes,
respectively. For two-electrode measurements a symmetric de-
vice was assembled in SWAGELOK®-type cell. Two composite lay-
ers deposited on glassy carbon were separated with filter paper
(Macherey Nagel, 300 pm in thickness, MN GF - 1) soaked with
the electrolyte. Calculation of capacitance values based on cyclic
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Fig. 1. TEM images of PEDOT/GOXx/oxMWCNTs composite.

voltammetry, chronopotentiometry and electrochemical impedance
spectroscopy are given in Eq. S1-S3 in Supplementary Materials
(SM).

3. Results and discussion

Physicochemical characterisation of PEDOT/GOx/oxMWCNTs
composites and influence of amount of oxMWCNTs on the com-
posites’ properties were described in our former work [29]. Fig. 1
presents TEM images of the composite PEDOT/GOx/oxMWCNTSs.
The picture shows multiwalled carbon nanotubes with a diameter
of 13 nm and visible 13 walls dispersed in PEDOT/GOX thin film.

Specific surface area of PEDOT/GOx/oxMWCNTs composite cal-
culated from BET analysis is equal to 8.3 m? g — !, and the total
pore volume equals to 0.006 cm3 g — 1. Such a small value is of-
ten reported for PEDOT and PEDOT-based composites [37,38,39].
The BET adsorption/desorption hysteresis loop is presented in Fig.
S1 (SM). The pore size distribution (Inset in Fig. S1, SM) show that
the material is meso- and macroporous with the highest number
of pores 8 nm in size.

Electrochemical properties of the PEDOT/GOX/oxMWCNTSs films
were investigated in different sulphates (Li;SO4, Na;SOy4, K5SO0y4,
MgS0,4) and acidic (H,SO4) aqueous electrolytes (concertation of
0.5 mol dm~3). Properties such as pH, conductivity and viscosity
of the used electrolytes are given in Table S1 (in SM). Acidic so-
lution exhibits the highest conductivity (197.1 mS cm~!), whereas
amongst the neutral ones K,SO4 shows the highest value (74.7
mS cm~!). The reason of the much higher conductivity value for
H,S0, is a different mechanism of proton transport [40,41] com-
pared to neutral ions. In the case of Li, Na and K sulphates the
number of ions in electrolytes of equal concentration is the same,
so their mobility determines the ionic conductivity - as the size of
the hydrated ion increases, its mobility, and thus its conductivity,
decreases. Aqueous solution of magnesium sulphate has ability to
form strong ion pairs, thus it as a model compound to investigate
ion association [42,43]. Moreover, higher cation charge of magne-
sium ion, compared to Li, K and Na, is more influenced by the
external electric field, which increases ion mobility. On the other
hand, greater interaction of Mg2+ ion with water and larger hydra-
tion sphere decrease its mobility, hence its low conductivity (31.2
mS cm~1). Ion size is also important for the efficient charge stor-
age by electric double layer formation as well as for diffusion of
ions in the electrode material. The size of ion in aqueous solution
can be determined by different methods, thus the values reported
in the literature differ for the same ion [9,44-49]. The ionic radii
in solids (R;,,) and effective ionic radii in solution (d;., - deter-
mined as an internuclear distance between metal ion and oxygen
from water molecule) of the investigated electrolytes’ ions are pre-

sented in Table S2 and Table S3 (in SM). Despite the differences in
absolute values, the increase in the effective ionic radii follows the
trend: Li*< Mg2* < Na*< K+.

Electrochemical performance of PEDOT/GOx/oxMWCNTs film
measured in three-electrode cell configuration is presented in
Fig. 2. The shape of cyclic voltammetry curves slightly differ in var-
ious electrolytes (Fig. 2a). The deviation of the CV curve from the
rectangular shape is increasing in the following direction: K;SO4
< NayS04 < Li;SO4 < MgS0y4. This illustrates the cation transport
in the composite layer. The highest deviation from the rectangular
shape, which corresponds to the slowest diffusion, is observed in
MgS04, which is the least conductive from the investigated elec-
trolytes (31.2 mS cm~!, see Table S1, SM). The highest area under
the CV curve, which corresponds to the highest capacitance value
was recorded in sulphuric acid (80.5 mF cm~2 at 100 mV s — !)
and the lowest in magnesium sulphate (37.2 mF cm~2). The ca-
pacitance values obtained in lithium, sodium and potassium sul-
phates equal to 45.7, 45.4 and 50.6 mF cm~2, respectively. Taking
into account the thickness of our composite films [29], the maxi-
mum capacitance achieved is equal to 933 Fcm™3 (at 5 mV s ~ !
in 0.5 M H,SO4), which is considerably higher than reported for
similar ternary composite (761 Fcm=3 at 5 mV s~ 1in 1 M
H,S04) [50]. Comparison of electrochemical performance of var-
ious ternary composites based on conducting polymers and car-
bonaceous materials are presented in Table S4 (SM). The specific
capacitance values calculated from CV curves are consistent with
the values calculated from galvanostatic discharge curves as pre-
sented in Fig. 2b)-d).

Capacitance values increase with increasing ionic conductivity
of the electrolyte (Table S1, SM) and with decreasing cation size
(Tables S2 and S3, SM). The highest capacity obtained in acidic so-
lution may also be caused by additional redox reactions of surface
functional groups present of oxidised carbonaceous components of
the composite. For instance, quinone/hydroquinone redox reaction
is often reported to add a significant pseudocapacitive contribution
to the total capacitance of carbon electrodes in protic electrolytes
[11,51-53]. Another reason for the higher capacitance in acidic me-
dia, may be explained by a better electrical conductivity of PEDOT
in acidic solution due to improved transformation of the benzoid
to quinoid structure of the PEDOT chains [54].

These results are in agreement with the data obtained by Zhu
et al. for polypyrrole/reduced graphene oxide (PPY/GOx) compos-
ite in various aqueous chloride electrolytes [18]. The authors ex-
plain that the capacitance values for PPY/GOx increased with the
increasing cationic mobility (Lit < Na* < Kt < H*) due to its im-
pact on the ionic conductivity.
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Fig. 2. Electrochemical performance of PEDOT/GOx/oxMWCNTs in various 0.5 M sulphate aqueous electrolytes in a three-electrode setup: cyclic voltammetry recorded at
100 mV s — ! (a); chronopotentiometry curves recorded at 1 mA cm~2 (b); capacitance values calculated from chronopotentiometry curves recorded at various current

densities (c) and at 1 mA cm~2 (d); Nyquist plots (e); the relation between capacitance and frequency (f).

In all investigated electrolytes PEDOT/GOx/oxMWCNTs compos-
ite shows an excellent rate capability (Fig. 2c). Capacitance values
are the highest in H,SO4, but the rate capability is inferior in acidic
solution compared to the neutral ones. The lowest capacitance val-
ues were obtained in MgSO4 (1.46 times smaller than in K,;SO4
and more than two times smaller than in H,SO4 at 1 mA cm—2
current rate). Electrochemical impedance data also illustrate influ-
ence of ionic conductivity of the electrolytes. The highest contact
resistance at the interface of electrolyte and composite layer was

recorded in MgSQy, as presented in Nyquist plots (Fig. 2e). Capac-
itance as a function of frequency (Fig. 2f) shows the best charge
propagation for electrode material operating in 0.5 M K;SO4. The
almost horizontal dependence of the capacitance vs frequency was
observed in the range of 0.010 - 10 Hz in K,SO,4 electrolyte and
only 0.010- 0.2 Hz in MgSOy,.

Electrochemical tests of the composites were also measured in
symmetric devices. For this purpose two PEDOT/GOx/oxMWCNTs
layers electrodeposited on glassy carbon substrate were separated
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with glass-fibre filter paper soaked with the electrolyte and as-
sembled in the Swagelok®-type cell. The capacitance values for
the symmetric supercapacitors were calculated based on the fol-
lowing techniques: cyclic voltammetry (Fig. 3a), electrochemical
impedance spectroscopy (Fig. 3b), chronopotentiometry at 1 mA
cm—2 (Fig. 3¢) and prolonged charging/discharging for 10’000 cy-
cles (Fig. 3d).

CV curves at 100 mV s — ! in the tested cell voltage 0.5 V, are
rectangular in shape indicating good capacitive properties of the
electrode material. The deviation of CV curve recorded in MgSO,4
is smaller in comparison to the three-electrode system. The capac-
itance recorded in the sulphuric acid electrolyte is the highest and
equal to 17.3 mF cm~2. In comparison, the capacitance recorded in
MgSO, (8.9 mF cm~2) is almost two times smaller than in H,SO4
and 32% smaller than in K,SO4 (13.1 mF cm~2). The highest cy-
cling stability during 10’000 cycles was achieved in MgSO, (88.4%
of initial capacitance value after 10’000 cycles) and the lowest for
H,S04 - 80.7%. The cycling stabilities of the capacitors in sulphate
electrolytes with K*, Na* and Li* cations are equal to 82.4%, 85.9%
and 83.8%, respectively. For comparison, cycling stability reported
for PPY/GOx by Zhu et al. [18] was the highest in acidic solution
(3 M HCl), and was decreasing with increasing cation size (H* <
Lit < Na* < K*), which was attributed to a decrease of doping
level and structural damage by insertion and de-insertion of large
cations upon cycling. In the case of our ternary composites, the
presence of carbon nanotubes may support mechanical strength of
the composite, resulting in the good stability upon prolonged in-
sertion and de-insertion of large ions such as K*.

The capacitive effects was characterized by analysing the cyclic
voltammetry data at various scan rates 2-500 mV s ~ !, The mea-
sured current is related to the scan rate via the power law accord-
ing to Eq. (1) proposed by Lindstrém et al. [55]:

i=a-v (1)

where: i - is current, v - is scan rate, a and b - are adjustable pa-
rameters, that can be obtained after fitting the linear dependence
given in (Eq. (2)):

In(i) = In(a) +b-In(v) (2)

These equations can be used to determine the presence of
capacitive and semi-infinite diffusion-controlled kinetics of the
electrode processes. The b-value delivers quantitative informa-
tion about kinetics limitations; when current is diffusion limited
b = 0.5, and when the current is directly proportional to the sweep
rate the process is surface-controlled (capacitive) b = 1. In the case
that b parameter falls between 0.5 and 1, the electrode mechanism
is a combination of capacitive and diffusion contributions [36] or
finite-length diffusion controlled [56].

Hence, in an ideal case for supercapacitors b parameter is close
to 1, whereas for batteries b equals to ~0.5. By virtue of charge
storage mechanism one can distinguish between both devices. In
the case of PEDOT/GOx/oxMWCNTs-based supercapacitor tested in
K,S04 electrolyte b is in the range of 0.951-977 (Fig. 4) in the
tested voltage range 0-0.5 V, indicating that the charge storage
mechanism is predominantly non-diffusion-limited, namely fast
surface oxidation/reduction processes and adsorption of ions.
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A linear combination of non-diffusion and diffusion-controlled
currents was proposed by Conway [36]:

iV)=ky-v+ky-v1/2 (3)
i(v
v(li/g= k-1 4 ks (4)

where: k; and k, are constants that can be calculated from cur-
rent response at certain potentials across the multiple sweep rates.
The analysis enables the division of the cyclic voltammograms into
non-diffusion (surface)-controlled and diffusion-controlled regions.
This approach was used by Dunn et al. for analysing the charge
storage mechanism in many types of nanostructured transition
metal oxides [57-59].

Fig. 5a-d) presents cyclic voltammograms at various scan
rates with marked capacitive contribution recorded for PE-
DOT/GOx/oxMWCNTs symmetric capacitor with K,SO4 as elec-
trolyte. At lower scan rates, non-diffusive contribution is slightly
lower than at high scan rates. Linear fitting of k; and k, parame-
ters are shown in Fig. 5e). It can be noticed that at close to bound-
ary cell voltages (0 and 0.5 V) points at high scan rates slightly
deviate from linear trend. This is attributed to Ohmic losses due
to internal resistance of the cell. Diffusive and non-diffusive con-
tribution at sweep rates from 10 to 500 mV s ~ ! are depicted in
Fig. 5f).

Another approach to differentiate capacitive and diffusive con-
tributions to the total capacitance value is Trasatti’s analysis
[34][35]. According to this method, the total amount of the charge
stored (gr) is a sum of inner (less accessible) surface charge (gq;)
and outer (more accessible) surface charge (qo) according to Eq. 5:

ar=¢qi+4qo (5)

The charge stored at the inner surface is controlled by diffusion,
whereas outer surface charge is non-diffusion controlled, therefore
it is independent of scan rate. The charge measured at certain scan
rate (qy) can be expressed by the following equations [34][35]:

Qv = Qoo + const. - v/ (6)
1_1 + const. - v1/? (7)
Qv qo

where: (., is the charge stored at extremely high scan rates
(v—>00) and qq is the charge stored at a very slow scan rate (v—0);
g~ is assumed to be equal to the outer surface charge qo, while qg

is assumed to be equal to the total charge gr stored at the elec-
trode.

Taking into account the cell voltage one can express the
above equations as capacitance values (Cy and C, are calculated
from gr and qo, respectively) as presented in Fig. 6 for PE-
DOT/GOx/oxMWCNTs symmetric capacitor with K,SO,4 electrolyte.
Presented data were linearly fitted in the sweep rate range of 10-
500 mV s — 1. For low scan rates the inner surface charge contri-
bution in the total charge is higher than for the high scan rates
(11.3% at 10 mV s — 1, and 0.6% at 400 mV s ~ ). The inner- and
outer-surface capacitance contribution corresponding to diffusion
controlled and non-diffusion controlled processes are in agreement
with the values calculated using Eq. (4) (presented in Fig. 5f).

Note that both methods give convergent results (see Fig. 5f and
Fig. 6¢). The data were fitted linearly in the broad scan rate range
of 10-500 mV s — 1. In literature reports, high scan rates are of-
ten excluded from linear fitting due to Ohmic drops resulting from
intrinsic resistance [60-62]. One has to bear in mind that fitting
in various ranges of scan rate will give slightly different results, as
presented in Fig. 7 for PEDOT/GOx/oxMWCNTSs symmetric capacitor
with 0.5 M MgSQ, as electrolyte. The corresponding linear fitting
of k1 and k, parameters are shown in Fig. S2 (SM). Analysis utiliz-
ing Trasatti's method taking into account various scan rate ranges
is presented in Fig. S3 (SM). C,/Cr values corresponding to non-
diffusion controlled contribution are equal to 84.8, 73.7 and 64.3%
for linear fitting in the range of 2-20, 2-100 and 10-100 mV s — 1,
respectively.

To show the influence of cation type on the electrochemical be-
haviour of PEDOT/GOx/oxMWCNTs composite, the analyses were
performed for symmetric capacitors with H,SOy4, Li;SO4, Nap;SOy,
K,S04 and MgSO,4 electrolytes (Fig. 8). For these analyses we ex-
cluded the highest sweep rates from the linear fitting and did the
calculations for the range of 10-100 mV s — 1. Symmetric capac-
itor with magnesium sulphate as electrolyte exhibits the highest
diffusion controlled contribution to capacitance values. According
to Table S2 (SM) Mg+ ions have the lowest bare and hydrated
ion size, similar to Li* ions, so the highest diffusive contribution
recorded in MgSO4 may be attributed to the lowest ionic conduc-
tivity of this electrolyte (Table S1 (SM)), which is connected with
a formation by Mg2* and SO4%~ ions extensive water-separated,
hence strongly dipolar, ion pairs [42]. H,SO4 has the highest con-
ductivity (from 2.6 to 6.3 times higher than investigated neutral
electrolytes), which results from different mechanism of proton
transport. However, the diffusion-controlled contribution is much
higher in H,SO4 than in K;SO04 (15.3% vs 7.5%). Such difference may
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be explained by the occurrence of diffusion-controlled redox reac-
tions of oxygen-rich functional groups (e.g. quinone or hydroxyl),
present on the surface of graphene oxide and oxidised CNTs, which
are more pronounced in acidic media [11,51-53]. This would ex-
plain not only higher diffusion-controlled contribution but also sig-
nificantly higher capacitance for PEDOT/GOX/oxMWCNTs recorded
in acidic solution compared to the neutral one.

Analyses according to both presented methods show that PE-
DOT/GOx/oxMWCNTs composites operating in symmetric device
exhibit mainly capacitive character of the charge storage mech-
anism, especially in K,SO4 electrolyte. For comparison, Nadevi
et al. [7] reported analyses to determine charge transfer mecha-
nism for rGOx-PEDOT:PSS/MnO, and rGOx-PEDOT:PSS electrodes
in 1 M Na, SO, electrolyte. The b-value was equal to 0.6 and 0.8 for



A. Cymann-Sachajdak, M. Graczyk-Zajac, G. Trykowski et al.

MgSO,
154 —e— non-diffusive contribution
1 —10mVs"
10
. _
‘s 5
o . .
Lg 0 non-diffusion controlled
-~ 70.1%
@]
-54
-10 4
'15 T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5
a) Cell voltage / V
Na,SO,
15+ —@— non-diffusive contribution
10
o 57
% Non-diffusion controlled
Lé 01 95.3%
~
O -54
-10
'15 T L T L T L3 T ¥ ® T
0.0 0.1 0.2 0.3 0.4 0.5
o) Cell voltage / V
H,SO,
30+ —a— non-diffusive contribution
——10mvs"
20
- < o
£ 104
o
"'E' 04 non-diffusion controlled
5 84.7%
01 J
@ [T
-30 T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5
e) Cell voltage / V

b)

d)

f)

Electrochimica Acta 383 (2021) 138356

Li,SO,
15 - —@— non-diffusive contribution
—10mvs"
10
Q'E 54 :
li’ Non-diffusion controlled
€ 01 83.7% :
=
& el
104
_15 T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5
Cell voltage / V
K,SO,
—@— non-diffusive contribution
159 ——1o0mvs" e
10 '
a
£ 97
o
LL
g 04
-
O _5 .
-104
15 .
Cell voltage / V
10mvs' [ diffusion contribution
[ | non-diffusion contribution
100
80+
X 60
Q 777% | | 934% | | 961% | | 847% | 721%
OD 404
20
0 T T T . 1 1
H,SO, K,SO, Na,SO, Li,SO, MgSo,
Electrolyte

Fig. 8. The comparison of non-diffusion contribution to capacitance of PEDOT/GOx/oxMWCNTs symmetric capacitors for CV at 10 mV s ~ ! scan rate recorded in different
electrolytes: (a)-(e) calculated from Conway’s equation Eq. (4)), (f) calculated from Trasatti’s equations (Eq. (5)-(7). Linear fitting were performed for the scan range of

10-100 mV s — '



A. Cymann-Sachajdak, M. Graczyk-Zajac, G. Trykowski et al.

rGOx-PEDOT:PSS/MnO, and rGOx-PEDOT:PSS, respectively, mean-
ing mainly diffusion controlled kinetics for electrode with man-
ganese oxide component (66% of diffusive contribution to capac-
itance at 20 mV s — ! according to analysis with Conway’s equa-
tion). Trasatti method resulted in diffusion controlled contribution
(inner surface charge) of 66% and 71% for rGOx-PEDOT:PSS/MnO-,
and rGOx-PEDOT:PSS electrodes, respectively. Boota and Gogotsi
[63] investigated asymmetric capacitors based on M-Xene as neg-
ative electrodes and various conducting polymer/graphene ox-
ide composites as positive electrode. Capacitors with PANI/GOx,
PPY/GOx or PEDOT/GOxX as positive electrode exhibited, 93, 86 and
68% of non-diffusion-controlled contribution, respectively, calcu-
lated utilizing Conway’s equation. This shows that the type of elec-
troactive polymer influence significantly the charge storage mech-
anism of the device. On the other hand, doping ion type in the
polymer matrix is also crucial for charge storage kinetics. For in-
stance, Szkoda et al. [64] by changing counter ion in PANI films
from chlorides to exfoliated WO5_y, increased capacitive contribu-
tion from 28 to 54% at 5 mV s ~ !, and from 59 to 78% at 100 mV
s = 1 recorded in 1 M H,S0, electrolyte.

Conclusions

Ternary composite PEDOT/GOx/oxMWCNTs was tested as elec-
trode material in symmetric capacitors in various aqueous elec-
trolytes. The Trasatti’s analysis as well as Conway ‘s equation were
implemented to differentiate between diffusion-related and non-
diffusion-related capacitance. The importance of proper selection
of sweep rate range for the linear fitting and extrapolation of pa-
rameters was pointed out. The results show that the investigated
composite exhibits mainly capacitive behaviour and fast kinetics
of electrode processes in all tested electrolytes. The highest ca-
pacitance value was recorded in acidic solution, which can be at-
tributed to the additional redox reactions of oxygen-rich functional
groups on the surface of GOx and ox-CNTs. The utmost influence
on the capacitance values was related to the viscosity and conduc-
tivity of the electrolyte, hence significantly lower values recorded
in MgSO, electrolyte. Despite the lower size of the magnesium
cation compared to lithium, sodium and potassium ions, the ca-
pacitance obtained in MgSO,4 is lower than in other investigated
electrolytes with cations of larger sizes.
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