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A B S T R A C T

Supercapacitors are revolutionising smart electronics devices by offering an excellent lifetime, outstanding en
ergy and high power densities. In this context, we report on the synthesis of manganese dioxide using a 
convenient co-precipitation method, exploring its application as a positive pseudocapacitive electrode material, 
as well as the synthesis of carbon xerogel for use as a negative electrode, alongside the use of a solid-state 
electrolyte based on Na+-form Aquivion membrane.

When the device is merged in an asymmetric external configuration, the resulting solid-state supercapacitor 
exhibits good electrochemical performance, as demonstrated by: i) a high specific capacitance of 110 F⋅g− 1, ii) a 
high energy density of 16.7 Wh⋅kg− 1 at a power density of 207 W⋅kg− 1; and iii) an outstanding capacitance 
retention of 78 % after 50,000 cycles with an expanded voltage window of 2 V.

To demonstrate their practical applicability, the developed devices were connected in series to power a fan 
and red LEDs with an external and internal configurations (up to 4 V), successfully powering them for several 
minutes.

The proposed fabrication approach is simple to scale up and provides a sustainable, cost-effective 
manufacturing process for freestanding electrodes based on carbon xerogel/MnO2 nanocomposites towards 
next generation smart electronic devices.

1. Introduction

The energy transition refers to the shift from non-renewable and 
polluting energy sources (such as oil, gas, petrol) to cleaner and more 
sustainable renewable energy alternatives [1–3]. However, despite their 
environmental benefits, renewable energy sources face significant 
challenges due to their intermittent nature affected by season variations, 
daily cycles (day/night), and meteorological conditions leading to 
irregular energy production. Therefore, there is an urgent need to design 
advanced energy storage devices capable of efficiently storing excess 
energy during peak production periods, while ensuring a stable and 
continuous supply during times of low production.

Sustainable electrochemical energy storage devices (SEES) have 
gained a huge interest aiming to real systems application, becoming 

more attractive alternative than traditional devices. It is not surprising 
that an increasing number of publications has arisen on this topic 
(Fig. S1), demonstrating that the exploitation of SEES is becoming a real 
protagonist for the design and the development of advanced electro
chemical devices with a particular emphasis on the development of 
smart materials and innovative configuration that improve sustainabil
ity and electrochemical performances.

Among these, supercapacitors emerge as a promising candidate for 
this purpose thanks to their rapid charge/discharge rates, high power 
density, and remarkable lifetime [4–7]. However, despite all these ad
vantages, these devices exhibit low energy density, high self-discharge 
rates limiting their applicability in practical applications [8]. To over
come these issues, the introduction of supercapacitors based on the fast 
Faradaic reactions, namely also pseudo capacitors (PCs) have been 
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widely acknowledged as a viable and promising technological approach. 
Among pseudocapacitive electrode materials, transition metal oxides 
(TMO), particularly MnO₂, are highly favored due to their high theo
retical capacitance (1370 Fg− 1), wide potential window, as well as its 
abundance, cost-effectiveness, and sustainability impact [9,10]. How
ever, MnO2 suffers from a poor electrical conductivity (10− 5- 10− 6 S 
cm− 1) and low effective surface area [11]. Consequently, the experi
mentally measured specific capacitance is often significantly lower 
compared to the predicted theoretically value.

To boost the specific capacitive performance of the transition metal 
oxides-based pseudocapacitive electrodes, an effective strategy involves 
incorporating carbonaceous nanomaterials leading to an enhancement 
of the surface area, increasing the electrical conductivity and giving rise 
to a large and stable electrochemical signature [12,13]. In this overall 
scenario, developing efficient, and eco-friendly supercapacitors requires 
not only optimizing the electrochemical properties of electrode-based 
materials but also achieving a good synergy between the electrodes 
and the electrolyte ensuring an optimal balance of high electronic con
ductivity and high ionic conductivity of membrane electrolyte at their 
interface. Furthermore, MnO2-based electrodes can only be used in 
positive electrodes, as they are less stable at more negative potentials 
[14,15].

In the wake of this example, several works have been presented to 
develop solid-state supercapacitors based on carbon materials doped 
with MnO2. However, one of the first published works on the use of 
MnO2 in supercapacitor electrodes was that of the Nobel Prize in 
Chemistry (2019) winner, John B. Goodenough, for his ground-breaking 
work in 1999 [16], in which the authors demonstrated the use of 
manganese oxide as the active electrode material of supercapacitors and 
showed capacitances of about 200 F g− 1 in a 1 M KCl electrolyte. 
Furthermore, a work of great interest was published by the group of 
Prof. Thierry Brousse from Nantes (France) [17], in which the mecha
nism of charge storage and discharge in the MnO2 electrode, used in a 
neutral aqueous electrolyte, was revealed as surface pseudocapacitive 
type rather than intercalation/deintercalation mechanism [18 – 20].

A very representative example was reported by our group in which 
we exploited the combination of graphene doped carbon gel and MnO2 
prepared through a co-precipitation method separated by a porous 
paper-based 1 M Na2SO4 [14,21]. Briefly, this work presents a combi
nation of several approaches demonstrated by the incorporation of 
various active materials, electrolytes, and both symmetric and asym
metric configurations in order to achieve a supercapacitor with high- 
energy storage within a wide voltage window. The best-achieved de
vice was attributed to the use of asymmetric configuration by exploiting 
the MnO2 electrode as positive electrode, and graphene doped carbon 
gel as negative electrode along with the use of Na+-form Aquivion 
electrolyte membrane. In this configuration, the developed solid-state 
supercapacitor displays a capacitance value of 100 F⋅g− 1 and high en
ergy density of 11,25 Wh⋅kg− 1 at a power density of 164 W⋅kg− 1. 
Additionally, it demonstrated exceptional stability (10 thousand cycles 
plus 150 h of floating at 1.8 V) across a wide voltage window precisely 
from 0 to 1.8 V with a low self-discharge rate, retaining over 72 % of its 
initial voltage after 48 h of free discharge [14].

In this rising field, a very recent example in which oxygen vacancy 
enriched MnO2 nanoparticles with carbon nanotube was selected as a 
promote electrode for supercapacitor application was reported by Lee 
et al. [18] demonstrating the high adaptability of this type of electrode 
for hybrid supercapacitor application. In this study, MnO2 nanorods was 
incorporated in porous activated carbon sheets (PAC) serving as a pos
itive electrode and (PAC) was used as a negative electrode. The achieved 
device in neutral aqueous electrolyte exhibits a good electrochemical 
performance demonstrated by a i) specific capacitance of 208.75 F⋅g− 1 

at a current density of 0.5 A⋅g− 1, ii) claiming an energy density of 23.3 
Wh⋅kg− 1 and a power density of 350.4 W⋅kg− 1 at a current density of 0.5 
A⋅g− 1 and iii) a good retention traduced by maintaining the capacitance 
at around 87.43 % after 5000 cycles.

A similar case was illustrated by Xiong et al. who developed a 
supercapacitor based on 3D MnO2, graphene and carbon nanotubes by 
merging chemical vapor deposition and electrophoretic deposition [19]. 
The fabricated supercapacitor exhibited remarkable performance with 
using 1.5 M of Li2SO4 as electrolyte achieving a specific capacitance of 
approximately 187 F⋅g− 1 at 400 mV⋅s− 1 a high energy density of 36.68 
Wh⋅kg− 1, and operating within a voltage window of 1 V. Furthermore, it 
demonstrated a good cycling stability, with a capacitance retention of 
90 % after 1000 charge-discharge cycles.

Aiming to accept the challenge and improve the electrochemical 
performances in a wide operational voltage window from 0 to 1.8 V 
comparing to our last work and to the best of our knowledge, we suc
cessfully developed for the first time a fully solid-state supercapacitor 
operating in a wide operational voltage window from 0 to 2 V with a 
good electrochemical stability based on carbon xerogel (CX) and man
ganese dioxide (MnO2) materials. Briefly, this work investigates the 
combination of (CX//MnO2) serving as negative and positive electrode, 
respectively, along with the use of Na+ form Aquivion electrolyte 
membrane. Specifically, by combining several configurational features, 
we designed a self-supported asymmetric supercapacitor based on the 
mentioned nanomaterials above via cost-effective and easy technique.

The developed supercapacitor was deeply electrochemically char
acterized by using cyclic voltammetry (CV), galvanostatic charge- 
discharge (GCD), and electrochemical impedance spectroscopy (EIS).

By optimizing the composition mixture, the configuration and the 
architecture of the cell, the resulting conductive inks for both carbon gel 
and MnO2 demonstrated excellent homogeneity, maintaining a good 
electrochemical performances demonstrated by i) a high specific 
capacitance of 110 F⋅g− 1, ii) high energy density equal to 16.7 Wh⋅kg− 1 

at a power density around 207 W⋅kg− 1, iii) excellent stability of 78 % 
after 50.000 cycles, and iv) an outstanding wide voltage window equal 
to 2 V along with low self-discharge rates followed up to 48 h.

Furthermore, in this investigation, the coupling of two capacitors in 
series with an external and internal horizontal integrations was designed 
to power a fan and red LEDs for several minutes, with the aim also to 
evaluate the reliability of these devices also in different architectures.

2. Experimental section

2.1. Materials and electrochemical measurements

An Aquivion membrane (E87-05S), Sodium Sulfate (Na2SO4), Po
tassium permanganate KMnO4, Manganese chloride (MnCl2), Poly
vinylidene fluoride (PVDF), carbon nanofiber (CNF), Manganese (IV) 
oxide (Mw = 86.94 g/mol) were provided from Sigma-Aldrich, Italy. 
However, carbon black was purchased from Cabot-Italy.

All the electrochemical measurements (cyclic voltammetry, galva
nostatic charge-discharge, self-discharge rate, electrochemical imped
ance spectroscopy) with different configurations of the supercapacitor 
cell (i.e, symmetric, asymmetric, external, and internal) were charac
terized using Metrohm Autolab PGSTAT 302 N and potentiostat Corrtest 
Instruments CS350M.

X-ray diffraction (XRD) patterns were recorded by a Bruker D8 
advance diffractometer over a diffraction angle 2θ range of 10–90◦. The 
diffractometer was equipped with a Cu Kα radiation source, operating at 
40 kV and 40 mA.

2.2. Electrode preparation

2.2.1. Synthesis of manganese dioxide (MnO2)
MnO₂ was synthesized via a co-precipitation method using potassium 

permanganate and manganese chloride as precursor materials [17]. 
Firstly, 0.04 mol of KMnO₄ was prepared in 400 mL of distilled water as 
depicted in Fig. S2. Separately, 0.06 mol of MnCl₂⋅4H₂O was prepared in 
200 mL of distilled water. The resulting manganese chloride solution 
was then added dropwise to the permanganate solution under 
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continuous stirring. The solution was stirred for 6 h, after which it was 
left to stand, allowing the formation of a precipitate. After that, the 
solution was washed several times with double-distilled water to ensure 
thorough cleaning. The MnO₂ precipitate was collected by filtration 
using a Whatman 540 filter, then dried overnight at 70 ◦C and subse
quently ground into a fine powder. Finally, the fine MnO₂ powder was 
then calcined at 200 ◦C for 3 h, followed by thorough grinding before 
proceeding with analysis and characterization.

2.2.2. Synthesis of carbon xerogel (CX)
The carbon xerogel was synthesized by microwave heating-assisted 

sol-gel methodology. The latter procedure allows a one-pot synthesis 
(i.e. polymerization, curing and drying in the same device) in less than 5 
h. The precursors used were resorcinol and formaldehyde at a molar 
ratio of 0.5, a dilution ratio of 5.7 (ratio of precursors to water) and a pH 
adjusted to 6.5 with NaOH. To increase the electrical conductivity of the 
resulting polymer, all the water used as reaction medium was replaced 
with a suspension of graphene oxide (5 mg/mL). The precursor solution 
was placed in the microwave oven and heated at 85 ◦C for 4.5 h. The 
precursor solution was then heated to 85 ◦C for 4.5 h. The formed 
organic polymeric structure was crushed and heated under CO2 atmo
sphere at 1000 ◦C for 2 h in an electric furnace, in order to carbonize the 
sample by removing mainly oxygen and hydrogen, as well as creating 
microporosity and thus specific surface area (i.e. 1200 m2⋅g− 1). The final 
carbon xerogel obtained was ground to <75 μm before use in the follow- 
up application.

For the preparation of carbon xerogel (CX) based ink, 80 wt% of 
carbon xerogel was mixed with 10 wt% of carbon nanofiber and 10 wt% 
of Polyvinylidene fluoride (PVDF) serving as the polymer binder. The 
formulated ink was homogenized in a porcelain capsule for 20 min, and 
then coated onto a glass plate using a film applicator (SHEEN instrument 
LTD) followed by a heating process at 70 ◦C for 12 h. Each coated sheet 
was carefully removed from the glass plate and further dried at 120 ◦C 
for 1 h, followed by 160 ◦C for 20 min. Electrodes with a diameter of 18 
mm and an area of 2 cm2 were then punched from the self-supported 
coated film giving rise to a freestanding film based on carbon xerogel.

2.2.3. Preparation of freestanding electrodes
The MnO₂-based ink was synthesized following our previously 

developed synthesis protocol [20]. Briefly, the synthesized MnO₂ pow
der was utilized to fabricate freestanding composite electrodes. The ink 
used for fabrication contained 65 wt% of MnO₂, mixed with various 
proportions of 5 wt% carbon nanofiber, 10 wt% carbon black, and 20 wt 
% PVDF in dimethyl acetamide (DMAc) solvent. When necessary, the 
inks viscosity for both carbon gel and MnO2 is adjusted by adding further 
mL of DMAc.

Furthermore, we determined the surface area, conducted elemental 
analysis, and measured the final weight of both the materials of positive 
and negative electrodes. The results are presented in Table 1 and 
Table 2.

2.2.4. Polymer electrolyte and membrane
An Aquivion membrane (E87-05S) with a thickness of 50 μm and an 

equivalent weight of 870 g⋅mol− 1 based on Perfluorosulfonic acid 
(PFSA) polymer was used as the separator and solid-state electrolyte in 
all assembled solid-state supercapacitors. Prior to assembly with the two 

electrodes, the Aquivion membrane was pre-treated by immersing it for 
three hours in a 1 M Na₂SO₄ solution, converting it from its initial proton 
form to the Na⁺-form.

2.3. Device architecture and electrochemical setup

Circular electrodes with an area of 2 cm2 were assembled with an 
Aquivion membrane (in Na+ form) with a slightly larger diameter of 2.5 
cm2 to exceed the electrode size and to avoid any electric short circuit 
between both electrodes as depicted in Fig. 1 The fabricated device was 
integrated in a custom-engineered titanium cell, providing consistent 
and highly reproducible electrochemical studies as shown in Fig. S3 
provided in the supplementary material section.

The electrochemical response was evaluated within a voltage win
dow from 0 to 1.4 V until 0–2.2 V. The specific capacitance, as well as 
the energy and power densities, were subsequently calculated using the 
following equations: 

C =
4
∫ vn

v1 idV
v.m.ΔV

(1) 

Esp =
1
2

CV2 (2) 

P =
E
Δt

(3) 

The electrochemical impedance spectroscopy measurements were 
performed in potentiodynamic mode at around OCV condition with AC 
wave of 10 mV rms and across a frequency range from 100 kHz to 1 mHz.

3. Results and discussion

The physical-chemical properties of the synthesized materials were 
characterized in terms of their structural and morphological features 
using XRD, and SEM techniques in our previous study [21].

Building on this, this work focuses mainly into a detailed investiga
tion of their electrochemical properties by emphasizing the expansion of 
the voltage window, which has been improved to reach a steady state 
condition of 2 V. Moreover, different cell configurations (Fig. 2 (A-C)) (e. 
g. in internal series) were investigated through simply configuration of 
external series (between cells Fig. 2D).

To perform all the studies, a number of different cells (from 5 to 8) 
were constructed and investigated, enabling a more in-depth investi
gation on the reproducibility and repeatability of materials, electrode, 
cells and devices.

3.1. Structural and morphological characterization

We conducted X-ray diffraction (XRD) analysis on both the carbon 
xerogel and the synthesized MnO₂. The XRD pattern of the synthesized 
MnO2 powder is shown in Fig. S4 provided in the supplementary ma
terial. The weak and broad peaks observed indicate the amorphous 
phase of the manganese oxide that can be assigned to α(m)-MnO2 [22], 
even if it has a very low crystallinity. Moreover, the synthesis by co- 
precipitation and heat treatment at 200 ◦C generally provides a hy
drated amorphous MnO2.

Table 1 
BET surface area and elemental compositions of carbon xerogel (AXGO1200) and MnO2 materials.

N2 adsorption-desorption isotherm K 
(S/m)

Elemental analysis (wt%)

SBET 

(m2/g)
Vmicro  

(cm3/g)
Vmeso 

(cm3/g)
Vp 

(cm3/g)
C H O N

Carbon  
xerogel

1207 0.5 0.48 0.98 300 97 0.2 2.8 –

MnO2 25 – – 0.14 – – – – –
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For carbon xerogel, the XRD graph, showed the typical characteristic 
bands of an amorphous carbon materials at 24.2◦ and 43.9◦ [23].

The structure of carbon xerogel (Fig. S5 A) appears to be a 3D 
interconnected structure with voids between nodules that form the 
porosity reported in previous work [24,25]. Conversely, the MnO2 
appear (Fig. S5B) as spherical nanoparticles of about 100–200 nm. This 
type of morphology is commonly observed in manganese oxide particles 
synthesized by co-precipitation method [22,26].

3.2. Electrochemical characterization

The asymmetric supercapacitor (i.e. a single cell) using a Na+ form 
Aquivion membrane as a solid-state electrolyte were prepared based on 
carbon xerogel and manganese dioxide to investigate their electro
chemical performances. All cyclic voltammetry tests were conducted 
with a scan rate of 10 mV S− 1 and at different wide voltage window 
ranging from 0 to 1.4 V to 0–2.2 V for the case of one single cell, and 
from 0 to 3 V to 0 - 4 V for the case of the connection of two cells in series 
(external integration) as shown in the real photo of Fig. 2D.

Fig. 3A presents the cyclic voltammograms (CV) of the super
capacitor device fabricated with a CX//MnO₂ nanocomposite electrode 

(MnO2 serving as the positive electrode, and CX is acting as negative 
electrode). The CV voltammograms exhibit a quasi-rectangular shape 
without distinct redox peaks. This response is characteristic of an ideal 
electrochemical double-layer capacitor (EDLC), highlighting a typical 
capacitive charge/discharge mechanism and efficient energy storage 
performance with a fast charge propagation, and fast current response 
[27,28].

While MnO₂ is, a pseudocapacitive material characterized by a rapid 
and reversible charge-discharge redox mechanism, its performance in 
supercapacitors closely resembles that of EDLCs, as previously described 
in the literature [14,21,29,30].

Moreover, we also investigated the electrochemical behavior of our 
device using commercially MnO₂. Specifically, we fabricated a new de
vice utilizing the same carbon xerogel-based negative electrode, while 
the positive electrode was prepared following the same protocol 
described before, but substituting the synthesized MnO₂ with the com
mercial one.

As shown in Fig. S6, the device incorporating commercial MnO₂ had 
a lower capacitance than the one based on synthesised MnO₂. We also 
evaluated the performance across various voltage windows and found 
that the system remained enough stable only within 0 to 1 V range. 

Table 2 
Characteristic of the developed supercapacitor.

Supercapacitor Negative 
Electrode 
(mg⋅cm− 2)

Positive 
Electrode 
(mg⋅cm− 2)

Composition 
of the positive 
electrode and thickness

Composition 
of the negative 
electrode and thickness

Ratio =
m− /m+

Separator/ 
electrolyte

Carbon xerogel//MnO2 9 ± 1 4.5 ± 0.5 65 % MnO2 

5 % Graphite fiber 
10 % Carbon black 
20 % Polyvinylidene fluoride 
Thickness: 140 ± 10 μm

80 % carbon xerogel 
10 % Graphite fiber 
10 % Polyvinylidene fluoride 
Thickness: 240 ± 20 μm

2 ± 0.2 Na+ form Aquivion 
(Na+ from Na2SO4) 
Thickness: 50 μm

140 ± 10 µm

Solid state electrolyte: Aquivion membrane

Negative electrode: Carbon xerogel 

Positive electrode: Manganese oxide

2.5 cm²

2 cm²

2 cm²

50 ± 10 µm

240 ± 20 µm

Fig. 1. Architecture of the developed supercapacitor.

AA))

Current collector for the second assembly
(Titanium sheet with a thickness of 200 µm)

Titanium plate Digital photo of two CX//MnO2

M&E assemblies

(two supercapacitors in series)

BB))

DD))

CC))

Fig. 2. A,B) Graphical representation of the designed titanium cell, C) Real photo of the two cells in series with horizontal integration, D) Real photo of two titanium 
cells in series (external series).
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Beyond this range, for example from 0 to 1.2 V, a very high current spike 
occurs, indicating irreversible reactions and the onset of positive elec
trode degradation. Fig. S6, shown in the supplementary material, illus
trates this phenomenon well. Based on these results, we decided to use 
only the synthesised MnO₂ for all subsequent electrochemical in
vestigations, because of its superior capacitance and stability 
performance.

Furthermore, the cyclic voltammetries obtained across various 
voltage windows (1.4, 1.6, 1.8, 2.0, and 2.2 V) display highly symmet
rical profiles, high energy efficiencies as assessed from area Q(− )/Q(+), 
where Q is the amount of charge in A⋅s, and demonstrating an excep
tional reversibility and robust electrochemical stability of the fabricated 
device. However, a slight current spike is observed when the voltage 
reached 2.2 V (see right panel of Fig. 3A).

However, it must be considered that the supercapacitors work in an 
aqueous environment (albeit here at neutral pH), and in the case of 
water electrolysis usually occurs within the useful voltage range of 
1.5–2.2 V. For example, high current densities (several A⋅cm2) are 
observed during polarization [31,32] due to the production of oxygen 
and hydrogen, whereas in this developed solid-state supercapacitor, the 
focus is on minimising or completely suppressing the water electrolysis, 
which is impregnated in the electrolyte membrane.

To overcome this effect of current spike and to ensure optimal per
formance, the voltage window is optimized from 0 to 2.0 V, effectively 
eliminating the spike and ensuring enhanced energy efficiency, dura
bility and efficient operation.

In the study, the galvanostatic charging and discharging character
istics of the full cell and each separate electrode were also analysed, as 
shown in Fig. 3B, which summarizes the overpotential values, (e.g. ΔV 
(+) and ΔV(− )) and the cell voltage of complete device. Furthermore, 
the capacitances of each electrode (e.g. negative, 80 F⋅g− 1 and positive, 
143 F⋅g− 1) and the specific capacitance for one electrode, 110 F⋅g− 1, 
were calculated, as shown in the same Fig. 3B.

Moreover, in order to increase the cell voltage, two devices with 
about equivalent active materials were interconnected in a series as 
shown in the real photo of Fig. 2D with an external configuration, as can 
be seen in CV of Fig. 3C.

The CV plots obtained at a scan rate of 10 m⋅Vs− 1 demonstrate a 
noticeable rise in voltage following the connection of one and two de
vices, as highlighted in Fig. 3C with the same rectangular electro
chemical signature but is enlarged over a different voltage range, 
starting from 0 V and reaching 4 V.

We further investigated the cyclic voltammetry behavior of two 
supercapacitors connected in series, testing in both internal (Fig. 2A-C) 
and external configurations (Fig. 2D) across different voltage windows 
ranging from 0 to 3 V and up to 3.4 V. As illustrated in Fig. 3D, the 
external configuration consistently exhibited a better electrochemical 
profile with lower resistances compared to the horizontal internal set up 
across all voltage windows. Consequently, the external configuration 
was identified at this stage as the most optimized design, although the 
internal capacitor arrangement shows possible architectural advantages 
to be further developed as in commercial cases.

3.3. Durability of the developed device

The durability of a supercapacitor is a critical factor in determining 
its operational lifetime. As a proof of concept, we evaluated its durability 
using two distinct approaches, detailed in Fig. S7 in the supplementary 
material section. As discussed in the previous section, electrochemical 
characterization revealed a high capacitance and low electrical re
sistances across a broad of 2 V voltage window. Based on these findings, 
we introduced an innovative methodology to evaluate the long-term 
durability of the developed devices and was done in our previous 
work [33]. Indeed, this investigation enables to monitoring of the 
supercapacitor behavior through a merged procedure of cycling and 
floating method, which can traduce the lifetime and the state-of-health 

DD))

AA)) BB))

CC)) DD))

Fig. 3. A) Cyclic voltammetry plots of CX/MnO2 at different potential window ranging from [0–1.4 V] to [0–2.2 V]; B) galvanostatic charge and discharge of 
capacitor performed at ±0.2 A g− 1 and in the voltage range from 0 to 2 V with the related trends of electrode potentials; C) cyclic voltammetry curves for two 
connected devices in series from [0–3 V] to [0–4 V]; D) cyclic voltammetries of two devices connected in series in both internal and external configuration.
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(SoH) under more stringent condition. In detail, the developed devices 
are introduced to GCD sequences consisting of cycles combining an 
initial charge phase at +2 A⋅g− 1, a potentiostatic phase for 50 s at 
constant voltage of 2 V (floating condition) and a final galvanostatic 
discharge phase at − 2 A⋅g− 1 as it is demonstrated in Schema 1 of Fig. S7.

Generally, the majority of supercapacitor stability assessments in 
literature are typically conducted through simple charge and discharge 
cycles at high current densities that can be done only for a few hours or 
one day. However, practical supercapacitor devices are expected to 
operate for several years, frequently maintained at high voltages, such as 
2.7 V (or even can reach 2.85 V for the latest commercialized devices), 
and discharged only during practical use. Therefore, more rigorous and 
realistic stability testing are essential before moving into 
commercialisation.

In fact, since 2018, we have adopted a more stringent testing pro
tocol involving a cycle of charging, voltage holding, and discharging as 
illustrated in Scheme 1 of Fig. S7. This approach, though more 
demanding provides valuable insights into device performance under 
practical conditions. Unfortunately, it is not widely adopted due to the 
challenges it presents for the experimental developed supercapacitors, 
which must be carefully evaluated within suitable voltage windows. 
Nevertheless, this method, often referred to as “floating” or namely also 
voltage hold as reported in the specific literature [34 – 36], closely 
simulates to the commercialized supercapacitors presented in the mar
ket and offers critical insights into a long-term stability.

As illustrated in Fig. 4, the assembled carbon xerogel//MnO2 
supercapacitor exhibited well-defined and stable electrochemical prop
erties ever after long durability test of up to 10.000 cycles. Although, 
this durability test is very stringent and the voltammograms performed 
at different cycles (1, 1500, 3000, 5000, 7000, and 10.000 cycles) 
highlighting a very stable performances. The capacitance retention 
exhibited a minimal decrease of only 14 % after 10,000 cycles demon
strating a good capacitance retention.

The second approach for the durability study involved repeating the 
same process (e.g. GCD cycles) without voltage hold conditions. This 
time, the supercapacitor was subjected to 50,000 charge/discharge 

cycles, a less stringent test compared to the previous approach with a 
current density of ±2 A⋅g− 1. The experimental setup is illustrated in 
Scheme 2 of Fig. S7.

As depicted in Fig. 5 (A, B) the developed system maintains 95 % 
after 20,000 cycles and stabilized at 78 % after 50.000 cycles and the 
results demonstrate that our system remains stable in both floating and 
non-floating modes. This outstanding long-term stability highlights the 
good stability of the active materials and the low resistance at the 
electrode/electrolyte interfaces, further confirming their effectiveness 
in the fabrication of energy storage devices.

3.4. Self discharge tests

As with the durability measurements, the self-discharge character
istics are very important to assess the validity of the electrochemical 
characteristics of these developed supercapacitors. Therefore, the 
supercapacitor was analysed for self-discharge rates several times during 
the progression of cycles (5000, 10,000, 20,000 and 50,000 cycles) to 
confirm the operational efficiency of the asymmetrical supercapacitor 
(CX//MnO₂) in the single-cell (2 V) investigation when monitoring the 
voltage decay over time and after disconnecting it from its electrical 
load. In fact, the self-discharge rates in electrochemical devices such as 
batteries and supercapacitors result from various processes involving the 
faradaic reactions and contributing to the degradation of the electrodes 
by inducing a loss of charge over time.

Experimentally, Fig. 6A displays the self-discharge rates of our 
developed device after it was charged 3 h at a potential of 2 V and 
therefore freely discharged. The device exhibits a relatively rapid 
voltage drop during the initial stages (0 to 10 h). However, after 10 h, 
the system stabilizes reach a steady-state decline and displaying very 
slow self-discharge rates of approximately from 7.3 to 3.5 μV⋅h− 1. 
Additionally, based on the literature, a voltage retention of 68 % after 
30 h follow-up (i.e., free discharge) represents a significant result when 
compared with previous systems reported in the state-of-the-art and 
commercial devices.

Furthermore, Fig. 6B presents a comparative analysis of the self- 

Fig. 4. Cyclic voltammetry curves of CX//MnO2 SC during continuous 10,000 cycles with floating mode.
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discharge rates over time for our device alongside other studies related 
to developed devices in previous works and commercial products. The 
obtained results demonstrated a good achievement compared to other 
studies [37–46]. This low self-discharge rates could be attributed to the 
role of high stability of MnO2 as the positive electrode, when is main
tained its potential below 1 V vs NHE, which is in strong correlation with 
the state-of-the art [14,21]. Moreover, in our previous work [47] 
revealed that multiple self-discharge mechanisms contribute to voltage 
decay. Among these, activation-controlled faradic reactions and ion 
diffusion processes appear to be the most significant [47]. More 
consistent shuttle effects are also observed due to the migration of ions 
(cations and anions) between the electrodes, inhibited in this case for 
anions thanks to the use of the Na+-form Aquivion electrolyte membrane 
[48].

3.5. Reproducibility evaluation

Furtherly, to validate the reproducibility of the developed super
capacitors, we compared its electrochemical signature and galvanostatic 
charge-discharge profiles of two cells in series using two distinct 
potentiostat devices; the Metrohm Autolab and Corrtest bipotentiostat 
and in high voltage window of 4 V. As shown in Fig. 7 (A, B), the 
overlapping plots show an excellent match, confirming the reproduc
ibility and reliability of the devices and electrochemical performance 
metrics between different potentiostatic / galvanostatic instruments.

The connection of supercapacitors in various configurations, such as 
series or parallel, is essential for powering electronic devices and 
enabling their practical applications. Therefore, we conducted cyclic 
voltammetry measurements for a single cell and two cells connected in 
series. For example, as illustrated in Fig. 8 (A, B) the voltage window 
expanded linearly (0 to 4 V) with an increasing number of super
capacitors connected in series which are two devices in this case. We 

Fig. 5. A) Cyclic voltammetry curves of CX/MnO2 after 50,000 cycles, B) Specific capacitance retention vs number of cycles of CX/MnO2 after several GCD cycles.

Fig. 6. A) Self-discharge rate of the voltage retention as a function of time; B) Comparison of our results with the literature data as voltage retention (in %) vs the 
time of self-discharge (in hours).
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integrated amount of charge (Coulomb A⋅s) in both two single cells (Cell 
#1 and Cell #2) in series from 0 to 4 V. The calculation is reported in 
supplementary material and voltammograms at a scan rate of 10 mV s− 1 

is reported in Fig. 8B.

3.6. Electrochemical impedance spectroscopy (EIS)

Fig. 9 shows a comparison of Nyquist plot spectra of our developed 
supercapacitor before and during of the progression of cycling (with 
repeated measurements of CV, GCD, EIS at 1, 5000, 10.000, 20.000, 
30.000, 40.000, and 50.000 cycles). At intermediate number of cycles 
also measurements of self-discharge rate were performed. The inter
section of the high-frequency part with the real axis (Z’ axis) is 

attributed to the internal resistance namely Rs and as shown in the inset 
of Fig. 9 that the internal resistance (areal resistance) increases from 
(0.74 Ω cm2) at the first cycle to 0.88 Ω⋅cm2 after 50,000 cycles. 
Moreover, in this high-frequency region a semicircular arc is observed 
demonstrating a small radius of the impedance arc and a low interfacial 
charger transfer resistance at electrode/electrolyte interface (Rct = 0.53 
Ω⋅cm2 at the first cycle and Rct = 1.1 Ω⋅cm2 after 50,000 cycles). 
However, at low-frequency region, the slope of the straight line reflects 
the extent of ion diffusion of redox species within the polymer electro
lyte membrane and inside the electrodes during the charge-discharge 
cycles, commonly described as Warburg diffusion. By analyzing those 
data, it can be concluded that the increase of Rs value lead to the in
crease of the electrical resistance of CX/MnO2 electrodes, which could 

Fig. 7. A) Cyclic voltammetry plot of the developed supercapacitor, B) Galvanostatic charge-discharge measurements using two different types of potentiostat.

Supercapacitor in series

C2

Vc2Vc1

A B

C1

VAB

A) B)

R1 R2

VR2VR1

C D
D

VCD

Fig. 8. A) Graphical representation of two supercapacitors and resistance connected in series; B) Cyclic voltammetry plots of two single devices (Cell#1, Cell#2) and 
two devices connected in series (secondary axis).
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be attributed to electrolyte dehydration, and subsequently leads to a 
slight reduction in overall electrochemical performances [49,50].

Fig. 10 displays the behavior of the resistance as a function of fre
quency at the initial cycles, intermediate cycles and after several cycles 
reaching 50,000. In this contest, the graph can be divided into three 
distinct regions correspond to the decrease of frequency. The first part is 
mainly attributed to the ionic conductivity (σ) of the membrane elec
trolyte which is ranging from ~5 to 8 mS⋅cm− 1 as well as to the elec
tronic resistance from the current collectors and the interfaces between 
electrodes/current collectors at high frequency region (100 kHz to ~1 
kHz). The second zone, the resistance is attributed to the mid-high fre
quency part ranging (1 kHz to ~1 Hz). This region is ascribed to the 
resistance of charge transfer between electrode/electrolyte interfaces. 
Finally, the last region is attributed to the low frequency range (~ 1 Hz 
to 1 mHz) traduces the capacitive trend and in which we observe an 
increase of the cell resistance. This phenomenon appearing near to 1 
mHz can be attributed to the penetration of ions (e.g., Na+, H+ and 

anions) within the deeper and smaller pores of the electrode, as occurs in 
N2 isotherm adsorption measurements at very low P/P0 ratios. As 
illustrated in Fig. 9, the resistance of the cell slightly increases with 
increasing the number of cycles, indicating the minor degradation which 
could be attributed at a reduced number of ions that can be diffused in 
the small pores. Nevertheless, 50,000 cycles (with also self-discharge 
measurements) are very excellent results for the developed solid-state 
supercapacitors.

This increase in cell resistance is correlated with the reduction in the 
electrochemical plot area (e.g. negative area of discharge) after multiple 
cycles, leading to a decrease in specific capacitance from 110 F g− 1 in the 
initial cycle to 85 F g− 1 after 50,000 cycles as shown in Fig. 5 describing 
in the cycling retention section. However, the decay of capacitance with 
the progression of very long durability tests is limited, so we have shown 
that pseudo capacitors may be destined for the next commercial vali
dation, even though most recent reviews report that pseudocapacitive 
materials are not stable for long durability [51].

Table 3 provides a comparative assessment of the performance of our 
developed asymmetric supercapacitor relative to previously reported 
studies using carbon-based nanomaterials doped with manganese di
oxide. The table summarizes key parameters, including the active ma
terial, fabrication technique, electrolyte, specific capacitance, cycling 
stability, cell voltage, energy density, and power density. The findings 
data demonstrate that the fabricated supercapacitor achieves a 
competitive electrochemical performances comparable to systems based 
on expensive nanomaterials while benefiting from a simplified and 
efficient manufacturing process, presenting a notable advantage espe
cially in cell voltage operation (2 V) in neutral aqueous environments, 
which is well above (~0.8 V) the water splitting potential of 1.23 V. We 
believe that we achieved a good result as most as previous studies report 
the exploitation of aqueous electrolyte performance within 0.8–1.0 V.

Furthermore, our developed devices exhibited excellent long-term 
durability, withstanding 10,000 charge/discharge cycles under galva
nostatic conditions and additional 150 h under potentiostatic (floating) 
conditions at 2.0 V. Parallel durability tests under conventional galva
nostatic charge and discharge cycling (±2 A⋅g− 1) without voltage hold 
showed remarkable stability over 50,000 cycles.

3.7. Real application

To demonstrate the applicability of our devices (two cells in series), 
we connected it to two luminescent diode electrodes (LEDs) and a fan, 
both separately and simultaneously, as shown in the supplementary 
material (Videos 1 and 2). The latter powering a fan and 2 LEDs together 
in the same circuit for more than 1 min, as showed in Video 1 and related 
to the integrated horizontal configuration. Furthermore, it was possible 
to power a fan for 1 min and illuminate 2 LEDs for more than 6 min, as 
showed in Video 2.

4. Conclusion

This paper presents a study in which the operating voltage window of 
solid-state supercapacitors using an Aquivion electrolyte membrane in 
sodium form was increased to 2 V through the use of an asymmetric 
configuration. This developed hybrid supercapacitor is based on carbon 
xerogel and MnO2 at negative and positive electrodes, respectively, uses 
a Na⁺-form Aquivion membrane as a polymer electrolyte membrane.

The developed supercapacitors successfully demonstrate high elec
trochemical performance 100 – 110 F⋅g− 1 (for a single electrode), and 
achieve long-term durability during galvanostatic charge–discharge 
(GCD) cycles and under potentiostatic (floating) conditions for 10,000 
cycles and additional 150 hours in voltage hold at 2.0 V.

A parallel durability investigation performed in classical GCD (at ±2 
A g− 1) without voltage hold at 2 V demonstrated remarkable cyclic 
stability for 50,000 cycles. Furthermore, the electrolyte resistance (Rs) 
was found to remain practically constant, while the charge transfer 

Fig. 9. Nyquist plot of CX/MnO2 before and after several cycles (1, 5000, 
10.000, 20.000, 30.000, 40.000, 50.000 cycles). Inset: High frequency region.

Fig. 10. Resistance as a function of frequency at the first cycle, after 5000 
cycles, after 10.000 cycles, after 20.000 cycles, after 30.000 cycles, after 
40.000 cycles, and after 50.000 cycles.
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resistances (e.g. Rct) increased slightly as the test progressed. This could 
be due to parasitic redox reactions related to the aqueous electrolyte 
impregnating in the electrodes and the electrolyte membrane.

A further development was the detection of a very low self-discharge 
rate with a voltage retention at a working voltage of 2.0 V of 68 % after 
30 h of free discharge, even after 50,000 cycles.

The series connection of supercapacitors was also studied in both 
external and internal configurations, thus providing new insights into 
the practical development of solid-state energy storage devices.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.est.2025.118258.
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