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Abstract: A MnO,/AgNP nanocomposite was synthesized using a sonochemical method and investi-
gated as an electrode material in a solid-state hybrid supercapacitor. Aquivion’s sodium and lithium
electrolyte membrane serves as an electrolyte and separator. For comparison, MnO, was used as the
active material. The developed supercapacitor containing a carbon xerogel as a negative electrode,
the MnO, / AgNP composite as a positive electrode and a Na*-exchange membrane demonstrated the
highest performance characteristics. These results indicate that the incorporation of silver nanoparti-
cles into the MnO; structure is a prospect for obtaining an active composite electrode material for
solid-state supercapacitors.
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1. Introduction

Supercapacitors (SCs) are energy storage devices that have extremely high power
densities but do not reach the energy density of batteries and fuel cells. In recent years,
research interest has focused on hybrid supercapacitors, which provide higher specific ca-
pacitance and improved energy density characteristics without changing the power density
compared to existing electric double-layer capacitors (EDLCs) and pseudocapacitors [1].
There is also a growing interest in SCs with polymer electrolytes and flexible electrodes as
they provide highly efficient and safe energy storage solutions for the rapidly developing
application areas in consumer electronics and microelectronics [2].

Manganese oxide is a well-known electroactive material for SCs because of its low
price, ideal capacitive behavior, theoretical specific capacity around 1370 F g~! and high
cyclic stability (over 5000 cycles) [3-5]. However, conventional MnOy-based supercapaci-
tors suffer from limitations such as low electrical conductivity and insufficient interface
surface area. To address these challenges, the hybridization of MnOx with other highly
conductive materials and increasing its porosity have emerged as promising approaches [6].

Ag stands out among the recently explored conductive materials because of its excel-
lent conductivity and affordability. Lately, Ag nanoparticles (AgNPs) have found an appli-
cation as conductive additives in energy storage systems. Recent research indicates that
electrode materials doped with these elements can establish electron transport pathways
owing to their superior electrical conductivity and notable surface activity. Consequently,
the incorporation of Ag helps sustain the low internal resistance of metal oxide electrodes
while enhancing proton diffusion across the electrodes. For example, RuO, doped with
Ag shows a much higher specific capacitance than pure RuO,. It has been found that the
incorporation of silver nanoparticles into the structure of MnO, during discharge leads to
the formation of similar channels and thus significantly improves the conductivity of the
oxide and shows an increase in specific capacitance [7-10].

Silver-containing hybrid MnOx nanostructures (silver-manganese oxide (Ag-MnOx)
and silver-manganese oxide with cetyltrimethylammonium bromide (c-Ag-MnOx)) were
synthesized and investigated as a positive electrode material in SCs [6]. Utilizing silver as
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a conductive additive to MnOy is motivated not only by its cost-effectiveness compared to
other noble metals but also by its comparatively greater operational stability in comparison
to transition metals and conducting polymers like polypyrrole [11,12]. Using gas-phase
evaporation-induced self-assembly, silver nanoparticles are uniformly dispersed within
the hybrid nanostructure, establishing a conductive pathway at the interface of the MnOy
crystallite cluster [6].

Despite the advantages shown, high SC values have not yet been achieved in Ag—
metal oxide composites as there are problems related to their reduced surface area, ease of
oxidation and tendency to agglomerate [13].

It should be noted that the optimization of any electrode material should always
be carried out in combination with the electrolyte used, as the electrode and electrolyte
should show good interaction and increased cycling stability. Polymer electrolyte and
ion-exchange membranes can be effectively used as separators and electrolytes for the
development of supercapacitor devices. The Aquivion membrane exhibits superior pro-
ton conductivity and thermal stability in comparison to the Nafion membrane. This is
attributed to its shorter side chain, higher glass transition temperature, increased crys-
tallinity and lower equivalent weight. Additionally, the Aquivion membrane demonstrates
excellent chemical stability and is capable of operating at elevated temperatures, rendering
it highly promising for utilization in energy systems [14]. The advantages of solid-state
SCs, such as their light weight, small size, easy operation, excellent reliability and wider
temperature range, are also significant factors for their development [15]. Neutral elec-
trolytes are widely used in supercapacitor systems. Various factors such as the electrolyte
pH, type of cations and anions, concentration of salts, different additives and solution
temperature have been found to affect the device performance [16,17]. Their advantages,
such as wider operating potential windows and increased protection, make them applicable
in asymmetric and hybrid supercapacitors. Nay;SOy is the most widely used neutral elec-
trolyte, promising for many pseudocapacitive materials (especially MnO,-based materials).
Li (e.g., LiCl, Li;SO4 and LiClOy), K (e.g., KCl, K;SO4 and KNO3), Ca (Ca(NOs3);) and
others are also common conducting salts in neutral electrolytes [18]. Alkali or alkaline
earth metal cations, despite their similarities, exhibit variations in ionic sizes and hydrated
ion sizes. These differences lead to distinct diffusion coefficients and ionic conductivity,
consequently affecting the specific capacitance of the supercapacitor in diverse ways. For
sulfate electrolytes of alkali metals, such as Li;SO4, NapySO4 and K;SO4, some studies
have shown that the values of the asymmetric specific capacitance of SCs follow the order
LipSO4 < NapSOy4 < KpSO4 [19-21]. MnO; stands as one of the most extensively investi-
gated pseudocapacitive compounds in neutral electrolytes to date. Its charge-discharge
cycle involves the alteration of Mn oxidation states from III to IV, accompanied by the
surface adsorption—desorption or intercalation-deintercalation of electrolyte cations such
as K*, Na* and Li* as well as protons (H*). Given the direct involvement of electrolyte ions
in the charge storage mechanism, the nature of neutral electrolytes is anticipated to exert a
notable impact on the pseudocapacitive properties [18].

The aim of this research is to develop a new type of composite material containing
MnO,; and AgNPs to improve the performance of the positive electrode on solid-state su-
percapacitors and increase their energy density. The synthesized MnO, and MnO, / AgNP
samples were physicochemically characterized and electrochemically tested as flexible
electrode materials in a hybrid supercapacitor cell. Na* and Li* forms of the commercial
membrane Aquivion® E87-05S (FullCellStore, Texas/USA) were used as the electrolyte and
separator. The relationship between the nature of the electrolyte, the presence of AgNPs in
the composite electrode material and the supercapacitor performance was investigated.

2. Materials and Methods
2.1. Synthesis of Materials

The MnO; and MnO,/AgNP composite was synthesized in order to study its elec-
trochemical behavior as an electrode material in supercapacitor cells. MnO, was obtained
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by the ultrasound technique using manganese (II) chloride (Sigma-Aldrich, St. Louis,
MO, USA ) and potassium permanganate (>99.0% Sigma-Aldrich) as reagents. These
compounds were previously dissolved in distilled water and mixed, then the resulting
suspension was treated for 1 h at room temperature in an ultrasonic bath (Siel, UST 5.7-150,
Siel Ltd.Sofia, Sofia, Bulgaria). Precipitate formation was observed during synthesis.

To obtain the MnO, / AgNP composite, AgNPs were initially synthesized by the chem-
ical reduction of aqueous solution using ultrasonic field. The resulting nanoparticles were
added to the suspension of MnCl, and KMnQy, during the synthesis of MnO,. A precipi-
tate was formed which was washed repeatedly using a centrifuge (NEYA-16) at 5000 rpm,
dried and subjected to further heat treatment at 200 °C to enhance the characteristics of the
resulting material.

The carbon xerogel was prepared by the sol-gel methodology described in [22]. Here,
resorcinol C4HgO, (Indspec, Petrolia, PA, USA, 99.6% purity) and formaldehyde CH,O
(Merck, Rahway, NJ, USA, 37% aqueous solution) were used as precursors. The pH of the
precursor mixture was controlled, being 3 at the beginning of the process and increased
to 6.5 using NaOH. This facilitates the polymerization reaction, and it is possible to have
good control over the physicochemical properties of the resulting material.

2.2. The Preparation of the Electrodes and the Activation of the Polymer Electrolyte Membrane

The carbon electrodes were obtained by preparing an ink containing 80 wt.% xerogel,
10 wt.% ABG 1005 EG1 graphite and 10 wt.% polyvinylidene difluoride (PVDF) dissolved
in 1-methyl-2-pyrrolidone [22]. The prepared ink was thoroughly mixed to ensure homo-
geneity before being coated onto a glass plate and subsequently dried at 70 °C for 12 h.
Following this, each layer was meticulously removed from the glass plate and subjected to
further drying at 120 °C for 1 h, followed by a final drying step at 160 °C for 20 min.

The synthesized MnO, and MnO,/ AgNP powders were used to fabricate a positive
composite electrode. The ink consists of 75 wt% MnO; or MnO,/ AgNP, 10 wt% graphite
ABG 1005 EG1, 5 wt% carbon fibers and 10 wt% PVDF binder in 1-Methyl-2-pyrrolidone
solvent. Subsequently, the composite electrodes were manufactured in a process similar
to that of carbon electrodes. The mass ratio between the carbon xerogel and composite
electrodes is 1:1, the mass loading being 0.002 g.

A perfluorosulfonic acid (PFSA) membrane, specifically the Aquivion® E87-05S model,
supplied by Sigma-Aldrich in Italy, with a thickness of 50 pm and an equivalent weight of
870 g mol !, was used both as an electrolyte and as a separator. Prior to use, the polymer
membrane was activated to Na* and Li* forms by immersion in solutions of 1 M NapSO4
and 1 M Li;SO4. H,O, respectively, for three hours at room temperature.

2.3. The Physicochemical Characterization of the Prepared Materials

The synthesized materials were analyzed using an X-ray powder diffractometer (XRD),
in particular a PANalytical Aeris, operating with CuK« radiation (A = 1.5406A) and 0-0
using Bragg-Brentano geometry. The 26 scanning range starts from 20 to 80° (scan step
0.02°, 60 s). The analysis of diffractograms was conducted utilizing the PDF-2 2022 database
from the ICDD. The determination of the elemental composition was accomplished through
energy-dispersive X-ray fluorescence spectrometry (EDXRF). The spectrometer Epsilon
1 (Panalytical, Malvern, UK) was employed to gather the spectra, equipped with a Ag
target X-ray tube capable of operating at a voltage of 50 kV and a maximum power of 10 W.
The elements that can be measured by this instrument unit range from sodium (Na) to
americium (Am).

The sample morphology was examined using a scanning electron microscope, SEM
(Zeiss Evo 10), following the careful application of a carbon coating to avoid surface charge
accumulation. Energy-dispersive analysis (EDX) was conducted using the Zeiss Smart EDX
system. Additionally, transmission electron microscope (TEM) analyses were performed
using the JEOL JEM 2100, operating at 80-200 kV (Jeol Ltd. Akishima, Japan).
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The porous texture of the obtained materials was investigated with a Quantachrome
(Boynton Beach, FL, USA) AutoSorb iQ apparatus. The pore size distribution was deter-
mined using the BJH method. The obtained silver nanoparticles were analyzed using a
scanning spectrophotometer (Shimadzu UV-1900i, Kyoto, Japan) in the range from 300 to
700 nm.

The measurement of the wetting angle consisted of dropping 10 uL of the electrolyte
onto the electrode and observing the drop shape. Each determination was performed 5 times
to obtain an average value for each sample using a KRUSS K100 Force Tensiometer K100.

2.4. Electrochemical Characterization

The solid-state supercapacitors were electrochemically investigated to determine their
performance. Cyclic galvanostatic charge—-discharge (GCD) and long-term durability tests
were performed using an Arbin BT-2000 instrumented system. Galvanostatic charge—
discharge measurements were conducted from 0.05 to 1.6 V at a current load of 60, 90,
120, 240, 480, 600, 900 and 1200 mAg~!, involving 30 cycles per step. Long-term cell tests
were carried out at a current load of 240 mAg ™! for up to 1000 cycles. CV experiments
were performed using the Multi PalmSens system (model 4, Houten, The Netherlands) at a
constant voltage window and different scan rates of 1, 10, 20 and 40 mVs~L. Electrochemical
impedance spectroscopy (EIS) measurements were performed on the same setup, with
frequency ranges from 10 MHz to 1 mHz.

The specific capacitance, energy density E and power density P of the developed
supercapacitors were calculated using Equations (1)-(4) [23].

The specific capacitance Cs (Fg~!) was determined based on cyclic voltammetric
curves using the equation as follows:

Cs = [4(I/(dV/dt))/m], )

where 1 is the current (A), dV/dt is the voltage scan rate (Vs™1) and m is the mass of the
active material (g).

The specific capacitance C (Fg~!) derived from the galvanostatic charge-discharge
tests was calculated from Equation (2):

C=[2(I x At)/(m x AV)], @)

where I (A), At (s), m (g) and AV (V) are the discharge current, discharge time, mass of the
active composite material and voltage window, respectively.
The energy density E (Whkg~!) and the power density P (Wkg~!) were calculated
using Equations (3) and (4):
E=CAV?/72 ?3)

P=3600E/t 4)

3. Results and Discussion

In Figure 1, the UV-Vis spectrum of a 5 mM AgNOj3 solution containing silver nanopar-
ticles obtained by treatment in an ultrasonic bath at 50 °C is shown. The figure shows an
absorption peak with a maximum at a wavelength around 413 nm, characteristic of spheri-
cal particles. The appearance of this peak in the spectrum is due to the Surface Plasmon
Resonance (SPR) and is associated with the formation of silver particles of colloidal size.
As a consequence of the successfully synthesized nanoparticles, we continued with their
further integration into our materials.
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Figure 1. The UV-Vis spectrum of a solution synthesized in an ultrasonic field with 5 mM AgNOs.

Figure 2 presents the X-ray diffraction (XRD) results of the obtained materials without
being normalized. The appearance of broad peaks in the XRD patterns of both samples
indicates the fine dispersity of the materials. The diffractogram of the synthesized MnO,
shows a pronounced peak at 37.52° 20. The appearance of broader peaks with lower
intensity at 25.71° and 66.69° 20 corresponds to the (211), (220) and (112) planes charac-
teristic of the a-MnQO; structure. In the composite material MnO, / AgND, the increase in
the intensity of the MnO, main peak can be associated with the presence of the introduced
Ag nanoparticles and their partial oxidation as a result of the additional thermal treatment
of the material at a temperature of about 200 °C. The main peak of MnO, overlaps with
those of the cubic structure of Ag in the (111) direction at 37.71° 26, also of monoclinic
AgO at 37.23 26. The availability of AgO was proven by the appearance of its main peak at
32.33° and others at 39.43 and 56.76 26, corresponding to the (—111), (—202) and (—113)
crystallographic planes of the monoclinic structure of AgO.

¢ a-MnO, (00-044-0141)
¢ Ag0  (01-089-3081)
Ag (03-065-8428)

Intensity (a. u.)

20 40 60 80
20, degrees

Figure 2. X-ray powder diffraction patterns of ultrasonically synthesized MnO, and MnO, / AgNP
and comparison with ICSD database.

The crystallite sizes (t) were calculated using Scherer’s formula: t = kA/Bcos0 (5),
where « represents the shape factor (with a value of 0.9 for spherical crystals), A (in A)
denotes the wavelength, 0 is the diffraction angle of the peak and B (in radians) corresponds
to the line broadening at the full width at half maximum (FWHM) values of the peaks.
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The crystallite size at 37.5° 26 (the primary orientation for the three crystallized phases) is
roughly 5 nanometers, affirming the fine-grained characteristic of the materials.

Table 1 presents the results of the Rietveld analysis. It can be seen that structural
modifications occur after the incorporation of AgNPs into the material. A change in the
unit cell parameters of MnO, was observed, leading to a decrease in its volume.

Table 1. Unit cell parameters of synthesized MnO, and MnO, / AgNP materials.

tit Unit Cell Parameters
Sample Phases (2[“?1(,/1]), . . - - t [nm]
wie a[A] b [A] c[A] o [°] B[] v [°] V [A3]
MnO, MnO;, 100 9.9340 9.9340 2.8382 90 90 90 280.08 4.76
MnO, 93.51 9.8038 9.8038 2.8385 90 90 90 272.82
MnO, /AgNP AgO 4.04 6.0884 3.4175 5.4073 90 109.107 90 106.31 5.36
Ag 2.45 4.0855 4.0855 4.0855 90 90 90 68.19
The qualitative and quantitative elemental analysis of the materials was determined
by the XRF technique and was consistent with the XRD study. The quantitative analysis is
shown in Table 2. The registration of K in the samples can be explained by the presence
of unreacted potassium permanganate which, due to its low percentage content, was not
registered as an available phase in the X-ray structural analysis.
Table 2. Qualitative and quantitative elemental analysis of synthesized nanocomposites.
Element (%)
Sample
Mn Ag K
MnO, 96.54 - 3.46
MnO, /AgNP 91.75 7.09 1.16
The pore size distribution of MnO, / AgNP and MnQO, is shown in Figure 3, and Table 3
presents the main characteristics and active surface area of both materials.
0.30
a) MnO,/AgNPs 0.05 1 b) MnO,
0.25 - 1
0.04 -
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=
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Figure 3. Pore size distribution for (a) MnO,/AgNP and (b) MnO;.
Table 3. Main porous parameters for the MnO, /AgNP and MnO, obtained from N; adsorption:
specific surface area (SBET), total pore volume (Vi) and average pore diameter (nm).
Samples SBET (Multi-Point BET), m*g~1 Vi, em3g—1 Dav (4V/S), nm
MnO, 47 0.124 11

MnO,/AgNP 162 0.346 9
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The active surface area of the composite material containing MnO, and AgNPs is
162.3 ng’l, and it is about four times smaller at 46.6 ng’l for MnO,, which is a pre-
requisite for its better properties as an electrode material. The pore size distribution
(Barrett-Joyner—Halenda, BJH) of the MnO, / AgNP sample exhibited a sharp and narrow
peak at 3.8 nm with a relatively narrow range from 3 to 17 nm. For the MnO, sample,
the results were similar, with the main peak centered again at 3.8 nm and the pore size
distribution ranging from 3.5 to 16.4 nm. The average pore size for the two materials was
almost the same, 9 nm (for MnO, /AgNP) and 11 nm (for MnO;), and mesopores exist with
the presence of macropores.

The SEM images of both samples (Figure 4) show multiple irregularly shaped particles
as well as individual larger agglomerates. The particle size ranges from approximately 300
to 900 nm. In the MnO, / AgNP composite, lighter particles (under 100 nm) were observed
located on the MnO; surface (Figure 4, highlighted in red). It is assumed that these are
AgNPs, in agreement with the results of UV-VIS and XRD analyses. The morphological
observation confirms the conclusions already drawn regarding the nanostructural nature
of the materials. EDX analysis also shows a clear high-intensity peak with energy corre-
sponding to Ag in the MnO, / AgNP sample, while this peak is absent in pure MnO,;. The
presence of K recorded in the spectra of both samples is related to the unreacted KMnQOy,
as previously discussed.

MnO,/AgNPs§
|{Q A

b1 11 a1 MJL...L\ e JHI.I‘\M ¥ A L bl ik nd ey
5 20

g
000 038 110 1 21 330 385 440 4% 550
B W Mog0000 Tekeof 3154 LveTme: 1)  AmpTimels): 384  Resohfiom(eV): 1232

0 O

8

S
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& ’E'

USRI ST T T WP T NN 1Y O R T B i kel
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Det : Element C28

Figure 4. SEM images (left) and EDX spectra (right) of MnO, obtained by chemical reduction in
aqueous medium.

The morphological characteristics of the synthesized materials (MnO, and MnO, / AgINP)
were further investigated with a transmission electron microscope, at a magnification of
40,000 times, and the results are presented in Figure 5. The TEM image of MnO, shows the
formation of thread-like particles interconnected and thus forming a network. In the TEM
image of the MnO, / AgNP composite, the same network was observed, but in this case, it is
denser due to the silver nanoparticles integrated into the manganese oxide structure. Single
silver nanoparticles located on the periphery of the material with a size of about 20 nm are
clearly visible, and in some places, the formation of individual clusters is also noticeable.
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Figure 5. TEM images (left) and corresponding SAED patterns (right) of MnO, / AgNP and MnO;.

The clearly defined concentric rings in the SAED images indicate the interplanar
spacing in the crystal structure corresponding to the (110) and (220) orientations of a-MnO;.
In the composite material, the appearance of additional rings was established, in accordance
with the (111) direction of the face-centered cubic crystal lattice of silver nanoparticles, as
well as (-111) of the monoclinic structure of silver oxide. These results fully confirm the
XRD and SEM-EDX data.

The effect of the presence of Ag nanoparticles in the composite material on the
performance of the supercapacitors was evaluated in two asymmetric configurations:
AX(=)//MnO;(+) and AX(—)//MnO,/AgNP(+). The cells were electrochemically tested
under identical experimental conditions using Na*- and Li*-exchange Aquivion mem-
branes as the electrolyte and separator (Figure 6).

200

electrolyte: Na,SO,

-1

electrolyte: Li,SO,.H,0

160

120

MnO,/AgNPs
MnO,/AgNPs

®
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Specific discharge capacitance, Fg
5
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T
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T T T T T T T T T T
600 800 1000 1200 0 200 400 600 800 1000 1200

Current rate, mAgf1 Current rate, mAg_1

Figure 6. Discharge capacitance as a function of current rate for supercapacitors containing MnO,
and MnO, / AgNP electrodes and using Na* and Li* Aquivion electrolyte membranes.

It can be seen that the supercapacitors containing the MnO, / AgNP composite as the
positive electrode show a higher discharge capacitance compared to SCs with MnO, in both
electrolytes. The result obtained can be associated with the different pore structure and
surface morphology of the two materials mentioned above, which determine their different
capacitive behaviors. It is understood that the distribution of pore sizes can influence
the accessibility of electrolyte ions to the electrode surface, thus influencing the system’s
capacitance [24]. MnO;/AgNP has a much larger active surface area, which affects the
diffusion of ions. As is known, the presence of mesopores in the material supports ion
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diffusion to the macropores, thus transporting the ions from the electrolyte and forming an
electric double layer [25]. It should also be kept in mind that the electrical conductivity of
silver is very high, which is a prerequisite for Ag-doped metal oxides (in this case MnO,)
to exhibit high efficiency in the studied systems [13,26].

Figure 7 compares the cycle voltammograms of MnO, / AgNP in lithium- and sodium-
based polymer electrolyte membranes. The voltammograms with the Na*-exchange mem-
brane show a typical profile for supercapacitor systems with an almost rectangular shape.
The curves overlap when the scan rate is increased from 1 to 40 mVs~!, suggesting the
excellent capacitive behavior of the devices [27]. For the Li* electrolyte, the rectangular
shape of the CV profiles is not as well defined, and the curves at 1 mV /s differ significantly
from those at higher rates. The oval profile of the CV curves using the Li*-exchange mem-
brane as an electrolyte may be due to either slow electron transfer or slow /insufficient ion
diffusion, i.e., limited charge—discharge kinetics [28].
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Figure 7. Cyclic voltammograms of asymmetric supercapacitors with MnO, / AgNP electrodes and
Na* and Li* Aquivion membranes performed at scan rates ranging from 1 to 40 mVs™ and a voltage
window from 0.0 to 1.6 V.

The results of galvanostatic charge—discharge tests carried out at different current
loads (0.3-1.2 Ag~!) of MnO,/AgNP composite electrode supercapacitors in different
electrolytes (respectively 1 M NaySOy4 and 1M Li;SO4-H,O) are presented in Figure 8. It can
be seen that the solid-state supercapacitor using the Na*-form Aquivion membrane shows
the highest and most stable specific discharge capacitance (161 Fg~1-75 Fg~1), followed by
Li;SO4-H,0 (75 Fg~1-10 Fg~1). These data are consistent with the literature data showing
that the neutral electrolyte is suitable for pseudocapacitive materials, especially those
based on MnO; [29]. Furthermore, the capacitive characteristics are due to the different
conductivity of the electrolyte and its interaction with the functional groups of the electrode
material [30].

The different wettability of the electrode materials from the electrolyte is also a possible
reason for the obtained result. It is well known that surface wettability effects affect the
thermodynamic and dynamic properties of electrochemical energy storage systems [31] and
can contribute to increasing the effective surface area, improving the specific capacitance
and also the energy density of supercapacitors [32]. To this end, in the present study,
the wetting angle of MnO, / AgNP electrodes versus Na;SO4 and Li;SO; electrolytes was
measured (Figure 9).
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Figure 8. Comparison: discharge capacitance as function of current rate of MnO, / AgNP SC with
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Figure 9. Wetting angles of MnO, / AgNP electrode versus 1 M NaySO4 and 1 M Li;SOy.

The results show that the composite electrode shows better wettability with Na;SOy4
than with Li;SOy (the wetting angle is almost two times lower). Furthermore, in our
previous work, it was shown that the Aquivion membrane exhibits lower wettability, with
no difference in response to the two electrolytes [22]. This may be largely related to their
further electrochemical behaviors in the cell.

The good supercapacitive properties of hybrid devices with a MnO, / AgNPs positive
electrode and Na™ electrolyte can be seen from the Ragone plot. The comparative curves of
cells using the Li*-exchange Aquivion membrane show lower energy values compared to
Na* (Figure 10).

The features of composite MnO, /AgNP electrodes with Na*-form Aquivion mem-
branes were additionally investigated focusing on their cycling stability. Long-term testing
covered 1000 charge and discharge cycles under a current load of 240 mAg~! (Figure 11).

From the long-term cycling, it is seen that SCs in Nap;SO4 and Li;SO4-H,O have a 16
and 25% capacitance loss, respectively, with pronounced fluctuations in Li;SO,4.H,O. This
probably indicates that the performance of the supercapacitor is affected by factors other
than the ionic conductivity of the electrolyte and the ionic sizes of Li* and Na* [33]. The
GCD curves at a discharge current rate of 240 mAg~! for SCs with a Na*-form membrane
(Figure 10) show a typical shape for the behavior of a hybrid supercapacitor [34]. The iR

drop is very low (0.083 V) and negligible considering the solid-state configuration of the
cell [35].
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Figure 10. Energy density versus power density (Ragone plot) for SCs with MnO, / AgNP and Na+-
and Li+-exchange Aquivion membrane.
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Figure 11. Long-term GCD tests at 240 mAg™! for supercapacitors with MnO, / AgNP using Na*- and
Li*-form of Aquivion electrolyte membrane. Inset figure—charge-discharge profile.

The EIS measurement of the cell with MnO,/ AgNP using the Na* form of the Aquiv-
ion electrolyte membrane was conducted additionally. The Nyquist plot (Figure 12) is
typical for an electrochemical supercapacitor. The inset figure represents the zoomed high-
frequency region. The hinted depressed semicircle at high frequencies is a superposition
of the semicircles due to the pore resistance R, and charge transfer resistance Rt of the
two electrodes with a total value of 0.45 (). The high frequency (left) intersection of the
semicircle with the Z” axis gives the value of the series resistance (Rs = 2 (3) and is usually
due to the resistance of the electrolyte as well as the electrical contacts. In the middle and
low frequencies, the Nyquist diagram appears as straight lines with low (<45°) and high
(>80°) slopes that describe the diffusion process and capacitive behavior, respectively. The
intersection of the continuation of the capacitive line with the abscissa gives the internal
resistance of the supercapacitor Rint = Rg + Rp + R¢t + Rp = 3.9 ohms (Rp is the diffusion
resistance). This resistance is comparable to that of symmetrical carbon supercapacitors.
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Figure 12. Nyquist plot for supercapacitor with MnO, / AgNP using Na* form of Aquivion electrolyte
membrane. Inset figure is zoomed high-frequency region.

The shapes of the CV curves (Figure 7) show that both the Faraday reaction and the
electric double layer contribute to the charge storage. Together with the Nyquist plots
(Figure 12), this suggests an ideal capacitive behavior due to the fact that Ag nanoparticles
can reduce the charge transfer resistance and improve electron transfer [36].

4. Conclusions

The MnO, /AgNP composite material was successfully synthesized and characterized
structurally and morphologically using various analyses. The resulting material has a
four-times-higher active surface area (162 m?g~!) than that of MnO, synthesized and
investigated as a reference material. Electrochemical tests were carried out with the Na*
and Li* form of the commercial membrane Aquivion® E87-05S used as an electrolyte.
The results show that MnO, / AgNP is a suitable flexible electrode material for solid-state
supercapacitors. The introduction of AgNPs into the manganese oxide nanostructure
increases cell capacitance. The highest performance is achieved when a Na*-exchange
membrane is used as the electrolyte (supercapacitors provide sufficiently high specific
capacitances of 110—115F g~! at 0.2 A g1, along with an energy density of 45 Wh kg~ ! at
405 Wkg~! and in a voltage window of 0-1.6 V).
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