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Flexible and lightweight fiber-shaped micro-supercapacitors have attracted tremendous attention as next- generation portable
electronic devices, due to their high flexibility, tiny volume, and wearability. Herein, we successfully fabricated a ternary binder-
free nanocomposite of MnO2/PEDOT:PSS—rGO on a carbon fiber substrate for application in high performance fiber-shaped
micro-supercapacitors. The synergistic effects of the different components in the fiber-shaped electrode help to deliver a high
specific capacitance of 2.9 F cm—2 (194 F cm—3 and 550 mF cm—') at a current density of 5 mA cm—2 and a long cycle life
with 95%capacitance retention after 5000 cycles in 1 M Na,SOy electrolyte. A fiber-shaped asymmetric micro- device
based on the resulting hybrid electrode was assembled. A maximum energy density of Ex ¥ 295microW h cm—2 (Ev =19
mW h cm—3) and power density of Pa =14 mW cm—2 (Py =930 mW cm—) wereachieved in an operating voltage window
of 0-2.0 V in a solid-state Na,SO4—CMC electrolyte.

Moreover, a fiber-shaped asymmetric micro-device with a super-concentrated potassium acetate-based water-in-salt
electrolyte (27 m KOAC) is presented. The use of the water-in-salt electrolyte enables a cellvoltage of 2.8 V, and energy
densities are higher than those of the micro-device operating with conventional dilute aqueous electrolytes.

1. Introduction

With rapidly growing demand for next-generation portableelectronics such as roll-up displays, photovoltaic
cells andwearable devices, more and more attention has been devoted tothe development of flexible and
lightweight energy storage equipment.'” Fiber-shaped micro-supercapacitors are the most promising
flexible energy storage devices for next-generationportable and wearable electronics, due to their higher
power density, light weight, tiny volume, extraordinary flexibility and remarkable wearability.!®!> However,
they suffer from low energy densities, which have greatly restricted their applica- tions in next-generation
energy storage devices.'*'® Accordingto the formula £ Y 1/2CV?, improving the specific capacitance and
expanding the operating voltage range are highly efficient routes to enhance the energy density of
supercapacitors. The specific capacitance of micro-supercapacitors mainly relies onthe inherent features
of electrode materials, including high surface area, superior electrical conductivity, unique nano-structure
architecture and high chemical stability. The fabrication of asymmetric micro-supercapacitors can be
consideredan extremely expedient method to widen operating voltage by using different working potential
windows of two electrodes inthe same electrolyte system and thus increasing their energy density.'”!8

Electrolytes also play a critical role in determining the operating voltage and the overall performance of
micro- supercapacitors. The ionic liquids and organic electrolytes usually have wider potential stability

windows (>3.0 V), whichnotably enhances the energy density. However, the lower conductivity and higher
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.22 Consequently, aqueous electrolytes are receiving

viscosity of ionic liquids (ILs) and the cos
complex assembly process, which increases the fabrication toxicity and flammability of organic electrolytes
have limited their applications in micro-supercapacitors. Also, considering the sensitivity of ILs and organic
electrolytes to moisture,supercapacitors require ultradry storage condition and a complex assembly
process, which increases the fabrication cost.'”*? Consequently, aqueous electrolytes are receiving intensive attention

due to their high conductivity, low cost, intrinsic non-flammable nature, and environment friendliness.

Nonetheless, their use is limited due to the narrow electro- chemical stability window of water (pure water
decomposes above 1.23 V).2»?* Recently, super-concentrated water-in-salt (WIS) electrolytes were
proposed as a new strategy to widen the potential window of aqueous solutions to ~3 V. The super-
concentrated aqueous solution suppresses the electrochemical activity of the water molecules through
decreasing the content of free water in the WIS electrolyte. This effectively hinders the decomposition of
water molecules near the cathode or anode, thereby widening electrochemical stability window.?>2” The first
reported WIS electrolyte was prepared using 20 m (mol kg—') aqueous solution of lithium
bis(trifluoromethane sulfonyl) imide (LiTFSI), which exhibited a wide electrochemical stability window of
~3.0 V on stainless steel electrodes.”® However, high cost and high toxicity of WIS electrolytes based on
imide salts limit their practical applications. Recently, it was found that WIS electrolytes based on
potassium acetate (KOAC) show higher ionic conductivities (>20 mS cm ') than LiTFSI electro-lytes (<10
mS cm '), which is due to the weak Lewis acidity of potassium ions or weak interaction of acetate anions.?%*
Gogotsi et al. reported a 21 m KOAC-based WIS electrolyte for high-voltage aqueous asymmetric
supercapacitors.’' However,the voltage of the assembled supercapacitor using this electrolyte was 2.2 V.
Also, most current collectors used in WIS electrolytes are not suitable for the design of flexible and micro-
sized energy storage devices.

Similar to conventional supercapacitors, fiber shaped micro-supercapacitors, can be divided into three
types according to their charge storage mechanisms: electric double layer capacitors (EDLCs),
pseudocapacitors, and hybrid supercapacitors.’>** EDLCs store energy by electrostatic accumulation of
charges atthe electrode/electrolyte interface. This non-Faradaic process This non-Faradaic process gives
rise to what is called double-layer capacitance. Unlike EDLCs, pseudocapacitors store electrochemical
energy via reversible and fast eclectrode redox reactions. When these processes give rise to an
electrochemical response similar to that of EDLCs (i.e. linear relation between stored charge and voltage),
electrode materials are termed pseudocapacitive. Also, hybrid supercapacitors store energy by combining
both EDLC and pseudocapacitance processes. Carbon-based materials such as graphene and carbon
nanotubes are widely used as electrode materials for EDLCs and possess a long cycle life. Metal oxides
and conducting polymers (e.g., PEDOT:PSS) are typical pseudocapacitance materials, and have a high
theoretical capacitance.34—37 PEDOT:PSS is considered a promising material for micro-supercapacitors,
mainly owing to its good chemical and electrochemical stability, high conductivity, lowmaterial cost and
excellent dispersibility in various solvents. However, the low specific capacitance of PEDOT:PSS hinders

its wide application, which can be due to the relatively low ionic conductivity of the active materials.38—



43 To solve this problem, an effective strategy is combining it with conductive materials, such as reduced
graphene oxide (rGO), which possesses a high capacitance and extremely long cycle life, because of its
chemical stability, good

EDLC and ultrahigh specific surface area.44—46 Moreover,MnO2, as an active material for the positive
electrode is an attractive candidate for micro-supercapacitors due to its low cost, wide electrochemical
potential window, and high theoretical specificcapacitance (1370 F g ).*° Zhou et al. prepared MnO,
nano-sheets on zeolitic imidazolate framework-67 derived N-doped carbon conductive skeletons. The
prepared electrode exhibiteda remarkable capacitance of 1483.5 mF cm 2 at 2 mA ¢cm 2% In another study,
Zhou et al. reported Na-doped MnO; nanosheetson carbon nanotube fiber as a cathode electrode material
for supercapacitor applications. The Na-MnO, NSs/CNTF showed a specific capacitance of 845 mF cm 2
at 2 mA cm 2% The constructed ternary composite electrodes could combine the merits of each
component and enhance the electrochemical performance of the energy storage systems. For example, Sun
et al. prepared a PPy/PEDOT:PSS@MWCNT/SF composite elec-trode by drop coating of PEDOT:PSS and
MWCNTSs onto silk fabrics and then electro-polymerization of PPy, which exhibitsa specific capacitance of
5296 mF cm 2 at 2 mA ¢cm ™2 in aqueous
electrolyte.*” Yan et al. synthesized a MnO»/rGO/PEDOT:PSS electrode by dispersing the MnO»/rGO
precursor in the PEDOT:PSS solution. Then, the composite was mixed with carbon black and
polytetrafluoroethylene (PTFE) and pressed onto a nickel foam substrate. The electrochemical
performance of this electrode has been evaluated only in a three-electrode system, and it exhibited a specific
capacitance of 169.1 F g~ ' at 0.2 A g 'in 1 M Na»SO;s electrolyte.*® Indeed, the use of a polymeric binder and
conductive additive increases the internal resistance of the electrode and hinders its potential application
in high perfor- mance supercapacitors. Moreover, compared to other conductivesubstrates such as Ni foam,
carbon cloth, and metal foils, carbon fiber with characteristics such as excellent flexibility, light weight, good
mechanical strength and exceptional conductivity, is an ideal fiber-shaped substrate for the growth of
electroactive materials. To our knowledge, this is the first report that describes a fiber-shaped asymmetric
micro-device based on a MnO,/ PEDOT:PSS-rGO composite grown on a flexible carbon fiber substrate in
conventional dilute aqueous and 27 m KOAC-based WIS electrolytes.
Herein, we used carbon fiber (CF) as a flexible micro-sized substrate for growth of the electrode materials.
The MnO,/ PEDOT:PSS—rGO composite electrode was prepared by the electrodeposition of MnO, on
conductive CF composites, fol- lowed by drop-coating a mixture of PEDOT:PSS and rGO. Theresults of
the materials morphology and structure obtained by FE-SEM, XRD and FTIR analyses are reported and
discussed. The full electrochemical characterization of the eletrodes in 1 M Na>SO4 electrolyte is presented,
and the performance of the solid-state micro-device assembled with MnO./PEDOT:PSS—rGO and
PEDOT:PSS—rGO as positive and negative electrodes andNa>SOs—CMC electrolyte is reported for the first
time. In addition, a micro-device assembled with the MnO,/PEDOT:PSS—GO fiber electrode and 27 m KOAC-
based WIS electrolyte, operatingat 2.8 V, is proposed here for the first time to our knowledge.



2. Experimental section
2.1. Chemicals

Potassium acetate (CH3CO:2K, >99%), manganese acetate tet rehydrate (Mn(CH3COO), 4H,0, >99%)
carboxymethyl cellulose sodium (average M, ~ 90 000), and sodium sulfate decahydrate (Na.SO410H-0O, >
99%) were purchased from Sigma-Aldrich Company. Reduced graphene oxide was from Nanoinnova
Technologies. Preparation of MnO,/PEDOT:PSS-rGO@CF. Firstly, carbon fiber (diameter of 0.6 mm) was
cleaned by sonication for 15 min consecutively in 2 M HCI solution, absolute ethanol, acetone and
deionized MilliQ water, to remove surface oxides and contaminants, and then dried at room temperature.
PEDOT:PSS was dispersed in deionized (DI) water and alcohol solution and sonicated for 15 min at room
temperature. Next, 2 mL PEDOT:PSS dispersion solution was added to 2 mg rGO. The mixed solution
PEDOT:PSS—rGO wasdrop-coated on carbon fiber and allowed to stay at the indoor temperature for 10
min. Then, the prepared electrode was dried at 60 "C for 1 h. MnO;, was then electrodeposited on the
PEDOT:PSS-rGO@CEF electrode in the electrolyte solution containing 0.1 M manganese acetate at a current
density of 10 mAcm 2 for time 40 min. The prepared electrode was rinsed several times with deionized
MilliQ water and then dried in an oven at60 °C for 1 h. For comparison, the MnO,@CF electrode was
prepared using direct deposition of MnO> on the carbon fiber current collector. The mass loading of
MnO,/PEDOT:PSS—rGO, PEDOT:PSS—rGO, MnO,/PEDOT:PSS and MnO; active materials loaded on the carbon
fiber substrate was 0.6, 0.55, 0.5, and 0.5 mg cm ™', respectively.

2.3. Fabrication of the all-solid-state asymmetric microdevice

The all-solid-state asymmetric micro-device was fabricated using MnO2/PEDOT:PSS-rGO@CF and PEDOT:PSS—
rGO@CEF as positive and negative electrodes, respectively, and Na2SO4—carboxymethyl cellulose sodium (CMC) gel
as the solid state electrolyte.

The Na2S04-CMC gel electrolyte was prepared by dissolving 3.55 g of Na2SO4 and 1.5 g of CMC in 50 mL of
deionized water and heated at 85 C for 1 h under vigorous stirring until the gel solution became clear. The positive and
negative electrodes and separator were soaked in the Na2SO4—-CMC gel electrolyte for 15 min, and then the constructed

microdevice was dried at room temperature for several hours to evaporate excess water from the solid-state electrolyte.
2.4. Preparation of the water-in-salt electrolyte

The potassium acetate (KOAC) electrolyte with a concentration of 27 m was prepared by dissolving appropriate
amounts of KOAC salt in deionized MilliQ water at room temperature under stirring. The unit of the water-in-salt

[T ]

electrolyte was “m” as an abbreviation of mol kg 1 for molality.

2.5. Materials characterization



The surface morphology of the MnO2/PEDOT:PSS-tGO@CF, PEDOT:PSS-tGO@CF, MnO2@CF and
PEDOT:PSS@CEF electrodes was characterized by using a field-emission scanning electron microscope (FE-SEM
MIRA 3 TESCAN, 15 kV, Czech) equipped with an energy dispersive X-ray (EDX) analyzer. The crystal structure of
the prepared samples was investigated by Xray diffraction (XRD), using Cu Ka radiation and a Philips X'PERT
diffractometer. Fourier transform infrared spectra (FTIR) of the samples were recorded on a PerkinElmer FT-IR
spectrophotometer (spectrum 100). The surface area and pore size distribution of the samples were estimated by
Brunauer—-Emmett-Teller (BET) and Barrett—Joyner—Halenda (BJH) procedures using a Quantachrome Instrument

(NOVA station).

2.6. Electrochemical characterization

Cyclic voltammetry (CV), galvanostatic charge—discharge (GCD) and electrochemical impedance spectroscopy (EIS)
measurements were conducted by using a VSP multichannel potentiostat/galvanostat/FRA (BioLogic). EIS
measurements were performed at a frequency ranging from 0.1 Hz to 100 kHz with a potential amplitude of 5 mV. The
electrochemical properties of the individual electrodes were measured in a threeelectrode system, with 1 M Na2S04 as
the electrolyte, Pt wire as the counter electrode and Ag/AgCl as the reference electrode.

The supercapacitor performance was evaluated by using a 2-electrode setup. The length, areal, and volumetric specific

capacitances (C) were calculated from the GCD curves and the formula as follows:53

iAt
=y (1)
iAt
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Cy=—— (3)

(0.25 =D*L)AV
where CL (F cm 1) is the length specific capacitance, CA (F cm-2) is the areal specific capacitance, CV (F cm 3) is
the volumetric specific capacitance, Dt (s) is the discharge time, 1 (A) is the discharge current, DV (V) is the potential
window, and L and D are the geometric length and diameter of the carbon fiber electrode.
Also, the specific capacitance of electrodes and the supercapacitor was calculated from CV curves by using the

following equation:

[iav
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Here y is the scan rate (V s 1), 1is current (A), X . L, A, and V are the length, areal, and volume of the electrode,
respectively. The energy density and power density delivered by the microsupercapacitor were calculated by using

eqn (5) and (6).

Cx V?
= 5
X7 7200 (5)
Ex x 3600
Px = \A—t ()

Here Ex Y4 Ev, Ea, Ev, which are the length (Er, W h cm™!), areal (Ea, W h cm—?), and volumetric (Ev, W h
cm ) energy density, Px Y% Pi, Pa, and Py are the length (P, W cm '), areal (Pa, W cm—2), and volumetric

(Pv,W cm ) power density, respectively, and Dt is the discharge time in units of seconds.

3. Results and discussion

3.1. Characterization of the MnO»/PEDOT:PSS-rGO@CF

A schematic illustration for the synthesis of the MnO,/ PEDOT:PSS—rGO nanocomposite on the carbon fiber
substrate is presented in Fig. 1. At first, a mixture of rGO and PEDOT:PSSwas cast on the carbon fiber
substrate. Then, the MnO, nano-flakes were electrochemically deposited on the PEDOT:PSS-rGOcelectrode by
applying a constant current density of 10 mA ¢cm 2.

The morphologies of MnO,, PEDOT:PSS, PEDOT:PSS-rGO,and MnO»/PEDOT:PSS—-rGO samples grown
on carbon fibers were investigated by FE-SEM and the collected images are shown in Fig. 2. Fig. 2A and B
show that the carbon fiber after the cleaning process features a smooth surface. Fig. 2C and D show that
PEDOT:PSS/CF carbon fibers are tightly covered witha thin layer of polymer. Fig. 2E-H depict the FE-SEM
images of PEDOT:PSS—rGO at different magnifications. The wrinkled features of the graphene nanosheets
can be clearly observed,which provide a high surface area on the electrode surface. The FE-SEM images of
MnO; and MnO»/PEDOT:PSS—rGO samples show that MnO, nanomaterials are highly porous and made of
many tiny nano flakes that are axially grown on the structure of carbon fiber (Fig. 2I-L). The creation of such a
structure can be favorable for fast electron transfer and electrolyte ion diffusion during the charge—discharge
process.

The elemental composition of the prepared electrode was investigated by EDX analysis (Fig. 3A). The EDX
analysis demonstrates weight percentages of 66.02% C, 24.99% O, 0.05% S and 8.93% Mn elements in the
MnO»/PEDOT:PSS—rGO@CF electrode. The N> adsorption—desorption isotherm of the MnO,/PEDOT:PSS—
rGO composite suggests a typical IV-typecurve (Fig. 3B), presenting a high surface area of 83 m? g ! andtotal
pore volume of 0.2 cm® g—!. Notably, the presence of bothmicro- and meso-pores in the structure of the
MnO,/ PEDOT:PSS-rGO composite is further confirmed by the pore size distribution curve (inset in Fig.
3B).



The phase structure of the rGO—PEDOT:PSS and MnO,/ PEDOT:PSS-rGO composites was studied by
the XRD analysis and the results are reported in Fig. 4A. In order to perform the XRD analysis, the
MnO»/PEDOT:PSS—GO composite was scratched from the carbon fiber substrate. The diffraction peaks for
the PEDOT:PSS—+GO sample observed at 25° and 47° are related to rGO. The XRD pattern of the
MnO»/PEDOT:PSS—GOcomposite shows diffraction peaks at 37.4°, 42.8° and 56.4°'which can be indexed
to (101), (111) and (211) planes oftetragonal phase MnQO, in P4,/mnm with standard lattice constants:
aV%4.44A, b %4447 and ¢ %2.89 A (b %90°) (JCPD no. 004-0779).

The FT-IR spectra of PEDOT:PSS—rGO and MnO,/PEDOT:PSS—GO nanocomposites are presented in Fig.
4B. For the PEDOT:PSS-rGO composite, the observed bands at 1620 and 1380 cm ™' are attributed to
vibrations of C==C and C-C bonds of the thiophene ring and C—=0 in the carboxylic acid and carbonyl
groups. Also, the band at 1120 cm ! is attributed to the -SO3Hgroup of PSS. The broad band observed
in the region of 3412 cm ! can be ascribed to the stretching vibration of O—H groups. The presence of
the peaks in the composite spectra indicates p—p interaction between rGO and PEDOT:PSS. In thecase of
MnO>/PEDOT:PSS—GO, in addition to the presence of characteristic peaks of rGO and PEDOT:PSS, the

observed band at552 cm—! is attributed to the Mn—O vibration mode.

T vt e

10 mA/cm?
40 min

CF PEDOT:PSS-rGO@CF MnO,/PEDOT:PSS-rGO@CF

Fig. 1 Schematic representation of MnO2/PEDOT:PSS—rGO@CF electrode preparation.



Fig. 2 FE-SEM images of (A and B) CF, (C and D) PEDOT:PSS/CF, (E-H) PEDOT:PSS-rGO/CF, (I and J) MnO»/CF, and (K and L) MnO,/PEDOT:PSS—
rGO/CF at different magnifications.
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Fig. 3 (A) EDX spectra and (B) N2 adsorption—desorption isotherm of the MnO»/PEDOT:PSS-rGO nanocomposite (inset: the corresponding BJHpore size
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Fig. 4 (A) XRD pattern and (B) FT-IR spectra of the prepared samples.

3.2. Electrochemical investigations of the MnO»/PEDOT:PSS—GO@CF

The electrochemical performances of MnO2, MnO2/PEDOT:PSS, EDOT:PSS—+GO and MnO2/PEDOT:PSS—GO
electrodes were measured by cyclic voltammetry and galvanostatic charge/ discharge tests in 1.0 M NaxSO4
aqueous electrolyte. Fig. 5A_shows cyclic voltammograms (CVs) of the prepared electrodes within the potential
range of 0.1 to 0.9 V at a scan rate of15 mV s—'. As can be seen in Fig. 5A, the current density and thearea
under the CV curve are higher for the MnO./PEDOT:PSS—rGO electrode compared with other prepared
electrodes, which indicates the higher capacitive performance of the MnO,/ PEDOT:PSS—-rGO electrode due to
good interaction among the components of rGO, PEDOT:PSS, and MnO,. CV curves of MnO,/PEDOT:PSS—
rGO, MnO;, MnO./PEDOT:PSS, and PEDOT:PSS—rGO electrodes at various scan rates, ranging from

5t035mV s !, were also recorded and shown, respectively, inFig. 5B and S1.1 The current response for all
electrodes increases with increasing the scan rate, which indicates the capacitive behavior of the prepared
electrodes. Moreover, CV curves of MnO,/PEDOT:PSS-rGO, PEDOT:PSS-rGO and PEDOT:PSS electrodes
display a quasi-rectangular shape with symmetric /—FE responses, demonstrating good capacitive behavior
with the in[(Juence of pseudo-capacitance characteristics. Also, by increasing the sweep rate, a slight
deviation fromthe rectangular shape can be observed for the MnO2/PEDOT:PSS—GO electrode due to the
restriction of charge propagation within the electrode. The CV curves of MnO; present a couple of small
redox peaks, predicting their faradaicbattery-type behavior. The oxidation—reduction reaction for MnO;
is usually described as: MnO> + Na" + ¢~ $ MnOONa.The dependence of the peak current on the scan rate
(y) can beused to determine the charge transfer mechanism: i % ay” (a and b are adjustable parameters).
Observation of a value of 0.5 for b represents a total diffusion controlled process, whereas 1.0indicates a
capacitive process or nondiffusion-controlled process. For PEDOT:PSS—GO and MnO»/PEDOT:PSS—GO
electrodes, the b-value was found to be ~0.8 and 0.6, respec

tively, from the slope of the log(y)-log(i) plots, which indicates a diffusion-controlled process of the
MnO2/PEDOT:PSS—GO electrode (Fig. 5C). To distinguish quantitatively a fraction of the current arising

from capacitive and diffusion contributions,Dunn's method was used based on the following equation:3*-7
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Fig. 5 (A) CV curves of MnO2, MnO2/PEDOT:PSS, PEDOT:PSS-rGO and MnO,/PEDOT:PSS-rGO electrodes at a scan rate of 15 mV s, (B) Typical CV
curves of the MnO2/PEDOT:PSS—rGO electrode at different scan rates. (C) Logarithmic relationship between anodic peak current andscan rate. (D) Comparison
of charge storage for the MnO2/PEDOT:PSS-rGO electrode at different scan rates. (E) Areal and (F) volumetric capacitances of MnO2, MnO2/PEDOT:PSS,
PEDOT:PSS-rGO and MnO>»/PEDOT:PSS—1GO electrodes as a function of scan rate.

i (at fixed V) = ky + kw'? ?)

The values of ki and k> can be calculated from the slope and intercept of the straight line of i/y'? versus y'?
plot, respectively.

The contribution of diffusion-controlled behavior and the capacitive process of the MnO2/PEDOT:PSS—GO
electrode is 66% and 34%, at a scan rate of 20 mV s 1, respectively, indicating predominant diffusion behavior of the
electrode material during the electrochemical processes (Fig. 5D and S2B+).

Formicro-sized fiber-shaped supercapacitors, the geometricalspecific capacitances (length, areal and volumetric)
are more reliable and accurate than the mass based gravimetric capacitances. The Cx values obtained from
CV curves of the MnO,/ PEDOT:PSS—+GO, MnO,, MnO,/PEDOT:PSS, and PEDOT:PSS—rGO electrodes at a
scanrate of 5SmV s 'are2.6 Fecm 2 (174 Fcm > and 0.49 F cm™ '), 1.9 F cm 2 (128.6 F cm > and 0.36F
cm 1),23Fcem 2 (156 Fcm 2*and 0.43 Fem '), and 1.5 Fem 2 (101 cm 2 and 0.28 F cm™"). At a high scan
rate of 35 mV s !, the specific capacitances for these electrodes were, respec-tively, 1.72 F cm 2 (116 F cm
and 0.32Fcm '), 091 Fem 2 (61 F cm > and 0.17 F em™'), 0.9 F cm 2 (61 F cm > and 0.17 Fecm '), and
0.96 Fcm 2 (65 F cm * and 0.18 F cm™ ") (Fig. SE,F and S2A+). The results reveal that by increasing the scan rate,
the specific capacitances of the electrodes decrease gradually. At lower scan rates, electrolyte ions can diffuse

to all active sites ofthe electrode, while at higher scan rates, the inner surface of theactive materials is not



completely used in the electrochemical process and electrolyte ions can only diffuse to the outer surface,
which leads to decline in specific capacitance values.>® ¢!,

To further evaluate the capacitive performance of the prepared electrodes, the GCD measurements were carried out in
1.0 M Na2S04 aqueous electrolyte within the potential range of 0.1 to 0.9 V at a current density of 5 mA cm-2 (Fig.
6A). The GCD curves of MnO2/PEDOT:PSS—+GO, PEDOT:PSS-rGO and PEDOT:PSS eclectrodes exhibit a
symmetrical triangular shape suggesting good reversibility and ideal capacitive behavior, which are in good agreement
with the CV curves. For MnO2, a deviation from the straight line can be observed, in agreement with the CV redox
signals mentioned above. A small IR-drop(which can be observed from the voltage drop at the beginning of the
discharging process) is observed for the MnO2/PEDOT:PSS—+GO and PEDOT:PSS-rGO electrodes at a current
density of 5 mA cm 2, revealing the low resistance of these electrodes. Moreover, the MnO2/PEDOT:PSS—GO
electrode shows a longer discharge time compared with other electrodes such as MnO2, PEDOT:PSS,
MnO2/PEDOT:PSS, and PEDOT:PSS—rGO, indicating the higher charge storage capacity of the MnO2/PEDOT:PSS—
rGO electrode. The areal, volumetric and length specific capacitance values of the MnO2/PEDOT:PSS—GO,
MnO2/PEDOT:PSS, MnO2, and PEDOT:PSS—GO clectrodes were obtained from GCD measurements and found to
be 2.92 F cm-2 (194 F cm-3 and 550 mF c¢cm-1), 2.18 F cm 2 (145 F cm-3 and 410 mF c¢cm-1), 1.64 F cm-2 (109 F cm-
3 and 308 mF cm-1), and 0.99 F cm-2 (66 F cm-3 and 187mF cm-1) respectively, at a current density of 5 mA cm-2.
The MnO2/PEDOT:PSS—1GO electrode has higher specific capacitance relative to other electrodes, indicating
excellent electrochemical performance during charge—discharge processes. The GCD measurements were carried out
at different values of current density for MnO2/PEDOT:PSS—rGO, MnO2/PEDOT:PSS, MnO2, and PEDOT:PSS—
rGO electrodes, and the results are shown in Fig. 6B, C and S3.7 The specific capacitance values of electrodes are
estimated as a function of current density, according to eqn (1)—(3) and plotted in Fig. 6D—F.

The specific capacitance values for the MnO,»/PEDOT:PSS— rGO electrode at current densities of 5, 6, 12,
16, 20 and 25 mA cm—2 are 2.92 F cm—2? (194 F cm— and 550 mF cm—'), 2.73 F cm—* (182 F cm—* and 515

mF cm—"), 2.3 F cm—2 (152 F cm— and 431 mF cm—!), 2.06 F cm—2 (136 F cm—> and 386 mF ¢cm—!),1.87 F

cm—2 (124 F em—3 and 352 mF cm—') and 1.7 F cm—2 (114F cm—2 and 319 mF cm—!), respectively. Also, the

calculated gravimetric capacitance of the prepared electrode is shown in Fig. S4.7 Table S1+ shows that the
specifific capacitance of the MnO2/PEDOT:PSS—GO electrode is comparable and evensuperior compared
to the previously reported values of MnO, and PEDOT:PSS composites prepared on different substrates

(such as Ni foam, Cu foam and carbon cloth).3848:62-70
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The electrochemical kinetics of the MnO2/PEDOT:PSS—GO and PEDOT:PSS—GO electrodes are further
studied by the Trasatti analysis method.”"’> In this procedure, the total voltammetric charge, qi, is
composed of the stored charges at the innersurface (q;) or less accessible surface charge and the outer surface
charge (qo) or more accessible surface charge (q: % qo + qi). The stored charges at the inner surface mainly
originate from the less accessible surfaces such as grain, pores, boundaries and cracks and is a diffusion controlled
reaction. The outer surface charges mainly originate from the direct accessible surface, which is related to the region
directly in contact with the electrolyte solution. The outer surface charge is independent of the scan rate and the
reactive species diffusion does not control the reaction.73 The intercept of the linear plot of (1/q) against y1/2 gives
the total voltammetry charge, which is obtained at very low scan rates (y/0) and associated with nearly all active
sites of the electrode. The stored charges at the outer surface (qo) can be obtained from the intercept of the linear
plot of 1/q against y1/2 at very high scan rates (y / N) (Fig. 7A and C). Therefore, stored charges at the inner surface
(qi), can be calculated from the difference between qt and qo.74 According to the Trasatti plot (Fig. 7B and D), the
total charges of the rGO-PEDOT:PSS/MnO2 and rGO-PEDOT:PSS electrodes are 3.79 C cm 2 and 2.3 C cm-2,
respectively, while, the charge stored at the outer surface of these electrodes is found to be 1.3 C cm 2 and 0.66 C
cm 2, respectively. Furthermore, the charge stored in the inner active sites of MnO2/PEDOT:PSS—+GO and
PEDOT:PSS—GO electrodes is found to be 2.5 C cm-2 and 1.64 C cm-2, respectively. The high values of charge



stored in the inner surface indicate that most of the surfaces are fully accessible to electrolyte ions with minimum
diffusion limitations during the electrochemical processes.62,75

In order to get further insight into the charge transfer kinetics and the ion diffusion in the MnO2/PEDOT:PSS—GO,
PEDOT:PSS—+GO, MnO2/PEDOT:PSS and MnQO2 electrodes, EIS analysis was conducted within the frequency
range from 100 kHz to 0.01 Hz, and the results are shown in Fig. 7E. The Nyquist plots in Fig. 7E reveal a semicircle
in the high frequency region that corresponds to the charge transfer resistance (Rct),which is in turn related to the
faradaic processes, and a line in the low frequency region, which is characteristic of the capacitive behavior. In Fig.
7E, the diameter of the semicircle for the MnO?2 electrode is the largest among all electrodes, which indicates a low
charge transfer rate. Moreover, the line slope of the MnO2/PEDOT:PSS—GO and PEDOT:PSS—GO electrodes is
much higher than that of MnO2 and MnO2/PEDOT:PSS electrodes, indicating faster diffusion of electrolyte ions
from the solution to the electrode surface. Also, the shorter line for the MnO2/PEDOT:PSS—rGO -eclectrode,
compared to the other electrodes, is due to its higher capacitive behavior. Therefore, these results demonstrate that
the MnO2/PEDOT:PSS—GO electrode has the best capacitive performance among the other fabricated electrodes.
The long-term cycle stability of MnO2/PEDOT:PSS—+GO and PEDOT:PSS—rGO has been evaluated by repeating
the charge—discharge test at a current density of 12 mA cm-2 over 5000 cycles (Fig. 7F and S5A+). The results reveal
that MnO2/PEDOT:PSS—+GO and PEDOT:PSS—1GO electrodes retain about 97% and 96% of their initial
capacitance values after 5000 charge/discharge cycles, respectively, which demonstrates the excellent stability of
the electrodes over cycling. The inset of Fig. 7F shows the GCD curves for the last 30 cycles. The morphology and
crystalline structure of the PEDOT:PSS—rGO@CF and MnO2/PEDOT:PSS—rGO@CF electrodes after the cycling
process were evaluated by using FE-SEM images and XRD spectra. As shown in Fig. SSB-E,} after successive
charge/discharge cycles, the morphology of the electrodes remained unchanged. Moreover, the XRD patterns of the

electrodes demonstrated that the composition of electrodes has no change before and after the cycling.
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corresponding GCD curves of the last 30 cycles).

3.3. Electrochemical performance of the fiber-shaped micro-supercapacitor

To evaluate the feasibility of the MnO2/PEDOT:PSS—GO electrode in supercapacitor applications, a fiber
shaped asymmetric micro-device was fabricated using MnO2/PEDOT:PSS—GO as the positive electrode and
PEDOT:PSS-rGO as the negative electrode and Na,SO4+—CMC as the solid-state electrolyte (dis- played as
MnO,/PEDOT:PSS—GO//PEDOT:PSS—+GO). Fig. S6A and Dt show the CV and GCD curves of PEDOT:PSS—
rGO at various scan rates and current densities, respectively. CV curves of PEDOT:PSS—GO exhibit relatively
rectangular shapes and GCD curves are closely linear and symmetric, indicating an ideal capacitor
characteristic and a good reversible behavior.

The calculated areal, volumetric and length capacitance valuesof the PEDOT:PSS—GO electrode were 1.03

Fcm 2, 69 F cm 3and 193 mF cm ! at a current density of 5 mA cm 2, respectively(Fig. S6B, C and E-G).

To maximize the performance of the fiber-shaped micro- supercapacitor, mass balance between the two
electrodes is necessary. The amount of the charge stored by each electrode, ¢, is estimated by using the

following equation:

Q=CLxAVx L (8)



where DV is the electrode potential working range. Based on this equation, the optimal length for the fiber-shaped

micro-device is about L+/L— ¥ 0.4 in an asymmetric configuration. The CV curves of MnO,/PEDOT:PSS—rGO
and PEDOT:PSS—GO elec- trodes at a scan rate of 15 mV s—! in the three-electrode system showed a stable
potential window from —0.8 to 0.4 V for the rtGO—PEDOT:PSS electrode and from —0.1 to 0.9 V for the MnO»/
PEDOT:PSS—rGO electrode (Fig. 8A). Also, the CV curves of the fiber-shaped micro-devices were investigated
in different voltage windows ranging from 0—1.0 V to 0—2.2 V at a scan rate of30 mV s—' (Fig. 8B). As can be
seen, the working potential window of the fabricated fiber micro-device can be extended to 2.0 V. Fig. 8C

shows the CV curves of the asymmetric micro- device at different scan rates (from 5—35 mV s—!') in the poten-

tial range of 0—2.0 V in a Na,SO4+—CMC solid-state electrolyte.

The integrated area and current density in CV curves increase with increasing the scan rate. In
addition, the rectangular shape of the CV curves was well maintained even at high scan rates,
demonstrating an ideal capacitive behavior, the excellent reversibility and the fast charge/discharge
properties of the fabricated fiber micro-device. A high specific capacitance of 545mF cm—2 (36 F cm—
3

and 102 mF cm ') can be achieved ata scan rate of 5 mV s—! and the value remains as high as 401

mF cm-2 (27 F cm-3 and 75 mF cm-1) at a high scan rate of 35 mV s-1 (Fig. 8D).
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The GCD curves of the solid state micro-device at various current densities are shown in Fig. 8E. The triangular shape
and symmetry of the GCD curves in a wide potential range also confirm the excellent capacitive behavior of the micro-
device. The calculated specific capacitances from GCD curves are displayed in Fig. 8F. Regarding GCD curves at
different current densities, the fabricated micro-device shows a remarkable charge—discharge coulombic efficiency and
low polarization, indicating high reversibility of the asymmetric fiber micro-supercapacitor.
From the GCD data, areal specific capacitances of 550, 468, 391, 352, 318, and 279 mF cm-2 are obtained for the
fabricated fiber micro-device at current densities of 3, 5, 8, 10, 12 and 14 mA cm-2, respectively, equivalent to the
volumetric specific capacitance of 35, 30, 26, 23, 21 and 18 F c¢cm-3 at similar current densities (Fig. S7C¥). The
calculated length specific capacitance values utilizing CV and GCD curves for the fiber-shaped microdevice are plotted
in Fig. S7TA and B. As can be seen, the specific capacitance decreased gradually with increasing the scan rate and the
current density, due to limited ion diffusion, which leads to decreasing utilization of the active materials.
The cycle stability of the asymmetric micro-device wasmeasured by multiple charge/discharge cycles
(5000) at 8 mA cm 2, and the results are presented in Fig. 9A. The fabricated micro-device retained 96%
of its initial capacitance after 5000 cycles, indicating the excellent long-term cycle life of theasymmetric

fiber-type supercapacitor.

The energy and power densities, that are the key performance indicators of the fabricated asymmetric micro-
device for real applications, were calculated based on their geometry parameters and were plotted on a
Ragone diagram (Fig. 9B andS7D7). The fiber shaped micro-device presents an areal energy maximum of
295 microW h cm 2 at 2900 microW cm 2 (at a current density of 3 mA ¢m™2) and can maintain an energy
density of 150 micro Wh cm 2 at a power densityof 14 100 micro W cm 2 (at a current density of 14 mA
cm2).The corresponding volumetric and length energy density of the fabricated micro-device varied
from 19 mW h cm 3 (55 microW h cm ') to 10 mW h cm 2 (29.2 microW h cm ') at power densities of
190 mW cm 3 (545 microW cm ') to 930 mW cm 3 (2650 microW c¢cm!). The performance values of the
fabricated FIbershape micro-device are higher than previously reported valuesof Ag—PEDOT:PSS/CNT (8.89
microW h cm—2),” PEDOT-CNT (2.82 microW hcm2),” SWCNT/PEDOT:PSS/CuHcF//Mo doped WO3/ SWCNT
(3008 W h L "% PANi/PEDOT/PANi/ultralarge-rGO// PEDOT/MoS; (54 mW h cm )Y
PEDOT:PSS/MoS,/PEDOT (0.2 microW h cm 2 (1.81 mW h cm ), MnO@PEDOT:PSS@OCNTF (125.37
microW h cm?),* and PEDOT:PSS/rGO (2.24 microW h cm 2)* (see Table S2+ for a detailed comparison).

The flexibility of the asymmetric micro-device was investi- gated by CV measurements under different
bending angles(from 0 to 120°) at a scan rate of 30 mV s—'. The shapes of all theCV curves in straight and
bending states were almost similar toone another, demonstrating the excellent mechanical stability and high
flexibility of our fabricated micro-device, which could be utilized in flexible and portable energy storage
systems (Fig. 9C). The dependence of the C/Cy (specific capacitances before and after bending) on the
bending cycle number fora micro-ASC device is presented in Fig. 9D. The results indicate that the

asymmetric micro-device retained 97% of the initial specific capacitance after 500 bending cycles.
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Recently, super-concentrated water-in-salt aqueous electrolytes as a high-voltage approach have attracted
many researchers’ attention. In high salt concentration, almost all ofthe water molecules are combined
with the electrolyte cationsby van der Waals forces, and the amount of free water molecules is reduced, hence
the hydrogen and the oxygen evolutions are largely suppressed and make an extended potential window.”®
In this regard, we evaluated electrochemical performance of our micro-device in 27 m KOAC electrolyte. The
electrochemical stability windows of MnO»/PEDOT:PSS-rGO@CF and PEDOT:PSS-rGO@CEF electrodes are
examined by linear sweep voltammetry tests at a scan rate of 10 mV s ! in a three electrode system (Fig. S87).

The MnO»/PEDOT:PSS-—rGO@CEF electrode in27 m KOAC exhibits a large overpotential for water oxidation



(anextended anodic potential of 1.45 V vs. Ag/AgCl) without any indication of the oxygen evolution
reaction (OER). The PEDOT:PSS-rGO@CEF electrode shows an extended cathodicpotential at —1.35 V
vs. Ag/AgCl, which indicates low electrocatalytic activity towards the hydrogen evolution reaction (HER).
Fig. 10A exhibits CV curves at various potential windowsfrom 1.6 to 3.2 V at a scan rate of 30 mV s~ for
the fabricated fiber micro-device. The stable electrochemical potential window of the asymmetric micro-device
could be extended to 2.8 V in 27 m KOAC electrolyte. The CV curves obtained in 27 m KOAC electrolyte for
a potential window of 0-2.8 V at different scan rates are displayed in Fig. 10B. These CV curves show an ideal
behavior with rectangular shapes without obvious redox peaks, which are similar to those of the micro-device
in Na;SO4—~CMC electrolyte. Fig. 10C shows GCD curves of the asymmetric micro-device at different current
densities. The GCD /R-drop obtained with 27 m KOAC was higher than that with the Na,SO4—~CMC electrolyte,
which indicated a higher internal resistance of the device assembled with the water-in-salt electrolyte. The
asymmetric micro-device delivers areal, volumetric and length specific capacitances of 407 mF ¢m—2, 24 F

3 and 76 mF cm ! at current density of 3 mA cm 2, respectively, in 27 m KOAC electrolyte. The flexibility

cm
of the flber-shaped micro- device was further examined by mechanical bending tests. As shown in Fig. S9,
no performance changes are observed at various bending angles, revealing high flexibility of the micro- SC in
27 m KOAC electrolyte.

The energy and power densities of the fabricated micro- device based on their areal, volumetric and
length parameters are shown in Fig. 10D and S10.7 At a power density of 3750 microWcm 2 (250 mW cm—
Sand 784 microW cm!), the micro-device with the 27 m KOAC electrolyte delivered a maximum energy of
396 microW h cm 2 (26.4 mW h cm  and 82.8 microW h cm'). At a higherpower of 19 740 microW c¢m >
(3710 microW cm !, 1331.3 mW cm?),the delivered energy was 102 microWh cm—2 (6.9 mW h cm— and 20
microW h cm'). These values were significantly higher than those of the supercapacitors using other highly
concentrated elec- trolytes, such as Ti3C»//a-MnQO; in 21 m KOAC (16.80 mW h cm > at 137 mW cm—3),’!
AC//MnO; in 21 m Li-TFSI (10 mW h cm at 44 mW cm),”” AC//AC in 7 m Li-TFSI (6 mW h cm at 49
mW cm )% YP-50F/YP-50F in 12 m NaNOs (20.5 W hkg"),” N-rGO fiber in 8.96 M LiCI/PVA
(25.6 microW hcm 2 (22.7 mW h cm—?))3! and MnO,//Fe;04in 21 m LiTFSI (35.5 W h kg~ ' at 151.9 W kg—
182 with an operating voltage of 2.2 V. Also, performance of the asymmetric micro-SC was eval- uated in 12
m NaNO:s electrolyte (Fig. S117). The constructed asymmetric micro-SC exhibited a maximum energy density

% with a working potential of 1.4 V in 12

of 54 microW h cm 2 and power density of 9800 microW cm
m NaNO:j; electrolyte, which is lower compared to 27 m KOAC (2.8 V) electrolyte. Therefore, aninexpensive

and nontoxic potassium-based WSE electrolyte is promising for applications where energy density is critical.
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4. Conclusions

A ternary binder-free MnO,/PEDOT:PSS—GO electrode ona carbon fiber substrate was successfully
synthesized byPEDOT:PSS—GO drop coating and MnO, electrodeposition. Theprepared electrode exhibits a
high specific capacitance of 2.92 F ecm 2 (194 F cm 3, 550 mF ¢cm™') at a current density of 5 mA ¢cm 2 and
excellent cycle stability (95% even after 5000 cycles) in 1 M Na,SOj4 electrolyte. The fiber-shaped asymmetric
micro- supercapacitor with MnO2/PEDOT:PSS—rGO and PEDOT:PSS—rGO as positive and negative electrodes
presents a stable voltage window of 2 V and delivers an areal, volumetric and lengthenergy density of 295
microW h cm—2 (19 mW h cm— and 55 microWh cm ') at a power density of 2900 microW cm 2 (190 mW
cm? and 545 microW cm ') with 96% retention of initial capacity after 5000cycles in Na;SO4—~CMC solid-
state electrolyte. Moreover, a super concentrated potassium acetate-based water-in-salt electrolyte was used
to widen the cell voltage window. The micro-device with 27 m KOAC electrolyte can be operated
reversibly ina potential window of 0-2.8 V and exhibited an areal, volumetric and length energy density of

396 microW h cm 2 (26.4 mW h cm and 82.8 microW h cm™') at a power density of 3750 mW ¢m2 (250



mW cm and 784 mW cm!). These results demonstrate the great potential of our constructed micro-device

with a water-in-salt electrolyte for practical applications in flexible micro-sized energy storage devices.
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