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Abstract: Transparent conductive electrodes (TCEs) are of enormous significance to the emergence
of flexible and wearable electronics and continued growth of modern devices. Versatile and tunable
TCEs, featuring with not only high optical transmittance but also intriguing features of
electrochemical energy-storage capability, remain a significant challenge. Here we develop
capacitive active films comprised of graphene-conjugated V20s@poly (3,4-ethylene dioxythiophene)
ternary composite (V20s@PEDOT/rGO) on silver nanowire coated substrates as solid-state
super/pseudocapacitors. The constructed electrodes exhibit improved electrolyte ions interaction
with effective graphene layer, achieving high areal capacitance 0.6-1.2 mF.cm? with 0.5M LiCl
electrolytes at optical transparency >60% with record durability. As demonstrated, the kinetic
blocking of PEDOT layer and anchoring capability of graphene upon amphoteric soluble vanadium
ions from layered V205 nanoribbons/nanobelts contribute synergistically to the unusual
electrochemical stability, also shown using scanning electrochemical microscopy (SECM) providing
electroactivity sites and ion transportation rates. As-fabricated symmetric solid-state
supercapacitors delivered broad potential window >1.4 V under two different electrolyte
environments (aqueous LiCl and LiCl/PVA gel) and demonstrated higher power and energy density
(0.27 uWh.cm) outperforming previously reported devices at <0.1 uWh.cm2. The electrochemical
properties are also discussed in terms of solvation in polymer gel electrolyte ions.

Keywords: solid-state supercapacitors; flexibility; transferability; energy storage; SECM

Introduction

Intense demand of electric power on global scale calls for developing alternative and sustainable
energy sources. Electrochemical energy conversion and storage (EECS) systems represent the most
environmentally benign technologies capable to deliver higher power density with moderate energy
density and longer cycle life in contrast to intermittent solar and wind energy. Intense research
activity in EECS, namely rechargeable secondary batteries and electrochemical super- and pseudo-
capacitors is motivated by the need for next generation of stable, cost-effective high-performing
electrode materials and architectures. While supercapacitors store energy by forming a double layer
of electrolyte ions on the surface of electrodes, the conversion is between electricity and energy stored
in chemical bonds (pseudocapacitive or faradaic redox reactions). However, it is noteworthy that in
practical supercapacitor electrodes, the two energy storage mechanisms abovementioned often work
concomitantly.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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A great deal of interest in developing solid-state capacitors (SSCs), offering flexibility for
wearable electronics, is recognized as potentially safe systems for future energy conversion, storage
and harvesting. Their development involves solid-state electrolytes which contain polymer gel and
ion liquid electrolytes [1-3]. In addition, transparent conductive electrodes (TCEs) with higher optical
transparency are equally promising for emerging modern electronic and photonic devices such as
tactile screens, photovoltaics, interactive portable electronics, and liquid crystal displays [4-6].
Regarding the development of transparent solid-state supercapacitors, not only high transparency,
and high conductivity but also efficient electrochemical performance is highly indispensable. To
realize high-performance transparent supercapacitors, one would achieve a high figure of merit
determined evaluating optoelectronic and electrochemical properties i.e., by the ratio of DC to optical
conductivity (ooc/oop), via developing metallic TCEs with a higher transmittance and lower sheet
resistance [7-11]. To this end, metallic networks have been fabricated and integrated with inherently
non-transparent capacitive materials [7,12], As a result, capacitive materials with intrinsic transparent
nature such as CNTs [13], graphene [14-16], conductive polymers [4,17,18], and MXenes [19] have
been of particular interest for transparent supercapacitors in recent years. However, the energy
density was below 0.1 uWh.cm2, due to the limited capacitive materials in metallic networks, or low
capacitance and narrow voltage window. Besides, transparent films transferable to various substrates
can make them suitable and cater to electronics manufacturing [20]. Therefore, pursuing capacitive
materials with intrinsic transparent nature, good energy-storage capability, and even transferability
for constructing high-performance transparent supercapacitors is crucial.

Nanotechnology accelerated the innovations in electrode formulations and architectures to
replace conventional carbon-based materials as supercapacitive and transition metal oxides and
polymers as pseudocapacitive cathodes [21,22]. Among nanocarbons, two-dimensional graphene
based functional nanomaterials (GFNs) show enormous potential for electrochemical applications
and the designer interfaces with other nanomaterials further alleviate issue of quantum capacitance
by increasing density of states near Fermi level in addition to tunable physical-chemical properties
(specific surface area, mechanical strength, facile electron and ion transportation, higher electron
mobility and conductivity) [23-28]. Among known pseudocapacitive materials offering high energy
density, nanoscale or nanostructured vanadium pentoxide (V205) and conducting polymers (CPs)
have been broadly investigated. Due to layered structure of V20s and layered polymers, they are
capable to intercalate three Li* ions per unit arising from its multivalent oxidation states and wide
operating potential window [29-33]. Nevertheless, they suffer from severe capacity degradation
arising from the formation of soluble vanadium-based ions (e.g., V¥, VO*, VO%, H2VOx, and HV205")
[34,35]. However, researchers have pioneered several advances to enhance cycling stability of V20s
by hybridizing with graphene and/or CPs such as polypyrrole (PPy) and polyaniline (PANI)
[17,24,25,36,37]. The low electronic conductivity of V20s necessitates combining with conducting
graphene materials [38,39]. Moreover, a comprehensive understanding of the underlying
mechanism, and further enhancement in cyclic durability for reliable energy-storage devices is
lacking.

Two-dimensional graphene having higher specific surface area, higher electrical conductivity,
and mechanical strength offers a strategic choice to interface with V205 and PEDOT (poly 3,4-
Ethylenedioxythiophene) polymer forming ternary hybrid electrodes as high-performing cathodes.
In this regard, we proposed to prepare quasi graphene i.e., reduced graphene oxide (rGO) conjugated
V205@PEDOT (denoted as V20s@PEDOT/rGO) ternary hybrid advanced formulations for
constructing transparent capacitive electrode material on flexible plastic substrates. The results are
compared with those of individual constituents for comparison in LiCl-based aqueous and organic
electrolytes, the latter to investigate as solid-state supercapacitors. The unique hybrids showed
excellent transparency and flexibility and is transferable to various substrates while maintaining
structural integrity. The electrode made of the hybrids and silver nanowire (AgNW) networks shows
higher areal capacitance (0.8 mF.cm?) at the optical transparency of > 60%. More importantly, the
resulting electrode exhibits a record electrochemical stability over 100 000 cycles, benefitting from the
blocking effect of the conformally PEDOT layer (insulating layer) and the chemisorption of tGO
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toward soluble vanadium-based ions, as unveiled experimentally and corroborated theoretically. The
as-assembled symmetric solid-state transparent supercapacitor of V20s@PEDOT/rGO hybrid delivers
a high energy density of 0.25-0.36 pWh.cm2, superior to those similar transparent supercapacitors
existed in the literature. Meanwhile utilizing advanced electrochemical microscopy, we obtained
insights into the physicochemical processes occurring at the electrode-electrolyte interfaces and
imaged electroactivity. Finally, a prototype unit of the assembled device with organic electrolyte is
shown to light up commercial light-emitting diode (LED) bulb. The intrinsic capacitive charge-
storage capability and easy transferability holds great promise for practical applications in the fields
of high-performing transparent solid-state supercapacitors (S5Cs).

Experimental
Materials and Methods

Chemical synthesis of V:0s@PEDOT nanobelts and electrodes assembly of
V20s@PEDOT/rGO. 3 g of commercial V20s powder (Sigma-Aldrich) was added into 100 mL NaCl
aqueous solution (2 mol. L), and then 1.5 mL of EDOT (3,4-Ethylenedioxythiophene) monomer was
added dropwise. The mixture was stirred continuously for 5 days (120h) at a rate of 650 rpm.min".
The dark green solution was washed three times by deionized (DI) water and ethanol through
centrifugation, respectively. Finally, the V20s@PEDOT nanobelts were obtained by dispersing the
above obtained product in DI water and ultrasonication for 2h. The control samples of vanadium
pentoxide (V205) nanoribbons/nanobelts were prepared by the same method without using EDOT
monomer.

Firstly, reduced graphene oxide (rGO) was prepared chemically according to the previous work.
Briefly, 4.2 mL of GO suspension (15 mg. mL") was dispersed in 300 mL of DI water and sonicated
for 2h at room temperature. Subsequently, 60 puL of hydrazine and 1mL of ammonia (25%) were
added into the GO suspension and stirred for 1h at 90 °C. The graphene suspension was obtained by
dialyzing for 2-2.5 days. To prepare V:0s@PEDOT/rGO, 125 mL of V:20s@PEDOT (0.1 mg. mL™)
suspension was injected into 50 mL of graphene suspension (0.125 mg. mL™") in 30 min. to form a
homogeneous suspension. The optimal mass ratio between V20s@PEDOT and reduced graphene
oxide (rGO) was 2.5:1.

Transfer process of V20s@PEDOT/rGO films. The V20s@PEDOT/rGO films were obtained by
filtration with different amounts of V20s@PEDOT/rGO suspension, in which a cellulose acetate (CA)
membrane with the pore size of 0.22 pm was used. Once the filtration is finished, the membrane was
placed on target substrates in inverted position with a pressure of 10 MPa. After peeling off the
membrane, the V20s@PEDOT/rGO films were successfully transferred onto the PET (5 cm x 5 cm)
and other substrates.

Preparation of Ag networks. Long silver nanowires (AgNW) were prepared according to the
reported method [40]. The prepared Ag nanowires (30-50 nm diameter) with lengths up to 50-55 um
were dispersed into ethanol, forming a uniform suspension (0.25 mg. mL™"). The Ag networks on PET
were fabricated by spin coating. The PET film was pre-treated by plasma for 2 min. The spin coating
was conducted by dropping 500 uL Ag suspension on PET with rotation speed 500 rpm.min-' for 10s,
followed by 2000 rpm.min-! for 45s. This process was repeated for 10-15 times. After spin-coating, the
obtained film was further treated by argon plasma for 5 min.

Preparation of transparent electrodes and devices. The transparent electrodes with different
thicknesses were prepared by transferring the V20Os@PEDOT/rGO films onto the AgNW networks via
the same method afore mentioned. The mass loading of transparent electrodes with thickness of 31
nm is measured to be about 57 pig.cm= and the area of electrodes is 2 cm?. As for the control, samples
of V205 nanobelts/nanoribbons and V:20s@PEDOT for various tests, the spin coating was used to
prepare electrodes and control the mass loading of active materials same as V:20s@PEDOT/rGO
electrodes. The gel electrolyte of LiCl/PVA was prepared following the reported work [41,42]. To
assemble the symmetric supercapacitor, two transparent electrodes coated with the electrolyte were
sandwiched face-to-face. After placing in ambient surrounding for one day to be dried, solid-state
supercapacitor (SSCs) is constructed with area of 1.2 cm? approximately. Allowing more

doi:10.20944/preprints202301.0172.v1
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understanding the interaction between rGO and V:0s@PEDOT, we measured room temperature
electrical (I-V) properties’ in-plane configuration. We made electrical contacts with colloidal silver
paste and attached a Cu wire for connection with the Keithley 2400 source meter (Keithley, Cleveland,
OH, USA). We measured two-point contact resistance and determined room temperature electrical
conductivity (odc) for all the samples studied.

Materials Characterization

Electron microscopy, crystal structure, and lattice vibrational measurements. All the samples
were characterized for surface morphology, crystal structure and electrochemical properties.
Scanning electron microscopy (SEM) images were taken using field-emission SEM with an
instrument (Model JEOL 5400LV, MA) operating at primary electron acceleration voltage (Vac) of 10
kV and at constant current 45 pA in secondary electron imaging mode collected with an in-lens
detector. X-ray diffraction (XRD) patterns obtained with Siemens Model D5000 instrument (Thermo
Scientific, MA) in Bragg-Brentano 6-20 geometry ranging 26 from 8° to 60° using Cu Ka X-ray source
(A =1.5405 A) operating at voltage 45 kV and current 40 mA. Samples were run at a scan rate of 0.04
°/s or to improve signal-to-noise ratio, we also measured at scan rate 0.02°/s. The approximate BET
surface area of the composites is 675 m? g'. Raman spectra were measured to determine chemical
bonding phases measured using a micro-Raman spectrometer (Model InVia Renishaw plc, Hoffman
Estates, IL, USA) equipped with a laser providing excitation wavelength 633 nm (Ei=1.92 eV). The
scattered light is collected in backscattering geometry transmitted and detected by CCD camera. An
objective lens of 50x was used providing a spot size of ~1-2 um and the laser power on the sample is
maintained between < 0.1-0.5 mW (1% or 5%) to avoid local heating effects preventing photo-thermal
degradation. The Raman spectra were acquired from 60-180s depending upon the laser power used
and to maximize throughput signal. Raman spectra ranged from 120-3200 cm-! samples with spectral
resolution of 1 cml. Transmittance spectra were investigated by Lambda 35 in the wavelength
between 300 and 800 nm and air were set as blank sample to evaluate the transmittance of PET
(polyethylene terephthalate) and related electrode samples. All the electrochemical tests examined
using an electrochemical workstation (Model 920D CHI, TX). Electrochemical properties included
cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and galvanostatic charging
discharging (GCD) cyclability. The thickness of samples was determined by atomic force microscope
with a scratch.

Electrochemical measurements. Electrochemical properties of the transparent electrodes
evaluated in a custom designed three-electrode system, in which a Pt plate, Ag/AgCl electrode and
0.5M LiCl aqueous solution and 0.5M LiCl in water soluble polyvinyl alcohol (PVA) used as the
counter electrode, reference electrode and (aqueous and organic) electrolytes, respectively. The
electrochemical performance of solid-state pseudo/supercapacitors was studied by CV and GCD tests
conducted in the potential range between -0.8V and +0.8V at scan rates between 5 mV/s and 500 mV/s
and in the voltage range from 0V to 1.4V. GCD tests were conducted using cathode and anode
currents ranging from 1 mA to 1A (or ImA.g! to 1A.g"). Each test allowed the cell to charge for 20
seconds or until its voltage reached 1V at which point the cell began discharging and this cycle
repeated several times. We also measured two-point electrical properties (I-V) to determine room
temperature dc electrical conductivity (). Areal capacitance (Cs) analogous to the gravimetric specific
capacitance (C;) of transparent electrodes and symmetric devices based on CV curves and GCD
curves are calculated following:

- - 1

Ca AVXUXAI(V)dV M)
I X At

= 2

C, AVXAI(V)dV (2)
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where I (A), AV (V), v (V.s1), A (cm?), and At (s) are current, potential window, scan rate, the
geometrical area immersed in the electrolyte and discharge time after IR drop, respectively. The areal
energy density (E) and power density (P) of the devices calculated according to the following
equations:

[(V)dV (2"

P_(AVxI)_3600E
Y

®)

(P xA) 101
T 3600 ~ 23600

in which P, is the power density (uW.cm?), E the energy density (WWh.cm?), Ca (mF.cm?) are the real
capacitance calculated from GCD curves, AV (V) is the operating potential window calculated as AV
= |Vmax—Vmin| / 2, P, is the power density (WW.cm?2), and At (s) is the discharge time. Scanning
electrochemical microscopy (SECM) was performed to gain insights into electrode/electrolyte
interface and to capture electroactivity in aqueous and organic electrolytes with 5mM KsFe (CN)e
(potassium ferricyanide) as redox mediator. Measurements included CV in microelectrode
configuration between -0.9 — +0.6V at scan rate v = 20 mV/s, probe approach with tip voltage Vi =
+0.4V and substrate voltage Vs =-0.5V (polarity 1; Poll) and Vs =+0.5V (polarity 2; Pol2), and SECM
imaging with these polarities in probe area 400 pm x 400 pm with 2 pm increment [17,43,44].

C,AV? 4

Results and Discussion
Microscopic Structure and Morphology

Figure 1 shows the fabrication of the V20s@PEDOT/rGO hybrids via multi-step liquid phase
deposition method. Firstly, V205 nanobelts/nanoribbons are formed chemically followed by core-
shell structured V:0s@PEDOT nanobelts were synthesized via recrystallization and concurrent
coating process using commercial V205 powders as raw materials. Subsequently, in virtue of the
strong m—m conjugations between PEDOT and reduced graphene oxide (rGO), the V20:@PEDOT
hybrid and rGO nanosheets are assembled simultaneously. Through filtration and peeling, self-
supported transparent hybrid films of V20s@PEDOT/rGO could be achieved, which is easily
transferred onto any other substrates such as PET coated with and without silver nanowires (AgNW)
for current conduction [45]. Scanning electron microscopy (SEM) and X-ray diffraction (XRD)
demonstrate the morphological and crystallographic evolution of V205 from powders to
nanobelts/nanoribbons (40-70 nm) in the presence of EDOT polymeric molecules. Thinner V20s
nanobelts in sodium-containing solutions are formed through dissolution and recrystallization
process [46]. Figure 2a,b presents representative SEM and TEM images along with SAED patterns of
as-prepared prepared constituents, supported rGO and freestanding graphene paper post filtration,
crystalline V205 nanobelts and their conjugation with PEDOT and rGO nanosheets. Corresponding
XRD pattern and Raman spectra are shown in Figures 2c and 2d, respectively.

doi:10.20944/preprints202301.0172.v1
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Figure 1. | (a) Schematic flow of synthesis for preparing and transferring graphene based ‘hybrid’
supercapacitor electrodes (V20s@PEDOT/rGO) on conducting and flexible PET substrates and an
assembly of solid-state supercapacitor (S5C) and with components for half-cell. (b) Configurations for
electrolyte structure and solvation dynamics in aqueous and organic electrolyte. (Gupta et al.).
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Figure 2. | (a) SEM micrographs for V20s, rGO, V205@rGO, PEDOT@V20s, free-standing graphene,
and V20s@PEDOT/rGO revealing surface morphology. (Scale bars shown at the bottom of the images
in um). (b) TEM images revealing morphology at nanoscale along with SAED pattern of rGO, V20s,
and V20s@PEDOT/rGO. (Scale bar: 100 nm and 10 nm). (c) X-ray diffractograms displaying
characteristic peaks for graphene (002) and V20s along with substrate (marked®). (d) Micro-Raman
spectra showing characteristic peaks associated with rGO, V205 nanobelts and PEDOT, for
V205@PEDOT and V205@PEDOT/rGO. The lattice vibration Raman spectral bands assignment is
provided. (Gupta et al.).

The microstructure and distribution of V20s@PEDOT/rGO are studied by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) along with selected area electron
diffraction (SAED) showing crystallinity. The strong conjugation inside V20s@PEDOT/rGO endows
the adhesion of V20s@PEDOT on the reduced graphene oxide nanosheet and the formation of
chemical bridging depicted in Figure 2a,b, which is believed to be important for transferability of
hybrid films. SEM showing V20s nanoribbons, multiplexed with PEDOT and crinkled nanosheets of
graphene paper is apparent. The TEM images (Figure 2b) indicate that the width of the as-synthesized
V205@PEDOT nanobelts is around 60 nm. The thickness is about 8.4 nm based on the observation by
AFM (not shown). After chemical hybridizing with rGO, the distance between V>20s:@PEDOT and
rGO is estimated to be 0.5 nm, showing a close stacking. The imaging results also demonstrate the
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conformal distribution of V205 and PEDOT, and the coexistence of rGO and V20s@PEDOT in the
resulting products. In this work, the maximum d-spacing of 3.96 A of V205 [peak (101)] in the XRD
pattern (Figure 2c) indicates the absence of intercalated EDOT monomer into V205 layers [47]. V205
is a layered compound in which V205 monolayers are held together by van der Waals forces. Thus,
EDOT monomers were polymerized into PEDOT coated on the surface of V20s nanobelts, instead of
intercalating into the interlayer of V205 leading to formation of core-shell like V:20s@PEDOT
nanobelts. Evidence of conjugation interaction between V20s@PEDOT and rGO come from Raman
spectroscopy. The XRD peak of pristine rGO is somewhere in-between GO precursor and of
graphene. The XRD peaks of V20s are quite narrow exhibiting higher crystallinity, and their position
is indicative of primarily a-V20s phase matched the corresponding pattern (JCPDS Card No. 89-0612).
The XRD patterns of hybrids contain peaks related to both rGO and V20s nanobelts. The peaks at
11.20,15.1°, 22.2°, 25.9°, 28.5°, 32.0°, and 41.7°, 44.1° and 46.5° correspond to the (200), (101), (110), (111),
(002), (411), and 600) crystal planes of V20s, respectively [48]. The interlayer distance of graphene-
conjugated V205 nanobelts at the (200) reflection (dion1) calculated to be 0.405 nm [49,50]. The peak at
12.2¢is assigned to partially reduced rGO [51-53]. Interestingly, the peaks related to V20s show sharp
characteristic peaks in hybrids. In the Raman spectra of both V20s@PEDOT and V:20s@PEDOT/rGO
(Figure 2d), typical peaks at 137, 193, 290, 381, 652 and 995 cm™ confirm the presence of V20s [54].
The bands at 432, 1371, 1433, and 1564 cm™ can be assigned to the SOz bending, Cp—Cg stretching,
symmetric Co=Cp(— O) stretching, and asymmetric Ca=Cg stretching of PEDOT, respectively [55].
Notably, the characteristic peak for graphene nanosheets (G-band associated with sp? C) after
coupling with V20s@PEDOT (Figure 2d) shifts from 1596 cm™ to a higher frequency of 1610 cm™,
indicating the p-type doping of rGO and conjugation between PEDOT and rGO sheet surface [56].
Various other modes belonging to V205 related to Ar and Bt series are also listed as a side table and
for rGO include D (disorder-activated), 2D (intrinsic to sp? C systems) and D+G combination bands
are also apparent. Moreover, both the samples before (V20s@PEDOT) and after (V20s@PEDOT/rGO)
assembling with rGO contain the mixed valences of vanadium (V# <= V5) manifesting that V20s is
reduced during polymerization process of PEDOT layer.

Transparency and Transferability of V:20s@PEDOT/rGO

To obtain high-quality V:0s@PEDOT/rGO with both high optical transparency and
electrochemical performance, the mass ratio of V20s@PEDOT and rGO has been tuned and
optimized. By increasing the V20s@PEDOT content, the optical transparency decreased gradually
observed. Even then, all the hybrid films exhibit a high transparency of more than 60%
approximately. It is worth noting that the as-formed V20s@PEDOT/rGO hybrid film can be easily
transferred onto PET film (see Figure 1), also promising for scalability. The excellent transferability
of the V20s@PEDOT/rGO films is attributed to strong affinity between V20s@PEDOT and rGO.
Importantly, the hybrid films could be transferred without modifying their shapes. More attractively,
the V20s@PEDOT/rGO film is transferable to any different transparent flat and even curved
substrates, including PET, ITO, plastic, and glass. Such a substrate-versatile transferable feature of
the V20s@PEDOT/rGO is appealing for efficient electronics manufacturing and device integration.
Besides, after bending, no visible morphological change was observed by naked eyes suggesting the
outstanding flexibility of the V20s@PEDOT/rGO hybrid film. The thickness of the V20s@PEDOT/rGO
film was estimated by AFM to be around 33 nm. The linear dependence of transparency on the
thickness verified that the tunable transparency of hybrid films ranging from above 60% to 42%.

Electrochemical Properties

To evaluate the electrochemical performance of electrodes, Ag nanowires conductive networks
on PET with a high transparency and low sheet resistance of 10 (2 sq™ were prepared via spin coating
and used as the transparent conductive substrates. Figure 3 shows representative electrochemical
properties of rGO, V205 nanoribbons, and V20s@PEDOT/rGO in terms of cyclic voltammetry (CV)
[(Figure 3a—c)] and galvanostatic charge-discharge (GCD) [(Figure 3i-k)] curves with varying scan
rate and current density in aqueous and organic (Figure electrolytes containing Li ions. The as-
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prepared transparent electrodes show quasi-rectangular shapes superposed with broad redox peaks
related to V20s@PEDOT confirming the double-layer electrochemical capacitance and quasi-triangle
shapes (Figure 3i-k), indicating an ideal capacitive and pseudocapacitive behaviors with resistive
behavior at the end of the potential window arising from the current carrying substrates as well as
solution resistance. While it is observed that for thicker electrodes the areal capacitance tends to be
higher, but it declines transparency. Therefore, in this work, the results are reported for around 60%
transparent electrodes which are much thinner. At low scan rate of 5-10 mV. s, a pair of redox peaks
at—0.38 and +0.50 V are assigned to the redox reaction of V205 [28], suggesting majority of capacity is
originated from the V20s@PEDOT composite. At the scan rates of 5, 10, 20, 50, 100, 200, and 500 mV

s71, good capacitive properties are realized, which are consistent with the

GCD results GCD curves at

current density 5.3 A.m (Figure 4e,h). Owing to the presence of high-capacitance V20s@PEDOT

without sacrificing its transparency, the transparent electrodes based

on V205@PEDOT/rGO and

AgNW networks exhibit superior electrochemical performance compared to those reported earlier.
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Figure 3. | Electrochemical performance. (a-c) Potentiodynamic cyclic voltammetry (CV) in aqueous
electrolyte showing quasi-rectangle behavior with redox peaks. (d, e) Current versus sqrt scan rate
showing quasi-linear behavior and specific areal capacitance (Ca; mF.cm?) with scan rate in aqueous
electrolyte. (f-h) Current versus sqrt scan rate for electrodes without and with AgNW and specific
areal capacitance (Ca; mF.cm™) with scan rate in organic electrolyte. (i-k) Representative galvanostatic

charging-discharging (GCD) V-t profiles with varying current density for rGO, V205@rGO and
V205@PEDOT/rGO. (Gupta et al.).
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Figure 4. | Room temperature electrical (I-V) properties and dc conductivity for all electrodes.
(Gupta et al.).

Qualitatively, CV curves for hybrids indicate they have higher specific areal capacitance (Ca).
According to CV (and GCD) results, the calculated areal capacitance Ca is as high as 1.6 mF.cm2 at 5
mV/s (and 0.5A/g or 0.1 A.m?) in 0.5M electrolyte concentration, which is higher than that of
Au/MnO: [57], graphene [58], ITO/PDDA/MoS: [59,60], ITO/MnO: [61,62], and other transparent
electrodes, demonstrating the superiority of the present V:20s@PEDOT/rGO ternary hybrid
electrodes. Important to note that these electrodes possess higher Ca values than those of constituents.
Electrochemical properties also showed that Ca decreased with scan rate for both the electrolytes as
anticipated (Figures 3e,h). The rGO nanosheets provide high electrical conductivity of 0.2 S/cm (see
Figure 4) and mechanical robustness and the addition of rGO with V205 nanobelts provides larger
surface area, which further enhances the double-layer non-faradaic process of the hybrids. The V-t
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profiles between 0 and 1.0 V at different current densities and cyclability of electrodes exhibit stable
performance for more than 1000 cycles. The fading in Ca is due to internal resistance and polarization
of the electrodes. The rate capability is strongly influenced by ion diffusion in the electrolyte, the
surface adsorption of ions on the electrode materials (electrode/electrolyte accessibility) and the
charge transfer on the electrode. At higher scan rates, any of these three processes are rate-limiting,
lowering the Ca. Figure 3d,f,g show variation of maximum current with square root of scan rate (v'?),
depicting quasi-linear behavior, especially at higher scan rates, which is reminiscence of diffusion-
limited (mass transport) phenomena and reflective of heterogeneous electron transfer ascribed to the
composite nature of hybrid electrodes. Quantitatively, the magnitude of the current is governed by
the Randles-Sev¢ik equation [4,63]: L., = (2.69 * 105)n3/2AC DV/? v1/2 - (1), where A is geometric
area of electrode (cm?), F the Faraday constant (C-mol™), D the diffusion coefficient (cm?/s), C the
concentration (mol/cm?), v the scan rate (V/s), R and T are the usual physical constants, and n (=1) is
the number of electrons transferred in the electrochemical process (V> + e- €-> V#). Through the
analysis of current we determined D that ranged between 0.1 x 106 -1 x 106 cm?-s™" for all the samples
studied. There is an obvious increase in D values for V:20s@PEDOT/rGO as opposed to rGO
nanosheets, V205 and V20:@PEDOT which is attributed to tunable surface morphology at nanoscale,
permitting access to numerous hydrophilic edges, basal plane defects and surface functional groups.

Nevertheless, the higher specific capacitance is attributed to smaller size vanadium pentoxides
nanobelts, resulting in high specific capacitance. Although rGO nanosheets have a supplementary
(supercapacitive) contribution to the hybrids, they have excellent electronic conductivity and, thus,
shuttle the electrons between vanadium-oxide nanostructures and the current collector. Therefore,
the chemical integration between rGO-V:0s5 nanobelts into a single system enhanced the
electrochemical behavior of pseudocapacitive electrodes. The synergistic effects of chemical bridging
(utilizing electrostatic and coordination interactions between negatively charged surface functional
groups of rGO and V#/V5*ions), the crumpled and flower-like surface morphology promoted tailored
properties and interfaces and topologically interconnected network architectures. We attribute this
enhancement to the concomitant double-layer or non-Faradaic capacitance and pseudocapacitive
(redox) electrochemical processes on the addition of rGO with V20s@PEDOT (VmGn) composite
materials. Moreover, V205 has layered crystal structure from XRD and multivalent vanadium
oxidation states. These properties facilitate the insertion and extraction of alkali-metal electrolyte ion
(Li*) in the vicinity of the electroactive material. The ion insertion process can be expressed as follows
[29]: V505 + xLit + xe™ & VL LifV** 0% + xLi* (see Figure 1). From Equation, the charging-
discharging processes involve reversible intercalation of Li* into layered V20s with simultaneous
electron transfer i.e., the partial reduction of V5 to V# (or vice versa) during redox reaction and thus
provides pseudocapacitance to VxGry hybrids. It is known that the electrodes based on V20s suffer
from the capacity decay in neutral aqueous electrolytes due to the formation of soluble vanadium
species, including V3*,V0*,V0?*,H,V 0, ,and HV,05 [33]. Surprisingly, the as-prepared transparent
electrodes exhibited an outstanding durability over 1000 cycles with a slight increase in capacitance
during the long-term cycling.

Electrochemical Imaging and Determination of Heterogeneous Electron Transfer Rate

To further confirm the synergistic effects between the coating layer of PEDOT and rGO, scanning
electrochemical microscopy (SECM) is used that allows to monitor physicochemical properties
(diffusion kinetics), to probe charge transfer and ion transport dynamics and to obtain quantitative
information of heterogeneous electron transfer (ksxer), as well as determine electroactive adsorption
sites density at nanoscale using microelectrode. By detecting redox surface reactions, SECM can map
ionic currents and chemical reactivity correlating with surface topography as opposed to other
scanning probe microscopy. Figure 5 shows cyclic voltammograms (CV) measured in microelectrode
(convergent diffusion) configuration in a single-compartment, three-electrode electrochemical cell
with Pt tip in 0.5M LiCl (aqueous; Figure 5a and organic; Figure 5b) electrolytes and 5mM KsFe (CN)e
(potassium ferricyanide) redox probe between —0.9V and +0.6V at scan rate 20 mV/s. In traditional
macroelectrode, the redox reactions occur across the entire electrode surface so that ion diffusion
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appears planar and the CV response current show ‘diffusion-limited’ behavior (see Figure 3).
However, diffusion to or from the edge of macroelectrode is effective only to a point and therefore
current density and mass transport rate are larger at the edge and diffusion becomes convergent
(equivalent of microelectrode), which is the case in SECM. Qualitatively, the CV loop was sufficiently
rectangular, reminiscent of a supercapacitor, and the traditional electrode cyclic voltammograms
highlight unique difference in signal features (Figure 5b, inset) and current magnitude.
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Figure 5. | Cyclic voltammetry (CV) curves measured using SECM micro-electrodes of as-prepared
samples in (a) aqueous and (b) organic electrolytes showing characteristic redox peaks. (Gupta et al.).

Since the redox probed used in this study is surface-sensitive, it enables to distinguish different
surface functionality at nanoscale, which is usually not possible with outer-sphere ruthenium
hexamine (Ru (NHs)s redox probe [64-66]. We determined first-order heterogeneous electron transfer
rate (kuer) following probe approach technique in feedback mode for all the electrodes. The tip was
polarized at +0.4V potential to ensure electrochemical redox reaction (tip generation) and the current
was recorded (substrate collection) over the polarized electrode surfaces (+0.5V), naming Poll and
Pol2, to determine kuer and visualize electroactivity in feedback mode. Figure 6 shows probe
approach curves with normalized tip current and substrate (WE)-probe tip distance (L=d/a). A Pt
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ultramicroelectrode (radius, 2=10.0 um) with RG=2 was adopted as the SECM tip. The tip current (ir)
reaches asymptotic behavior with steady-state current following: it w=4nrcpa, Where n is the number
of electrons transferred, C the concentration or flux of oxidized species and D the diffusion coefficient
limited by hemispherical region. The feedback current of the tip is dependent upon HET capability
of the local electrode area. When L=d/a < 1, the normalized feedback current increases gradually.

With the tip approaching the conductive surface, the reduced species formed at the tip is oxidized,
resulting in increased tip current: it > "¢ = lL—T = [kl + kL—2+ ks exp(%)] —(2) and creates a
T,
regenerative “positive” feedback loop. The opposite effect is observed when approaching an
insulating (or semiconducting) region and diffusion is inhibited due to physical obstruction creating
“negative” feedback loop and decreasing the tip current i.e. it < i1, iP5 =L = — 1
negatv a pa asmng P ! 7T i, [k1+kT2+k3 exp(kf)]

(3) [20,58]. The probe approach curves were fitted as dashed curved in Figure 6 for both aqueous
(Figure 6a) and organic electrolytes (Figure 6b). The data points in solid and hatched symbols are
from the measurements with two polarities with vertical error bars. The kuer (or ki in equations
above) values ranged 0.08—4.0 cm. s for rGO to V20s@PEDOT/rGO electrodes (Figure 6c) and the
values are within 0.5% accuracy that is smaller than experimental uncertainty. These values are
higher than those of reported values for pristine CVD graphene layer (2.0 x 10-2—4.2 x 10-2) in aqueous
solution [40]. The difference is due to tunable morphology, defects density, edge sites, and
pseudocapacitive elements in hybrids. The Figure 6c displays the correlation between kuer and D for
all the electrodes in both the electrochemical environment following V20s@PEDOT/rGO in organic
electrolyte the highest and rGO in aqueous electrolyte the lowest. These results are attributed to
overall satisfactory performance arising due to the synergistic effects from supercapacitive graphene
as elastic and electrically conductive matrix and pseudocapacitive V205 nanobelts with PEDOT
allowing faster ion transport across Li-based electrolytes.

In general, electrolytes determine the stability of the device controlling its potential for
supercapacitor operation useful in peak power applications to suppress and compensate transient
effects, however, suffer from self-discharge due to the redox reactions process. Liquid organic
electrolytes are the basic form of organic electrolytes in which conductive salt (LiCl in this study) is
added to the gel solvent (polymeric PVA in this study). In our hybrid composite electrodes, it is
believed that PEDOT function as insulating layer (blocking layer) on the supercapacitors’
performance. Density functional theory (DFT) calculations also reported that in the presence of
PEDOT coating of a few nanometers, the enlarged energy barriers of 19.3 eV, 14.7 eV and 13.6 eV are
subsistent for V-containing (V3*, VO*, and VO?) amphoteric species, respectively, much higher than
that of pristine V20s. With such a sizeable energy barrier, the penetration of these ions across the
PEDOT layer is unfavorable demonstrating the chemical blocking effect of PEDOT upon them [67].
The conjugated rGO further prevents the V-containing species from dissolving into the electrolytes
by trapping the soluble V-based ions, boosting unusual cycling durability of the V20s@PEDOT/rGO.
Thus, by balancing electronic conductivity by chemical bridging and effective blocking by thin
PEDOT layer, the optimal kuer via SECM is achieved. The SECM images (400 um x 400 pum) as in
Figure 7 displays probe current distribution as two-dimensional contour “heat maps” and three-
dimensional images with occasional higher/lower current reflecting “reactive” electroactive site
distribution. It is clearly observed that the normalized feedback current is different from each other
and to those of reduced graphene oxide promoted by the presence of defects density, and
pseudocapacitive metal oxides and conducting polymers as they depended on surface morphology.
Conventional wisdom indicates that higher is the feedback current, the faster is the local HET rate. It
is apparent that the samples yielded regions of higher electroactive regions with areal site density
(~30-50 pm?). These findings underscore the significance of inherent complex structure.
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Figure 6. | Probe approach curves showing normalized tip current, and distance measured at polarity
1 (Pol 1: V=+0.4V, Vs=-0.5V) and polarity 2 (Pol 2: V=+0.4V, Vs=+0.5V) showing semiconducting
behavior for all electrodes in (a) aqueous and (b) organic electrolytes and empirical fit. (c) Variation
of electron transfer rate kuer and diffusion coefficient (D) for all electrodes in different electrochemical
environment. (Gupta et al.).
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Pol 1), (c) V205 (Pol 2), V20s (tip electrode, Pol 1), (e) V205/rGO (Pol 2), (f) V20s@PEDOT (Poll), (g)
V205@PEDOT/rGO (Pol 1), and (h) V20s@PEDOT/rGO (Pol 2), showing regions of high to moderate
and low electroactivity. (Gupta et al.).

Theoretical Considerations for Correlated HET Rates

In general, the redox states are electronically coupled to the electrolyte leading to a crossing
event of wavefunctions at which tunneling may occur, also based on the microscopic theory of
coupled ion-electron transfer facilitating non-adiabatic electron transfer. The concerted ion-electron
transfer requires that ions and electrons of the reactant system to be transferred concomitantly to
form complex product. The heterogeneous rate, kuer between electrode and redox probe KsFe(CN)s
is described by Gerischer-Marcus model [68]: kygr = vy, [ €10 (E)f(E)DOS,,(E)W, (4, E)dE — (4),

1 E-(E°+1)°
where W, (4 E) = 7—=exp (_( 4KT )

—(5), vn the nuclear frequency factor, &.4 (E) is the
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proportionality factor, f(E) the Fermi function, DOS. the density of states of electrode, W, (4, E) the
probability density function of the oxidized (unoccupied) states and A is the reorganization energy
of KsFe (CN)s [reduction] in solution. The electron transfer kinetics is related to the integration of
uncoated rGO electronic states and those of hybrids and oxidized states of KsFe (CN)s near the Fermi
level. The DOS is insufficient near the Fermi energy (Er) for pristine graphene unlike rGO. With the
induction of partial oxygenated functionalities, defects induced localized mid gap states is observed
that enlarge the overlap, which facilitates higher HET from graphene-based hybrids and KsFe (CN)e
[69,70]. The rate formula is applicable to Li-based electrolytes, where reduction of the electrode
couples with ion insertion. These results pave the way for interfacial engineering to enhance ion
intercalation rates, not only for supercap-batteries, but also for ionic separation.

Electrochemical Performance of Transparent Symmetric Devices

Inspired by the encouraging results achieved in transparent electrodes, we assembled symmetric
solid-state supercapacitors which are also transparent. The CV curves were similar to each other as
well as the GCD curves, showing a good capacitive behavior. Besides, high areal capacitances of 0.4-
0.6 mF.cm2at 20 mV. s and 1.7 mF.cm™ at a current density of 0.05 A.m=2 were achieved.

Conclusions

In summary, we successfully demonstrated the fabrication of rGO conjugated V20s@PEDOT
ternary composite films via chemical solution method, which featured several intriguing
characteristics including synergistic effects between PEDOT and rGO and V:0s@PEDOT/rGO endow
with good cycling durability. Furthermore, the versatile and transparent symmetric solid-state
supercapacitors based on V20s@PEDOT/rGO delivered the highest energy density of 0.27 pWh.cm2
and good chemical stability, showing their potential for applications in future transparent electronics.
As demonstrated by experimental results, both the kinetic blocking of the PEDOT (insulating) layer
preventing self-discharge and the anchoring capability of graphene-like nanosheets in LiCl/PVA gel
electrolyte prevent amphoteric soluble vanadium ions from V:0s nanoribbons/nanotubes by
minimizing water content and providing a neutral pH medium that contribute synergistically to the
unusual electrochemical stability and electroactivity shown using scanning electrochemical
microscopy; SECM. It also serves as a matrix to maintain the V205 nanoribbon network structure.
Combination of electrode kinetics using macro-electrochemistry and first-order electron transfer rate
(kuer) from SECM helped to establish correlations for a range of nanomaterials following
V20:@PEDOT/rGO the highest and rGO the lowest in this study. We attributed the overall superior
performance due to synergistic effects from supercapacitive reduced graphene oxide with larger
surface area as mechanically robust and electrically conductive platform and pseudocapacitive V20s
nanobelts with PEDOT allowing faster ion transport across Li-based polymer gel electrolyte.
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