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Abstract

Enhanced energy storing capability with the aid of unique nanostructured morphology
is beneficial to enrich the effective path for the development of energy storing capability of
supercapacitors. Scheming earth abundant and low-cost transitional metal selenides (TMSs)
with enhanced charge transfer capability with pronounced stability is still a challenge. Herein,
state of art is presented for iron selenide with nanoflakes surface architecture synthesized with
aid of simple, industry-scalable, and ionic layer controlled chemical approach namely;
successive ionic layer adsorption and reaction (SILAR) method. Iron selenide electrode yields
capacitance of 671.7 F/g at 2 mV/s scan rate and 434.6 F/g at 2 mA/cm? current density through
cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD) studies, respectively with
91.9% cyclic retention at 4000 cycles. Developed bendable solid-state supercapacitor reveals
remarkable power density of 5.1 kW/kg with outstanding deformation tolerance including
practical demo to run small fan, demonstrating capability for advanced energy storage
applications. Complementary first-principles Density Functional Theory (DFT) approach used
to achieve reciprocity with experimental supercapacitive performance through the

understandings of the electronic structure.
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1. Introduction

Electrochemical supercapacitors entailing superior energy and power densities are
crucial for sustainable and large-scale energy storage which is vital in the development of
portable electronics, medical devices, and zero-emission transportation. 2 Nanostructured
electrode materials have shown excellent electrochemical activities with rapid redox reactions
or advanced ion adsorption on surface due to enhanced active electrochemical sites for charge
transfer with stable electronic and ionic transport at small-scale diffusion range in producing
high-performance supercapacitors.®

Numerous attempts have been reported to synthesize mesoporous materials,
nanostructured composites, self-assembled micro/nano structures including nanofilms,
nanoparticles, nanorods, and hierarchical 3-D conducting web networks.*® Despite the
excellent electrochemical activities, nanostructured materials are limited by low electrical
conductivity, low rate performance, and poor cyclic stability, which remain a major challenge
to the practical applications.'® ' So, improved nanostructured materials with steady behavior,
better capacitance, and enhanced kinetics are the prime requisites for high-performance
supercapacitors.

Recently, transition metal selenides (TMSs) are encouraging as energy storage materials
due to intrinsic superior electronic properties, variable oxidation states, excellent electrical
conductivities, large specific surface areas, enriched redox active sites, and quick ion
transportation.*? 13 Although metal selenides have analogous characteristics as metal sulfides,
the metal selenides possess superior electrical conductivity and density, suggesting higher rate
capability and volumetric energy density than the metal sulfides.'**® Other merits of TMSs are
their earth abundance, low cost, and suitability for assembly, which makes them attractive
electrode materials for sustainable energy storage applications. Transition metal diselenides
(TMDSs) exhibit typical sandwich type structure consisting of metal atom covalently bonded

with two discrete selenide layers. Importantly, the only interactive force (van der Waals force)
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among two discrete sheet layers is sufficiently weak to permit electrolyte ions to intercalate
simply in inter-chain portions reversibly, thus making intercalated complexes or species to store
charge in layered sites. Recently, noteworthy progress have been appreciated in MxSey and
corresponding composites towards energy conversion and storage applications.!* Some binary
metal selenides such as GeSe»,*® CoSe,® MoSe»,?! and SnSe,? have reported as electrode for
supercapacitor applications. Recently, porous carbon (nitrogen-doped) have been used as
negative electrode with NiSe@MoSe; as positive electrode to fabricate unique asymmetric
supercapacitor exhibiting energy density of 32.6 Wh/kg by maintaining power density of 415
W/kg by Hiu et al.?® In another aspect, NiCo2Ses demonstrates high conductivity as compared
to NiC02S42* and NiC0204%.

However, there exists a limited report of iron selenide as active electrode material for
solid-state supercapacitor applications. Iron diselenide exists in two stoichiometric phases:
FeSe, and a-FeSe.?® Each of the phase have Fe-2p core level electron configuration, and their
pure phase-specified synthesis is still a challenge.?” The stable and homogeneous FeSe; and a-
FeSe phases have diversity of structure and morphology.?® ?® The a-FeSe has mainly tetragonal
structure but also available in hexagonal structure whereas the FeSe; has orthorhombic structure
with high absorption coefficient.®° Ji et al. prepared FeSe, supercapacitive material (anode) with
snowflake-like morphological hierarchy by anion exchange method that exhibits moderate
capacitance of 304 F/g at 0.5 A/g with improved rate capability.3! lon-exchange route was
involved by Wang et al. to prepare carbon fiber (CF) decorated with FeSe, nanonuts to achieve
264.6 F/g capacitance at constant current density of 0.45 A/g.3? Iron diselenide has also been
explored for solar cells,®® ** lithium and sodium ion batteries,®® *® and electrocatalysts for
oxygen evolution reaction (OER).3" %8 In previous studies, different synthesis methods such as
chemical vapour deposition, electrodeposition, solvothermal, and hydrothermal have been

adopted to prepare iron selenide.®



In this communication, the first report on synthesis of nanoflakes surface architecture
of iron selenide with aid of simple, industry scalable, and inexpensive successive ionic layer
adsorption and reaction (SILAR) method has been focused. Formed nanoflakes surface
architecture has been used as an advanced electrode material for fabricating bendable complete
solid-state symmetric supercapacitor device using lithium perchlorate (LiClO4) incorporated
polyvinyl alcohol (PVA) as polymer gel electrolyte. Bare iron selenide electrode yields specific
capacitance of 671.7 F/g (@2 mV/s) with excellent cycling stability in a liquid-electrolyte based
three-electrode configuration. Route to fabricate electrodes efficiently resolves the mechanical
difficulties to regulate mass loading of electroactive material on stainless steel substrate (SS)
along with large scale integration for mass production. Resultant nanoflakes structured iron
selenide demonstrates an excellent electrochemical performance when applied in flexible solid-
state symmetric supercapacitor configuration.

2. Results and discussion

2.1 Structural Studies: Structural behavior of synthesized iron selenide was identified by X-
ray diffraction (XRD) and is depicted in Figure la. It exhibits two weak peaks at 26 values of
36.3 and 44.5° corresponding to orthorhombic structured iron selenide with (120), and (121)
planes, respectively (JCPDS card no. 21-0432). Obtained weak diffraction pattern is due to
inclusion of small crystallites with the preferred orientation (very few crystallites oriented to
give diffraction), where nanoflakes morphology is well in support. Coherence length of
electrons is much smaller, especially in high resolution transmission electron microscopy (HR-
TEM), and hence, the diffraction pattern is easily visible. Hence, the phase confirmation was
additionally concluded by using HR-TEM and X-ray photoelectron spectroscopy (XPS)
analyses.*® Crystal structure shown in the inset of Figure 1a provides well-defined ion channels
which provide nano-network for the fast diffusion of electrolyte ions, beneficial for
supercapacitive activities. The element valence states were precisely studied by complete XPS

analysis, and associated outcomes are pictured in Figure 1b, c. In the Fe 2p core level spectrum
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(Figure 1b), two significant peaks observed at 710.9 and 723.8 eV are assigned to Fe 2ps/2 and
Fe 2p1s2, respectively.*® 4! Characteristic Se 3d peak observed at 55.7 eV is in well agreement
with iron selenide reported previously (Figure 1c).*> ** Appearance of tiny peak at 59.4 eV
implicates the inclusion of selenium species might be arises because of the surface-oxidation.®

Thermogravimetric analysis (TGA) was studied in air environment at specific heating
rate of 10 °C/min from room temperature to 572 °C and results are shown in Figure 1d. Slight
weight loss has been observed from 200 to 300 °C due to the initial oxidation of iron selenide.
Notable weight loss observed from 300 to 500 °C corresponds to the thermal decomposition
followed by the oxidation process with the formation of Fe;Os3, and volatile SeO, gas,
concluding a total 48 % weight loss.** Kong et al. clearly described similar trend for FeSe;
anchored reduced graphene oxide (rGO) composite.*®

4FeSe,(s) + 110,(g) — 2Fe,05(s) + 8Se0,(g) (1)

2.2 Morphological analysis: Electrochemical interaction depends on the surface morphology;
hence the surface properties of as-synthesized iron selenide were scanned through field
emission scanning electron microscopy (FE-SEM). It is evident from FE-SEM images (Figure
2a, b) that the substrate surface was uniformly covered by unique nanoflakes morphology with
high surface area beneficial for supercapacitor application.*® 4" To get clear insights of
morphology and local crystallographic properties, HR-TEM analysis was performed (Figure
2c-e). The HR-TEM images reveal the formation of extremely uniform and porous nanoflakes
web, which is well supported by the FE-SEM morphological information. Such unique
nanoflakes surface architecture provides enough voids to electrolyte and effective electron
pathways for longitudinal current, which is necessary for efficient supercapacitor
applications.*® As per selected-area electron diffraction (SAED) pattern visualized in Figure
2e-inset, the (120) and (121) planes are confirmed by well-defined diffraction patterns;
exhibiting well agreement with specified peaks by XRD studies supporting the formation of

nanocrystalline phase of iron selenide.



2.3 Supercapacitive performance of iron selenide electrode: The chemical activity of an
electrolyte at electrode depends on the ionic mobility, conductivity, hydrated ionic radius, and
diffusion rate.** All the electrochemical investigations of iron selenide electrode were
performed at 0.5 M NaOH electrolyte (Figure S1). Figure 3a shows the cyclic voltammetry
(CV) plots in 100 to 2 mV/s scanning range with a potential frame between -1.3t0 -0.4 V. The
electrode exhibits intense reduction and oxidation peaks due to fast and reversible redox
behaviors, indicating the pseudocapacitive nature of charge storage mechanism.>® %' The
rectangular CV shape indicates the perfect electric double-layer behavior®? but obtained CV
shape of iron selenide electrode exhibited non-identical rectangular curve with the following
redox reaction: %4
FeSe, + OH™ — FeSe,OH + e~ (2)

The CV shows stable and analogous shape at higher scan rate (100 mV/s) showing high-
power electrochemical reversibility. The iron selenide electrode demonstrates exceptional
specific capacitance of 671.7 F/g at fixed scan rate of 2 mV/s (Figure 3b). The associated
capacity of the electrode with respect to scan rate is also calculated and presented Figure S2.
At relatively lower scans, the involved electrolyte ions get satisfactory time for diffusion into
the active electrode material.>> ¢ Slight shifts in cathodic and anodic peaks respective to their
negative and positive potentials with rise in the scan rates exhibiting the polarization along with
fast ion transport for the electro active material.

The CV plots of the electrode are additionally investigated in detail to further investigate
the dual charge storage mechanism.>’° The charge stored associated with electrode is provided
by capacitive and diffusion-controlled faradaic contributions. The total charge storage
contribution at a fixed potential (V) can be quantified by the combination of diffusion (k2v*?)

and capacitive (kiv) effects as per the following equations:®°

1
| = klv + kZUE (3)



i; = klv% +k, (4)
v2
where i indicates the current response, v specifies scan rate and ki, ko are the associated
constants which can be estimated by plotting i/v versus v. In present case, standard Python
numerical programming was employed to get precise calculations by considering all the data
points related to CV plots. As presented in Figure 3c, it is observed that the diffusion
contributions masters over the capacitance-controlled process at relatively low scan rates,
specifically, around 92.1 % at 2 mV/s, though the capacitive contributions gradually increase
with the increase in scan rates.%! It is also observed that the diffusion-controlled activities are
higher than that of capacitive activities at each specific scan rates, signifying that the diffusion
of the electrolyte ions is rather easier than adsorption/desorption process, which is in well
agreement in accord with CV outcomes. The shaded area (green) in Figure 3d reveals the
capacitive contribution of the electrode for 20 mV/s scan rate.

All the Galvanostatic charge-discharge (GCD) plots of iron selenide electrode depicted
in Figure 4a show three clear parts of voltage variation with time: (i) quick voltage drop
because of intrinsic resistance of material, (ii) linear part due to capacitive double layer
involvement, and (iii) non-linear section for reversible redox reactions.®> The symmetrical and
sharp discharge plateaus with minor iR drop reflect excellent pseudocapacitive activities; in
well agreement with CV outcomes.®® The electrode reveals excellent specific capacitance of
434.6 Flg at current density of 2 mA/cm? (Figure 4b). At relatively low current densities, the
charge-transfer activities are more deep and associated electrolyte ions can arrive to more active
interfaces to assist, so the potential plateau is evidently relatable with longer time in case of
comparatively high current densities.®* %

Constant voltage (float) containing ten galvanostatic cycles (5 mA/cm?, -1.3 to -0.4 V

window) and a potentiostatic step at -0.4 V for 1 h (defined as floating step) as shown in Figure

4c. The float and cycling steps were repeated continuously along with the detection of
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normalized capacitance retention. Figure 4d shows the change in capacitance with the total
floating time of 10 h. It is noticeable that electrode voltage is steady in the voltage frame with
a capacitance retention of 53%. The continuous capacitance decay of electrode maybe
associated to higher potential attained by the electrode.®® Moreover, it is observed that the
capacitance drop after first float step was 9% because of decreased ion accessibility (electrolyte
starvation effect) or less available electroactive surface area for electrolyte ions.®” Actually, the
gradual fading is related to the functional cut-off potential, the greater the cut-off, the stronger
the driving force for unnecessary electrochemical side-reactions, the shorter the cycle lifetime.
Moreover, the current may damage the electrode due to the increase in temperature, and many
other faradaic side-reactions may be associated with the in inefficient kinetics. The reduction
in capacitance can principally be linked to the rise in impedance of the electrode. Perhaps, a
change in the structure of material originally arises with the association with equilibration
potential. He et al. described the fading phenomena associated with voltage floating test
extensively in his article.®® There are similar kind deteriorates in cell performance shown in
previous articles.%® 7

The stability of iron selenide electrode was examined by repeated cyclic curves for 4000
cycles recorded through constant 100 m\V/s scan rate. The electrode shows a superior capacitive
retention by maintaining 91.9% of the prime value even at 4000 CV cycles (Figure 5a).
Essentially, the good contact associating with electrode material and the current collector
interface pointedly diminishes the interactional charge transfer resistance, advancing the
utilization rate of material, and subsequently results in excellent supercapacitive activities. The
Nyquist plot (Z' vs. Z" plot) shown in Figure 4b was recorded in the 0.1 to 100 Hz frequency
range. The charge transfer resistance (Rct) specified by partial semi-circular curve is mostly
reliant on structure and morphology of electro active material.”> "> Moreover, the resistance
analyzed by intersection point in X-axis signifies the important equivalent series resistance (Rs),

and it is evidently related mainly with resistive factors arising at the electrode-electrolyte
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interface.” ™ The low values of Rs (1.90 Q/cm?) and Rer (1.32 Q/cm?) are in favor of excellent
electrochemical kinetics for the iron selenide electrode. The observed straight line behavior at
relatively low-frequency region reveals a first-rate capacitive activities agreeing to the stored
charge with low ion diffusion resistance exactly consistent with an ideal capacitor.”® The
simulation outcome in relevance with the equivalent circuit fits properly with the examined
result (inset, Figure 5b). The semi-infinite nature of diffusion related to electrolyte ions
signifies the constant phase element (CPE), whereas the change from high to reasonably lower

frequency region is related with Warburg factor (W).”® 7" The associated relaxation time

1 . .- . . .
constant (t, = = where fo is characteristic frequency) also recognized as supercapacitor figure
0

of merit delivers the information to realize improved electrochemical kinetics.”® A minor 1,
value signifies faster power response of electrode in terms of electrochemical activities, can be
derived by the maximum Gaussian peak from imaginary component of capacitance (C") with
concerning frequency (f) plot.”® 8 The estimated t, value of 2.97 ms (Figure 5¢) clearly
indicates fast ion mobility of free carriers. Additionally, Bode phase diagram in Figure 5d
shows a linear trajectory by ensuring a sharp change in phase angle from high to relatively
lower frequency region, corresponds to excellent pseudocapacitive behavior. Obtained phase
angle of -77.7° in the low-frequency region falls between —45° (pseudocapacitors) and —90°
(ideal capacitor), which evidences the presence of intercalation/de-intercalation capacitance in

electrode.8™ 8 The critical factor of merit for supercapacitor can be further analyzed by

relaxation time constant t,, which can be evaluated by t, = fiwhen the associated phase angle
0

is -45°.83 The 1, is calculated to be about 1.74 ms, signifying that the energy storage properties
is pure capacitive below this specific frequency.®*

2.4 Performance of flexible solid-state symmetric supercapacitor device: Bendable
electrochemical supercapacitor with excellent electrical stability and high mechanical strength
is still a great challenge.®> 8 Benefiting from its exceptional electrochemical properties, the
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newly developed iron selenide electrode can be used to fabricate symmetric flexible solid-state
supercapacitor assembled using PVA-LICIOs gel electrolyte. The solid-state devices
constructed with solid electrolyte alternative to liquid electrolyte cell has maximum safety
advantages in terms of leakage and sealing as it is free from solvent evaporation.®” Furthermore,
solid-state system can exhibit a long cycle-life along with mechanical flexibility (bendable)
approach that can be possible to integrate with portable electronics. The schematic of formed
symmetric solid-state device arrangement with PVA/LiCIO4 gel electrolyte is depicted as inset
of Figure 6a. A preliminary study of the PVA-LiCIOs electrolyte shows excellent viscosity of
45 ¢P, ionic conductivity of 11.4 + 0.20 mS/cm, and wide potential window 4.1 V.%
Additionally, the pseudocapacitive nature of iron selenide electrode in specific PVA-LICIO4
gel electrolyte relies on the intercalation/extraction action of cations. A sequence of CV plots
of the fabricated supercapacitor at various voltage frames staring from 0 to 1.8 V at fixed
100 mV/s scan rate were recorded to improve the suitable voltage window as revealed by
Figure 6b. The best capacitances of 65.3 F/g at a scan rate of 2 mV/s and 24.4 F/g at a scan rate
of 100 mV/s have been achieved. The observed degradation in the capacitance is due to the less
involvement of electroactive material throughout electrochemical reactions as diffusion time of
participated electrolyte ions into material is limited at higher scan rates.®® Similarly, Figure 6¢
displays the charge-discharge plots of constructed cell in the voltage frame starting from 0 to
1.8 V at different current densities in the range of 1-2.5 mA/cm?2. Prominently, the device
exhibits superior capacitance of 29.8 F/g at projected current density of 1 mA/cm? (Figure 6d).

The calculated values of capacitance allow to estimate energy and power densities, as
they are the critical aspects of supercapacitor. The assembled supercapacitor shows excellent
energy density of 13.4 Wh/kg (considering both electrodes mass) at a power density of
2.0 kW/kg, and it remains 8.8 Wh/kg at 5.1 kW/kg (Figure 7a). Obtained values of the power
and energy densities of solid-state devices are also compared with literature values.3! %% Table

S1 compares the performance of our lab-made cell with previously reported solid-state
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symmetric supercapacitors based on gel electrolytes. No reasonable change in resistance is
observed during investigation of electrochemical impedance spectroscopy (EIS) for fabricated
device. Small Rs and Rct values are advantageous for first-rate electrochemical performances
because of rapid charge transfer with superior conductivity, which can quicken the associated
reversible redox activities. Especially, the Rs value of symmetric full cell in high frequency
section is ~5.6 Q that is slightly higher as compared to the three-electrode system (Figure 7b).
The outcome specifies that the resistive factors between the electrolyte and electrode in a full
cell are enlarged as a consequence of solid-state cell configuration. The Rcr value has also
increased up to ~2.1 Q for the device configuration. To examine the mechanical distortion
dependent electrochemical performance, the constructed device was taken through various
mechanical bending conditions (0, 90, and 175°) and the associated CV plots validate no
apparent change in performance of the device under various bending states (Figure 7c). It is
concluded that, the cell can be easily bent up to 175° deprived of disrupting its physical aspect.
The mechanical strength of the cell is accredited to straight connection of electroactive material
with stainless steel (SS) substrate and PVA-LiCIO4 electrolyte as it constructs Hz bonds with
the water molecules to diminish the capacitance loss by keeping water evaporation away.®’
Besides, gel electrolyte prevents supercapacitor cell from environmental impact and decreases
chemical dissolution of active electrode material, upsurges mechanical stability.®° These results
indicate that the device possesses exceptional flexibility and can encounter the necessities of
future flexible electronics. A self-made mechanical energy drive system was assembled with
the connection of commercially available DC motor fan (1.5 V) directly connected to the
manufactured cell. As shown in Figure 7d, the single cell can drive the mini fan for 15 seconds
after being charged (supporting video). So, the proof-of-concept demonstration of fabricated
mechanical power system evidently illustrates the feasible and potential prospects in energy

storage application.
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2.5 First-principles calculations: Iron selenide was modelled in orthorhombic structure
(Figure 8a) with the space group Pnnm (No. 58). The optimized lattice parameters are projected
ata=4751 A b=5743 A and c = 3.580 A, all of which are in well agreement with the
experimental lattice parameters: a = 4.800 A, b = 5.782 A, and ¢ = 3.583 A.% The calculated
band structure (Figure 8b) exhibits indirect band gap of iron selenide with predicted band gap
of 1.05 eV. This compares closely with known experimental data (0.95-1.03)* and previous
DFT calculations.®® The conduction and valence band edges are mainly composed of Fe-3d
states with a minute involvement of S-3p states as analyzed by projected partial density of states
as depicted in Figure 8c. Considering that we are dealing with an electrode material where
surfaces play important role, the structures and stabilities of the (001), (100) and (120) surfaces
of iron selenide were systematically characterized as shown in Figure 9(a-c). The surface
energy of the (001), (100) and (120) surfaces is estimated at 1.18, 1.37, 1.24 Jm, indicating
that the (001) is the most stable surface and the (100) is the least stable surface among the three
surfaces investigated. It is obvious from electronic density of states (Figure 9d) that whereas
the (100) surface remain semiconducting (Eq =0.73 eV), the (001) and (120) surface display
metallic characteristics as reflected in the continuous available states at the Fermi level
(although very small). From the DFT-computed DOS, the quantum capacitance (Cq) has been

analyzed following the expression:
Co=e? [ " D(EYF(E — e@g)dE 3)

where D(E) is DOS of the concerned surface; @ is the electrode potential; and F+(E) specifies

the thermal broadening function, which is expressed as

Fp(E) = (4K5T) 'sech? (L) (4)

2KgT
The quantum capacitance (Cq) plot with respect to electrode potential function for three
different iron selenide surfaces are depicted in Figure 9e. It can be seen that the quantum

capacitance is surface dependent, where the (001) surface displays higher Cq values at almost
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all applied potentials compared to the (100) and (120) surfaces. The trend of the predicted
quantum capacitance for the different surfaces is consistent with their DOS plot.
3. Conclusions

A suite of complementary experimental and computational techniques has been
systematically reciprocated to examine the structural, electronic and electrochemical properties
of iron selenide thin films. The excellent pseudocapacitive activity of the iron selenide electrode
was accredited to its unique porous nanoflakes surface architecture. The superior specific
capacitance of 671.7 F/g (2 mV/s) of the electrode highlights that the involvement of conductive
iron selenide provides not only a better capacitance but also an exposed web for effective
electrolyte diffusion to exhibit exceptional stability in spite of redox-active interactions. The
assembled flexible supercapacitor shows a superior capacitance of 65.3 F/g, a superior energy
density of 13.4 Wh/kg and highest power density of 5.1 kW/kg with a remarkable potential
limit of 1.8 V. The quantum capacitance predicted from electronic density functional theory
calculation shows that the capacitance performance is sensitive to the exposed surface of the
iron selenide electrode. Apart from the superior supercapacitive performance, the magnificent
flexibility (175°) originating from the excellent mechanical robustness of electrode-electrolyte
system marks the iron selenide based supercapacitor as an attractive energy storage candidate
in flexible electronics.
4. Experimental parameters
4.1 Electrode development: Simple SILAR method was involved to synthesize iron selenide
thin film on SS substrate by using 50 mM iron sulphate (FeSO4.7H20, cationic solution)
complexed with oxalic acid (C2H204) and sodium selenosulfate (Na;SeSOs, anionic precursor).
The Na>SeSOs was prepared by using simple reflux method for 10 hours at 90 °C using crushed
selenium ingots and sodium sulphite (ratio 5:15) in double distilled water (DDW). Furthermore,
2 ml of prepared Na>SeSOs was added in 48 ml of DDW under constant stirring, and further

used for final anionic precursor. Mirror polished SS substrate was vertically immersed in
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cationic precursor and then rinsed in DDW to eradicate loosely adherent species. Next, the pre-
adsorbed substrate was inserted in anionic precursor (at 80 °C), and again rinsed in DDW to
remove over growth particles. Finally, the ionic cluster of intermediate iron selenide has
nucleated with formation of critical radius and accomplished in thin film form in 40 number of
SILAR cycles followed by annealing process (200 °C for 1h) with the following specified
reaction mechanism:
Na,SeSOs (pH>8.5) in association with present hydroxide ions provides Se? ions.1®

Na,SeSO; + OH™ - Na,S0O, + HSe™ (5)

HSe™ + OH™ - Se?~ + H,0 (6)
Importantly, the capability of the precursor solution to produce Se* ions is mainly rely on the
concentration of alkaline medium. Moreover, the Se*~ ions assocaite with the Se elemental
residue to provide Sez~ ions at 80 °C.

Se?” + Se = SeZ~ (7)
The iron selenide was obtained after the final and most important anneal process followed by
the intermediate complex reaction step. The possible reaction mechanism in the anneal step:
Fe?* + Ses™ = FeSe, (8)

The similar kind of typical solution based reaction mechanism is explained briefly in previous
reports, 101-103
4.2 Characterizations, electrochemical studies and device fabrication: Structural studies
were performed by using the X-ray diffractometer (Bruker AXS D8 Advance) using copper
(K,) radiation with wavelength L. = 1.5406 A. Chemical phase analysis were performed by XPS
PHI 5000 VersaProbe 11 (ULVAC INC). TGA was performed by using S11 6300 EXSTAR. FE-
SEM was engaged to study the surface morphology with the help of JEOL-JSM 6360 unit. For
clearer insights, HR-TEM was performed by using JEOL 2100 with LaBs source. PARSTAT
4000 electrochemical work-station was used for evaluating electrochemical characteristics such

as CV, GCD, and EIS. Standard equations were used to estimate the associated electrochemical
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parameters (Supporting discussion). The exact mass loading on SS substrate was 0.88 mg for
2x2 cm? surface. PVA-LIClO: gel electrolyte was formulated to fabricate solid-state device by
addition of LiClO4 (3 g) and PVA (3 g) into deionized DDW (30 ml).1* A specific heat
treatment of 90 °C with vigorous stirring made the solution viscous and clear. Afterwards, the
prepared gel was used to paint on iron selenide coated films uniformly. These two similar films
were packaged in sandwich structure to construct bendable symmetric solid-state cell and kept
in fume hood under constant pressure of one ton until gel electrolyte got solidified.
4.3 Computational Details: The optimized bulk and surface structures were analyzed with the
help of plane-wave density functional theory (PW-DFT) simulations as applied in the VASP
package.%1% The projected augmented wave (PAW) method was considered to determine the
association among the ionic core and valence electrons'® and Perdew—Burke—Ernzerhof (PBE)
generalized gradient approximation (GGA) functional'® using Hubbard U correction
(PBE+U)% 111 was involved to analyze the electronic exchange—correlation potential. An
effective U= 2 eV has been found to illustrate the precise explanation of electronic properties
and structural parameters of iron selenide, which is consistent with previous calculation for
marcasite FeS,.1'?1% For entire analysis, the dispersion forces were considered through
Grimme DFT-D3 functional.*® To converge the total energy of iron selenide within 108 eV, a
plane-wave basis set with an adequate kinetic energy cutoff of 600 eV was examined and
associated residual Hellman—Feynman forces were converged in the ionic relaxations within
10% eV AL Moreover, the Brillouin zone was tested by using a 7 x 5 x 3 mesh of Monkhorst—
Pack k-points.''® The k-meshes were selected for surface calculations in such a manner that a
analogous spacing of associated points in the related reciprocal space was sustained.
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Figure 1 (a) Typical XRD pattern of iron selenide powder sample, inset shows associated

crystal structure. (b, ¢) Core level XPS spectra of Fe 2p and Se 3d of iron selenide thin film. (d)

TGA graph of iron selenide.
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Figure 2 (a, b) FE-SEM images of iron selenide thin film at different magnifications. (c-e) HR-

TEM images of iron selenide Sample, inset of Figure 2e shows SAED pattern.
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Figure 3 Electrochemical performances in 0.5 M NaOH electrolyte. (a) CV curves for iron
selenide electrode with different scan rates. (b) Specific capacitance as function of scan rate.
(c) Contribution ratio of the capacitive and diffusion-controlled charge of iron selenide
electrode at various scan rates. (d) Separation of the capacitive and diffusion currents of

electrode at a scan rate of 20 mV/s.
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Figure 4 (a) GCD curves at different current densities ranging from 2 to 5 mA/cm?. (b) Specific
capacitance as function of current density. (c) Selected voltage profile during floating test

experiment. (d) Normalized capacitance as a function of floating time.
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Figure 5 (a) Cycling stability of electrode for 4000 cycles at 100 mV/s scan rate, inset shows
CV curves for various cycle numbers. (b) Nyquist plot of electrode in the range of 100 mHz to

100 kHz, inset shows matched equivalent circuit. (¢) Imaginary capacitance vs. frequency plot.

(d) Bode plot.
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Figure 6 (a) CV curves of flexible solid-state cell collected at 100 mV/s scan rate in different
voltage windows, inset shows schematic diagram illustrating the device configuration. (b) CV
curves at various scan rates starting from 100 to 2 mV/s with voltage frame 1.8 V, inset shows

specific capacitance at a function of scan rate. (¢) GCD curves at various current densities

ranging from 1 to 2.5 mA/cm?. (d) specific capacitance as a function of current density.
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the manufactured cell for 15 s.
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Figure 8 (a) The orthorhombic structure of iron selenide in terms of FeSs octahedra. (b) Band

structure. (c) Partial density of states of iron selenide. (Atomic color: Fe = blue, Se = green).
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The corresponding (d) partial density of states and (e) plot of Qc with electrode potential for

the different surface structures.
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