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Fig. S1 Schematic illustration of type—II novel 2D Bi,S;@1D SnO; heterostructure thin film
photoanode for light-fostered asymmetric electrochromic supercapacitor.
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B] Materials Characterization

The crystal structure and lattice parameters were evaluated from X-ray
diffraction (XRD, Empyrean-DY2528, Malvern Panalytical, Cu-K, A = 1.54 A). Raman
spectroscopy (HORIBA-JY LABRAM-HR, 532 nm excitation) was employed to
investigate the interstitial defect level and crystallinity in pristine SnO, and Bi,S;@SnO,
samples. Surface morphology and elemental distribution were analysed using a Field
emission scanning electron microscope (FESEM, JEOL, JSM-7610F Plus) and energy-
dispersive X-ray spectroscopy (EDS, Oxford, X-MAX). Microstructural and
crystallographic features were further investigated using transmission electron
microscopy (TEM, Thermo-Fisher, Talos-F200X G2). To investigate the chemical states
and electronic structure, the X-ray photoelectron spectroscopy (XPS, monochromated
Al K, 2 =61 A) and ultraviolet photoelectron spectroscopy (UPS, AIPES, 450 MeV, 1
=100 mA) were conducted using a synchrotron radiation source at Beamline-02, Indus-
1, Raja Ramanna Centre for Advanced Technology (RRCAT), Indore. Optical band gaps
were estimated using a UV-visible diffused reflectance spectroscopy (DRS, Shimadzu,
UV-2600). Electrochemical properties and redox kinetics were evaluated using an
electrochemical workstation (Autolab, PGSTAT302N, Metrohm).

C] Experimental details
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Fig. S2 Schematic representation of the synthesis protocol for 2D Bi,S; NFs@1D SnO,
NRs heterostructure thin film.



D] Electrochemical measurements

The electrochemical measurements were performed in 1 M Na,SO, aq.
electrolyte using standard three-electrode configuration, comprising Bi,S;@SnO,/FTO
as the working electrode (WE), Ag/AgCl as the reference electrode (RE), and Pt wire as
the CE. Cyclic voltammetry (CV), Galvanostatic Charge Discharge (GCD), and
electrochemical impedance spectroscopy (EIS) were employed to evaluate
electrochemical behaviour. EIS was recorded at open-circuit potential over a frequency
range from 10° to 10-2 Hz. Photoassisted energy storage performance was assessed using
a 300 W Xenon lamp kept in a photo-chem-reactor (100 mW/cm?) in synchrony with
the potentiostat. The areal capacitance (C,, mF/cm?) of the electrodes was evaluated

from GCD analysis using the formula ':
I X At

C,=A x AV (1)

Moreover, the performance of the asymmetric device was evaluated in terms of
areal capacitance (C,, mF/cm?), areal energy density (E,, Wh/cm?), and areal power
density (P,, W/cm?) using equations >

21 X At

Ca = A4 X AV (2)
1 (AV)?

Ea:2 X CAX 3.6 (3)
Ea

P, = At x 3600 (4)

Where I, At, A, and AV represent the applied current (A), discharge time (s), active area
(cm?), and potential window (V), respectively.

E] Structural analysis using XRD and Raman spectroscopy

The XRD patterns were analysed to investigate the phase composition and
crystallographic structure of SNO, BO-SNO, BS14, BS16, BS18, BO-FTO, and B16 thin films,
as shown in Fig. S3(a). The bare FTO reveals diffraction peaks at 26 = 26.3°, 33.5°, 33.6°,
51.3°, 57.8°, 61.4°, and 65.3°, which are attributed to the (110), (101), (200), (211), (202),
(310), and (301) planes of FTO substrate (JCPDS No.: 077-0452), which are also consistent
with the tetragonal rutile phase of SnO, (JCPDS 041-1445). Following the hydrothermal
treatment for preparation of SNO, a significant increase in the intensity of (101) and (202)
diffraction planes is observed, which represents preferential anisotropic growth of SnO, on
SnO,-seeded FTO surface 3. In the BO-SNO thin film, the additional peaks appear at 27.7°,
32.6° 46.3°, and 54.3°, which correspond to the (201), (220), (222), and (203) planes of
tetragonal -Bi,O3 (JCPDS 027-0050) . Moreover, the low-intense peak at 11.3° corresponds
to the (011) plane, which is attributed to minor fraction of the cubic y-Bi,0; phase (JCPDS
074-1375)’. The BSI14, BS16, and BSI18 thin films, forming Bi,S;@Sn0O, bilayer
heterostructures, exhibit the additional diffraction peaks at 20 = 15.6°, 17.3°, 22.2°, 23.5°,
24.9°, 28.4°, 31.7°, 39.7°, and 46.3°, which are assigned to (200), (201), (202), (011), (301),
(112), (212), (114), and (314) planes of orthorhombic a—Bi,S; (JCPDS 017-0320) 8, alongside
the characteristic peaks of SnO; and FTO substrate. The absence of other secondary phases of



Bi,S; confirms the successful formation of Bi,S;@SnO, bilayer hetero-structure. XRD
analysis further verified that the pristine BO-FTO and B16 thin films deposited on FTO
substrates in the absence of SnO, nanorods preserved their structural phase without any
impurities (Fig. S5(a)).

Further, Raman spectra of SNO, BO-SNO, BS14, BS16, and BS18 thin films were
recorded in the spectral range of 50 cm! to 800 cm™! (Fig. S2(b)). Raman bands at 552 c¢cm’!
and 633 cm! in SNO (* marked) are ascribed to non-degenerate A;, mode of the tetragonal
rutile SnO, phase of FTO substrate °. Five distinct Raman modes were observed for BO-SNO,
associated with the A;, phonon mode of Bi atoms at 94 cm™!, A, and B, modes of minor y-
Bi,0; cubic phase at 125 cm™! and 151 cm™!, respectively '°. Whereas, 317 cm!, and 471 cm™!
modes are characteristic Bi-O stretching vibrations of 3-Bi,0; tetragonal phase, consistent with
the XRD results. The Raman spectra of BS14, BS16, and BS18 confirm the formation of
orthorhombic a-Bi,S;. The modes centered at 55 cm!, 72 cm!, 101 ¢cm!, 186 ¢cm!, and 237
cm! are associated with the A, symmetric modes arising from transverse (in-plane) symmetric
stretching vibrations of Bi-S bonds. Similarly, peaks at 83 cm’!, 169 cm™!, and 264 cm™!
correspond to the B, mode of longitudinal (out-of-plane) asymmetric stretching of Bi-S bonds,
which are in good agreement with the existing reports '!- 12, Thus, Raman modes confirm the
phase purity and retention of the intrinsic lattice structure of Bi,S; within the Bi,S;@SnO,
bilayer hetero-structure.
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Fig. S3 (a) XRD patterns and (b) Raman spectra of SNO, BO-SNO, BS14, BS16, and BS18.

F] Morphological and elemental analysis.

Fig. S4 illustrates the top-view FE-SEM images of SNO, BO-SNO, BS14, BS16, and
BS18 thin films. Uniformly aligned SnO, nanorod arrays are vertically grown on FTO
substrate, exhibiting an average diameter of 50 nm and length of ~200 nm nm (Fig. S4(a) and



Fig. S5(b)). Notably, after spin coating, granular Bi,O3 nanoparticles with average diameter of
~70 nm are densely deposited over the SnO, NRs (Fig. S4(b)). Upon hydrothermal sulfurization
at 140 °C (BS14), irregular and incomplete growth of Bi,S; nanoparticles is observed, forming
an interconnecting network over SnO, NRs (Fig. S4(c,d)). Increasing sulfurization temperature
to 160 °C (BS16) resulted in the evolution of a relatively dense, yet irregular, 2D Bi,S; nano-
structure network (Fig. S4(e,f) and Fig. S5(c)). Further increase in temperature to 180 °C
(BS18) resulted in the growth of randomly oriented petals-like nanoflakes with >100 nm
length, which uniformly covered the SNO NRs (Fig. S4(g,h)). Thiourea, serving as a sulphur
source, also acts as structure directing agent by providing high density of nucleation sites that
facilitate the transformation from NPs to nanoflakes within the Bi,S;@SnO, bilayer
heterostructure. Importantly, a micronized island network of Bi,0s, formed dense and rough
film on bare FTO (Fig. S5(d)), which further transformed into densely packed 2D Bi,S; flakes
at 160 °C (Fig. S5(e)). This observation confirms the engrossment of SNO NRs in directing
the transformation from nanoparticle network to well-defined petal-like 2D Bi,S; flakes,
forming the Bi,S;/SnO, hetero-structure. Further, EDS spectra and elemental mapping of all
samples confirm the presence and spatial distribution of Sn, O, Bi, and S elements (Fig.
S5(f,g)). Overall, 2D Bi,S; nanostructures decorated on 1D SnO, NRs provide ample
accessible electroactive sites, ensuring shorter ion diffusion pathways in the electrolyte. This
architecture facilitates enhanced redox kinetics and effective charge carrier transport, which
significantly promotes light harvesting and contributes to improving photo-assisted
electrochemical performance.

Fig. S4 FE-SEM images of (a) SNO (b) BO SNO, (c, d) BSl4 (e f) BSI6 and (g, h) BS18
grown over the FTO-coated glass substrates.
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Fig. S5 (a) XRD patterns of BO and B16 films coated on FTO. Cross-section FE-SEM images
of (b) SnO,, (c) BS16. FE-SEM images of (d) bare BO and (e) B16. (f) EDS spectra of SNO,
BO-SNO, BS14, BS16, and BS18 samples, and (g) corresponding mapping images for Sn, O,

Bi, and S elements.
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Fig. S6 Schematlc growth mechanlsm of pristine SnO, NRs and 2D Bi,S; NFs@ 1D SnO, NRs
heterostructure thin film by hydrothermal process.

The hydrothermal synthesis of SnO, NRs involves hydrolysis, condensation, nucleation, and
anisotropic crystal growth, governed by acidic aqueous environment. Upon dissolution in DI

water and ethanol mixture, SnCly undergoes controlled hydrolysis, forming tin hydroxide
species 13:



SnCly + 4H,0 — Sn(OH), + 4HCI (5)
Sn(OH); — SnO, + 2H,0 (6)
Ethanol modulates the hydrolysis rate, while protonation in dilute HCI forms [Sn-OH,]* species
that condense into SnO, nuclei '3 4. Preferential adsorption of Cl- ions promotes anisotropic
growth of SnO, nanorods along the (101) direction during high-temperature crystallization.
Subsequently, the 2D Bi,S; nanostructure grows on the SnO, NRs via hydrothermal
sulfurization using thiourea as sulfur source in aqueous ammonia. Thiourea undergoes
hydrolysis and dissociation as follows 2 13:

CH,N,S + NH,OH + H,0 — 3NH; + CO, + H,S 1 7)
H,S — 2H'* + S* (8)
Bi203 — 2Bi*" +30* (9)
2Bi** +3S* — Bisz, + HzO (10)

At an elevated temperature, thiourea undergoes hydrolysis and protonation to form H,S, which
subsequently dissociates into sulfide ions (S*) '°. Concurrently, Bi3* cations dissociated from
Bi,03 react with S?- during hydrothermal vulcanization, facilitating Bi,S; nucleation via ionic
exchange assisted reduction mechanism !¢, The resulting Bi,S; nuclei aggregate into
nanoparticles to minimize surface free energy following the Gibbs principle. These Bi,S;
nanoparticles further evolve into 2D Bi,S; nanostructures through oriented attachment and self-
assembly, which are thermodynamically favourable under given synthesis conditions. To probe
this transformation, hydrothermal reactions were carried out at 140, 160, and 180 °C to
elucidate the temperature-dependent morphological evolution of Bi,S;.
H] Elemental analysis using XPS

The charge states of the elements present in the SNO, BO-SNO, and BS16 thin films
were probed through XPS spectra. The spectra were deconvoluted using a Voigt fitting function
with a Shirley background. The Sn(3d) spectrum (Fig. S7(a)) exhibits two prominent peaks at
binding energy (B.E.) of 486.9 eV(= a) and 494.8 eV (= b), corresponding to spin orbit split
states 3ds, and 3ds);, respectively. The binding energy positions of 3ds, and 3d;, and spin-
orbital separation of 8.4 eV between these peaks divulge the Sn** oxidation state, as expected
for SnO, phase 7. The O(1s) core level spectrum for SNO (Fig. S7(b)) represents two distinct
peaks located at 530.4 eV(= ¢) and 532.2 eV(= d), attributed to crystal lattice oxygen (O*) and
surface adsorbed hydroxyl group, respectively '3, confirming the formation of phase-pure
SnO,. Similarly, the Bi(4f) spectrum of BO-SNO (Fig. S7(c)) is deconvoluted into four peaks
positioned at 156.7 eV(= g), 158.6 eV(=¢), 162.2 eV(= h), and 163.9 eV(= f), corresponding
to Bi’(4f5),), Bi**(4f;,), Bi%(4fs5),), and Bi**(4f5),), respectively. The presence of relatively very
low intensity of Bi%(4f;,,) and Bi%(4fs;;) peaks signifies a small amount of unreacted metallic
Bi?, consistent with literature reports . The corresponding O(1s) spectrum (Fig. S7(d)) shows
two distinct peaks at 529.6 eV(= ¢;) and 531.1 eV(= d,), assigned to lattice oxygen (O%) and
surface hydroxyl group, respectively. Upon sulfurization of BO, S(2p) peaks corresponding to
S?-(4ps;) and S*(2ps),) appear at 160.7 eV(=s") and 161.8 eV(=s""), respectively (Fig. S7(¢))
20 Additionally, highly intense peaks at 158.2 eV(= ¢,) and 163.5 eV(= f;) confirm that the
Bi3* states remain unchanged after oxygen replacement with sulfur. The B.E. values positioned
at 159.4 eV (= g,) and 164.9 eV(= h,) are attributed to Bi°**(4f;,) and Bi**(4fs),), respectively,



which signifies the existence of very small amount of approximately 7% of Bi*> ions. The O
(1s) spectrum after sulfurization (Fig. S7(f)) shifted to higher B.E. at 531.1 eV (= c,),
corresponding to sulfate ions (SO4*), along with an associated surface hydroxyl group (532.8

eV = d,). Overall, the XPS analysis confirms the conversion of Bi,O; into Bi,S; upon
sulfurization.
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Fig. S7 XPS spectra of (a) Sn(3d) and (b) O(1s) core levels of SNO. (c¢) Bi(4f) and (d) O(1s)

core levels of BO-SNO. (e) Bi(4f) with S (2p) and (f) O(1s) core levels of BS16 thin films.

I] Electrochemical analysis in 3-electrode configuration in 1M Na,SOy electrolyte

1.5 1.5 0.6
a b c
1.0 () 1.0 -( ) 0a-(©)
_~ ~ - 0.2
< 0.5 < 0.5 <
g E E o0
= 00 = 0.0 =
E-05 10 mV/ E-0s 10 mV/ E04
- =V — mv/s - =V, — mv/s = 0.4 —
& —20mvis |3 —20mVis |3 -l
-1.0p =30 mV/s -1.0 =30 mV/s -0.6
—40 mV/s —40 mV/s —BSI8
1.5k —50 mV/s 1.5k —50 mV/s -G'BI-
] ] 1 ] ] ] ] | ] | _1o—L 1 ] ] ]
08 -0.6 -04 -0.2 0.0 0.8 -0.6 -04 -02 0.0 .08 -0.6 -04 -0.2 0.0
Potential (V) vs Ag/AgCl Potential (V) vs Ag/AgCl Potential (V) vs Ag/AgCl
1.5} (d) Qe 7 (e) Light 0.6 ()
2ot Z 1 s
g g E ook
= 0.0 s 0 =
@ [-F] W
= = =-0.3p
E —10mvss | 5 —10mV/s | 5
O-0.5 —20mV/s |Q .1} —=20mV/s |9 _p.6k —Dark
=30 mV/s —30mV/s Lich
—40 mV/s =40 mV/s 0.9 —Lignt
1.0 =50 mV/s 2 —50mV/s e
1 1 1 I ] S il | 1 ] I 1 1 ] | ]
-0.8 -06 -04 -02 0.0 08 -0.6 -04 -0.2 0.0 -08 -0.6 -04 -0.2 0.0
Potential (V) vs Ag/AgCl Potential (V) vs Ag/AgCl Potential (V) vs Ag/AgCl

Fig. S8 CV profiles of (a) BS14 and (b) BS18 recorded at various scan rates from 10-50 mVs™!.
(c) CV profiles of BS14, BS16, and BS18 recorded at 10 mV/s. (d) CV profiles of BS16
recorded under (d) dark, (e) illumination conditions, and (f) comparison at 10 mV/s.
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Fig. S10 (a) GCD of (d) BS14 and (b) BS18 recorded at various current densities (0.2-0.6
mA/cm?). (¢) GCD of BS14, BS16, and BS18 recorded at 0.2 mA/cm?,

Table 2. Parameters acquired from the fitted EIS equivalent circuit for the BS16
heterostructure electrode in the three-electrode configuration.

Parameters Dark (Stability) Light (Stability)
Before After Before After
Rs (Q) 23.97 24.26 18.12 27.32
CPEy (F.s™Dx103) | 0.29 0.44 0.41 0.54
n 0.89 1 0.88 0.96

R (kQ) 1.72 7.95 4.91 9.42
Zy(Q) 64.9 109.7 47.3 106




J] Post- electrochemlcal analysis
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(d) under dark and (e) illumination.

K] Electrochemical analysis of asymmetric electrochromic supercapacitor device

(APSD)
0.06 0.08 (b) Light 18 (c)
0.006]
2\0.04 —0.04 §1.5 ‘
[ —0.06 mA/cm’
Eo0 209 =12 —0.08 mA/cm’
‘é 0.0 E 0.0 EO " — 0.1 mA/em’
E —10mVv/s |E0.02 —;8 I'n\//}s % ’ = 0.2 mA/cm
& —20mV/s |=.0.04 —20 mV/s
e85 —30mv/s [© —30mv/s |06
0.04 —40mV/s | -0-06 —40 mV/s
e —s50mVis | -0.08 —s0omvss | 03
-0.06LL 1 1 1 0.1k 1 1 1 ] 0.0
0.0 0.4 0.8 1.2 1.6 1.9 00 04 0.8 1.2 1.6 1.9 770 2 4 6 8 10 12 14 161
Potential (V) Potential (V) Time (s)
2000/ == Dark 200 =o— Dark
18 (d) (e) - ® —— Ligit
15 —0.06 mA/em’ | 1500 At 150f e
z —0.08 mA/cm’ |= e
= 12 — 0.1mA/em’ |E £
< 2
= = 0.2mA/cm” |2 1000 S 100
= 0.9 B CPE P
: v | ferboda b
e 0.6
500 S50
0.3
0.0 1 ] ] a ] 1
5 10 15 20 25 30 35 0 500 1000 1500 2000 0 50 100 150 200
Time (s) 7’ (ohm) 7’ (ohm)

Fig. S12 (a, b) Scan rate dependent CV curves, (c, d) current density dependent GCD curves,
and (e, f) Nyquist plots of the asymmetric electrochromic supercapacitor device under dark and
illumination.



L] Post-electrochemical analysis
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Fig. S13 Post stability (a) XRD patterns, FE-SEM images under (b) dark and (c) illumination,
(d) EDS spectra, and elemental mapping images under (e) dark and (f) illumination for the
BS16 electrodes of the asymmetric electrochromic supercapacitor device.

Table 3. Comparative electrochemical performances under illumination of photo-rechargeable
supercapacitors fabricated on FTO substrate reported in the literature.

Electrode Electrolyte Cs Eq and Py Stability | Ref
MABisly[MA;Bi, L CPH-G gel | 028 mF/em?@ | 0.04pWhicm2,| 94.79% | 2
0.01 mA/cm? 5.6 mW/ecm? | @5000
V,05/Zn0||V,05/ZnO PVA/KCI 15 pF/em? @ 1.8 nWh/cm?, 78% 2
0.2 pA/cm? 80 nW/em? | @5000
ZnO/Ag,S/ZnS/PEDOT||| PVP/[HEMIm] | 0.33 mF/em? @ - - 3
PEDOT [BF4] 4 uA/em?
ZnO||ZnO PVA/LIiCI 40 mF/g @ 78 mWhikg, | 80% | **
1.1 mA/g 4mWike | @3000
Zn0O/CdS||ZnO/CdS BMIMBEF, 22.1 yF/em? @ | 2.85 nWh/cm?,|  90% »
2 1 pA/em? 0.4 uW/cm? | @5000
Fe,0,/Ni(OH),/PW||CC IM KCI 2.16 mF/em? @ - - %
0.13 mA/cm?
V,05]|V,05 0.5 MK,SO4 | 122 mC/cm? @ 9.8 Wh/kg, 27
0.1 mA/cm? 29 W/kg
MoCo@BiVO,|MoCo@ PVA/KCI 16.3 mF/cm?@ - - 2
BiVO, 0.04 mA/cm?
Bi,S;@Sn0,|[PEDOT:PSS | 1M Na,SOy4 1.78 mF/cm? @ | 0.8 mWh/cm?,| 77.2% | This
0.06 mA/cm? 356 mW/cm? | @1000 | Work|




M] Electrochemical analysis of pristine PEDOT:PSS electrode in 3-electrode
configuration in 1M Na,SOy electrolyte
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Fig. S14 (a) CV profile BS16||PEDOT:PSS at 50 mV/s in 1M Na,SO, using 3-electrode
configuration, and (b) UV-Visible spectra and (c) corresponding electronic transitions of
PEDOT:PSS electrode.
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