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1. Materials and method
Materials

Lead (II) Bromide PbBr> (>98%, Sigma Aldrich), methyl ammonium bromide (CH3NH3zBr
99.6%, TCI Chemicals), Phenethyl ammonium bromide (>98%, Sigma Aldrich),
chlorobenzene (anhydrous 99.8%), Dimethylformamide (DMF, anhydrous >99.8%, Sigma-
Aldrich) , Poly-vinylidene fluoride (PVDF, Sigma-Aldrich) , Super P (carbon black,acetylene
, 100% compressed , 99.9%,Alfa Aeser) , and N-methyl-pyrrolidone (NMP , 99.9%, Sigma-
Aldrich) , Dichloromethane (DCM), Tetrabutylammonium tetrafluoroborate (TBATFA) were

used.
Electrolyte Preparation

To prepare the liquid electrolyte, we took 10 ml Dichloromethane (DCM) (anhydrous, >99.8%,
Sigma Aldrich) and transferred it into a vial. 329 mg of Tetrabutylammonium tetrafluoroborate
(TBATFA) was measured using a digital balance and added to the DCM. This mixture of DCM

and TBATFA was stirred.
Electrode Preparation and Electrochemical Characterization.

Using the vacuum oven, we synthesized 3D (CH3NH3zPbBrs) and 2D (PEA2PbBr4) single
crystals in a DMF solution. CH3sNH3sPbBr3 single crystal was synthesized using inverse
temperature crystallization and (PEA2PbBr4) single crystal growth was done using the slow
cooling method in which temperature was decreased from 60 °C to room temperature. Then
the solution was left at room temperature for a few days (4 days). Firstly, we ground the
single crystal of 3D and 2D separately for 40 minutes to make a homogeneous powder. Then
we mixed the 2D powder into 3D powder in different ratios. Four types of electrodes were
made by mixing these different dimensional single crystal powders. These electrodes are

named as DO (Pure 3D), D5 (5% weight mass of 2D in 3D), D10 (10% weight mass of 2D in
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3D), D20 (20% weight mass of 2D in 3D). Before preparing the electrode, we mixed these
synthesized single powders (75%) with activated carbon (Black carbon 10%) and
Polyvinylidene fluoride (PVDF) (15%). The PVDF was used as a binder. This mixer was
transferred in a vial of 5ml containing NMP (N-Methyl-2-pyrrolidone) and was stirred
magnetically for 10 to 12h to prepare the smooth and homogeneous slurry for the active
electrode. On a conducting graphite sheet, this slurry was uniformly coated by using a brush

and this coated electrode was annealed to vaporize the NMP solvent at ~80 °C for 3 h.
Material characterization

Carl Zeiss Ultra Plus Field-Emission Scanning Electron Microscopy (FESEM) was used to
measure the size of the crystallites of the powder of single crystals and to study the morphology
of the surface of the fabricated electrodes. The structural analysis was performed using an X-
ray diffractometer (XRD D8 Advance) with Cu K, radiation of wavelength 1.54 A and the
angle between the diffracted rays and incident rays were varied from 5—60°C in steps of 0.02°.

The crystallite size and micro-strain were determined from the XRD spectra of these powders.
Electrochemical characterization

All the electrochemical cell characterization such as cyclic voltammetry (CV) and
Galvanostatic Charge-Discharging (GCD) measurement of the devices was carried out on
Metrohm Autolab PGSTAT204 (100-200V) which was equipped with NOVA 2.1 software by
a typical three-electrode system : a reference electrode, counter electrode and a working
electrode (perovskite active electrode) where redox reactions take place. Using the same
equipment, electrochemical impedance spectroscopy (EIS) was carried out at zero bias vs
Ag/AgCl on both perovskite electrodes to better understand the electronic-ionic dynamics. By

using curve plotted by the data of CV, one can distinguish between the two types of capacitive
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behaviour (Faradic and Non-faradic) of the electrode. Ag/AgCl was used as a reference

electrode in 3M KCI and platinum was used as the counter electrode.

2. Calculations

2.1 The Specific capacitance (F g™) were calculated from the CV and GCD spectra using
the following relations

fidv
AV X vXm

Cs(F/g = (From the CV spectra) S1
fat

maAv

s = (From the GCD spectra) S2

2.2 The energy density and power density of photo-electrochemical cells were calculated

in the dark and under light according to following equations

E = —x C;(4V)? S3

p=

E
t

S4

Where, Csis the specific capacitance in the dark/light, [ i dV is the active area under CV
spectra, AV is potential window (V), v is the scan rate (mV s*) and t is the galvanostatic

discharging time and m is mass of the active material (g).

For the quantification of EDLC and diffusion limited processes, we have decoupled equation
2 into two parts according to following relation

1
ip = klv + ksz 85

For the analytical purposes, we can rearrange equation S5

i

=

1
= k1v5 + kz

N
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B-M Approximation-

Using the Nyquist plots one can find the value of the loss tangent using the following equation.

tan(®) = % (6)

The value of the ion-diffusion coefficient is found by using the equation given by B-M

approach:

Dion = 762 (")
Where, D is the diffusion ion coefficient and L is the thickness of the electrode on the
conducting graphite sheet. ..

The value of L was measured by the cross section FESEM image of the active electrode as

shown in Figure 2(f) was found to be ~5 pum.

The value of 8 is found by using the plot between tan (®) vs frequency by using the following

equation:

V5
tan(@)y = ®)

The Debye length was calculated using the following formulae:
A= (DionT2 )1/2 ©)

Where, A is the Debye-length, 12 is the time-constant which was calculated to the frequency

corresponding to the peak in the loss tangent curve between tan (®) vs frequency.

Under dark, the variation in the calculated value of the ion-diffusion coefficient for all devices

has been shown in the Figure S (15).
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Capacitance-frequency (C-F) analysis-

As a function of frequency (f), we can determine the real and imaginary values of capacitance
(C’ and C””) using the values of the real and imaginary (Z’ and Z’”) impedances. For this we

can use the following equations:

ZII
, — — ———————————
C' = nF |22 (10)
"o__ Zr
T 2mf|Z)2 (11)

Z is the resultant value of complex impedance in Qs.

Z=J(Z)+ (Z")? (12)

We measured the CV of all electrodes in dark and illuminated conditions at different scanning

rates ranging from 5 to 160 mV s™.
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Figure S1: The XRD pattern of perovskite powder with different mass % of 2D-perovskite in 3D

perovskite.
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Figure S2: W-H plots of the as prepared powder of (A) pure MAPDbBr3 (B) pure (PEA).PbBrs powder

(C) D5 (5% 2D perovskite) (D) D20 (20% 2D perovskite)
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Figure S3: Comparison between the (A) Crystallite size and (B) Micro-strain calculated by the W-H

plots for the powder of all samples.
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Figure S4: Top view FE-SEM images of the electrodes of (A & B) pure MAPbBTr3; (DO) electrodes and

(C & D) pure (PEA)2PbBr4 (D100) electrodes showing no flakes formation.
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Figure S5: Schematic Diagram of the setup of electrochemical measurements.
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Figure S6: CV responses in dark conditions for all D-samples. CV curve at scan rate of 5mV/s for

(A) Pure bulky 3D device (D0) (B) 5% mass of 2D in 3D (D5) (C) 10% mass of 2D in 3D

(D10) and (D) 20% mass of 2D in 3D (D20). Scan rate = 5 mVs™. The value of the specific

capacitance (Cp) calculated by the GCD curves are shown for all samples.
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Figure S7: CV responses in dark conditions for all D-samples. CV curve at scan rate at different
scan rates varying from 5mV/s to 160mV/s for (A) Pure bulky 3D device (DO0) (B) 5% mass of

2D in 3D (D5) (C) 10% mass of 2D in 3D (D10) and (D) 20% mass of 2D in 3D (D20).
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Figure S8. Electrochemical cell performance for all electrodes, (A) The variation of specific

capacitance (Cs) all D-samples under dark condition with the discharging current 0.3 mA, 0.8

mA and 1 mA. (b)The variation in the calculated values of the (B) specific capacitance with

the different discharging current (C) The areal capacitance (Ca) for the all D-samples at 5mVs

Lin dark using CV curve. (D) The areal capacitance for all the D-samples at different voltage

scan rates under dark conditions.
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Table S1: The various parameter of the all D- samples in the dark-condition.

Parameters DO D5 D10 D20
Areal Capacitance 40.2 mFem?  47.2 mFem? 45.2 mFem™? 21.4mFem
Specific Capacitance 30.92 Fg'! 68.4 Fg'! 452 Fg'! 15.2 Fg'!
Specific Energy Density 9.6 Whkg'! 2137 Whkg!  14.12 Whkg! 4.7 Whkg'!
Specific Power Density @ 0.8 mA cm-2 461.5 Wkg!  869.5 Wkg'! 600 Wkg'! 407 Wkg'!
Cyclic Stability - 90% 94% 97%

Table S2: The various parameter of the all D- samples under illumination.

I o - -

Areal Capacitance 45.6 mFem?  50.0 mFem 75.8 mFem? 18 mFem?
Specific Capacitance 35.07 Fg! 72.4 Fg! 75.8 Fg! 12.85 Fg!
Specific Energy Density 10.96 Whkg! 22.64 Whkg'!  23.68 Whkg!  4.01 Whkg'!
Specific Power Density @ 0.8 mA cm-2 461.5 Wkg!  869.5 Wkg'! 600 Wkg! 407 Wkg!
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Figure S9. GCD curve for the D5 sample under dark and illuminated conditions
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Figure S10. (A) Specific capacitance and (B) energy density measured by GCD curves under

dark-conditions for all D-samples (C) Energy density and specific capacitance and (D) The

specific capacitance under dark and illuminated condition.
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Figure S11. The comparison between the all samples and their values of (A) specific
capacitance @0.3mA (B) energy density @0.3mA and (C) power at the discharging current
@0.8mA . The variation in the (D) specific capacitance, (E) energy density @0.3mA and (F)

power density @0.8mA with the different discharging current.
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Figure S12. The comparison of the photo-potential under the two different sources (1% source
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electrode.
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405nm) between the photo-chargeable ion capacitor based on pure 3D perovskite material (DO)

and 2D/3D heterostructure based electrode.
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Figure S14. Electrochemical impedance spectroscopy (EIS) Nyquist plots under dark (black)
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under dark and illuminated condition for the sample (A) DO, (B) D5, (C) D10 and (D) D20.
The value was calculated using the EIS curved which was performed at 0 V bias under dark
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Figure S18. Real part of capacitance (C’) versus frequency calculated from EIS spectra for
Devices DO (A), device D5 (B), device D10 (C), device D10 (D), under dark (black) and
illuminated condition (red). The imaginary part of capacitance under dark and illumination for

device DO (E), and for device D10 (F) at various scan rates.

These all devices demonstrate that C' is very low at higher frequencies, indicating that there
is no energy storage at these frequencies. The real part of the capacitance starts to rise from
mid to low frequencies and rises quickly until it approaches 0.01Hz, when it achieves its
maximum value. The increase in the real part of the capacitance is directly attributed to the
storage of energy in the device. The variation in the real part of the capacitance for the device
D10 also illustrates the higher specific capacitance under illumination. It is shown in Sl
Figure S18(A), C’ is increased from 7.2 pF (in Dark) to 8.2 uF (Under Illumination) for DO
device but it has been increased from 6.5 pF (in Dark) to 8.2 puF (Under Illumination, ~26%)
for the device D10 at 0.01Hz shown in SI Figure S18(C). Consequently, we can conclude
that D10 has shown the greatest increment under illumination, as shown by the CV curve. By

looking at the curve between imaginary capacitance (C") vs frequency it can be seen in the

S25



curve that C" began to increase at a higher frequency under illumination than that under
darkness for the device DO and D10, as shown in Sl Figure S18(E & F). So, it can be
concluded that device D10 start to store the charge at low frequency under illumination than

in the dark.
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Figure S20. X-ray photoelectron spectroscopy for powder of pure 3D (MAPbBr3) and
2D ((PEA)2PbBr4) perovskite for Pb 4f (A and B) and Br 3d (C and D).

We have performed XPS measurements on 2D and 3D perovskite materials to look at potential
differences in the chemical environment and valence state of the pure 3D perovskite and 2D
perovskite powder. An orbital splitting difference of around 4.82 eV was seen in Pb 4f spectra,
where Pb 4fs;and Pb 4f7,are aligned at 141.1 eV and 136.28 eV, respectively directly correlate
to Pb?" cations for 3D and 2D based perovskite powder which signifies that there is no
significant change in the spectra of Pb 4f due to the change in the dimension of the perovskite

material. We can conclude that the physical mixing of the 2D perovskite material in 3D
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perovskite material does not change the binding energy of the Pb. Additionally, orbital splitting
of Br 3ds;2 (66.2 eV) and Br 3ds2 (67.28 eV) for MAPbBr3 have been discovered in Br 3d
core-level spectra. Similarly, the Br 3d spectrum peak in 2D perovskite powder was observed
in the same position without changing in the binding energies, showing that physical mixing in
the 3D/2D based materials did not change the chemical environment of [PbBr6]™* octahedra

and the Pb-Br interactions.

S29



Calculation:

The following equation may be used to determine the photo-charge conversion efficiency (n)

for the electrode containing 2% carbon when a light source with a power of 70 mW cm=2 at a

wavelength of 405 nm is used:

E
n=-2T «100%
EIN

E,xXm

= x 1009
U Py X discharging time(t) x Area(cm?) /o

For DO- Electrode:

_ Cx(AV)? .

Energy density = s = 4.699 W h Kg
4699 x 0.001 x 3600 « 100%
T T 70x 1149 x 1 °

7= 0.021% = ~0.02%

For D10 — Electrode:

_ Cx(AV)?
Energy density = —, = 6.33 W h Kg*
_ 6.33 X 0.001 x 3600 % 100%
T T70x 1196 x 1 0

7= 0.028% = ~0.03%
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Where, Em (=4.699 W h kg for DO and 6.33 W h kg for D10) and m (=1 mg) are the

energy density and active mass of the photo-ion capacitors. P is the power/intensity (70

mW cm) of the illuminated light. t is the discharging time in the light which is 1149 sec and

1196 sec for DO and D10, respectively at 50 mA g and the active surface area of the

electrode was 1cm?.

Table S3: Comparison of the photo-voltage and photo-charge conversion

efficiency of our work with perilous photo rechargeable/integrated energy

storages devices.

Photorechargeable
energy storage device

LiFePo4/N719- dye//Li-
batteries

2D Halide
perovskite//Li-batteries

V,0s//Li-batteries

VO,/Zn0//Zn-batteries

VO,//Zn-batteries

MoS2/Zn-batteries

AC/V,0s zinc ion
capacitors

ITO BR/P3HT based
Photorechargeable
supercapacitors

Photovoltage

response

3.65V

3.0V

2.82V
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