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Experimental section

The preparation of the FTO/meso-TiOx/nano-CsPbBr; PEC electrode: Fluorine-doped tin oxide-

coated (FTO) glasses (1.0 x 3.0 cm?, Pilkington TEC15, ~15 Q/cm) were cleaned with soap water

solution and sonicated sequentially in acetone and 2-propanol solvents for 10 min each. After that,

the substrates were dried with air gun and completed with a UV-O; treatment for 15 min. For the

compact TiO, layer, 0.2 M Ti-precursor solution was prepared by diluting titanium

diisopropoxidebis(acetylacetonate) in 1-butanol (Sigma-Aldrich, 99.8%) and spin coated with 100

ML of the solution at 2,000 rpm for 30 s. The films were heated slowly up to 500°C and kept for

another 30 min. The meso-TiO, layer was spin-coated using diluted TiO, paste (a 1.0 g of 30NR-

D TiO, paste from great cell was dissolved in 3.0 ml, 2.5 ml and 2.0 ml of ethanol, respectively)
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at 1,000 rpm for 25 s and annealed at 500°C for 30 min. The CsPbBr; perovskite nanoparticles

were formed on the surface of TiO, particulate films directly using a two-step spin-coating method

as shown in Figure 1a. For the first step, lead-precursor solution was prepared by mixing 0.3 M

lead( II ) bromide (PbBr,, TCI, 98.0%) and 0.3 M 4-fert-butylpyridine (tBP, Sigma-Aldrich, 98%)

in N,N-dimethylformamide (DMF, Sigma-Aldrich, 99.8%) and then 100 pL of the solution was

dropped over the FTO/meso-TiO, electrode and spin coated at 4,000 rpm with 400 rpm/s

acceleration for 40 s and dried at 70°C for 5 min. For the second step, 0.03 M cesium bromide

(CsBr, Sigma-Aldrich, 99.999%) was dissolved in methanol (Sigma-Aldrich, 99.8%) and 500 YL

of the CsBr solution was dropped on the PbBr,-deposited electrode while the electrode was spun

at 2000 rpm. Then, the film was annealed at 280°C for 3 min. All deposition processes were carried

out in the air, and the active area was 1.0 cm?.

Atomic layer deposition of aluminum oxide (AL,O3): The Al,O; thin layer was deposited on the

meso-TiO,/nano-CsPbBr; coated electrode by a commercial atomic layer deposition (ALD)

machine (AT-410, Anric Technologies) with trimethylaluminum (TMA) and water (H,0) as the

precursors. The precursors were maintained at room temperature and carried to a preheated (150°C)

reaction chamber with a constant N, flow of 29 sccm. For each ALD cycle, the process consisted



of 3 pulses of TMA, 11 s of N, purge, 2 pulses of H,O and 13 s of N, purge was conducted. A

0.91 A thick Al,O; layer was deposited for each cycle. The highest performance was obtained with

3 cycles.

The fabrication of MAPbI;-based minimodules: The mini-module was fabricated with the

architecture observed in Figure S7. The FTO glass (2.5x 2.5 cm?, Pilkington TEC15, ~15 Q/cm)

was patterned with a glasscutter to remove the FTO coating for the P1 connection. Then, the

patterned substrate was cleaned with deionized water, acetone, and ethanol in an ultrasonic cleaner

for 15 min for each solvent. After being dried by air flow, the substrate was put in an UV-Oj3 for

15 min to remove organic residues. For the electron transport layer, SnO, was deposited by spin-

coating the dissolution of SnO, 3% from colloid precursor (Alfa Aesar, 15% in H,O colloidal

dispersion) at 3,000 rpm for 30 s, and the film was heated at 150°C for 30 min. The electrode was

exposed to UV-O; for 20 min before MAPDI; perovskite deposition. The MAPDbI; perovskite

solution was prepared by weighting methylammonium iodide (MAI, Greatcellsolar, 98%) and lead

iodide (Pbl,, TCI, 98%) at 1.4 M concentration and dissolving the precursors in 4:1 DMF:DMSO

(v;v). To deposit the perovskite on the substrate, 80 puL of the perovskite solution was spin-coated

at 4,000 rpm for 40 s, and then annealed the perovskite film at 130°C for 10 min. For hole



transporting layer, a spiro-OMeTAD solution was prepared by diluting spiro-OMeTAD (Feiming

chemical limited, 99%) in chlorobenzene (CB, Sigma-Aldrich, 99.8%) (85.5 mg/mL) doped with

28.8 L of tBP and 17.8 pL of lithium bis(trifluoromethylsulfonyl)imide (Li-TFSI, Sigma-Aldrich,

99.95%) stock solution (the stock solution was made by dissolving 520 mg of Li-TFSI in 1mL of

acetonitrile (Sigma-Aldrich, 99.8%)), and spin-coated at 4,000 rpm for 20 s onto the top annealed

perovskite layer. After that, the P2 connection was performed with enough power to avoid the FTO

suppression. Finally, Au electrode with a thickness of 80 nm was deposited by thermal evaporation

and the P3 connection was conducted manually using a cutter. The total active area was 2.4 cm?,

Photoelectrochemical characterization of CsPbBr;-based photoanode: To optimize the CsPbBrs;-

based photoanode electrode, linear sweep voltammetry (LSV) and chronoamperometry (CA)

measurements were conducted in various conditions with a three-electrode configuration using an

Autolab Potentiostat/Galvanostat. A non-aqueous Ag/Ag* electrode (ALS, Japan) and a platinum

(Pt) wire were used as reference and counter electrode, respectively. The meso-TiO,/nano-

CsPbBr;-based photoanode with/without Al,O; ALD was used as the working electrode. The

supporting  electrolyte was prepared by dissolving 0.1 M tetrabutylammonium

hexafluorophosphate (BusNPFg, Sigma-Aldrich, 99%) in dichloromethane (DCM, Sigma-Aldrich,



99.8%). The desired concentration of 2-mercaptobenzothiazole (MBT, Sigma-Aldrich, 97%) was

added to supporting electrolyte, but the concentration of MBT was 0.05 M unless otherwise

specified. Electrodes were front-side illuminated with a Xe lamp (Oriel 300W) at standard 1 sun

(100 mW/cm?) except for the experiment comparing front and back side illumination. The scan

rate was 10 mV/s.

Current density-potential (J-V) curves of MAPbIs-based mini-module and CsPbBr;-based

photoanode: J-V curves of both devices were obtained using the same potentiostat (Autolab

Potentiostat/Galvanostat) under standard AM 1.5G illumination simulated with a Xe lamp (Oriel

300W). For the mini-module, J-V curves were measured in two different ways depending on the

configuration of tandem device. In the case of mode S (Figure 4a), meso-TiO,/nano-CsPbBrj; film

was placed in front of the mini-module to simulate mode S, and then a mask which has the same

active area (1.0 cm?) with meso-TiO,/nano-CsPbBr; PEC cell was also put between the meso-

TiO,/nano-CsPbBrj; film and mini-module. To maintain the high voltage of the mini-module, the

mask had to be positioned so that light could be irradiated on all three solar cells of the mini-

module. In order to compare the performance of mini-module with/without CsPbBr; filter, the J-

V curve of mini-module without the filter was also obtained with the mask. In the case of mode P



(Figure 4d), J-V curve of mini-module was collected without mask and CsPbBr; filter because

light of the same intensity was incident on both devices. The active areas of CsPbBr; photoanode

and mini-module were 1.0 and 2.4 cm?, respectively. For J-V curves of CsPbBr;-based photoanode

with/without 3 cycles of Al,O; ALD, the electrode was front-side illuminated, and the

measurements were carried out in the electrolyte of 0.1 M BuyNPF¢ and 0.05 M MBT in DCM

with a two-electrode configuration using Pt wire as a counter electrode. The scan rate of both

devices was 10 mV/s.

Photoelectrochemical measurements in the tandem device: CA measurements of tandem device

were done in two configurations with the same potentiostat and Xe lamp as the ones used for

measuring the J-V curves. However, the connection between CsPbBr; PEC system and mini-

module was the same regardless of the illumination mode. The CsPbBr;-based photoanode was

connected to the (+) of mini-module, and the (-) of mini-module was connected to Pt wire of PEC

system through the potentiostat. Photocurrent was recorded under chopped standard AM 1.5G 1

sun illumination. For mode S, CA was measured by positioning the CsPbBrs-based photoanode,

mask, and mini-module in a straight line so that light could pass through them as shown in Figure



4a. In the case of mode P, CA was obtained by placing the PEC cell and mini-module parallel to

the light without mask as shown in Figure 4d.

General characterization: The morphology of the photoanode films and the thickness of meso-

TiO; films were analyzed with scanning electron microscopy (SEM, JEOL JSM7001F). The field

emission transmission electron microscopy (FE-TEM) image was obtained with a Hitachi HF-

3300. The absorbance and transmittance of CsPbBr3/Al,O5(0) and CsPbBri/Al,O5(3) were

measured on a Varian Cary 300 Bio spectrophotometer. Absorbance measurement was also

conducted to check the degradation of MBT after stability test with/without stirring. For this, the

initial 0.05 M MBT was diluted to 0.05 mM with the solution of 0.1 M BusNPF¢ in DCM, and the

electrolytes taken after the stability test were also diluted in the same way. X-ray diffraction (XRD)

patterns of samples were obtained on a Bruker-AXS D4 Endeavor diffractometer with Cu Kq

radiation source (A = 1.54056 A). The surface chemical state of the samples was estimated by X-

ray photoelectron spectroscopy (XPS, ESCA-2R, Scienta-Omicron) using monochromatic Al Ka

(1486.6 eV) radiation. The binding energy scale was referenced to adventitious carbon (284.8 eV).

CasaXPS processing software (Casa software Ltd) was used to analyze the data.



Table S1. The photocurrent density of the meso-TiO,/nano-CsPbBr; electrodes as a function of

the concentration of MBT in the electrolyte at 0.8 V (V vs. Ag/Ag").

From now on, all the summarized photocurrent in the tables were obtained using three electrodes

for each condition to ensure reproducibility.

0.00M 0.03M 0.05M 0.07M
Sample
(mA/cm?) (mA/cm?) (mA/cm?) (mA/cm?)
1 0.33 2.11 2.40 1.79
2 0.21 2.03 223 1.61
3 0.21 1.90 2.38 1.78
Average 0.25+0.06 2.01x0.09 2.34+0.08 1.73x0.08
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Table S2. The photocurrent density of the meso-TiO,/nano-CsPbBr; electrodes comparing front

and back side illumination at 0.8 V (V vs. Ag/Ag™).

Front illumination Back illumination
Sample
(mA/cm?) (mA/cm?)
1 2.40 2.07
2 2.23 2.28
3 2.38 1.89
Average 2.34+0.08 2.08+0.16
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Figure S2. (a) LSV of meso-TiO,/nano-CsPbBr; electrodes prepared with various TiO, pastes

diluted in different volumes of ethanol. (b) The thickness of meso-TiO, film depending on the

diluted TiO; pastes in different volumes of ethanol.
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Table S3. The photocurrent density of the meso-TiO,/nano-CsPbBr; electrodes with different

cycles of Al,O3; ALD at 0.8 V (V vs. Ag/Ag™).

Sample O cycle 1 cycle 2 cycles 3 cycles 4 cycles
(mA/cm?) (mA/cm?) (mA/cm?) (mA/cm?) (mA/cm?)
1 2.40 2.64 2.83 3.06 2.79
2 2.23 2.44 2.85 3.01 2.70
3 2.38 2.56 3.02 3.00 2.65
Average 2.34+0.08 2.55+0.08 2.90+0.09 3.02+0.03 2.71£0.06
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Figure S3. XPS analysis of the CsPbBr3/Al,05(0) (black) and CsPbBrs/Al,O3(3) (red) films. The

dashed lines show the fitted curves for each element.
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The XPS spectra of Al 2s were reported instead of the Al 2p due to its overlapping with
Cs 4d peaks. The O 1s core levels were fitted with several peaks: Peaks 1 and 2 could be
from Ti-O and Al-O, respectively. Peak 3 could be related to the environmental conditions
during the measurement. And peak 4 could be observed by oxygen bounded with materials
used in the Al,O3 ALD process. The clear peaks 2 and 4 were observed for CsPbBr3/Al,03(3)

film but not for CsPbBr3/Al,O5(0).
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Figure S4. CA of the CsPbBri/Al,05(0) and CsPbBrs/Al,03(3) photoanodes at 0.8 V (V wvs.

Ag/Ag*) under chopped AM 1.5G (100 mW/cm?) illumination.
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with and without stirring during the stability test for 30 min (the initial MBT concentration of 0.05
M in the electrolyte was diluted to 0.05 mM, and the electrolytes after the stability test were diluted
in the same scale). (c) The stability test of Figure 3d for extended time to 30 min. (d) CA with and
without stirring during the stability test of CsPbBr3;/Al,05(3) electrode in the electrolyte including

0.05 M or 0.08 M MBT. The CA measurements were conducted at 0.8 V (V vs. Ag/Ag*) under

standard AM 1.5G irradiation.

(a) 7 ®)

(2) After stability test
(202) with stirring Stabili'ty
..L.___...—LJLJUL—“Jl A test for

Intensity (a.u.)

(1) FTO/TiO,/ 2 Sk i
l
(o) (119 (200) CsPbBr,/ALO.E) R —— with
% A sPbBrs/Al,04(3) stirring

20 (degree)
Figure S6. (a) XRD pattern change of FTO/TiO,/CsPbBr3/Al,O; photoanode after the stability test
with stirring for 30 min in the electrolyte containing 0.05 M MBT [asterisk marks in the lower part
(1) show the main peak of CsPbBr; XRD data before the stability test while some peaks marked

with red squares are from CsPb,Brs! in the upper part (2) after the stability test] and (b) photos of

electrodes used before and after stability test.
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Figure S7. (a) Cross view of mini-module connections. (b) Front view of mini-module with a total

active area of 2.4 cm?.
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Table S4. Summary of PEC systems for organic pollutant degradation.

Photoelectrode for PEC Photocurrent
PEC reactions References
reactions (mA/cm?)
Meso- 2-mercaptobenzothhiazole
~3.0 current work
TiO,/CsPbBr3/Al,O4 (MBT) oxidation
4-methylbenzyl alcohol
AL O3/ITO:*NCNCN ~1.4 (D)
oxidation
TiO, Acid orange 7 oxidation ~0.06 2)
Bi,WQOg nanoplate Rhodamine B oxidation ~2.5 3)
TiO, nanotubes Atrazine oxidation ~0.38 4
BiO,-TiO,/Ti Phenol oxidation ~0.25 %)

*NCNCN,: cyanamide-functionalized carbon nitride

Table S5. A summarizing table of recent PEC reactions based on perovskite-modified electrodes.

PEC Contact Cell
i Preparation Sty
applications Elecuaceptpetaxs e on Performa Referenc
method of Stability
& used ) nce es
to a target chemical perovskites layer
reaction e measured
~60%
Meso- Nano- 2-step ~3
maintain
Pollutant oxidation | TiO, film CsPbBr; mA/cm? current
Spin-coating | ALO, ed
(MBT) (~1.6 (separate (in-situ (under work
after 30
pm) sensitizer) formation) 1sun) )
min
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Nano-
~80%
CsPbBr; Hot- ~0.15 o
maintain
Pollutant oxidation | Compact injection mA/cm? q
TiO, (making a ¢ (6)
(MBT) layer connected ((:01101dal1 (under after 2
) nanocrystal) 1sun)
film, ~60 nm y min
thick)
Nano-
~80%
Oxidation of benzyl CsPbBr; Hot- ~0.04 maintain
alcohol (BzOH) to Compact injection mA/cm? q
TiO, (making a - © (7
benzyl aldehyde .
layer connected (colloidal (under
(BzCHO) fil 60 nanocrystal) 1sun) after 2
ilm, ~60 nm min
thick))
Photodegradation Meso- Nano- Photocatalyti ~0.04
of organic TiO, film CsPbBr; ¢ two-step mA/cm?
compound method (in- - - ®)
(~5.0 (separate situ (under
(curcumin) pm) sensitizer) formation) 1sun)
Meso-
carbon
layer ~58%
(~20 maintain
Bulk Zstep ~23 d af
ulk- m ’ ed after
Compact deposition ! 2
CsPbBr; thick) | ™A™ | 34 hours
H,O oxidation TiO, (~50 process d ) ©)]
~50 nm an in an
layer (spin-coating (under
thick) graphit 1 alkaline
and dipping) sun)
e sheet electrolyt
(~25 e
pm
thick)
Space- ~78%
Synthesis of Compact P
MAPbBr; limited Al O3/ ~7.8 maintain
dimethoxydihydrof TiO, inol (10)
| single- crystallizatio Ti mA/cm? | ed after 6
uran ayer '
Y crystal film n method hours
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(~14 pm (under
thick) 1sun)
Nano-
Hot- ~7.0 ~90%
CO, CsPbBr; injection Ni(tpy) | mA/cm? maintain
FTO (11)
reduction (making a (colloidal catalyst | (under ed after
connected nanocrystal) 1sun) ~2 min.
film)
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