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Supplementary Fig. S1. Absorbance spectra of perovskites (a) (MBA-2D).PbBrs, (b) (NEA-

2D)-PbBr4, and (c) (BA-2D).PbBrs on FTO substrate. MBA, a-methylbenzylamine; NEA, 1-
(2-naphthyl) ethylamine; BA, sec-butylamine.



Supplementary Note 1. Measuring the anisotropy of the spin-dependent current via
magnetic conducting probe atomic force microscopy (MCP-AFM).

Co-Cr-coated
up-magnetized tip

iH vt

Chiral materials

[aba AW ATA
N

PO,

Supplementary Fig. S2. A schematic illustration of mCP-AFM measurements under an up-
magnetized field for spin polarizability calculations.

As adapted from a previous report,? the spin-dependent current developed by the 2D chiral
lead halide hybrid perovskites (OIHPs) was measured using mCP-AFM with a pre-
magnetized Co-Cr-coated tip (Supplementary Fig. S2). The anisotropy of the spin-dependent

current represents the spin-polarization degree (Pv), defined as follows:

Py = el 100%, (S1)

downTLup
where lgown and lyp are the measured spin-dependent currents at specific voltage V when the
tip is pre-magnetized with down and up field orientations, respectively. The calculated spin-
polarization degree by the 2D chiral OIHP thin films clearly demonstrates their spin-

dependent current behavior according to the handedness of the chiral organic molecule.



a 100 100 100

—— Down —— Down ——Down
—Up —Up —Up
50 50+ 50+
3 =3 3
£ £ £
- or - or - 0r
c [ o c
L F L g
5 5 5
O O b O
-50 | -50 ¢ -50 +
¥ S-MBA 2D [ rac-MBA 2D R-MBA 2D
P, =71.30% P =4.31% P.;, = 64.09%
-100 . . . -100 . . . -100 . . .
-5.0 -25 0.0 25 5.0 -5.0 -25 0.0 25 50 -5.0 -2.5 0.0 25 5.0
Bias (V) Bias (V) Bias (V)
b 100 100 100
—— Down —— Down ——Down
—Up —Up —Uup
50 - 50+
< < <
£ £ £
- 0F - - 0r
c c C
p F g g
5 5 5
(@] (@] Q
-50 F 50+
S-NEA 2D rac-NEA 2D R-NEA 2D
- P, = 75.53% P, = 4.99% P, = 71.45%
_100 1 L 1 _100 L L 1 _1 00 L 1 L
-5.0 -2.5 0.0 25 5.0 -5.0 -2.5 0.0 25 5.0 -5.0 -2.5 0.0 25 5.0
Bias (V) Bias (V) Bias (V)
100 100 100
Cc —— Down —— Down ——Down
—Up —Up
50 50+
< < <
£ £ £
- OF - - 0t
c r o c
L L g
5 5 5
O O O
50} -50 ¢
S-BA 2D 2 rac-BA 2D R-BA 2D
. P.;, = 66.26% P, =3.92% P.;, =62.80%
-100 . . . -100 . . . -100 . . .
-5.0 -25 0.0 25 5.0 -5.0 -25 0.0 25 50 -5.0 -2.5 0.0 25 5.0
Bias (V) Bias (V) Bias (V)

Supplementary Fig. S3. Spin-dependent current values for the (a) MBA-, (b) NEA-, and (c)
BA-based 2D chiral OIHPs coated on fluorine-doped tin oxide (FTO) substrates depending
on the chirality (S-/rac-/R-configuration) measured using mCP-AFM with a pre-magnetized

Co-Cr-coated tip.
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Supplementary Fig. S4. A schematic of the fabrication of the ultra-thin 2D chiral 2-
NEA2PbBr4 films (NEA 2D OIHP) on top of a 3D (FAPDI3)o.95(MAPbBr3)o.05 film. The NEA-
Br chiral cation salt-based molecular ink was spin-coated onto the 3D OIHP layer at 6000
rpm for 30 s. Subsequent annealing at 120 °C for 3 m enabled the formation of the NEA-
based 2D chiral OIHP.



Supplementary Fig. S5. 2D X-ray diffraction spectra with general area detector diffraction
system (2D GADDS XRD) of (a) 3D OIHP, (b) BA 2D/3D OIHP, (c) MBA 2D/3D OIHP,
and (d) NEA 2D/3D OIHP on FTO substrates conducted with 70° <y < 110°.
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Supplementary Fig. S6. Surface scanning electron microscopy (SEM) images of (a) 3D
OIHP and (b) NEA 2D/3D OIHP on a silicon dioxide (SnO2)/FTO substrate. The cross-
sectional SEM images of (c) 3D OIHP on a SnO2/FTO substrate. The cross-sectional
backscattered SEM images (COMPO mode) of (d) 3D OIHP and (e¢) NEA 2D/3D OIHP on a
SnO2/FTO substrate.
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Supplementary Fig. S7. Topography and surface roughness of the 3D OIHP and NEA-based
2D/3D OIHP films obtained via AFM measurements.
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Supplementary Fig. S8. (a) A cross-sectional transmission electron microscopy (TEM)
image of the 88 vol% spiro-MeOTAD:12 vol% P3HT (poly(3-hexylthiophene-2,5-diyl) hole
transport layer (HTL)/2D NEA2PbBr4/3D (FAPDI3)o.905(MAPDBr3)o.05 structure. (b) A high-
resolution (HR)-TEM image of the orange box in (a) of the 3D OIHP with the lattice fringe
and diffraction pattern enhanced via fast Fourier-transform (FFT) and (c) the corresponding
selected area electron diffraction (SAED) pattern showing the reciprocal lattices of the 3D
OIHP. (d) An HR-TEM image of the HTL/NEA-2D/3D OIHP interface (white box) as well
as the related lattice fringes and diffraction patterns enhanced via FFT and (e) a SAED
pattern of the corresponding area involving the reciprocal lattices of the NEA 2D chiral OIHP
and the 3D OIHP.
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Supplementary Fig. S9. Calculation of the full-width half the maximum intensity (FWHM)

of S-NEA 2D OIHP films from the FFT of white region in Supplementary Fig. S8d.
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Supplementary Fig. S10. The spin-dependent current generated in the R-NEA

2D/3D/Sn02/FTO structure measured by using mCP-AFM with a pre-magnetized Co-Cr-
coated tip.
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Supplementary Fig. S11. The spin-dependent current generated in the HTL/S-NEA
2D/3D/SnO2/FTO device with an HTL comprising various volume ratios of spiro-

MeOTAD:P3HT (i.e., (a) S100:P0, (b) S92:P8, (c) S88:P12, (d) S84:P16) measured using
mCP-AFM with a pre-magnetized Co-Cr-coated tip.
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Supplementary Fig. S12. Spin-dependent current generated of Ni/Ketjen/S88:P12/NEA
2D/3D OIHP in which various configurations of NEA were utilized: (a) S-NEA 2D, (b) R-
NEA 2D and (c) rac-NEA 2D. mCP-AFM was measured in the range from —10 to 10 V.
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Supplementary Fig. S13. (a) Photograph of photomask with an area of 0.06 cm? to define
the light absorption area. Linear sweep voltammetry (LSV) curves of (b) S-NEA 2D/3D
OIHP, (c) R-NEA 2D/3D OIHP, and (d) rac-NEA 2D/3D OIHP photoanodes with various
spiro-MeOTAD:P3HT volume ratios in a K-Pi electrolyte (pH 6.5) under 1 sun illumination.
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Supplementary Fig. S14. (a) Ultraviolet photoelectron spectra for the
(FAPDI3)o.95(MAPbBr3)oos 3D OIHP, (S-/rac-NEA).PbBrs 2D OIHP, and spiro-
MeOTAD:P3HT obtained using He | radiation at 21.21 eV. (b) Eedge and (C) Ecutoff tO

calculate the band energy position of valence band maximum and Fermi energy level.
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Supplementary Note 2. Methodology of UPS spectra analysis.
Firstly, Supplementary Fig. S14b depicts the valence-band edge (Eedge) for each material,

which represents the difference between valence band maximum (Evem) and Fermi energy
level (Er). Using the Eeqge Value, the definite VBM level of the sample was calculated as
follows:

Evem = Er — Eedge (S2)
The secondary-electron cutoff (Ecutorr) Obtained via extrapolation to the linear part of the
binding-energy edge is shown in Supplementary Fig. S14c. The Er of each material was
calculated using the following equation:

Er = Ecutofr — 21.21 eV (under He | radiation) (S3)
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Supplementary Fig. S15. Band alignment of Ni/S88:P12/NEA 2D/3D/SnO> configuration

for (a) pre-equilibrium state and (b) equilibrium state.
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Supplementary Fig. S16. As the concentration of organic S-NEA cation increases (from 2.5
to 7.5 mgq), it is possible to control the thickness of S-NEA layer on top of the 3D OHIP.
LSV curves of S-NEA/3D photoanodes as a function of the thickness of S-NEA layer under 1

sun illumination in a K-Pi electrolyte (pH 6.5) with an area of 0.06 cm?.
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Supplementary Fig. S17. Schematic illustration of the 3D OIHP photovoltaic cells
configuration (a) with or (b) without NEA 2D OIHP. (c) J-V curves and photovoltaic
parameters of the champion PV cells based on the 3D, rac-NEA 2D/3D, R-NEA 2D/3D, and
S-NEA 2D/3D OIHPs.
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Supplementary Fig. S18. Statistical distribution of the photovoltaic parameters for the 3D,
rac-NEA 2D/3D, R-NEA 2D/3D, and S-NEA 2D/3D based PV cells.
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Supplementary Fig. S19. lllustrations of (a) front-excitation in which photon is injected into
the NEA 2D/3D interface and (b) back-excitation which is an opposite illumination as
compared to the front-excitation. (c) Steady-state photoluminescence (PL) measurements of
3D OIHP, S-NEA 2D/3D OIHP, and rac-NEA 2D/3D OIHP films on soda-lime glass (SLG)
under back-excitation conditions without a quencher.
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Supplementary Fig. S20. Time-resolved PL spectra of 3D, S-NEA 2D/3D, and rac-NEA

2D/3D films on soda-lime glass (SLG) measured without a quencher.
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Supplementary Table. S1. TRPL fitting data of the fast (t1) and slow (t2) lifetime
components and weight fraction (A) obtained using a biexponential model for the OIHP on
the SLG samples.

A1 (%) 71 (NS) Az (%) 12 (NS)
3D 36.93255 0.82 63.06745 3.33
S-NEA 2D/3D 59.39655 0.83 40.60345 4.53
rac-NEA 2D/3D 59.81247 0.83 40.18753 4.43
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Supplementary Fig. S21. Enantioselective synthesis of the nickel-iron oxyhydroxide
NiFeOOH (NF) catalysts using meso-/L-/D-TA and SEM images of (a) meso-NF and (b) L-
/D-NF on Ni foam.
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Supplementary Fig. S22. An SEM image and corresponding EDX elemental mapping
images of Fe, Ni, and O in L-NiFeOOH on Ni foam.
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Supplementary Fig. S23. (a) XRD and (b) Raman spectra of L-NiFeOOH on Ni foam. And
XPS spectra of L-NiFeOOH and meso-NiFeOOH: deconvolution of the (c) Ni 2p, (d) Fe 2p,
and (e) O 1s regions.
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Supplementary Fig. S24. Circular dichroism (CD) and absorbance spectra of the L-/D-

/meso-NF catalysts on FTO substrates.
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Supplementary Fig. S25. Spin-dependent current behavior depending upon a pre-

magnetization direction of tip for (a) D-NF, (b) rac-NF and (c) meso-NF on the Ni foam

measured using mCP-AFM in the range from -1.0to 1.0 V.
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Supplementary Fig. S26. Cyclic voltammetry (CV) analysis of L-NF and meso-NF at
various scan rates ranging from 10 to 50 mV s to obtain their electrical double layer

capacitance and electrochemically active surface area (ECSA) values.
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Supplementary Fig. S27. (a) Representative double-layer capacitance measurements for the
L-NF (dark red) and meso-NF (gray) catalysts and (b) LSV curves for both when the current
was normalized to the ECSA.

30



Supplementary Note 3. Determining the specific activity of the NiFeOOH catalysts
according to their ECSA values.

To determine the ECSA of the nanomaterials, CV was measured in the non-Faradaic region
(—0.19 to +0.18 V vs. open-circuit potential) without stirring the electrolyte at scan rates from
10 to 50 mV st (Supplementary Fig. S26). The ECSA is calculated as follows:R?

ECSA = Cql/Cs, (S4)

where Cq is the electrical double-layer capacitance obtained from the slope of the current vs.
scan rate plot (Supplementary Fig. S27a) and Cs is the specific capacitance of the material. A
specific capacitance value of 40 uF cm 2 was used to calculate the ECSA values of the
nanomaterials. Furthermore, the specific activity (Js) is calculated from the current density
per geometric area of the electrode (A) and the ECSA as follows:R®

Js = (Jg X A)ECSA, (S5)

where Jq is the current density per unit of the geometric area (A). To determine whether the
overpotential reduction in the chiral catalysts arises from differences in the ECSA,
Supplementary Fig. S27a shows representative Cqi values for L-NF and meso-NF used to
determine their ECSAs. Supplementary Fig. S27b exhibits LSV curves for the L-NF (dark red)
and meso-NF (gray) catalysts after applying a current normalized to the ECSA.
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Supplementary Fig. S28. LSV curves of meso-NF/rac-NEA 2D/3D photoanode.
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Supplementary Fig. S29. LSV curves of L-NF/S-NEA 2D/3D (red-solid), L-NF/R-NEA
2D/3D (red-dotted), D-NF/R-NEA 2D/3D (blue-solid), and D-NF/S-NEA 2D/3D (blue-dotted)

photoanodes with an area of 0.06 cm?.
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Supplementary Fig. S30. (a) Incident photon-to-current conversion efficiency (IPCE)
measurements for the L-NF/3D and L-NF/S-NEA 2D/3D OIHP photoanode in 0.5 M K-Pi
(pH 6.5) electrolyte at 1.23 Vrue under 1 sun illumination. The right axis of the IPCE plot
shows the integrated current density of the photoanode. (b) A UV-Vis spectrum showing the
absorbance by the 3D OIHP on an FTO substrate.
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Supplementary Fig. S31. An applied-bias photon-current conversion efficiency (ABPE) plot
for the L-NF/S-NEA 2D/3D OIHP photoanode using the LSV data in Fig. 3d.
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Supplementary Table S2. Photoelectrochemical (PEC) performance comparison of the L-
NF/S-NEA 2D/3D OIHP photoanode with previously reported OIHP-based ones.

Water- Onset  Photocurrent ABPE
Splitting Photoanode Configuration Potential Density %) Electrolyte Stability Year Ref
(o)
System (VRHE) (@123VRHE)
L-NiFeOOH/Ni/Ketjen/S88:P12/S- . .
0.5 M K-Pi 160 h This
PEC-PEC NEA 2D chiral OIHP/3D 0.20 22.56 13.17 2023
(pH®6.5) (i/jo ~80%6) work
OIHP/SnO,/FTO
IrO/CAB/Au/Spiro-
0.5 M H,S0,4 7.6h
PEC-PEC  OMeTAD/(FAPbL)o.o7s(MAPbL)o.0s/Sn  0.35 24.37 - o 2023 R4
(pH 1.0) (ifjo ~60%)
02/FTO
N foil.3D Ni.NiFe/Au with the
addition of CCP/Spiro- 1.0 M KOH 20h
PEC-PEC 0.28 22.42 8.92 o 2023 RS
OMeTAD/(CH(NH)2)2(0.93(CH3NH;3) . (pH 14) (i/jo ~60%)
07)Pb|3 (FAMAPb|3)/SnOz/|TO
Fe-doped NisS2/Ni foil/Fusible
Half-cell metal/Au/Poly-TPD/Spiro- 1 M NaOH 12h
0.23 23 12.79 o 2023 R6
PEC OMeTAD/(FAPbI3)o.0s(MAPbBI3)0.05/ (pH 13) (i'jo ~90%)
GTMACY/SnO/FTO
Ni/GS/Au/Spiro-
1.0 M KOH 12h
PV-EC OMCTAD/FA083CSU|7Pb(onBr02)3/Sn 0.60 17.40 - . 2021 R7
(pH 14) (ifjo ~50%)
O/ITO
Half-cell Ni.NiFe/Ni 1M KOH 48h
0.56 24.26 9.16 . 2021 RS
PEC foil. 3D/FAMAPbBL/SnO,/SnCL/ITO (pH 14) (i1jo ~50%)
FeNi(OH),/Ni/Au/spiro- 13h
PV-EC oMeTAD/F Ao.soMAo.15Cs0.0sPbl2.ssBro. 0.39 11.6 - 0.5 M NaOH . 2021 R9
(ifjo ~87%)
45/Ti02/FTO
Half-cell Ir-WOC/graphite sheet/m- 0.1 M KNO:; 2.2h
0.55 5.1 - » 2019 R10
PEC Carbo/CsPbBry/TiO/FTO (pH 2.5) (i1jo ~87%)
CC/SC/CCI/(5- 1M KOH 12h
PV-EC 4 0.94 124 0.85 . 2019 R11
AVA)MAPbIs/Carbon/ZrO2/TiO/FTO (pH 14) (iljo ~68%)
Ni/Bi—In—Sn Ingot/Au/spiro- 1.0 M KOH 5h
PV-EC 0.52 16 - » 2018 R12
0oMeTAD/MAPbL/TiO2/FTO (pH 14) (i/jo ~93%)
Ni/Au/spiro- 0.1 M Na:S 100s
PV-EC - 10 - . 2015 R13
0oMeTAD/MAPbL/TiO/FTO (pH 12.8) (i/jo ~56%)

j; retention photocurrent density; jo, initial photocurrent density; PV-EC, photovoltaic-electrochemical; WOC,
water oxidation catalyst; CCP, capacitively coupled plasma; ITO, indium tin oxide; poly-TPD, poly(N,N'-bis(4-

butylphenyl)-N,N'-bis(phenyl)benzidine); CAB, conductive adhesive barrier.
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Supplementary Fig. S32. (a) Operational stability of L-NF/S-NEA 2D/3D OIHP photoanode
under continuous operation in 0.5 M K-Pi (pH 6.5) electrolyte at 1.2 Vrue in an ambient
atmosphere with an area of 0.06 cm?2. (b) Photographs of front and back of the OIHP
photoanode after the stability test. (c) LSV curves of L-NF before and after stability test. The

voltage was not iR corrected.
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Supplementary Fig. S33. PEC performance statistics of the OIHP-based photoanodes

determined from the corresponding J-V curves. (a) Photocurrent density (Jon) and (b) onset
potential (Vonset) values of the L-NF/S-NEA 2D/3D (red), meso-NF/S-NEA 2D/3D (green), L-
NF/3D (gray), and meso-NF/3D (orange) photoanodes.
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Supplementary Fig. S35. Calculated Oz and H2O- Faradaic efficiency stacked bar chart for
(@) meso-NF/3D OIHP, (b) meso-NF/rac-NEA 2D/3D OIHP, (c) meso-NF/S-NEA 2D/3D
OIHP, and (d) L-TA/S-NEA 2D/3D OIHP.
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Supplementary Note 4. Interpretation of the electrochemical impedance spectroscopy
(EIS) analysis results with the equivalent circuit model.

R1 R2 R3 R4
CPE1 CPE2 CPE3 B
R, : R, (series)
CPE, : CPE; (high freq.) R, : Rye (charge transport)
CPE, : CPE, ., (interface charging) R; : R ier (intermediate channel)

CPE; : CPE,4 (electrical double layer) R, : Ry (charge transfer)

Supplementary Fig. S36. The equivalent circuit using the VVoight model to interpret the EIS
analysis results.

We quantitatively deduced the PEC parameters from the EIS analysis results by adopting a
simple Voight circuit model (Supplementary Fig. S36).R* The three deconvoluted
semicircles are denoted as follows: high-frequency resistance (Rur) with capacitance (CPEHF),
middle-frequency resistance (Rinter) With capacitance (CPEintr), and low-frequency resistance
(Ret) with capacitance (CPEeai) represented by the characteristic frequencies of 15-50 kHz, 10
Hz, and 0.5-1 Hz, respectively. The fitted impedance data for the PEC water-splitting devices
are summarized in Supplementary Table S3. According to the literature on PEC, semicircles
in different frequency regions may be assigned to different electrochemical-influencing
phenomena. For example, Rur is influenced by the charge transport within stacked
semiconductors in a device, Rinter reflects the intermediate state at an interface acting as a
one-way spin-transport channel while suppressing back-recombination of the charge carriers,
and Rt represents the resistance of PEC charge transfer reactions within the electrical double

layer.
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Supplementary Table S3. Summary of the fitted impedance data for the L-NF/3D, L-NF/S-
NEA 2D/3D, and L-NF/rac-NEA 2D/3D photoanodes.

L-NF Reseries RuF CPEHF Rinter CPEinter Ret CPEedl
/3D Qcm?) (Qem?) (Fs"lecm? (Qem?) (Fs*lcm?) (Q-em?) (F-s"'.cm™)
0.4 3.12 168.9 1.02 x 1078 - - 61.24 6.12 x 10°°
VRHE (n = 1.03) (n = 0.91)
0.8 3.18 131.2 4.89x10°° - - 48.91 4.85x10*
VRHE (n = 1.02) (n = 0.82)
1.2 3.12 115.3 7.10 x 10°° - - 31.02 471x10*
VRHE (n = 0.99) (n = 0.83)
L-NF Rseries Rur CPEHF Rinter CPEinter Ret CPEedI

/S-NEA  (Q-em?)  (Q-em?) (Fs"'cm™?) (Qem?) (Fs"'cm™?) (Q-em?) (F-s"'-cm™)
2D/3D

0.4 2.97 30.51 1.11x 1078 6.00 2.01x 10 14.47 5.41 x 104
VRHE (n =1.09) (n =0.94) (n=0.78)

0.8 2.27 22.24 1.02x10°8 6.96 2.11x10°°® 6.01 5.28 x 10
VRHE (n = 108) (n = 095) (n = 081)

1.2 2.17 19.89 2.01x10°® 9.94 1.96 x 10°6 5.01 497 x10™*
VRHE (n =1.09) (n =0.94) (h=0.78)
L-NF Reseries RuF CPEHF Rinter CPEinter Ret CPEedI

/rac- (Q-cm?)  (Q-cm?) (F-s"t.cm™) (Q-cm?) (F-s"t.cm™) (Q-em?) (F-s™l.cm™)
NEA
2D/3D

0.4 2.12 82.11 9.92x10° 8.01 1.96 x 1076 72.02 597 x10™*
VRHE (n = 102) (n = 093) (n = 075)
0.8 2.04 70.28 8.57 x107° 7.45 1.98 x 1076 37.21 6.27 x 10
Vrie (n=101) (n =0.94) (n=0.71)
1.2 1.89 58.9 8.88 x107° 6.10 2.01x10°°® 24.46 7.79 x 10
VRHE (n = 102) (n = 094) (n = 073)
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Supplementary Fig. S37. Bode plots of the EIS results for the (a) L-NF/3D (black), (b) L-
NF/S-NEA 2D/3D (red), and (c) L-NF/rac-NEA 2D/3D (blue) photoanodes in 0.5 M K-Pi

electrolyte (pH 6.5) under 1 sun illumination.
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Supplementary Note 5. Calculation of the rate constants using the IMPS analysis.

0.2
L-NF/S-NEA/3D QIHP photoanode
. | @04 Vge
lE 04196 : ktransl(ktrans + krec)
*; 0.0 Zal
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©
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Supplementary Fig. S38. A representative Nyquist plot of the IMPS analysis results for the
L-NF/S-NEA 2D/3D OIHP photoanode at 0.4 VrHE.

The frequency (f) at the apex (9990 Hz) is related to the combined rate of charge transport
and recombination and the low-frequency intercept (0.4196) indicating the charge-transport
efficiency (i.e., kwans / (Kwans + Krec)); the bulk charge-transport constant (kians) and the

interface recombination rate constant (krec) are calculated as follows:

ktrans + krec = 27Cf =27 (9990) = 62769 (Sil) (86)

kirans = charge-transport efficiency X (Kwans + Krec) = 0.4196 X 62769 = 26337.9 (s?)
(S7)

Krec = 62769 — 26337.9 = 36431.1 (s°3) (S8)
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Supplementary Fig. S39. A schematic illustration of an FTO/SnO/3D/spiro-MeOTAD/Au
photocathode with decoupled Pt/FTO.
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Supplementary Fig. S40. A photograph of the co-planar photocathode-photoanode water-
splitting device that can operate under outdoor sunlight. The device had a total active area of

1 cm? (the summation of the photocathode area (0.5 cm?) and photoanode area (0.5 cm?)).
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Supplementary Fig. S41. The Faradaic efficiency of the co-planar photocathode-photoanode
water-splitting device obtained by comparing the experimental gas chromatography values
(spot patterns) with the theoretical values in Fig. 5d (dashed lines) under an unbiased voltage.

The active areas were 0.06 cm? for the each photoelectrodes
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Supplementary Fig. S42. An overall water-splitting performance comparison of previously
reported unassisted PEC-PEC systems with our device. The size of the circle corresponds to
the STH retention ratio of the devices. j, retention photocurrent density; jo, initial

photocurrent density.
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Supplementary Table S4. Comparison of the solar-to-hydrogen (STH) efficiency and

stability of our PEC-PEC-configured overall water-splitting system with previously reported

ones.
Absorber STH .
. Photoanode Photocathode Stability Electrolyte Year  Ref
Semiconductor (%)
L-
. NiFeOOH/Ni/Ketjen/S88:P12/S- 24h (j/j0 0.5 M K-Pi This
Perovskite ) Pt/SnO2/(3D OIHP)/(HTL)/Au 12.55 2023
NEA 2D chiral OIHP/3D ~100%) (pH 6.5) work
OIHP/SNO2/FTO
Au/Spiro- . 0.5M
i ITO/PTAA/CS0.0sFA0.8sMA0.1Pb(lo.95Br0.05)3 5h (j/jo
Perovskite  OMeTAD/(FAPbIz)o97(MAPbI3)0.03 . 12.4 H2S04 (pH 2023 R4
ILiF/Ceo/BCP/Ag ~80%)
/SnO2/FTO 1.0)
Nickel foil.3D Ni.NiFe/Au with the
i addition of CCP/Spiro- OMeTAD/ ITO/PTAA/polymer/(FAPbIs)o.ss(tMAPbBr)o.1s(FAMA) 20h (iljo 1.0 M KOH
Perovskite 2023 R5
(CH(NH)2)2(0.93(CHaNHz)0.07Pbls /PCsBM/BCP/Au/CCP/NiPCoP/Ni foil ~60%) (pH 14)
(FAMAPbI3)/SnO,/ITO
i . L . ITO/NiOx/PTAA/halide perovskite 8h (ifix 1.0MK-Bi
Perovskite Pt/Ti/n*-Si/n-Si/p*-Si/Ag X 3.6 2023 R15
/PEIE/CB0/ITO/TiO2/Pt ~50%) (pH 9.0)
1.0M
12h (jfjp ~ Phosphate-
Si NiCOFe-Bi/CPF-TCB/Sh2S; Si/TiO2/Pt 5.2 - buffered 2022 R16
) saline
(pH6.8)
0.1 M K-Bi/
. ) 10h (jfjo 0.1M
Perovskite TiCo/BiVO+/FTO FTO/NiOX/PTAA/FAMA0 22Pb1 3213 2Bro.cs/PCBM/GE/Pt 1.3 2021 R17
~30%)  K2SO4 (pH
8.5)
Oxide . .
i . 60h (j/jio 0.2 M K-Pi
& NiFeOXx-Bi/BiVOs CZTS/HfO2/CdS/HfO,-Pt 3.17 2021 Ri18
i ~50%) (pH 7.0)
Chalcogenide
Oxide . X
120h (jljp 0.5 M K-Bi
& NiFeOx/CTF-BTh/Mo:BiVO4 Cu20/CTF-BTh/MoSx 3.24 2021 R19
. ~60%) (pH 9.0)
Chalcogenide
Oxide . 1LOMKOH
i i . 10h (j/jo
& NiOOH/FeOOH/BiVO4 Si/TiO2/Pt 3.7 100%) /1.0M 2021 R20
-~ 0,
Chalcogenide HCIO4
Oxide
) 35h (jfjio 0.5 M K-Pi
& C0404/pGO/BiVO4/SnOx CuOx/PIP/TiO«/Pt 4.3 2021 R21
i ~60%) (pH 7.0)
Chalcogenide
i i . FTO/NiOX/FAMAG0.22Pb1 113 2Bro 66 8h(jlir 50mM ES
Perovskite TiCo/BiVO4/FTO o 11 2019 R22
/PCBM/PEIE/Ag/FM/Ti foil/TiO2/Hz2ase ~20%) (pH 6.0)
18h (jfjio 0.1 M K-Bi
Perovskite TiCo/BiVO4/FTO FTO/NiOX/FAMAG..22Pb1 1132Bross /PCBM/PEIE/Au/Pt 1.1 2018 R23
~60%) (pH 8.5)
20h (jjio 0.5 M K-Pi
-V RuO,/GaAs/GalnAs GalnP/AlInP/AlInPO,/TiO2/Rh 18.5 2018 R24
~80%) (pH 7.0)
Oxide NiFeOx/Mo:BiVO4 Cu20/Ga203/TiO2/RuO2 3 100h (jljio 0.2MK-Bi 2018 R25
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&
Chalcogenide

~60%)  (pH 8.5)

1.0 M K-Bi

100h (j/jo (pH 9.3)/1.0
11-v Ti mesh/CoP/InGaP/GaAs GaAs/InGaP/TiOa/Ni 9.3 R26
~90%) M H2S04
(pH 0)
. o o . o o 20h (j/jo 1.0M
Si WO3/FTO/p*-Si/n-Si/n*-Si/TiSiz PtSi2/p*-Si/p-Si/n*- Sin/Ti/TiO/Pt 0.2 2015 R27
~80%) HCIO4
20h (j/jo 1.0M
-V RuO./Ge/GalnAs GalnP/AlIni--P/AllnPO,/Rh 14 2015 R28
~60%) HCIO4
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Supplementary Fig. S43. The photographs of experimental set-up for the
photoelectrochemical/electrochemical cells. A potentiostat (SI 1287, Solartron, UK) and a
frequency analyzer (1252A, Solartron, Leicester, UK) were used to analysis for the cyclic

voltammetry, impedance measurements.
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