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CdS + TiO, (68 nm)
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Fig. S1 (a) The schematic of CIGS/CdS/TiO, sample, (b) side view SEM image of CIGS, (c, d) top and
side view SEM images of CIGS/CdS, (e, f) top and side view SEM images of CIGS/CdS/TiO,. SLG
stands for soda lime glass.
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Fig. S2 (a) Current-potential (J-V) curves of CIGS/CdS/TiO, electrodes loaded with PED-Pt, where the
two electrodes are the same samples as in Fig. 1b and d. The curves are measured in 1 M phosphate
buffer electrolyte (pH 6.8) under simulated AM 1.5G illumination (100 mW cm2).
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Fig. S3 (a) The corresponding Pt particle size distributions of Sputter-Pt in Fig. 1f and (b) that of S-P-
Pt in Fig. 1h, with an average of 1.76 £ 0.05 nm for Sputter-Pt, and 2.86 + 0.05 nm for S-P-Pt. The size
distributions were obtained by counting 100 particles in each sample.
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Fig. S4 (a) UV-vis transmission spectra of SLG/Ti0O,/Sputter-Pt with different amount of Sputter-Pt. (b)
TEM image of CdS/Ti0O,/Sputter-Pt, in which the sputter time is 30 s. (¢) J-V curves of CIGS/CdS/TiO,
electrodes loaded with different amount of Sputter-Pt. The Pt mass loading of sputter is confirmed by

ICP-OES. A sputter time of 15 s is used to deposit 420 + 5 ng cm of Pt and 30 s is used to deposit 1000
+ 10 ng cm? of Pt.
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Fig. S5 J-V curves of CIGS/CdS/TiO, electrodes treated with only Sputtered Pt (blue line) and two-step
deposited Pt (yellow, green, and red lines). S-P-Pt (20) refers that electric charge transfer of 20 mC

passed through the electrode when Pt NPs

CIGS/CdS/TiO,/Sputter-Pt electrodes.

are photo-assisted

electrodeposited on the
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Fig. S6 (a) Photocathode schematic and (b) side view SEM images of CIGS/CdS/Ti0O,. (¢) Photocathode
schematic and (d) side SEM images of CIGS/CdS/Al,0;/TiO,. The ALD cycle numbers for TiO, are
the both 700 in these two samples, and the corresponding thickness is 18 nm measured by spectroscopic
ellipsometer. The Al,O; thickness is 0.5 nm (5 ALD cycles).
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Fig. S7 (a) TEM images, and (b-f) EDS elemental mapping of CdS/Al,O5/TiO, film, in which the

thickness of Al,O; is 0.5 nm (5 cycles ALD alumina). (g) TEM images of CdS/Al,O5/TiO, film. (h)
EDS compositional line scan as marked in inset.
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Fig. S8 (a) XPS spectrum for CIGS/CdS junction with 5 cycles (0.5 nm) of Al,O; passivation layer. (b)
High-resolution XPS spectrum of the Al 2p of sample in (a).
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Fig. S9 (a) J-V curves of CIGS/CdS/Al,05/Ti0,/S-P-Pt photocathodes with different numbers of (TMA
+ H,0) ALD cycles, (b) potentials at 15 mA cm for electrodes with various ALD cycles (TMA + H,0),
(c) photocurrents at 0.4 Vgyg for electrodes with various ALD cycles (TMA + H,0). (d) The ALD
alumina growth on Si (100) substrate measured by spectroscopic ellipsometer as a function of ALD
cycles. The best performance is obtained when the thickness of Al,O; is 0.5 nm, which suppress the

deep trap states between CdS and TiO, and at the same time, electrons can tunnel through this ultra-thin
film.
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Fig. S10 (a) Electronic band structure of CIGS photocathode without and (b) with an Al,O; passivation
layer, indicating the suppression of interfacial recombination for improved electron transfer.
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Fig. S11 (a) IPCE of CIGS/CdS/S-P-Pt, CIGS/CdS/TiO,/S-P-Pt, and CIGS/CdS/Al,05/TiO,/S-P-Pt
photocathodes as a function of wavelength at 0 Vyye. (b) Hydrogen and oxygen evolution for the
CIGS/CdS/Al,O5/TiO,/S-P-Pt electrode. The curves (a, b) were measured in 1 M phosphate buffer
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electrolyte (pH 6.8). The Al,O; thickness in the measurement above is 0.5 nm (5 ALD cycles).
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Fig. S12 Details of the wavelengths for standard solar spectrum (ASTM GG173-03) and calculated
photocurrents by integrating IPCE over the photon flux of AM 1.5G of the CIGS-based photocathodes
in Fig. S11a. The red, blue and black dash lines are corresponding to CIGS/CdS/Al,03/Ti0,/S-P-Pt,
CIGS/CdS/Ti0,/S-P-Pt, and CIGS/CdS/S-P-Pt photocathodes. And the wavelength value at the end of
x-axis is 1050 nm, which is corresponding to the band gap of CIGS.
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Fig. S13 (a, b) Top view SEM images of CIGS/CdS/S-P-Pt before and after an 8 h durability, and (c)
the corresponding Raman spectra of CIGS/CdS/S-P-Pt after the 8 h durability test. (d, e)
CIGS/CdS/Al,0;/TiO,/S-P-Pt photocathodes before and after an 8 h durability test, and (f) the
corresponding Raman spectra of CIGS/CdS/Al,03/TiO,/S-P-Pt after the 8 h durability. The durability
tests were measured in 1 M phosphate buffer electrolyte (pH 6.8).
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Fig. S14 Chart visualizing data on reported ABPE value of chalcopyrite thin film materials based
photocathodes for water reduction. The hollow circles are referred to the work which are measured in
near-neutral electrolyte (pH 6~9), and the hollow square are referred to the work which are measured in
strong acid electrolyte (pH 0). The sample in black are referred to the reported work and the samples in
red are referred to our work, respectively. Details are provided in the Table S2.
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2 Table S1 Values of equivalent circuit elements by fitting the experiment data in Fig. 2b for the three samples.

[98)

Samples R, (ohm cm?)  Estimated R.; (ohm cm?) Estimated C@FE) Estimated Chi-square
error (%) error (%) error (%) (%)
CIGS/CdS/TiO,/Sputter-Pt 33.89 0.8313 89.97 0.9231 8.98x10°° 1.2891 0.4860
(30s)
CIGS/CdS/TiO,/Sputter-Pt 35.55 1.4378 85.22 2.8793 6.7064x105 2.3421 0.6986
(15s)
CIGS/CdS/TiO,/S-P-Pt 33.69 0.3699 44.95 0.5778 2.8376x107 0.7198 0.0153
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2 Table S2 Summary of recent representative reports on chalcopyrite thin film material-based photocathode for hydrogen evolution in Fig. S14.

3

Sample ID Photocathode Electrolyte/pH Reported Jat0 Vrye E(onset) ABPE FF
stability (mA cm?)  (Vrurp) (%) (%)

1! CIGS/CdS/pPt 0.1 M Na,S04/9.5 - 12.0 0.6 14 194

2? CZTS/CdS/TiO,/Pt 0.1 M Na,SO4/9 - 9.0 0.52 1.2 307

33 CuGaSe,/CdS/Pt 0.1 M Na,S04/9.5 25h 19.0 0.6 234 205

44 CGSe (Cu:Ga=2)/CdS/Pt 0.1 M Na,S04/9.5 16 h 9.5 0.6 1.32 232

53 AgCGSe/CdS/Pt 0.1 M Na,S04/9.5 55h 8.1 0.7 1.31 23.1

65 CulnS,/CdS/TiO,/Pt 0.1 M Na,HPO,4/10 1 h (>420 14.0 0.65 1.82  20.0

nm)
77 AgCGSe/CuGa;Ses/CdS/Pt 0.1 M Na,HPO,/7 20 days 8.9 0.65 1.9 344

(>420 nm)
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CIGS/CdS/Ti/Mo/Pt

CIGS/CdS/i-ZnO/TiO,/Pt

CIGS/CdS/ZnO/Pt

CIGS(sulfur)/CdS/Ti0,/Pt

CIGS/CdS/i-
ZnO/AZO/TiO,/Pt

(ZnSe) 35(CIGS)0.15/CdS/Ti/
Mo/Pt

CIGS/CdS
/Al,O3/Ti0,/S-P-Pt

0.25M 20 days (25% 30.0 0.59 85 472
NazHP O4/N aH2P04 drop)
/6.8
0.5 M H,SO, 1 h(chopped) 34.0 0.6 79  38.7
/0
0.1 M Na,S0,/9 - 32.4 0.6 32 165
0.1 M Na,HPO,/6.1 100 min 5.1 0.65 1.2 362
0.5 M H,SOy4 1 h(25% 32.0 0.35 25 223
/0.3 drop)
1 M Na,HPO,/NaH,PO, l1h 7.1 0.85 2.05 34.0
/6.8
1 M Na,HPO,/NaH,PO, 8 h (4.5% 26.2 0.63 6.6 40.5
/6.8 drop)
1 M HC10,/0 2 h (6% 27.2 0.63 93 547
drop)




1
2 Table S3 Summary of recent representative reports on various thin film material-based photocathodes for hydrogen evolution.

3

Photocathode Electrolyte/pH Reported stability  Jat0 Vrxgg  E(onset) ABPE FF
(mAcm?)  (Vrup) (%) (%)

CZTS/CdS/In,S;/Pt! 02M 3 h (0% drop) 8.7 0.57 1.63 32.1
NazHPO4/N aH2P04
/6.5
Ge-CZTS/CdS/In,S3/Pt13 0.2M N.A. 11.1 0.6 1.7 25.5
Na2HPO4/N aH2PO4
/6.5
a-Si (p-i-n)/TiO-/Pt'S  0.5M CsHsKOx4 12 h (5% drop) 11.6 0.93 6.0 55.5
CdTe/CdS/Pt!7 0.5 M KH,PO,/8 11 h (37% drop) 8.4 0.6 0.9 17.8
Au/Cu/CdTe/CdS/Pt!® 1 M KH,PO,/8 70 min (0% drop) 22.0 0.6 3.7 28.1
CIGS/CdS IM 8 h (4.5% drop) 26.2 0.63 6.6 40.5
/Al,03/T10,/S-P-Pt (our Na,HPO,/NaH,PO,
work) /6.8
1 M HCIO4/0 2 h (6% drop) 27.2 0.63 93 54.7
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