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Supplementary Figure 1. Schematic illustration, XPS, SEM data of (NHa4)2S-treatment

(a) Schematic illustration of two-step (NH4)2S treatment. (b) XPS spectra of S 2p and Ga 3s before
(NHa).S-treatment (left), after drying at 85°C (center), and after heating at 250°C in air (right),
supporting the formation of sulfide and sulfate species at each step. The second XPS spectra of S
2p were measured after washing the sample with DI water to remove a thick polysulfide layer
shown on (c). (¢) SEM image and energy dispersive spectroscopy (EDS) from the sample right
after the casting at 85°C without washing in DI water, clearly showing that thick islands of
(NHa4)2S-based polysulfides and the formation of carbon-containing species after this first step of

(NHa)2S-treatment.
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Supplementary Figure 2. Reflectance spectra of black GalnP:
Zoomed-in, total reflectance spectra of Figure 2¢, measured from nanostructured GalnP> (without
(NHy)2S-treatment) at various etching times.
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Supplementary Figure 3. Numerical optical modeling of black GalnP:

(a) Top-view SEM images of nanostructured GalnP» (without (NH4):S-treatment) at various
etching times. (b) Tilt-view schematic illustration of constructed nanostructured surfaces by 3D
modeling software (Rhinoceros®) using the SEM images in (a). (¢) Cross-sectional schematic
illustrations of nanostructured GalnP; for the FDTD calculation of reflectance and absorption
spectra in water, where 77 and 72 indicate the positions of ‘Transmission Monitors’ in
Lumerical™. The inset shows a nanostructured GaInP, implemented in Lumerical™. (d)
Measured refractive index (n) and extinction coefficient (k) of GalnP»> by spectroscopic
ellipsometry, which were used in optical calculations.
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Supplementary Figure 4. Morphology of black GalnP: after MoS:-deposition

SEM images of (a) nanostructured (4-min etching) GalnP> without (NH4)2S-treatment nor MoS:-
deposition, (b) nanostructured GalnP, after (NHas)>S-treatment (15 min, yet without MoS;-
deposition) and (¢) nanostructured GalnP after MoS»-deposition (yet without (NH4),S-treatment).
All samples used in (a), (b), and (c) were prepared together using one piece of wafer up to the
process of dry-etching, and they were cleaved into three pieces for each case. (d) Corresponding
measured total reflectance spectra.
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Supplementary Figure 5. Experimental setup for PEC measurements
A schematic illustration of PEC measurements in a three-electrode configuration with GalnP>
photocathodes in solar water splitting.
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Supplementary Figure 6. Effect of scan direction in cyclic voltammetry

Cyclic voltammetry scans of bare GalnP> with no surface treatments measured in a three-electrode
configuration under simulated AM1.5G solar illumination (1000 W/m?), where Pt and Ag/AgCl
were used as counter and reference electrodes, respectively, with aqueous sulfuric acid (0.5M
H>S04) as an electrolyte.
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Supplementary Figure 7. Photoluminescence of bare and black GalnP:

(a) Steady-state photoluminescence (PL) spectra of as-received bare GalnP; before and after the
dry-etching (4 min) measured at room temperature. The etching was performed without silver
nanoparticles using the same condition (BCI3/N2 (1.5/9.0 sccm), 100W/500W, 5 mTorr, 100°C) as
for nanostructured GalnP,, and (b) the same plot in the zoomed-in scale of y-axis (dotted region

in (a)).
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Supplementary Figure 8. XPS spectra of In 3ds.:

XPS spectra of In 3ds, for bare and nanostructured GalnP> (yet without (NHa)>S-treatment). The
measured spectra (black line) matched quantitatively with the fitted spectra (green dotted line)
composed of deconvoluted In-O (blue line) and In-P (red line) peaks.
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Supplementary Figure 9. Photoluminescence of (NH4)2S-treated black GalnP:
Photoluminescence intensities of nanostructured (4-min-etched) GalnP; before and after (NH4)2S-
treatment.
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Supplementary Figure 10. XPS spectra of In 3ds.

XPS spectra of In 3ds, for nanostructured GalnP, before and after the (NH4),S-treatment. The
measured spectra (black line) matched quantitatively with the fitted spectra (green dotted line)
composed of deconvoluted In-O (blue line) and In-P (red line) peaks.
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Supplementary Figure 11. AFM images of MoS: deposited on bare GalnP:

Tapping-mode AFM images of (a) bare GalnP> and (b) MoS:-deposited bare GalnP>. (c) Zoomed-
in image of MoSz-deposited bare GalnP>. The inset shows the distribution of height on the image.
(d) The height (z) profiles corresponding to the scan lines in (c).
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Supplementary Figure 12. XPS spectra of MoS:
XPS spectra of Mo 3d and S 2p of amorphous molybdenum disulfide (MoS:) deposited on GalnP»
as a HER co-catalyst.
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Supplementary Figure 13. PEC performance of sulfur-treated black GalnP:

Representative J-E curves of bare GalnP; (black line), nanostructured GalnP; after (NH4).S-
treatment (red line), and nanostructured GalnP; after (NH4)2S-treatment and MoS: deposition (blue
line), measured in an acidic electrolyte (0.5M H2SO4) under simulated AM 1.5G illumination.

14



Measurement
time

After 0 h
After 25 h
After 30 h
After 35 h
After 124 h

15
04 02 00 02 04 06
V vs. RHE(V)

Supplementary Figure 14. PEC performance of sulfur-treated black GalnP:
J-E curves of nanostructured and (NH4)2S-treated GalnP> measured during the stability test in
Figure 4b.
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Supplementary Figure 15. Stability of sulfur-treated black GalnP:

(a) Current density—time (J—) plot obtained from another sample of nanostructured and (NH4)>S-
treated GalnP> photocathode, measured under the same experimental condition as in Figure 4b.
This semi-quantitative measurement confirms the extraordinary behavior of the electrode with
both nanostructured morphology and (NH4)>S-treatment. (b) Corresponding J-E curves measured
at the beginning as well as after 87 h and 107 h of the stability test.
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Supplementary Figure 16. PEC performance before and after the stability test
Representative J-E curves of (NHs):S-treated bare GalnP» before (red) and after (blue) the 1-h
stability test (Fig 4f), measured in an acidic electrolyte (0.5M H2SO4) under simulated AM 1.5G
illumination. The J-E curve from the bare GalnP; (i.e. without (NH4),S-treatment) is also shown
for comparison.
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Supplementary Figure 17. XPS spectra before and after stability test

XPS spectra of Ga 2p, In 3d, and P 2p obtained from (NH4),S-treatd bare GalnP> photocathode

before and after the stability test performed for 1 h shown in Fig. 4f.

18



< el el <=t w =w
i i i i i ER
i T T T T T T T T T T
| After stability test i
>
© — VEIR|
- - AR
> ) 1 \ 1 \ 1 \ 1 \ 1
H -
‘o | Before stability test -
C
m = -
)
c A
W
i ¥ PP l-

1200 1000 800 600 400 200 O
Binding energy (eV)

Supplementary Figure 18. XPS spectra for Pt
Pt-related XPS survey spectra of (NH4)>S-treated bare GalnP> photocathode before and after the

stability test (Fig. 4f).
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Supplementary Figure 19. Effect of thermal annealing

(a) XPS spectra of S 2p and Ga 3s measured from bare GalnP» photocathodes with and without
thermal annealing (250°C, 1 h, in air) during the (NH4)>S-treatment. (b) Representative J-E curves
of bare GalnP, photocathodes with and without thermal annealing during the (NH4)>S-treatment,
measured in an acidic electrolyte (0.5M H2SO4) under simulated AM 1.5G illumination.
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Supplementary Figure 20. J-¢ plots during FE measurements
J-t plots of bare GalnP, photocathodes with and without (NH4),S-treatment, obtained from
Faradaic efficiency measurements shown in Supplementary Table 5.
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Supplementary Figure 21. XPS spectra before and after stability test

XPS spectra of S 2p and Ga 3s from bare GalnP, photocathodes with (NH4),S-treatment before
and after the stability test (J-¢) for 1 h shown in Figure 4f (cyan data). After the stability test, the
relative area of sulfate-related peaks decreased.
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Supplementary Figure 22. XPS spectra after (NH4)2S-treatment and MoS: deposition

(a) XPS survey spectra of bare and nanostructured GalnP> photocathode before and after (NH4)>S-
treatment (b) XPS spectra of Mo 3d and S p2 from bare (lower) and nanostructured (upper) GalnP»
after MoS>-deposition, showing that the peak positions and relative intensity ratios are similar
between bare and nanostructured samples.
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Supplementary Tables

Etch _time Jsat® o FF Ncathode
(min) (mA cm?) (V) (%)
0 -12.7 0.155 0.195 0.29
1 -13.5 0.284 0.230 0.79
2 -6.0 0.314 0.540 0.98
3 -8.0 0.284 0.442 0.90
4 -9.0 0.309 0.412 1.07

aJs4t (saturation current density) was determined at the voltage of -0.5V vs. RHE
bV, nset (ONset potential) was decided at the current density of -0.5 mA cm=

Supplementary Table 1. Photoelectrochemical (PEC) performance characteristics of
nanostructured GalnP2 photocathodes performing the HER, extracted from Figure 2a.
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Jsat Vonset FF Ncathode
(mA cm?) (V) (%)
Bare, 0 min® -13.3 0.105 0.178 0.11
NS2, 0 min -10.9 0.275 0.362 1.02
NS, 3 min -14.4 0.314 0.294 1.25
NS, 5 min -15.2 0.271 0.360 1.40

a4-min etched GalnP,
btime of (NH,),S-treatment

Supplementary Table 2. Photoelectrochemical (PEC) performance characteristics of bare and
nanostructured GalnP> Photocathodes performing the HER, extracted from Figure 3a.
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Jsat vonset FF Ncathode
(mA cm?) V) (%)
Bare -13.6 0.123 0.195 0.20
NS2 + (NH,),S® 147 0.240 0.329 1.05
NS + (NH,),S + MoS, | -14.9 0.483 0.621 4.32

a1-min etched GalnP,
b10-min (NH,),S-treatment

Supplementary Table 3. Photoelectrochemical (PEC) performance characteristics of
nanostructured GalnP photocathodes deposited with MoS; performing the HER, extracted from

Figure S10.
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Year | Materials | Rxn? Prcl);slcét:on Stability® | Electrolyte Jini® Jiind | Yored® Ref.
2018 | p-GalnP2 | HER None 124 h 0.5M H2SO4 | -12.7 | -12.8 | -1% This work
TiO2/g- o Nature Energy 2,
2017 | p-GalnP2 | HER MoS, 20h 0.5M H2S04 | -11.2 | -9.2 17% 16192, (2017)
n-GalnP2 ) ) o Nature Energy 2,
aln ;
2017 Galnp/ HER PtRu 12h 3M H2S04 14.0 11.3 | 20% 17028, (2017
GalnAs)
Journal of
Physical
- - - 0,
2016 | p-GalnP2 | HER | Mo/MoS2 70 h 3M H2SO4 6.7 5.8 14% Chemistry Letters
7, 2044, (2016).
Advanced
. Functional
n- - - 0,
2016 n*p-InP HER TiO2/Pt 6h 1M HCIO4 27.0 26.7 1% Materials 26, 679,
(2016).
TiO2/Co- : o Nature Materials
2016 | p-GalnP2 | HER Tio 20 min 05MNaOH | -9.1 | -7.57 | 17% 15, 456, (2016).
. . Science
n- - - 0,
2014 | p'n-GaAs | OER TiO2/Ni 26h 1M KOH 14.0 12.7 9% 344, 1005, (2014),
Journal of
. Materials
- - - 0,
2014 p-GaP HER TiO2/Pt 24h 1M HCIO4 1.0 0.9 10% Chemistry A
2, 6847, (2014).

aElectrochemical reaction (HER: hydrogen evolution reaction, OER: oxygen evolution reaction)
bDuration between the beginning and end of the stability test, all performed at 0 V vs. RHE.

CInitial current density (mA cm-2) at the beginning of the stability test

dFinal current density (mA cm2) at the end of the stability test

ePercentage of reduction in the current density of photoelectrodes, calculated by (Jini-Jsin)/Jini x 100

Supplementary Table 4. Summary of published stability data of I111-V compound semiconductor
photoelectrodes in solar water splitting.
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Averaged Total Expected | Measured Calculated
Time g charge gas gas hy Pyz or Po2 gas Faradaic
Gas current . . .
(sec) (mA) passed | quantity | volume {mm) (torr) quantity | efficiency
(C) (mol) (mL) (mol)
Pt Hz 600 10 6.00 3.11E-05 0.94 30 596.0 3.07TE-05 0.99
Pt 0; 600 10 6.00 1.55E-05 0.47 5 597.9 1.54E-05 0.99
(NH,),S-treated H, 8740.2 | 0.845 7.39 | 3.83E05| 1.06 26 596.3 | 3.46E-05 [ 0.91
bare GalnP;
Pt (o7) 8740.2 0.845 7.39 1.91E-05 0.59 0 598.2 1.93E-05 1.01
Untreated H, 4311 1.872 807 |[4.18E-05| 1.02 27 596.3 |3.33E-05 | 0.80
bare GalnP;
Pt 0, 4311 1.872 8.07 2.09E-05 0.66 0 598.2 2.16E-05 1.03

Supplementary Table 5. Values for determining faradaic efficiency of bare GalnP;
photocathodes with and without (NH4).S-treatment.
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Supplementary Notes

Supplementary Note 1. Improvement of onset potential during the stability measurements of
(NHa)2S-treated GalnP2 photocathodes

We attribute the improvement of onset potential for (NH4).S-treated GalnP. during the stability
test (Supplementary Figs. 14-16) to several factors. One possible reason is associated with the
gradual activation of catalytic sites of sulfurized layers of GalnP, with the dissolution of oxide and
carbon-containing species that were formed during the electrode preparation and are unstable in
sulfuric acid under the electrochemical condition of HER. We have consistently observed the
anodic shift of onset potential from (NH4)2S-treated bare and nanostructured GalnP:
photocathodes during the HER compared to the case without (NH4)2S-treatment, supporting the
catalytic effect of the sulfurized surface of GalnP>. This postulate is also consistent with the XPS
spectra (Supplementary Fig. 17) of Ga, In, and P obtained from (NH4).S-treated bare GalnP-
before and after the stability measurements, where oxide-related XPS signals all considerably
decreased after the stability measurements. Secondly, such removal of surface oxides can also lead
to the reduction of surface states for carrier recombination®? and thus improve the photovoltage of
GalnP2, which in turn can shift the onset potential anodically. Thirdly, carbon-containing species
that were formed after the (NH4).S-treatment (as shown in the EDS analysis of Supplementary Fig.
1) might be removed in sulfuric acid to improve the efficiency of charge transfer and thus reduce
the chemical overpotential, thereby resulting in the anodic shift of onset potential. Fourth, sulfur
may also act as n-type dopant®# to form a buried junction and increase the photovoltage.

Supplementary Note 2. Area of tested photoelectrodes

Current density (J) in all J-E plots was evaluated using the measured area of illuminated electrode
surface. The electrode area of samples was determined from individual photographic images of
samples by an image analysis software (e.g. Adobe®Photoshop®). Below is the list of sample area
used to evaluate current density in Figs. 2a, 3a, 4a, 4b, and 4f.

® Figure 2a
0 min (bare) (black line) : 0.1144 cm?
1 min (red line) : 0.0482 cm?
2 min (blue line) 0.0427 cm?
3 min (green line) 0.0522 cm?
4 min (orange line) : 0.0286 cm?

® Figure 3a
0 min (bare) (black line) : 0.6541 cm?
0 min (NS) (red line) : 0.0643 cm?
3 min (NS) (blue line) : 0.1315 cm?
5 min (NS) (green line) : 0.0405 cm?

® Figure 4a
Bare (black line) : 0.1534 cm?
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Bare + MoS; (red line) : 0.2599 cm?
NS + (NHa)2S (blue line) : 0.0405 cm?
NS + MoS: (green line) : 0.0432 cm?

® Figure 4b
Bare (black line) : 0.1534 cm?
Bare + MoS; (red line) : 0.2599 cm?
NS + (NH.)2S (blue line) : 0.0405 cm?
NS + MoS; (green line) : 0.0432 cm?

® Figure 4f
Bare (black line) : 0.1846 cm?
Bare + (NH4)2S (cyan line) : 0.0977 cm?
NS (orange line) : 0.0360 cm?
NS + (NHa)2S (blue line) : 0.0405 cm?
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