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Fig. S1 (a) XRD spectra of as-deposited 10 nm N|O thln fllms and ion-exchange-processed
NiS thin films. (b) Enlarged view of the peak corresponding to the (002) plane of NiO before
and after ion exchange. High-resolution XPS (c) Ni 2p and (d) S 2p spectra of the NiS film.
FE-SEM images of (e) as-deposited 10 nm NiO thin film and (f) NiS film
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As shown in Fig. S1(a), the 10 nm NiO thin films grown by ALD on FTO show a strong NiO
fingerprint at 44.27 < which corresponds to the (002) diffraction plane. Further, three additional
peaks at 37.27< 62.96< and 75.54 < which correspond to the (111), (022), and (113) planes of
NiO, respectively, are observed. Unfortunately, the sulfurized NiO film does not show any
characteristic peaks of NiS, likely because of the amorphous nature of the formed NiS thin film.
However, the NiO peaks completely disappeared after the anion exchange process, which
confirms that the O?~ ions in the NiO lattice were liberated by S?~ ions. Figure S1(b) shows the
disappearance of the peak corresponding to the (002) plane of NiO after the anion exchange
process. The deconvoluted peaks of the Ni 2ps2 orbital are shown in Fig. S1(c); the spectrum
was fitted with two peaks representing the Ni%* and Ni®* states. The minor amount of Ni** may
be attributed to the formation of a Ni3S4 phase during the ion exchange process. The S2p spectra
were deconvoluted into the 2ps;> and 2py2 spin orbitals at approximately 161.6 and 162.4 eV,
respectively. In the survey spectrum, the S?” state at 161.52 and 162.7 eV is dominant for the
2p32 and 2py orbitals, respectively [Fig. S1(d)]. The molar ratio of S/Ni was 1.02. The
morphological changes in the NiO films after the anion exchange process were analyzed using
FE-SEM. Figure S1(e) shows the 10 nm NiO layer coated on the FTO substrate; a highly
conformal film was formed over the SnO; crystals. In this case, the NiO film thickness is too
small, and therefore, we can assume that ion exchange occurs via dissolution/recrystallization.
Briefly, NiO is dissolved in the S source owing to the difference in solubility product constant.
The complete dissolution of NiO produced Ni?* ions in the solution, leaving behind surface-
anchored residual Ni atoms. Next, NiS was formed by the reaction between dissolved Ni%* and
S% ions in the solution, which also occurred simultaneously on the surface by homogenous and
heterogeneous nucleation, respectively. With increasing time, nuclei on the surface began to
grow into distinct islands [Fig. S1(f)]. The dissolution/recrystallization process resulted in a
significant loss of Ni ions into the solution owing to the homogeneous nucleation of NiS in the
solution phase. EDS analysis revealed that the atomic percentages of Ni and S are 55.47% and
44.53%, respectively, which are very close to the stoichiometry of NiS; further, these results
agreed well with the XPS results. These results indicate that the converted NiO films contain
NiS as the major constituent, along with minute quantities of S-rich nickel sulfides as impurities.
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Fig. S2 (a) UV-vis spectra of NiO (10 nm)-coated FTO before and after anion exchange
reaction, (b) corresponding Tauc plot
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Fig. S3 Cross-sectional HR-SEM image of Bi>S3 photoanode
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Fig. S4 J-T curve of NiS photocathode in 0.25 M NazS electrolyte at 0.0 V under illumination

S3/514


http://springer.com/40820

Nano-Micro Letters

b) 50
a) 3| I Photocurrent density ) ——Bi,S,/NiS (1 nm)
Dark current density  27.4 —
P E 40
E 251 8
c <
Ezu - 2 E 3.
z 16 16.71¢ 2
2 15 141 = | g
ﬁ g 20 4
& 10 4 E
3 47 £ 101
54 53 .6 ;5 o
04
0 - T T T L] L] T
0 1 3 5 10 00 02 04 06 08 10 12 14
c Shell thickness (nm) d Potential (Vgye)
) 5 ) 5 =
Bi,S,/NiS (3 nm) - Bi,S4/NiS (10 nm)
€ 40 5 40
L <
< £
£ 30 > 304
F 5
£ @
§ 20- S 20
it €
€ @
2 04 £ 40
= 10 3 10
(8]
0 4 0
T T T T T T L] T T T T T
00 02 04 06 08 10 12 14 00 02 04 06 08 10 12 14
Potential (Vgye) Potential (Vige)
e) 50 50
—{ - Total current density
< -@-R,at1.23 V,
540 1o t RHE 40
<
230 - / 30 =
2 \ E
s e é =
2204 o \ -20 o
£ @ . ]
2 9
£10 4 10
2
0 L] T T T T T 0

Shell thickness (nm)

Fig. S5 (a) Comparison of photocurrent and dark current measured with shell layers of different
thickness obtained from J-V curves shown in (b—d), and (e) Comparison of total current density
and charge transfer resistance (Rct) at 1.23 VrHe
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Fig. S6 (a, b) HR-SEM images of Bi»S3/NiS (SILAR), (c) J-V curve of Bi»S3/NiS (SILAR) in
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Calculation: The detailed calculations for each parameter are shown below,

Eredox(dark) — Von = Vph -7 (S1)
Vph = | Eredox(dark) - Eredox(light)l (82)
n= |Eredox(light) — Vonl (S3)

The values of Eredox(dark) and Eredoxqight) are obtained from Fig. 3(b), Von is obtained from Fig.
S8(a), and # is the potential difference between Eredoxqighty and Von. All values calculated for each
photoanode are listed in Table S3.
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Fig. S9 Light-harvesting efficiency of Bi,Ss/NiS/NiFeO corresponding to AM 1.5 G
spectrum. Absorption photocurrent (Jass) is 41.25 mA/cm?

Calculation: The experimentally obtained photocurrent densities are much lower than the
theoretical maximum value (Jmax = 41.25 mA cm?) calculated for a band gap of 1.3 eV [S1].
We calculated the efficiencies of each step (photon absorption, 7ans; charge separation, #7puik;
charge injection, #surface) to determine the major factors limiting the PEC performance [S2].

JpEC = Jmax X7abs X7bulk > #surface (S4)
Habs = Jabs/Imax (S5)
Nsep = JNa2s/Jabs (86)

The absorption efficiency, 7aps, IS @ quantitative indicator of the fraction of photons absorbed
from the total solar flux; it can be calculated by determining the absorption photocurrent density,
Jabs, and integrating the solar photon flux within the wavelength range of the semiconductor
[Fig. S11]. Thus, Jass is the maximum photocurrent that can be obtained using the synthesized
bismuth sulfide electrodes, assuming that zouik and #surface are equal to unity. To estimate #7puik
and nsurface quantitatively, the photocurrent (Jsos) was measured using 0.35 M Na>SOs as a hole
scavenger [S3].

Ninj = Inazs (S7)
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Fig. S10 Cyclic voltammetry curves of Bi2S3/NiS and Bi>Ss photoanodes in 0.25 M Na2S
electrolyte under dark conditions

NiFe-based oxide/oxyhydroxide catalysts are electrolyte-permeable “volume catalysts” that
enable direct contact between the electrolyte and catalyst shell, as well as the semiconductor
core [S4]. In this study, ALD-deposited NiFeOy catalysts were converted to a layered hydroxide
[NiFe(OH).] and then an electrolyte-permeable oxyhydroxide (NiFeOOH) during the oxidative
redox reaction over consecutive anodic linear sweep voltammetry cycles [M(OH)2 + OH™ —
MOOH + H,0 + ") [S5]. The redox peak at 0.35 V agiagci confirms the formation of Ni?*** and
Fe3*** redox couples.
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Fig. S11 Photoluminescence of Bi»S3, Bi»Sa/NiS, and Bi>S3/NiS/NiFeO photoanodes

S7/514


http://springer.com/40820

Nano-Micro Letters

30
—— Bi,S,/NiFeO
& —— Bi,S; (]
E (
iézo- ) ( r (\ \
z 1 q
% ﬂ ﬂ L
§ 10- [
3 " Il
U&_U i jL_J U
"0 os | o8 | 12

Potential (Vgye)

Fig. S12 J-V curves of Bi»S3 and Bi>S3/NiFeO photoanodes in 0.25 M NaxS electrolyte

Fig. S13 (a-c) HRTEM image of Bi>S3/NiS/NiFeO/TiO> photoanode

-20
@ Bi,S,/NiS/NiFeO
@ Bi,S,/NiS/NiFeO/TiO,
-15 -
B
S -10 -
N
-5 -
0
10

Z' (ohm)

Fig. S14 Comparison of Nyquist plots of Bi2Ss/NiS/NiFeO and Bi2S3/NiS/NiFeO/TiO:
photoanode at 0.7 Vrxe under illumination in 0.25 M NaS electrolyte
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Fig. S15 (a) iR-uncorrected linear sweep voltammetry of FTO/NiO and FTO/NIS electrodes
for HER polarization in 0.25 M NaxS (pH ~ 12.5) and (b) corresponding Tafel plot

The NiS films were tested in the same manner as described earlier for the oxygen evolution
reaction, but in a different potential range from 0 to —0.8 Vrne. As shown in Fig. S13(a), the
NiS film with a Pt counter electrode shows an overpotential of 396 mV at a current density of
10 mA cm. The corresponding Tafel slope (88 mV dec™) reveals that the hydrogen evolution
reaction (HER) proceeds along the Volmer—Heyrovsky pathway, where the Heyrovsky step is
the rate-determining step.
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Fig. S16 J-V curve of Bi>S3/NiS/NiFeO/TiO2 photoanode with Pt and NiS electrocathode in
integrated PEC-EC water splitting cell

= s {7 :‘
Fig. S17 (a) Photographs of H cell used for long term stability and gas chromatography tests,
(b) photographs of Bi>S3/NiS/NiFeO photoanode after chronopotentiometry test shown in
Fig. 6(g)
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Table S1 Comparison of recent reports on hematite photoanodes majorly with NiFe
incorporated OER catalyst

Photocurrent
No. Photoanode Electrolyte density at 1.23 Refs.
VRHE (mA cm'2)
. o 0.25 M NazS (pH=12.5) 33.35 our
1 | BiSJ/NiS/NiFeO 0.5 M NaSO4 (pH=7.0) 10.44 work
2 | 2D/1D In;S:@BizS3 0.2 M Na,SO4 (pH=6.8) 2.0 [S6]
. . 0.25 M NapS + 0.35 M NaxSOs
3 BiVO./Bi:S;3 (pH=11.5) 7.81 at 0.97 Vree [S7]
4 | WOyBI:S; 01M NaZ(SF‘) ;zofz)'\" NazSO: | 6 56at09Vewe | [S8]
5 | Mo-WOs/Fe-WO3/BizS3 0.2 M NazS04 (pH=6.8) 2.55 [S9]
6 | BiVO./BisS; NazS + NazSOs 3.30 [S10]
7 | PANI/BI,S; 0.5 M Na,SO, (pH=7.0) 4.97 [S11]
8 porous Ni-O/Ni/pn*-Si _ 39.7 [S12]
9 | Ni/TiO2/pn-Si 1 M NaOH (pH=13.5) 33.6 [513]
0.25 M NazS + 0.35 M NaS03
10 | CdInyS, (0H=12.5) 5.73 [S14]
11 | Ti-WS; 0.05 M NazS 10.44 [S15]
12 | CdInySa/In,Ss 0.5 M Na,SO, (pH=7.0) 2.98 [S16]
13 | zninss 05 M NazHEog/gl)aHsz (pH 350 [517]
14 Bi»O3/Bi,S3 0.1 M NazS + 0.1 M NazSOs 9.7 at 0.80 Vrre [S18]
15 | rGO/Bi,Ss (pH=12.5) 6.06 [S19]
16 | MoS,/CdS/TiO; 3.25at0.90 Ve | [S20]
17 | CdxZn1xS/Zn0O 0.25 M Na,S + 0.35 M Na,SO3 6.6 at 0 Vagiagel [S21]
18 | CdInyS4/TiO, (pH=12.5) 3.88 at 0 Vagiagel [S22]
19 | Co-Pi/ZnInS4/Pt 0.91 [S23]
0.5 M Na,S + 0.5 M Na,SO
20 | PbS/CdS/ZnO (sz:12.5) 293 14.2 at 0 Vagagel | [S24]
Table S2 Atomic percentage of each elements from XPS measurements of
Bi>S3/NiS/NiFeO/TiO2 photoanode after 4 h of photo-electrolysis
At %
S 2p 8.96
O1s 44.31
Mg 2p 0.24
Ca2p 1.04
Cl 2p 0.46
Table S3 Calculated photovoltage (Vpn) and kinetic overpotential () for all photoanodes
Photoanodes E redox(dark) E redox(iight) Von Vph 1
Bi;Ss —0.77 VRue —0.55 VRuE 0.17 VRue 0.22V 0.72V
Bi»S3/NiS —0.85 VRHE —0.60 VRHe 0.00 Vrue 0.25V 0.60 V
Bi,S3/NiS/NiFeO —0.85 VRHE —0.56 VRrHE —0.25 VRHE 0.29V 0.30V
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