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1.1. Chemical and agents

All chemicals and solvents were obtained from Merck (Darmstadt, Germany) and employed directly
without any further purification steps. Tin(II) chloride dihydrate (SnCl,-2H,0) and copper(Il) nitrate
trihydrate (Cu(NOj3),-3H,0) served as the metal precursors for Sn and Cu, respectively. The solvents
applied in this work consisted of isopropanol (C3HgO), glycerol (C3;HgOs), and ethanol (C,H¢O). The pH
of the reaction media was regulated using sodium hydroxide (NaOH) and hydrochloric acid (HCI, 37%).

Throughout all experimental procedures, deionized (DI) water was utilized.

1.2. Nanostructure characterization method

The crystallographic features of the synthesized photocatalysts were analyzed using X-ray diffraction
(XRD) with a PANalytical X’Pert Pro MPD diffractometer (Netherlands), operated under Cu Ka
radiation (A = 0.15406 nm) at 40 kV and 30 mA. Morphological characteristics were investigated via
field-emission scanning electron microscopy (FE-SEM, Mira III, Tescan, Czech Republic) and
transmission electron microscopy (TEM, CM300, PHILIPS, Netherlands). The elemental oxidation
states and electronic interactions were determined through X-ray photoelectron spectroscopy (XPS)
employing a K-Alpha spectrometer (Bes Tec, Germany) with Mg Ka radiation (excitation energy =
1253.6 eV). Textural parameters such as surface area and pore distribution were obtained through
nitrogen adsorption—desorption analysis on a BELSORP MINI II system (BEL, Japan). Optical
absorption and light-harvesting behaviors were recorded using UV—Vis diffuse reflectance spectroscopy
(DRS, Avaspec-2048-TEC, Avantes, Netherlands). Photoluminescence (PL) spectra, collected with a
Cary Eclipse spectrofluorometer (Agilent, USA), provided insight into charge carrier recombination

dynamics.

Photoelectrochemical performance was examined using transient photocurrent (TPC), electrochemical

impedance spectroscopy (EIS), and Mott—Schottky (MS) analyses on a PGSTAT302N potentiostat in a



conventional three-electrode configuration. The working electrode was a catalyst-coated glassy carbon
electrode (C-GCE), the counter electrode was a platinum wire, and Ag/AgCl served as the reference
electrode in a 0.5 M Na,SO, electrolyte. EIS spectra were acquired under open-circuit potential
conditions with a 10 mV AC oscillation over a frequency range of 100 kHz—0.01 Hz, while MS curves
were recorded at fixed frequencies of 0.5, 1, and 1.5 kHz. For TPC tests, a catalyst-coated fluorine-doped
tin oxide (C-FTO) electrode was subjected to intermittent illumination using a 300 W Xe lamp with 50
s on/off cycles. Detailed electrode preparation procedures for GCE and FTO substrates can be found in

previous reports [1].

2. calculations

2.1. Scherrer formula

K x2A
b= B x cos(0) (S1)

where, D: crystalline size (nm), K: Shape factor, A: wavelength of the X-ray, : width of the diffraction

peak, 0: diffraction angle,

2.2. The bi-exponential function of time-resolved PL

t t
I(t) = A, eXP('f) +tA, eXP('T—Z) (S2)
. A, T
long-lifespan decay = m (S3)
_A T +A T (S4)

T
ave. Al Tl +A2 T2



2.2.1. Fabrication of CuSn; O,(x=0, 0.1, 0.2, and 0.3)
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Fig. S1. The graphical presentation of synthesis procedure of catalysts.
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Fig. S2. Determination of pHzpc for CuO and Cu,Sn;.(O4(x=0.2) samples.
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Fig. S3. The spectrum of Xe lamp.
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Fig. S4. Graphical presentation of atmospheric water splitting setup.
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Fig. S5. Graphical presentation of conventional liquid-phase water splitting setup.
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Fig. S6. HR-XPS patterns of O 1s related to various as-synthesized nanomaterials.
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Fig. S7. Schematical illustration of the stepwise synthesis of multi-layered CuO@Cu,Sn; 1O,(x=0.2)
yolk-shell hollow sphere.
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Fig. S8. Effect of the light intensity on the H, production performance of optimal CuO@Cu,Sn;_,O,(x=0.2).

Fig. S9. The FE-SEM of CuO@Cu,Sn;,0,(x=0.2) nanocomposite after ten repetitive cycles of PAMS reaction



Table S1. The extracted parameters for time-resolved PL singles.

Sample T, A T, A, l‘;‘:%;li;‘::g?{‘;f;r (1:;;

Cu Sn_0, (x=0) 15 Is 24 19 67 212
CuSn_0 (x=0.1) 17 15 37 21 75 321
Cu Sn,_0,(x=0.2) 19 16 48 26 80 423
CuxSnl_sz(X=0.3) 1.8 16 4.1 25 76 3.60
CuO 1.5 13 1.2 12 29 1.37
Cu0@Cu Sn,_0,x=0.2) | 29 2 12 31 85 10.66

Table. S2. comparison study between the catalytic activity of optimized CuO@Cu,Sn;_,O,(x=0.2) and recently

reported nanomaterials for PAMS system.

Sacrificial | Reaction
Sample Catalyst form | Light Source PAMS efficiency Ref.
agents conditions
MOF-801-hydrazine- 30% RH,
Powder 300 W Xe - 1033.10 pmol/g.h [2]
SrTiO5:Al 25°C
Al-doped SrTiOj; loaded 58% RH,
) Coated layer 300 W Xe - 0.677 umol/h cm? [3]
with a RhCrOy and CoOy 30°C
) ] 90% RH,
NFC@LiCI-SrTiO3:Al Block gel 300 W Xe - 550C 6.80 umol/h cm? [4]
carbonized 70% RH,
Coated layer 300 W Xe - 4.0 umol/h cm? [5]
wo0d/ZnCl,/Pt@g-C;Ny 25°C
CaCl,- Polyethylene| 75% RH,
Block 300 W Xe 425 umol/g.h [6]
PAAm-Pt-TiO,/PTFE Glycol 28°C
photosensitive pyrene 300 W Xe Ascorbic 48% RH,
Coated layer 105 pmol/g.h [7]
COF (Py-HMPA@Pt) (A>420 nm) Acid 28°C
) Solar Simulator
RhCrOx—-Al:SrTiO3 Coated layer - 25°C 2.6 umol/h cm? [8]
(AM 1.5G)
300W Xe 1332 pmol/g.h
(A>420 nm) Ascorbic | 48% RH, | (8.48 umol/h cm?)
CuO@Cu,Sn;,0,(x=0.2)| Coated layer This study
Solar Acid 28°C 733 pmol/g.h
Simulator (4.67 umol/h cm?)




AM 1.5G filter
(100 mW/cm?)

Table S3. comparison study between the catalytic activity of optimized CuO@Cu,Sn;O,(x=0.2) and recently

reported nanomaterials for conventional liquid-phase H, production.

Sacrificial or Co- | STH H; production
Sample Light Source AQE (%) Ref.
Catalyst agents (%) yield (umol/g.h)
300 W Xe
2D/2D B-NiS/TiOy. - 0.44 9.13 380 [9]
(A>380 nm)
300 W Xe 10.08
- 3200
(A>420 nm) (at 420 nm)
CdSy-2 - [10]
Solar Simulator
0.94 - 1066
AM 1.5G filter
300W Xe
HI solution 12.32
PMA,Pbl,/MoS, AM 1.5G filter 2.31 736.6 [11]
(1.25 mol/L) (at 400 nm)
(150 mW/cm?)
300 W Xe 4.94
Pt/Cr,04 - 316
(A>420 nm) (at 420 nm)
g-C3;N4/rGO/PDIP Co(OH), [12]
Solar Simulator
(co-catalysts) 0.3 - 92.2
AM 1.5G filter
300 W Xe K3[Fe(CN)g] 16.9
- 4000
(A>420 nm) (5 mM) (at 420 nm)
Ir(P.1.)/BVO-573 ) Buffer Solution [13]
Solar Simulator
ZrO,/TaON 0.9 - 1916
AM 1.5G filter
(150 mg)
300 W Xe K3[Fe(CN)6] 10.3
- 2600
(A>420 nm) (10 mM) (at 420 nm)
Au/CoOx-BiVO4 buffer solution [14]
Solar Simulator
RhyCry—yO;- 0.5 - 600
AM 1.5G filter
ZrO,/TaON (50 mg)
300 W Xe 0.22
- 36.7
(2>420 nm) Rh/Cr,0; (at 420 nm)
Ta3N5/KTaO3 - [15]
Solar simulator (co-catalyst)
0.014 - 22
(AM 1.5 G)
300 W Xe 12.3
Na;RhCl6 - 800
MgTa206—xNy/TaON (A>420 nm) (at 420 nm) [16]
KzCI'O4
Solar Simulator 0.6 - 180




AM 1.5G filter
(100 mW/cm?)
ascorbic acid
300 W Xe 8.0
Ni-TBAPy-NB (15 mM) - 5000 [17]
(A>420 nm) (at 420 nm)
MeOH (90 mL)
Solar simulator HBr/HI acid 30.66
MoSe2/FPBI ) - 8550 [18]
(AM 1.5 G) solutions (at 420 nm)
300 W Xe
Graphene/ZnO/CuO TEOA - - 37200 [19]
(A>420 nm)
300W Xe 8.2
- 16820
(2>420 nm) (at 420 nm)
This
CuO@Cu,Sn;40,(x=0.2) | Solar simulator Ascorbic Acid cud
study
AM 1.5G filter 0.47 - 5942
(100 mW/cm?)
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