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Materials

Tetraethyl orthosilicate (TEOS, Sigma-Aldrich, 98%), titanium (IV) isopropoxide (TTiP,
Sigma-Aldrich, 97% ), copper(Il) chloride dihydrate (CuCl,.2H,0, Sigma-Aldrich, > 99%),
terakis (hydroxylmethyl) phosphonium chloride (THPC, Sigma-Aldrich, 80% in H,0), L-
ascorbic acid (C¢HgOg, Sigma-Aldrich, 99%), 3-aminopropyl-trimethoxy silane (APTMS, Alfa
Aesar, 97%), ammonium hydroxide 28% (NH4OH, Sigma-Aldrich), Tetramethylammonium
hydroxide (TAMH, Sigmal-Aldrich), absolute ethanol (EtOH, VWR Chemicals), methanol
(MeOH, Honeywell Fluka), Mill-Q water. All chemical reagents were of analytical grade and
used without further purification.

Photocatalyst characterization

High-resolution transmission electron microscopy (HRTEM) and scanning
transmission electron microscopy — electron energy loss spectroscopy (STEM-EELS) were
carried out in a FEI F20 at 200kV. The HRTEM was acquired with a condenser aperture of 100
pum, no objective aperture, spot size 3, and a BM-UltraScan CCD camera. The STEM-EELS
was acquired with a condenser aperture of 70 pm, no objective aperture, nominal camera length
of 30mm, spot size 6, and Gatan EF-CCD camera. The EELS supporting STEM images were
captured from an annular dark field detector (DF4).

Low-energy ion scattering (LEIS) spectroscopy was performed on a Qtacl00
spectrometer (IONTOF GmbH) at the Imperial College of London, the United Kingdom. A 3
keV He" beam at normal incidence was selected for qualitative surface analysis. The ionic dose
per spectrum was first limited to 1 x 10> ions.cm™? for the core-shell samples to complete the
surface analysis and the composition of the sub-surface. The data were processed using the
SurfaceLab software from the same manufacturer. LEIS signals were decomposed using the
experimental lineshapes of reference materials (at 2379 eV for Cu and 2212 eV for Ti) to take
the isotopic distribution of each metal into account.

Powder X-ray diffractograms were recorded on an Aeris powder X-ray diffraction
(XRD) diffractometer from Malvern Panalytical Corporation. The measurement was operated
at 40 kV and 15 mA with a monochromatized Cu Ko radiation (A = 1.5406 A) and a linear
VANTEC detector. Raw data were analyzed using X'Pert high score plus software.



X-ray photoelectron spectroscopy (XPS) was performed on a K Alpha spectrometer
from ThermoFisher, equipped with a monochromate X-ray Source (Al Ka, 1486.7 eV) with a
spot size of 400 pm. The hemispherical analyzer was operated in CAE (Constant Analyzer
Energy) mode, with a pass energy of 200 eV and, a step of 1 eV for the acquisition of surveys
spectra, and a pass energy of 50 eV and 20eV and a step of 0.1 eV for the acquisition of narrow
spectra. A “dual beam” flood gun neutralized the charge build-up. Spectra were treated using
CasaXPS software. A Shirley-type background subtraction was used, and peak areas were
normalized using the Scofield sensitivity factors. The peaks were fitted with mixed Gaussian-
Lorentzian line shapes (70% of Gaussian character). The binding energies were calibrated

against the Ti 2ps, binding energy set at 458.5 eV, as the carbon signal is weak.

Fourier-transform infrared (FTIR) spectra experiments were carried out on a FTIR
spectrometer (Bruker Vertex 70) equipped with a diamond ATR apparatus (PIKEMIRACLE
crystal plate diamond/ZnSe) and an MCT detector. All samples were placed on clean ZnSe
diamond plate and 100 scans were performed at a spectral resolution of 4 cm! in the range of

500-4000 cm’!

The optical properties of our photocatalysts were investigated using steady-state UV-
visible diffuse reflectance spectroscopy (UV-vis DRS) ranging from 200 nm to 800 nm. The
technique was performed on a Cary 5000 UV-Vis-NIR spectrophotometer; therein, BaSO,
referred to zero baseline correction. The bandgap energy values of samples were estimated via
the Tauc equation proposed by Tauc et al.!:

1
(ahv)! = B(hv - E,)

where a is the extinction coefficient, h is Planck’s constant, v is the photons’ frequency, B is
constant, and E, is the bandgap energy. The factor ¥ represents the nature of electron transition
in semiconductors; ¥ = 2 for indirect transition and ¥ = 0.5 for direct transition. TiO; is a
semiconductor performing indirect transition?, leading to ¥ = 2. To cancel the influence of light
scattering on estimating the bandgap energy, we made use of Kubelka-Munk function?:

(1-R)*
2R

F(R) =

where R is the reflectance used to deduce absorption spectra. Replacing F(R) on the Tauc

equation provides an equation:



1
(F(R)W)" =B(hv-E )

Time-resolved microwave conductivity (TRMC) allows the study of the lifetime and
dynamics of charge carriers that are generated at or transferred to the surface of TiO, via the
change in conductivity (o) of the sample induced by a pulsed laser. In particular, mobilized
charge carriers (e/h") induce a relative change in the reflected microwave power (AP(t)/P). The

following expression gives the relation between conductivity and microwave absorption:

AP(t)/P = AAo(t) = A e ZiAni(t) pi

in which Ani is the free charge carrier density, #i is the free charge carrier mobility, and 4 is the
sensitivity factor. A TRMC signal would identify two parameters: maximum conductivity
value 'maxand time decay /(t). The maximum intensity determines the concentration of free
charge carrier density created during irradiation. At the same time, the decay /(t) corresponds
to the trapping, charge carrier recombination, or electron/proton transfer in time t (from the
nanosecond to the microsecond timescale). TRMC setup includes a laser source and a
microwave source. The laser source is OPO laser (EKSPLA, NT342B), characterized by the
emission of wavelengths from 225 to 2000 nm, with a half-height pulse width of 8 ns and a
pulse repetition rate of 10 Hz. Continuously generated microwaves of 30 GHz frequency are
derived from a Gunn GKa-300 diode.

Time-resolved laser scanning time-correlated single photon counting (TCSPC)
spectroscopy was carried out with a homemade setup based on a TE2000 Nikon microscope
equipped with a 60x1.2 NA water immersion objective. The pulsed excitation source was a
375 nm pulsed diode (80 ps FWHM, 20 MHz of repetition rate, PicoQuant). The emitted
luminescence was selected with the appropriate filter (420 + 30 nm) and detected by a MCP-
PMT (Hamamatsu), which is connected to the PicoHarp 300 TCSPC module (PicoQuant).

Lifetime measurements were analyzed by the Pico-quant SymPhoTime64 software (v5.3.2)

For external quantum efficiency (IPCE) and internal quantum efficiency (APCE)
measurements, photoelectrodes were subjected to monochromatic light at various wavelengths
triggered from a 1000 W Xe Arc lamp passing through Czerny-Turner monochromators
(Quantum Design, MSH-300). The sequence at each wavelength was 10 s dark and 10 s
illumination, and the current was collected at 10 points/second. The photoelectrochemical setup
remains unchanged, and the bias is at 0.6 V vs. Ag/AgClI (1.23 V vs. RHE). IPCE corresponds

to the ratio of photocurrent (electron rate) versus the rate of incident photons:



electrons/cm?/s 3 |jph(mA/cm2)| X 1239.8(V x nm)

IPCEQQ) =
photons/cm?/s P ono(mW/cm?) X A(nm)

APCE describes the photocurrent collected per incident photon absorbed:

IPCE(L)
APCE () = —

1-1074
in which /ph is photocurrent, Pmono is the monochromated illumination power intensity, 4 is the
wavelength at which this illumination power is measured, and A is absorbance from Beer-
Lambert law. Experiments were manipulated by potentiostat PGSTAT101 Metrohm Autolab.
An open-circuit voltage decay fitting was executed using the inverse method on Matlab. When

the numeric curves and the experimental curves show superimposition, the fitting is reliable

for estimating important parameters such as the recombination rate constant.

Photocatalytic assessment
We followed a derivatization method*, which is based on the trace detection of the complex

between 2,4-dinitrophenylhydrazine (DNPH) and analytes containing carbonyl group (-C=0)

as follows:
O,N NO, OZN\@NOZ
ON NO, Ry
H+
+ A, e A T N
_NH; 0 R, -H,O N \r N
N Ry
H Ro
DNPH Carbonyls DNPH-derivatives

Acetonitrile (CH3CN) and deionized water (H,0O) (60:40, correspondingly) were used in a
reverse-phase analytical column as the eluent. Signals were recorded by a UV-visible detector

at a wavelength of 360 nm.



A

Metal NPs binding 1. APTMS functionalization

—

2. Polycondensation
Ti[OCH(CH;),],in NH,OH
3 Si0,@Cu Si0,@Cu@TiO,

Si0, bead

1. APTMS functionalization

e———
Polycondensation
Ti[OCH(CH;),].

in NH,OH Si0,@TiO, 5i0,@Ti0,@Cu

2. Metal NPs deposition

Figure. S1|Schematic illustration of the photocatalysts' soft-chemistry synthesis procedures
and visual images: (A) SiO,@TiO,. (B) MSI-Cu/Ti0,. (C) TiO,/Cu
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Figure. S2| Electron Microscopy characterization of SiO,@TiO,. (A) HAADF-STEM image of the core@shell nanostructure.
(B) HRTEM image of the TiO, thin shell. (C) High magnification HRTEM image emphasizing TiO, crystal structure and its
index power spectrum. (D) EELS-STEM mapping of chemical elements and their composition: Ti L edge at 456 eV (scarlet
red), O K edge at 532 eV (kelly green), and Si K edge at 1839 eV (ultramarine blue).



Figure. S3| Electron Microscopy characterization of the TiO,/Cu core@shell photocatalyst. (A) TEM image of TiO,/Cu. (B)
HRTEM image of the interface titania-cuprate. (C) High magnification HRTEM image emphasizing a deposited cuprate
nanoparticle and its index power spectrum (inlet). (D) HAADF-STEM image of a core@shell nanostructure. (E)-(F) EELS-
STEM mapping of chemical elements and their composition: Ti L edge at 456 eV (scarlet red), O K edge at 532 eV (kelly
green), Cu L edge at 931 eV (lemon yellow), and Si K edge at 1839 eV (ultramarine blue).
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Figure. S4| (A) EPR spectrum of SiO,@TiO,. (B) the survey scans XPS spectra of MSI-Cu/TiO; and TiO,/Cu. Comparison
of XPS spectra (C) Ti 2p and (D) O 1s among MSI-Cu/TiO,, TiO,/Cu, and SiO,@TiO,. (E) FTIR spectra.
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Figure. S5| Optical and photoelectrochemical properties of SiO,@TiO,, MSI-Cu/Ti0,, and TiO,/Cu. (A) UV-Vis absorption
spectra in the 350-800 nm range. (B) Tauc plots and bandgap values. (C) Amperometric photocurrent response of the
photoelectrodes. (D) Incident photon-to-current efficiency (IPCE) spectra in the visible range. (E) Absorbed photon-to-current
efficiency (APCE) spectra in the ultraviolet range. (F) Absorbed photon-to-current efficiency (APCE) spectra in the visible
range. Photoelectrochemical measurements ran at a fixed bias voltage of 0.6 V vs. Ag/AgCl in saturated KCI (~ 1.23 V vs.
RHE) in Na,SO; 0.1 M buffered at pH = 7 under intermittent illumination triggered from a solar simulator AM 1.5G.
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Figure. S6| Mott-Schottky measurement estimating flatband potential values in K,SO,4 0.5M (pH = 6.32) at a frequency of
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Figure. S7|Charge carrier dynamics of SiO,@TiO,, MSI-Cu/TiO,, and TiO,/Cu: (A) Time-resolved Microwave Conductivity

-2
(TRMC) signals of the samples triggered by laser irradiation (Iex= 1.126 MJ.cm ™" 3 A =360 nmy. (B) Time-resolved

photoluminescence lifetime decay. (C) Open-circuit voltage decay fitting to pseudo-first order kinetic model by Matlab
inversed method, estimating recombination rate constants £;..
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Figure S8| Stability assessment of photocatalytic hydrogen evolution: (A) Photocatalytic HER yields of MSI-Cu/TiO, and
TiO,/Cu after 4 cycles of 20 hours. The sample color before and after exposition to UV-Vis irradiation: (B) MSI-Cu/TiO,
(greenish), (C) TiO,/Cu (grey). (D) 37-mL quart reactors containing photocatalysts homogeneously dispersed in aqueous
methanol solution during each cycle.
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Table S1|Comparision of photocatalytic activity in hydrogen production on recent TiO,-based photocatalysts.

Hydrogen
Cu . . Incident light (light evolution
Photocatalyst loading Reaction solution Mppotocatatys!’V solution intensity) rate Ref.
(mmol/g/h)
CuO,/TiO,-{0 0 1} 1.2% wt MeOH 1:4 (v/v) 50 mg/120 mL Simulated solar light 1 0.62 s
(nanosheet) sun
%ﬁﬁ.ﬁ;ggz 1% MeOH 1:3 (v/v) 100 mg/40 mL 300 W Xenon lamp 0.55 6
CuO-TiO, 1% MeOH 133 (v/v) | 20 mg/40 mL f&ﬁ‘“la‘ed solar light 1 0.40 7
Cu0/Ti0, 1% MeOH 1:16 (v/v) | 300 mg/300 mL 125W high-pressure Hg |, o s
composites lamp
E”I;]T‘OZ nanofiber/g- | o, TEOA 1:5(viv) | 20 mg/ 150 mL 300 W Xenon lamp 0.26 o
30Ny
Doughnut-shaped . 300 W Xeon lamp, 420 10
black TiOyCwzno | VA TEOA 19 (v/v) 50 mg/ 100 mL nm cut-off filter 0-34
CuO/WO, 17.87% Pure MeOH 100 mg/ 10 mL Visible light irradiation 0.019 1
Cu,0/TiO, 0.50% MeOH 1:9 (v/v) 100 mg/ 80 mL 150 W Xenon lamp 0.36 12
Cu,0/Z1rTiO,4 0.50% MeOH 1:9 (v/v) 100 mg/ 80 mL 150 W Xenon lamp 0.06 12
Z-Scheme (001)- 1.4% wt . .
faceted TiO,/Cu,0 Cu,0 MeOH 1:9 (v/v) 20 mg/ 100 mL 300 W Xenon lamp 0.75
. . 0.75% wt . 300W Xe lamp 1
single-atom Cu/TiO, Cu MeOH 1:3 (v/v) 5 mg/ 80 mL (100W/m2) 16.6
. 1% wt . 300W Xe lamp 1s
Cu,0/TiO, nanorod Cu,0 MeOH 1:4 (v/v) 100 mg/ 80 mL (80W/m2) 1.52
Cu/Cu-TiO, Direct sunlight
mesoporous 3% wt Cu | MeOH 1:4 (v/v) 30 mg/ 5 mL 0.17 16
nanocomposite (637W/m2)
. . ‘ 4 x 3W UV-LED (365 -
Ti0,-Cu nanowire N/A MeOH 1:3 (v/v) 50 mg/ 80 mL nm, 80 W/m?) 5.1
0,
Cu NPs/TiO, P25 \lftg?f MeOH 1:9 (v/v) 25 mg/ 25 mL 300 W Xenon lamp 0.07 18
Cu-loaded TiO, P25 | 9% wt MeOH 1:9 (V) in | 44 1o/ 40 mL 300 W Xe lamp 12.7 19
tap water
. 0.5% mol
Cu,0/Cu0O/TiO, Cu MeOH 1:4 (v/v) 100 mg/ 100 mL 300 W Xe lamp 0.113 20
TEOA 15%, 20
. 16.54% L 300 W Xenon lamp 21
CuO@TiO, wt CuO mg of eosin Y 20 mg/ 80 mL (cutoff 1 < 420 nm) 1.46
(photosensitizer)
. 12.04%
Cu,0-TiO, nanofiber Wt CuO MeOH 1:25 (v/v) 20 mg/ 50 mL 200-W Hg lamp 0.048 2
grgenwmpped N/A Na,S0; 0.5M 10 mg/ 100 mL 300 W Xe lamp 1.69 5
2
MSI-Cu/TiO, 1% wt MeOH 1:3 (v/v) | 10 mg/ 10 mL 150 W Hg lamp 11.82 v{(‘)‘r'f(
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