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Experimental Details

Chemicals

Chemicals used in the material syntheses were all reagent grade from Sinopharm Chemical
Reagent Co., Ltd (Shanghai, China) including acetonitrile, butan-1-ol, titanium butoxide (97%),
ammonia (28%), ethanol, sodium hydroxide, hydrochloric acid (37%), copper acetate (98%) and
methanol. Degussa P25 TiO, nanoparticles from Evonik were used in the control experiments.

Milli-Q water (18.2 mQ/cm) was used throughout.

Materials synthesis

To form an amorphous titania the following approach was used.! Titanium butoxide (7.16
mL) was added drop-by-drop to a solvent mixture of acetonitrile and butan-1-ol (volume ratio
of 1:1, 200 mL) under moderate stirring. The stirring continued until a clear solution was
obtained, approximately 20 mins. A second solution containing the same solvent mixture, as
well as 3.6 mL of distilled water and 2.7 mL of ammonia was quickly added to the titanium
butoxide solution under moderate stirring and a white precipitate formed within a few seconds.
The solution was stirred for 2 h then the white precipitate was collected by centrifugation and
washed with ethanol 3 times before being redispersed in 30 mL of 5 M sodium hydroxide
solution. The solution was transferred into a Teflon-lined stainless-steel autoclave (50 mL in
capacity) for solvothermal reaction at 140 °C for 10 h. The products were washed with water
and collected by centrifugation 3 times to remove residual sodium hydroxide. The sodium
titanate (0.02 mol) was redispersed in 500 mL of a hydrochloric acid solution of various

concentration (0.05, 0.10, 0.15, 0.20 and 0.25 M). The precipitates collected by centrifugation



were redispersed in highly concentrated aqueous copper acetate solution (0.30 M) under
magnetic stirring for 20 min to remove the remaining sodium. After washing with water and
ethanol several times and drying at room temperature overnight, copper titanates with varying
copper loadings were obtained. The samples were calcined at 450 °C for 1 h in air with a
temperature ramp rate of 2 °C/min using a muffle furnance, decompositing the copper titanate
and oxidising the copper. The samples were labelled as CT1, CT2, CT3, CT4, and CT5,
corresponding to the increasing HCl concentrations. CT3-500 sample referes to the CT3

prepared using a calcination at 500 °C for 1 h in air.

A porous TiO, control sample was prepared as follows. Sodium titanate was protonated by
500 mL 0.50 M hydrochloric acid solution. The obtained hydrogen titanate was washed with
water and ethanol several times before drying at room temperature overnight and calcining at

450 °Cfor 1 hiin air. The sample was labelled as T.

Cu,O/TiO, composite control samples based on Degussa P25 TiO, nanoparticles were
prepared through wet-impregnation to obtain the same copper loading as CT1-CT5 (based on
the ICP-OES analysis results). P25 TiO, nanoparticles (1.00 g) was dispersed in a copper acetate
aqueous solutions of various concentrations to form a suspension which was slowly dried at 60
°C under moderate magnetic stirring. The obtained powder was calcined at 450 °C for 1 h in air
to oxidise the copper. The samples were labelled as P1, P2, P3, P4, and P5, corresponding to the

copper loading in CT1, CT2, CT3, CT4, and CT5, respectively.

Characterization



A JEM-2100F, JEOL transmission electron microscope (TEM) was used to investigate the
morphology and conduct elemental mapping of the samples. X-ray diffraction (XRD) patterns
obtained on an X-ray diffractometer (Ultima IV) using Cu Ko irradiation under a 40 kV working
voltage were used to determine the crystal phases of the obtained samples. Raman spectra
were acquired on a HORIBA Lab-RAM HR-Evolution Raman spectrometer with laser excitation
at 532 nm. The UV/Vis diffuse reflectance spectra (UV/Vis DRS) were obtained with a
UV/Vis/NIR spectrophotometer (UH4150, Hitachi, Japan) in the wavelength range 300-800 nm.
The photoluminescence spectra were recorded on a fluorenscence spectro-photometer (F-280-
Laser-NIR, Gangdong Science and Technology Development Co., LTD. Tianjin) with an excitation
wavelength of 460 nm. X-ray photoemission spectra were collected using a Thermo Escalab
250xi analyzer. Cu 2p and Ti 2p binding energies were recorded using Al Ko (1486.6 eV) as the
excitation source and a pass energy of 23.5 eV. The position of the XPS peaks of the
corresponding element is referenced to the Cls peak of carbonaceous contamination. A
Micromeritics Tristar 3000 system was used to measure the nitrogen sorption isotherms of the
samples after being degassed at 100 °C on a vacuum line overnight. Specific surface area and
pore size were evaluated by using a standard Brunauer-Emmett-Teller (BET) analysis.

Adsorption curves were used to provide pore size distributions.

Inductively Coupled Plasma - Optical Emission Spectroscopy (ICP-OES, Perkin Elmer
OPTIMA 7300) was used to analyse the copper loading in the mesoporous Cu,O/TiO,
composites (CT1-CT5). 100 mg of sample was digested in 3 mL of sulfuric acid (98%) by heating

at 80 °C for 30 min. The obtained solution was diluted with 20 mL distilled water and filtered



before being transferred into a 100 mL volumetric flask and diluted to 100 mL with distilled

water. The copper content in the solution was analysed by the ICP-OES.

Photocatalytic hydrogen generation

The photocatalytic hydrogen evolution experiments were carried out at room temperature
(20 £ 1 °C) controlled by a cooling system and in a vacuum sealed reaction system. The
powdered photocatalyst (10 mg) was ultrasonically dispersed in a 50 mL methanol aqueous
solution (volume ratio of 1:4) in a Pyrex flask (350 mL) with a flat window that was illuminated
with a 300 W Xe lamp (Perfect Light, PLS-SXE300D). Gas evolution was determined by an online

gas chromatograph (GC-7860, Ar carrier gas).

Computational simulation details

The first-principle calculations were performed within the density functional theory (DFT)
plane-wave pseudopotential method, as implemented in the Vienna Ab-initio Simulation
Package (VASP code).>? 3 The exchange-correlation energy and the core electrons were
considered using the generalized gradient approximation by the Perdew-Burke-Ernzerhof
functional* and the projector augmented wave pseudopotentials,®> respectively. For the Ti 3d
orbitals, Cu 3d orbitals, O 2p orbitals of TiO,, and O 2p orbitals of Cu,0 and CuO, the Hubbard U
correction was carried out and the corresponding U values were set to 3.5, 6.8, 3.5, and 12 eV,
respectively.® 7 A plane-wave cutoff energy of 450 eV was used. All atoms were fully relaxed
with a tolerance in total energy of 10 eV, and the forces on each atom were less than 0.02
eV/A. The zero-damping DFT-D3 method® of Grimme was amended to correct for the vdW

interaction in the DFT-vdW calculations. To model the TiO, surface, the dominant (101) facet



was used, while for the Cu,0 and CuO surfaces, the most stable (111) surfaces were used. The
Cuyg cluster was used to model the surface with Cu atoms.The experimental bulk lattice
parameters of TiO,, Cu,0, and CuO were used for the surface calculations throughout the
present work. A vacuum of 16 A perpendicular to the surface was applied to avoid the

interaction between adjacent periodic slabs.

The adsorption energy of hydrogen atom (E,q) is defined as the energy difference after and
before the adsorption with respect to the gas phase H, molecule according to
Eag=Etotal=Esurface—1/2En2, Where Egyriface, Enp, and Eiorar are the energies for the clean surface, H,
molecule in the gas phase, and hydrogen atom adsorbed on the surface, respectively. The
hydrogen absorption free energyAGy is obtained by adopting the entropy correction proposed

by Norskov et al. according to AG,=E,4+0.24 eV.?



Table S1. The copper loading in the mesoporous Cu,O/TiO, composites (CT1-CT5) based on the
ICP-OES analyses.

Sample Cu (wt%)

CT1 8.6
CT2 7.7
CT3 6.8
CT4 4.7
CT5 3.9

CT1 CT2 CT3 CT4 CT5

Figure S1. Optical images of the mesoporous Cu,O/TiO, composites.



cT1 Ti 2py; J/& Cuzp, CUTCUZ=0.69
485 457 459 461 Cu* cuzp,
P12 Bl G
_4;\ [\ satelite
J‘L'—J"—— S T \....4"" \'\_
24—,
CT2 Ti 2pan ‘4//& Gugpy S

455 457 459 461

. Cu2
Ti 2py Cu? p1%u2

) sa/t.fﬂ‘te %tellite
et L___\.:-vl-’—x.il__ /"\

Cu 2p3; Cu*:Cu2+=1.06

cT3 e |
455 457 459 481 Cu 2[}1,2
Ti 2pypp e L
K satellite Asatellite
/“’ -

CT4

Ti 25 ‘J/L CU2Pe  ouecu2r=3.32

455 4517_ 459 461 Cu 2pyp

'?\Pnz Cu?* cuz
\ h satelllte

f atelllte

J/L Cu ZPM Cu*Cu2+=3.42

455 457 459 461 Cu2pqp,

Ti 2p1,2 Cu2+ cu
\\ satellite satallits

CTS

L
MN?

: ol e

0 200 400 600 800 1000 1200454 456 458 460 462 464 466 468 926 931 936 941 946 951 956 961 966
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure S2. XPS spectra (left) and peak fitting of Ti 2p (middle) and Cu 2p (right) of the
mesoporous Cu,O/TiO, composites: CT1, CT2, CT3, CT4, and CT5.
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Figure S3. a) XRD pattern, b) Raman spectra and c) UV-vis absorbance spectra of the

mesoporous Ti0,, sample T.



Table S2. Hydrogen evolution rate and reaction conditions of Cu-based TiO, composites from

literature compared to sample from this work.

Photocatalyst Scavenger Light source HER Reference
(mmol/g/h)
Cu,0/TiO, 20% methanol 300 W Xe lamp 12.45 This work
Cu,0/TiO, 10% methanol 150 W Xe lamp ~0.30 10
CuO QDs/TiO, 10% methanol 300 W Xe lamp 2.00 11
Cu;0/TiO, shell/core 20% methanol 300 W Xe lamp 1.52 12
nanorods
Cu,0/TiO, 20% methanol 300 W Xe lamp 7.14 13
Cu/Cu,0/(001)-TiO, 20% methanol 300 W Xe lamp 18.39 14
Cu/Cu0/TiO, 25% methanol 300 W Xe lamp 8.51 15
Single-atom Cu/TiO, 25% methanol 300 W Xe lamp 16.6 16
CuO/P25-TiO, 20% methanol 500 W Xe lamp 8.23 17
CuO nanodots/TiO, 10% methanol 100 W Hg lamp ~16.50 18
CuO/TiO, 50% methanol 1 Solar light 4.76 19
Cu,0/(001) faceted TiO, ~0.84, 1 wt% Pt
Cu,0/(101) faceted TiO, 10% methanol - 300WXelamp 3, o1 \y1o% pt 20
Hollow Cu-Ti0,/C 10% methanol 300 W Xelamp  14.05, 0.2 wt% Pt 21

nanospheres
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Figure S4. a) Optical images, b) XRD patterns, c) enlargement of the XRD patterns from 34-40°
26, d) Raman spectra and e) UV-vis absorbance spectra of the P25-based Cu,O/TiO, composites
control samples (P1, P2, P3, P4, and P5) with the same copper loading as that of the

mesoporous Cu,O/TiO, composites.
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Figure S5. HER rate for the mesoporous Cu,O/TiO, composites and the P25-based Cu,0/TiO,

composites with the same copper loading.
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Figure S6. H, evolution for CT3 and CT3-500.
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Figure S7. (a) XRD patterns of CT3 and CT3-500 (* indicates the characteristic peak of CuO). (b)

TEM image, c) elemental mapping analyses for Ti (left) and Cu (right), d) nitrogen sorption

isotherm and e) pore-size distribution curves of CT3-500.
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TiO, (101) CuO (111) Cu,0 (111)

AG=0.60 eV AG=-1.21eV AG=-0.24 eV

Figure S8. The adsorption configurations and the Gibbs adsorption energies of H atom (AGy) on
the TiO, (101), CuO (111) and Cu,0 (111) surface.

Cu,,@Cu,0 (111)

AG=-0.11eV AG=-0.26 eV AG=-0.36 eV AG=-0.16 eV

Figure S9. The adsorption configurations and the Gibbs adsorption energies of H atom (AGy) at
different Cu,g sites of the Cu;,@Cu,0 (111) surface.
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