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Experimental Section
Materials

Fluorine-doped tin oxide (FTO) was purchased from Hepta Chroma. Tetrabutyl titanate (TBT),
hydrochloric acid, ethanol, titanium trichloride, acetone, and were purchased from Aladdin

(Shanghai, China). All chemicals were used without further purification.

Synthesis of inverse opal TiO, (10-TiO,)

The FTO glass slide was placed vertically in a solution containing monodisperse polystyrene (PS:
230 nm, 0.2 wt % in water), as the water evaporated and the meniscus swept across the substrate,
capillary forces caused the FTO glass slide. The PS spheres on the sheet surface are arranged in
order, and the inverse opal TiO, structure is obtained by impregnation for 15 min and calcination at
450 °C. Among them, all the solutions of the dipping method are solutions prepared by volume
percentage of titanium tetrabutoxide (21.5%), hydrochloric acid (8.6%), absolute ethanol (43.0%)

and deionized water (26.9%).

Preparation of inverse opal TiO,/nanorods (I0-TiO,/NRs)

Using the as-synthesized |0-TiO, as a carrier, TiO, nanorods were directly grown on the surface
of 10-TiO, by adding TBT precursor via a hydrothermal reaction. Briefly, a piece of I0-TiO,-covered
glass was placed at an angle into a Teflon autoclave. Then, tetra butyl titanate, concentrated
hydrochloric acid, and water were mixed of the mixed solution was poured into the reactor,
hydrothermally treated at 150 °C for 5 h, the FTO substrate was taken out, rinsed with deionized
water, and air-dried to prepare 10-TiO,/NRs. For comparison, FTO-NRs were prepared by directly

hydrothermally growing TiO, nanorods on FTO substrates under the same conditions.

Synthesis of 10-TiO,/NRs-TiO, multi-heterojunction photoanode

Using 10-TiO,/NRs as carrier and TiCl; as titanium source, rutile TiO, were grown on TiO,
nanorods by hydrothermal method, preparing 10-TiO,/NRs-TiO, multi-heterojunction photoanode.
Specifically, 20 mL deionized water and 0.25 mL HCI were mixed uniformly, and then TiCl; (0.25 mL)
was slowly added dropwise to the solution, and then the solution containing TiCl; was poured into
the already placed 10-TiO,/NRs glass slides in a beaker, and then place the beaker in an oven (80 °C)
for 120 min. Finally, the prepared samples were washed (ethanol), dried (60 °C) and calcined (450
°C), producing 10-TiO,/NRs-TiO, catalyst. In the same way, small rutile grains were directly grown

on FTO-NRs to prepare a comparative catalyst (NRs-TiO,).
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Characterization

Scanning electron microscope (SEM, JEOL JSM6330 F), Transmission electron microscope (TEM,
Tecnai G2 F30 S-TWIN) and scanning transmission electron microscope (STEM) mapping were used
to characterize the morphology and structure of the as-synthesized samples, while X-ray diffraction
(XRD, D/MAX2500 V diffractometer) were employed to investigate their surface area, crystal
structure, and binding energy, respectively. The chemical states of the samples were measured by
using X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB250Xi). In addition,
photoluminescence (PL, FLS980), time-resolved photoluminescence (TRPL), transient-state surface
photovoltage (TS-SPV), and ultraviolet visible spectrophotometry (Shimadzu UV-2600) were used to

measure their photoelectronic properties.

Photoelectrochemical (PEC) Measurements

The PEC properties of samples were measured in a standard three-electrode cell. The reference
wand counter electrodes were Ag/AgCl electrode and Pt wire, respectively. A 1.0 M KOH aqueous
solution was used as the electrolyte. The photoelectrode film area was fixed at 1 cm? for all the PEC
measurements. The measured potential versus Ag/AgCl reference electrode was converted to the
reversible hydrogen electrode (RHE) scale according to the Nernst equation:

ERHE:EAg/AgCl+O.059XpH+O.1976 (1)

where Egye is the converted potential versus RHE, and Epg/aqc is the experimentally measured
potential versus the Ag/AgCl reference electrode. The photoelectrodes with an exposure area of
1x1 cm? were illuminated under AM 1.5G light (100 mW cm=2, 300 W Xe lamp). Linear sweep
voltammetry (LSV) and Electrochemical impedance spectroscopy (EIS) were recorded using an
electrochemical workstation (CHI instrument, CHI 660C).

The ns, is the separation efficiency of the bulk charge in the photoelectrode, which can be

derived from the following equation?:

nsep = ]KOH/]abs (2)
where, Jyon is the photocurrent density obtained in 1.0 M KOH electrolyte solutions, J,,s represents
the photocurrent density when the absorbed photon is fully converted into an electric current.

According to the following equation, the overlapping region between the UV-Vis absorption

spectrum and the AM 1.5G solar spectrum can be calculated?:
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where, A is the wavelength (nm), @AM 1.5G (A) is the solar spectral irradiance (W-m=2-nm™1) that
provides the simulation, LHE is the light capture efficiency, and A(A) is the absorbance at the
corresponding wavelength A.

Applied bias photon-to-current efficiency (ABPE) is calculated by the following equation3:

ABPE(%) =Jp X (123 =V 4p) [Py X 100% (5)

where, J,j, is the photocurrent density, Vg, is the application bias (vs. RHE), and Py is the light
intensity of AM 1.5G.

The incident photon to current conversion efficiency (IPCE) was calculated from amperometry
measurements with three electrodes configuration at 1.23 V with respect to the RHE according to

the follow equation:

IPCE = (A240 X D) /(A x ), 1) (6)

where | is the photocurrent density (mA cm=2) measured at the specific wavelength, A is the
wavelength of the incident light, and J is the irradiance (mW cm™) measured at the specific
wavelength. The EIS were recorded under AM 1.5G illumination (100 mW cm=2) at an AC potential
frequency range from 10° to 0.1 Hz with an amplitude of 10 mV. In the PEC hydrogen production
process, a photoanode consisting of 5 mg 10-TiO,/NRs-TiO, is used, with triethanolamine (10%
concentration) as the sacrificial agent, and a 365 nm LED lamp serving as the light source.

Use the following equations to fit the time-resolved photoluminescence spectra and calculate

average lifetimes (Tave):
Tove = (4177 + Ay75)/(ArTy + 4,7)) (7)
Photocatalytic Hydrogen Production
Photocatalytic hydrogen production was carried out in a 160 mL optical reaction vessel at room
temperature with continuous stirring. 5 mg of the photocatalyst was scraped off the FTO and
suspended in a solvent mixture consisting of triethanolamine (TEA) as sacrificial agents (10%

concentration) and deionized water. In addition, the hydrogen evolution performance without the

addition of sacrificial agents was also tested as a comparison. The mixture was thoroughly mixed to



achieve a homogeneous suspension, which was then stirred and purged with nitrogen for
approximately 10 min to remove the air. Visible light irradiation was provided by an AM 1.5G light
(100 mW cm=2, 300 W Xe lamp). Circulating water was used throughout the reaction to maintain a
steady temperature of approximately 25 °C. To measure hydrogen production, 200 uL samples of
the headspace were periodically withdrawn and analyzed using a gas chromatograph equipped. The
hydrogen concentration was determined using a calibration curve based on an internal hydrogen

standard.

Computational methods

Electronic structure calculations were performed with the generalized gradient approximation
(GGA) of the Heyd-Scuseria-Ernzerhof screened hybrid functional (HSE06) to the exchange-
correlation functional for calculating the band gap.* > The kinetic cutoff energy for a plane-wave
function was 35 Ry and the cut-off energy for the real space grid was 250 Ry. A5 x 5 x 8 Monkhorst-
Pack k-point sampling was used for the rutile unit cell and a 6 x 6 x 3 Monkhorst-Pack k-point
sampling for the anatase unit cell. The anatase (101), rutile (110), rutile (111) and rutile (101) were
modelled by eight layers of atoms with six TiO, building blocks and a 3 x 3 x 1 Monkhorst-Pack k-

point sampling was used.



Fig. S1 SEM images of (a) PS spheres, (b) IO-TiO,, (c) I0-TiO,/NRs, and (d) I0-TiO,/NRs-TiO,.



Fig. S2 SEM images of the |0-TiO,/NRs prepared at a temperature of 80 °C with different
concentration of TBT: (a) 0.1 mL, (b) 0.15 mL, and (c) 0.2 mL. SEM images of the I0-TiO,/NRs-TiO,
prepared at a temperature of 80 °C with different concentration of TiCls: (d) 0.15 mL, (e) 0.25 mL,

and (f) 0.35 mL.
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Fig. S3 TEM images of 10-TiO,/NRs-TiO,.



Fig. S4 Selective area electron diffraction of (a) anatase and (b) rutile in 10-TiO,/NRs-TiO,.
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Fig. S5 EDS elements mapping of I0-TiO,/NRs-TiO,.
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Fig. S6 (a, b) STEM images and (c) mapping of NRs-TiO, in 10-TiO,/NRs-TiO,.
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Fig. S7 Cross-section SEM image of 10-TiO,/NRs-TiO,.
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Fig. S8 (a) 2D height sensor image and (b) corresponding CAFM current images of 10-TiO,/NRs-TiO,,

(c—f) line scan of surface morphology and current distribution of the dashed line 1 and 2,

respectively.
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Fig. S9 XPS full spectrum of 10-TiO,/NRs-TiO,.
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Fig. S10 XPS spectra of (a) Ti 2p and (b) O 1s of I0-TiO,, I0-TiO,/NRs, and 10-TiO,/NRs-TiO,.
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Fig. S11 UV-vis absorption spectra of 10-TiO,/NRs-TiO, with different concentration of (a) TBT, (b)

and TiCls.
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Fig. S12 UV-vis absorption spectra of 10-TiO,, I0-TiO,/NRs, and I0-TiO,/NRs-TiO,.
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Fig. S13 SEM images of (a) 10-TiO,/TiO,, (b) FTO-NRs, and (c) NRs-TiO,.
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Fig. S14 XPS spectra of (a) Ti 2p and (b) O 1s of FTO-NRs, I10-TiO,/TiO, and NRs-TiO,.
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Fig. S15 LSV curves of NRs-TiO,, FTO-NRs, and I0-TiO,/TiO,.
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Fig. $16 (a) ABPE and (b) Charge separation efficiency of I0-TiO,, I0-TiO,/NRs, and 10-TiO,/NRs-TiO,.
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Fig. S17 (a) SEM and (b) XRD patterns of I0-TiO,/NRs-TiO, before and after long-term photocurrent-

time test.
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Table S1 PEC water splitting performance of 10-TiO,/NRs-TiO, photoelectrode in comparison of

various photoelectrodes.

Materials Electrolyte Photocurrent Lamp Ref.
BCN/CsTaWOg. 1.0 M KOH 1.90 mA cm~2 at 100 mW cm™ 6
xNy array 1.23 Vvs. RHE 300 W Xe lamp
1.10 mAcm= at 100 mW cm™
SrTaO,N 1.0 M KOH 7
et 1.23V vs. RHE AM 1.5G sunlight
0.80 mA cm=2 at 30 MW cm™2
LaTaON, 1.0 M KOH maem @ i em s
1.6 Vvs. RHE 500 W Xe lamp
1.24 mAcm= at 100 mW cm™
Ti 1.0 M KOH 3
10z array 0MKO 1.23V vs. RHE AM 1.5G
0.66 mA cm= at 100 mW cm™
BiVO, 1.0 M KOH mAcm -4 mv.em 10
1.23 Vvs. RHE Xe lamp
H _ -2 -2
Branched TiO, 1.0 M KOH 1.83 mAcm™at 100 mW cm . 1
NRs 1.23 Vvs. RHE AM 1.5G solar light
1.0 mA cm™2 100 mW cm™
2D P TiO 1.0 M KOH 12
orous 11t 1.23 V vs. RHE 150 W Xe lamp
0.78 mAcm=2 at 100 mW cm™
ZnFe,0,4/TiO 1.0 M KOH 13
204/TiO; 1.23 V vs. RHE AM 1.5G
0.80 mA cm=2 at 100 mW cm™
-C3N,/TiO 1.0 M KOH 14
g-CaNa/TiO; 123V vs. RHE 300 W Xe lamp
TiO, 1.0 M KOH 0.75 mAcm~2 at 100 mW cm™2 15
nanoflower 1.23 Vvs. RHE 300 W Xe lamp
10-TiO,/NRs- 1.01 mAcm™2 at 100 mW cm™ This
10,/ 1.0 M KOH mavem !
TiO, 1.23 V vs. RHE 300 W Xe lamp work
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Table S2 Photocatalytic water splitting performance of 10-TiO,/NRs-TiO, in comparison of various

reported photocatalysts.

H, evolution
Photocatal Co- Sacrificial 2 GVOIUH ~
Morphology Lamp rate (umol g~ Ref.
yst catalyst reagent Lhel)
Anatase Mesoporous Pt Methanol 100 mW cm™ 1362 16
TiO, structure (1 wt%) (20 vol%) 300 W Xe lamp
Pt Methanol 100 mW cm™2
Rutile TiO, Nanoparticle 34 17
uthie 11 part (1 wt%) (10 vol%) 300 W Xe lamp
S doped Pt Methanol 100 mW cm™
N ticl 258 18
rutile Tio, o oPAMA® 05 wi%) (25 vol%) AM 1.5G
7.5W m2
Anatase i Glycerol . 19
Tio, Nanoparticle None (5 vol%) Philips PL-S 9W 115
lamps
Anatase Nanoparticle Pt Ethanol 100 mW cm™ 1100 2
TiO, P (2.5wt%)  (20vol%) 300 W Xe lamp
12.5 W m—
Anatase . Pt " i 21
Tio Nanoparticle (1 wt%) Methanol Philips PL-S 9W 900
2 lamps
-
IO(r)rZIe Nanoparticle Pt Methanol 100 mW cm® 850 22
p\':'ioz P (0.1wt%) (20 vol%) 300 W Xe lamp
Formic acid-
Pt sodium 365 nm Philips
TiO | 23
™2 nverseopal 0 owt%)  formate PLS-10 1300
0.1 M
Triethanolam
B-TiO,/g- Hollow None ! e 100 mW cm™2 808.97 -
C3N, spheres (10 vol%) 300 W Xe lamp
In,S;/Pt- Nanobarticle Pt Na,S, Na,SO; 100 mW cm™ 90 -
TiO, P (1 wt%) (0.25M) 300 W Xe lamp
Anat
;zt?lsee/ I0-NRs- Pt Methanol ~ 100mWem? .~ This
i nanosheets (1 wt%) (10 vol%) 300 W Xe ' work
2
Anat
';zt?:ee/ 10-NRs- e TEA 100 mW cm-2 - This
Tio nanosheets (10 vol%) 300 W Xe work
2
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Table S3 The fitted parameters of time-resolved photoluminescence.

Sample A, T A, T, R?
|0-TiO, 1754.3 7.0 633257.2 1.1 0.990
|O-TiO,/NRs 911.2 11.1 164784.4 1.4 0.997
|0-Ti0,/NRs-TiO, 67085.4 1.9 1038.1 22.7 0.998

26



References

1. T.Zhou,J. Wang, S. Chen, J. Bai, J. Li, Y. Zhang, L. Li, L. Xia, M. Rahim, Q. Xu and B. Zhou, Bird-nest
structured ZnO/TiO, as a direct Z-scheme photoanode with enhanced light harvesting and
carriers kinetics for highly efficient and stable photoelectrochemical water splitting, Appl. Catal.,
B, 2020, 267, 118599.

2. J. H.Kim and J. S. Lee, Elaborately Modified BiVO, Photoanodes for Solar Water Splitting, Adv.
Mater., 2019, 31, 1806938.

3. G.Zeng, Y.Deng, X.Yu, Y. Zhu, X. Fu and Y. Zhang, Ultrathin g-C5sN, as a hole extraction layer to
boost sunlight-driven water oxidation of BiVO,-Based photoanode, J. Power Sources, 2021, 494,
229701.

4. J).P.Perdew, K. Burke and M. Ernzerhof, Generalized Gradient Approximation Made Simple, Phys.
Rev. Lett., 1996, 77, 3865.

5. D. Vanderbilt, Soft self-consistent pseudopotentials in a generalized eigenvalue formalism,
Physical Review B, 1990, 41, 7892.

6. L. Ran, S. Qiu, P. Zhai, Z. Li, J. Gao, X. Zhang, B. Zhang, C. Wang, L. Sun and J. Hou, Conformal
Macroporous Inverse Opal Oxynitride-Based Photoanode for Robust Photoelectrochemical
Water Splitting, J. Am. Chem. Soc., 2021, 143, 7402.

7. Y. Zhong, Z. Li, X. Zhao, T. Fang, H. Huang, Q. Qian, X. Chang, P. Wang, S. Yan, Z. Yu and Z. Zou,
Enhanced Water-Splitting Performance of Perovskite SrTaO,N Photoanode Film through
Ameliorating Interparticle Charge Transport, Adv. Funct. Mater., 2016, 26, 7156.

8. H. Huang, J. Feng, H. Fu, B. Zhang, T. Fang, Q. Qian, Y. Huang, S. Yan, J. Tang, Z. Li and Z. Zou,
Improving solar water-splitting performance of LaTaON, by bulk defect control and interface
engineering, Appl. Catal., B, 2018, 226, 111.

9. W.Wang,J. Dong, X. Ye, Y. Li, Y. Ma and L. Qi, Heterostructured TiO, Nanorod@Nanobowl Arrays
for Efficient Photoelectrochemical Water Splitting, Small, 2016, 12, 1469.

10. X. Gao, J. Li, R. Du, J. Zhou, M. Y. Huang, R. Liu, J. Li, Z. Xie, L. Z. Wu, Z. Liu and J. Zhang, Direct
Synthesis of Graphdiyne Nanowalls on Arbitrary Substrates and Its Application for
Photoelectrochemical Water Splitting Cell, Adv. Mater., 2017, 29, 1605308.

11.1. S. Cho, C. H. Lee, Y. Feng, M. Logar, P. M. Rao, L. Cai, D. R. Kim, R. Sinclair and X. Zheng,
Codoping titanium dioxide nanowires with tungsten and carbon for enhanced

photoelectrochemical performance, Nat. Commun., 2013, 4, 1723.

27



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

T. Butburee, Y. Bai, H. Wang, H. Chen, Z. Wang, G. Liu, J. Zou, P. Khemthong, G. Q. M. Lu and L.
Wang, 2D Porous TiO, Single-Crystalline Nanostructure Demonstrating High Photo-
Electrochemical Water Splitting Performance, Adv. Mater., 2018, 30, 1705666.

X.-L. Zheng, C.-T. Dinh, F. P. G. de Arquer, B. Zhang, M. Liu, O. Voznyy, Y.-Y. Li, G. Knight, S.
Hoogland, Z.-H. Lu, X.-W. Du and E. H. Sargent, ZnFe,0, Leaves Grown on TiO, Trees Enhance
Photoelectrochemical Water Splitting, Small, 2016, 12, 3181.

C. Liu, F. Wang, J. Zhang, K. Wang, Y. Qiu, Q. Liang and Z. Chen, Efficient Photoelectrochemical
Water Splitting by g-C5N4/TiO, Nanotube Array Heterostructures, Nano-Micro Lett., 2018, 10,
37.

W. Dong, H. Li, J. Xi, J. Mu, Y. Huang, Z. Ji and X. Wu, Reduced TiO, nanoflower structured
photoanodes for superior photoelectrochemical water splitting, J. Alloys Compd., 2017, 724,
280.

A.-Y.Zhang, W.-Y. Wang, J.-J. Chen, C. Liu, Q.-X. Li, X. Zhang, W.-W. Li, Y. Si and H.-Q. Yu, Epitaxial
facet junctions on TiO, single crystals for efficient photocatalytic water splitting, Energy Environ.
Sci., 2018, 11, 1444,

S. Hu, P. Qiao, L. Zhang, B. Jiang, Y. Gao, F. Hou, B. Wu, Q. Li, Y. Jiang, C. Tian, W. Zhou, G. Tian
and H. Fu, Assembly of TiO, ultrathin nanosheets with surface lattice distortion for solar-light-
driven photocatalytic hydrogen evolution, Appl. Catal., B, 2018, 239, 317.

H. Yuan, K. Han, D. Dubbink, G. Mul and J. E. ten Elshof, Modulating the External Facets of
Functional Nanocrystals Enabled by Two-Dimensional Oxide Crystal Templates, ACS Catal., 2017,
7, 6858.

J. Corredor, M. J. Rivero and I. Ortiz, New insights in the performance and reuse of rGO/TiO,
composites for the photocatalytic hydrogen production, Int. J. Hydrogen Energy, 2021, 46,
17500.

Z.Yin, T. Song, W. Zhou, Z. Wang and Y. Ma, Highly isolated Pt NPs embedded in porous TiO,
derived from MIL-125 with enhanced photocatalytic hydrogen production activity, J. Catal.,
2021, 402, 289.

M. J. Rivero, O. Iglesias, P. Ribao and I. Ortiz, Kinetic performance of TiO,/Pt/reduced graphene
oxide composites in the photocatalytic hydrogen production, Int. J. Hydrogen Energy, 2019, 44,
101.

X. Yuan, C. Wang, D. Dragoe, P. Beaunier, C. Colbeau-Justin and H. Remita, Highly Promoted

28



Photocatalytic Hydrogen Generation by Multiple Electron Transfer Pathways, Appl. Catal., B,
2021, 281, 119457.

23.F. Sordello and C. Minero, Photocatalytic hydrogen production on Pt-loaded TiO, inverse opals,
Appl. Catal., B, 2015, 163, 452.

24.). Pan, Z. Dong, B. Wang, Z. Jiang, C. Zhao, J. Wang, C. Song, Y. Zheng and C. Li, The enhancement
of photocatalytic hydrogen production via Ti3* self-doping black TiO,/g-C3N, hollow core-shell
nano-heterojunction, Appl. Catal., B, 2019, 242, 92.

25.F. Wang, Z. Jin, Y. Jiang, E. H. G. Backus, M. Bonn, S. N. Lou, D. Turchinovich and R. Amal, Probing
the charge separation process on In,S;/Pt-TiO, nanocomposites for boosted visible-light

photocatalytic hydrogen production, Appl. Catal., B, 2016, 198, 25.

29



