GARDY ORCA - Online Research @
CARDY® Cardiff

This is an Open Access document downloaded from ORCA, Cardiff University's institutional
repository:https://orca.cardiff.ac.uk/id/eprint/172981/

This is the author’s version of a work that was submitted to / accepted for publication.
Citation for final published version:

Zhang, Jiankang, Qiao, Panzhe, Tan, Hao, Cui, Lin, Zhou, Zhan, Lin, Dong, Tuo, Yongxiao and Qin, Yong
2024. Species heterogeneity and synergy to boost photocatalytic hydrogen evolution. ACS Catalysis 14
(20), pp. 15699-15712. 10.1021/acscatal.4c03593
Publishers page: https://doi.org/10.1021/acscatal.4c03593
Please note:

Changes made as a result of publishing processes such as copy-editing, formatting and page numbers may

not be reflected in this version. For the definitive version of this publication, please refer to the published
source. You are advised to consult the publisher’s version if you wish to cite this paper.

This version is being made available in accordance with publisher policies. See
http://orca.cf.ac.uk/policies.html for usage policies. Copyright and moral rights for publications made
available in ORCA are retained by the copyright holders.




Species heterogeneity and synergy to boost photocatalytic

hydrogen evolution

Jiankang Zhang,** Panzhe Qiao,>* Hao Tan,® Lin Cui,* Zhan Zhou,? Dong

Lin,® Yongxiao Tuo,"* Yong Qin®&*

# Interdisciplinary Research Center of Biology & Catalysis, School of Life Sciences,
Northwestern Polytechnical University, Xi’an 710072, P. R. China

® Shanghai Synchrotron Radiation Facility, Shanghai Advanced Research Institute,
Chinese Academy of Science, Shanghai 201210, P. R. China

¢ School of Materials Science and Engineering, Peking University, Beijing 100871, P.
R. China

4 College of Chemistry and Chemical Engineering, Henan Key Laboratory of Function-
Oriented Porous Materials, Luoyang Normal University, Luoyang 471934, P. R. China
¢ Max Planck-Cardiff Centre on the Fundamentals of Heterogeneous Catalysis
FUNCAT, Cardiff Catalysis Institute, School of Chemistry, Cardiff University, Cardiff
CF103AT, United Kingdom

f State Key Laboratory of Heavy Oil Processing, College of New Energy, China
University of Petroleum (East China), Qingdao 266580, P. R. China

¢ State Key Laboratory of Coal Conversion, Institute of Coal Chemistry, Chinese
Academy of Sciences, Taiyuan 030001, P. R. China

* These authors contributed equally to this work.

* Corresponding authors. E-mail addresses: yxtuo@upc.edu.cn; ginyong@nwpu.edu.cn

S1


mailto:qinyong@nwpu.edu.cn

Density Functional Theory calculations

Density Functional Theory (DFT) calculations were performed by the Vienna Ab-
initio Simulation Package (VASP) with the projector augmented wave (PAW) method.
The model optimization and electron exchange-correlation were processed using the
generalized gradient approximation (GGA) of Perdew-Burke Ernzerhof (PBE)
functional. Before the calculation, the energy cutoff and Brillouin zone were optimized
and set as 400 eV and 3x3x1 k-point mesh, respectively. The convergence energy
criterion was 1x10™ eV for the self-consistent calculations. The convergence force
criterion was 0.03 eV A’! for the stress on each atom after the ionic relaxation. All
calculations were non-spin polarized.

The stable (101) facet of TiO2 assembled by a (1%3) unit was chosen to support Pt
atoms with a vacuum region of 15 A. According to the previous study, Pt single atom
(Ptsa or Pt;) prefers to binding on the bridge site between two edge 2-fold-coordinated
oxygen atoms (Oz) of TiO2(101) surface!?. Pt nanocluster (Ptnc or Pts) prefers to
binding with three Oy sites of TiO2(101) surface with a tetrahedral form>. The
optimized configurations of Pt;/TiO2(101) and Pt4/TiO2(101) in this study are consistent
with the previously reported results, which represent Ptsa@TiO2 and Ptsa@TiO:
photocatalysts, respectively. Pt; and Pts were simultaneously deposited on the TiO2(101)
surface to represent the Ptsa+nc@TiO2 photocatalyst. Then the formation of oxygen
vacancy on the Pt;-Pt4/TiO2(101) were simulated and evaluated, and the O2c oxygen
site interacting with Pt4 prefers to generate the vacancy than the other oxygen sites. This
computational result appears to differ from previous research, where subsurface Ov
were more stable than surface Ov. This discrepancy may arise from the presence of Pt,
which forms bonds with unsaturated Ti atoms at the surface Ov sites, thereby stabilizing
surface Ov and rendering them more stable than subsurface Ov. This aligns with
previous research that indicates molecular adsorption can reverse the stability of both
types of Ov.* The obtained photocatalyst model was named as Ptsa:nc@TiO2-Ov.

For the calculations of alkaline hydrogen evolution process, we considered two
key reaction steps based on the previous study and our experimental results:

H20 + & + * — H* + O (1)
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2H* - Hz 1 (2)
The free energy is defined as:

AG= AEads +AEZPE _TASads 3)
where AE, is the adsorption energy, AE,,;is the zero point energy difference between

adsorbed and gaseous species, and TAS, is the corresponding entropy difference

between these two states (T is set to be 298 K).
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Figure S1. (a) TEM and (b-d) HAADF-STEM images of the Ptsa@TiO: photocatalysts. The
hierarchical spheres are composed of thin nanosheets (also see Figures S2a and S3a), whose edges
are almost transparent.
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Figure S2. (a) TEM and (b-d) HAADF-STEM images of the Ptsa-nc@TiO: photocatalysts.
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Figure S3. (a) TEM and (b-d) HAADF-STEM images of the Ptxp@TiO: photocatalysts.
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Figure S4. XPS (a) survey, (b) Pt 4f, (c) O 1s, (d) Ti 2p and (e) N 1s spectra of the as-prepared

photocatalysts.
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Figure S5. EPR spectra of the photocatalysts obtained at 77 K.
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Figure S6. The color comparison of the two photocatalysts under the same reduction conditions.
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Figure S7. (a) TEM and (b) HAADF-STEM images of the Ptsa+nc@Ti02-175R photocatalysts.
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Figure S8. (a) TEM and (b) HAADF-STEM images of the Ptsa+nc@Ti02-300R photocatalysts.
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Figure S9. (a) TEM and (b) HAADF-STEM images of the Ptsa+nc@Ti02-475R photocatalysts.
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Figure S10. Particle size distribution of the Pt@TiO,-175R and Pt@TiO,-475R photocatalysts.
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curves of the two photocatalysts.

S14



A A: anatase
A

A M A aa A

Ptoanc@TiO,475R

Ptosc@TiO-300R

Ploa @110+ 175R

Ptgpinc@TIO,

10 20 30 40 50 60 70 80
2 Theta (degree)

Figure S12. XRD patterns of the photocatalysts. There is no observable change in view of the

Intensity (a.u.)

structures of the photocatalysts.

S15



N1s

WM
N1s C1s Pt4f :

—1
¥

3 3

L B S 2w c@TIO,-300R

g‘ ' [ 'z.

£ g Ptsm: E@nﬁz-w?R M“ Wq'
il i
o 2 @TIO,
S B —

o
-
-

408 406 404 402 400 398 3% 394
Binding energy (eV) Binding energy (eV)

Cc

g
g
g
8
8

40t

30

20

N content (at.%)

10F

O o

0 —3—
<02 N oR _ 300‘3 A «R
07 <07 <07
@) \AC@ G@
Ploh* Ploh” ?\5“‘\\

o o
<& ad

C
orep™

Figure S13. XPS (a) survey and (b) N 1s spectra of the four photocatalysts. (c) The corresponding
N content (determined from XPS) over the photocatalysts.
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Figure S14. The H; evolution rates from pure methanol over the photocatalysts under UV-Vis light
irradiation (20 mA).
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Figure S15. EIS Nyquist plots of the photocatalysts.
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Figure 16. (a) The bandgap energy and (b) Mott-Schottky plot of the Ptsanc@TiO2-475R
photocatalyst.
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Figure S17. The optimized configurations of Ptsa:nc@TiO2-Ov photocatalysts with different Ov

on the TiO; surface and the corresponding relative energy.
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Figure S18. The optimized configurations of (a) Ptsa@TiO; and (b) Ptne@TiO, photocatalysts,
respectively.
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Figure S19. The optimized configurations of (a) Ptsanc@TiO2 and (b) Ptsamnc@TiO2-Ov
photocatalysts, respectively.
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Figure S20. The optimized configurations of Ptsa+nc@TiO2-Ov-sub and *H,O, *H—*OH and *H
adsorbed on the Ptsa+nc@TiO2-Ov-sub.
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Figure S22. (f) Three-dimensional charge density difference of Pt on the (a) Ptsa@TiO», (b)
Ptne@TiO2, (¢) Ptsamnc@TiO; and (d) Ptsarnc@TiO2-Ov photocatalysts with isosurface value of
0.03 eV-A3 (The unit is eV for the digits). The yellow and blue isosurfaces indicate the electron
accumulation and depletion, respectively.
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Figure S23. Charge transfer between Pt and *OH/*H species after water splitting on (a)
Ptsanc@TiO2 and (b) Ptsa:nc@TiO,-Ov. The isosurface value is 0.03 eV-A73, and the yellow and
blue isosurfaces indicate the electron accumulation and depletion, respectively.
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Figure S24. DOS of (a) Pt SA and (b) Pt NC in Ptsx@TiOs, Ptsanc@TiO; and Ptsanc@TiO2-Ov

photocatalysts.
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Figure S25. DOS of Ptne 5d, H 1s and O 2p atom of *OH in *H-—*OH adsorbed on (a)
Ptsanc@TiO2 and (b) Ptsanc@TiO2-Ov photocatalysts.
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Figure 26. Schematic of the structure—activity relationship of the photocatalysts synthesized by
ALD (HT represents high-temperature treatment).
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Table S1. Summary of the structure parameters, Pt content, PHE rates and TOF values of the

photocatalysts.
Mean
SBET Pore volume . Pt content PHE rate TOF
Photocatalysts - - size b L B
(m*g™) (m’g™) (Wt.%) (mmolh™ g™y (h™)
(nm)“
TiO; 76 0.44 - -- 0.08 -
Ptsa@TiO> 83 0.37 - 0.012 0.39 632
Ptsasnc@TiO2 85 0.39 0.95 0.034 3.94 2260
Ptne@TiO2 80 0.40 1.61 1.78 3.36 37
Ptsasnc@Ti02-175R -- -- 0.97 0.034 4.82 2768
Ptsasnc@Ti02-300R -- -- 1.15 0.034 5.97 3428
Ptsasnc@Ti02-475R 67 0.42 1.20 0.034 6.35 3645

? The mean particle size values were calculated by the NCs/NPs, i.e., SAs are not included.
® The Pt content was obtained from ICP-OES.

¢ The H, evolution rates were determined based on the overall amount of the photocatalysts.
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Table S2. EXAFS fitting parameters at the Pt L3-edge for various samples.

Samples shell CN¢“ R(A)? cX(A?y AEo(eV)? R factor

Pt foil Pt-Pt 12 2.76 -- -- 0.003

PtO; Pt-O 6 2.01 -- -- 0.016
Pt-O 2.8 1.95 8.449.1 7.2

PtSA+Nc@Ti02 0.017
Pt-Pt 1.9 2.71 7.0+6.4 -5.2
Pt-O 2.6 1.92 5.8+8.1 5.8

Ptsanc@Ti02-300R 0.018
Pt-Pt 2.4 2.73 5.0£6.3 2.5
Pt-O 1.4 1.96 5.6+6.5 6.9

PtSA+Nc@Ti02—475R 0.010
Pt-Pt 4.5 2.75 6.8+4.2 3.5

“N: coordination numbers; “R: bond distance; ‘6% Debye-Waller factors; ¢ AE: the inner potential
correction. R factor: goodness of fit. So? was set to 0.820, according to the experimental EXAFS fit
of Pt foil reference by fixing CN as the known crystallographic value.
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Table S3. Comparison of the photocatalytic H, evolution activity over the relevant Pt-based

photocatalysts.
Photocatalvst Lioht Sacrificial Pt loadings TOF PHE rates * Ref
a i I ef.
olocalalysts git soliree agents (Wt%) (h™ (mmol h™! g71)
Pt-SA/C3Ny4 300 W Xe lamp 10% CH3;0H 0.11 250 1.4 [6]
Pt-SA/C3Ny4 0.16 775 6.36
300 W Xe lamp 10% TEOA [7]
Pt-NP/C3Ny4 32 83 13.62
SA-Pt/g-C3N4-8.7 300 W Xe lamp 10% TEOA 8.7 50.1° 22.65 [8]
Pts/CdS 300 W Xe lamp 20% TEOA 0.75 - 13 [9]
3645 3.94 (5°C This
Ptsa+nc/Ti02-475R - 300 W Xe lamp 20% CH3;OH 0.034 ( )
8871 15.46 25°C) work
T10,-BNS-Pto.05 150 W Xe lamp 50% CH;0H 0.05 - 0.6887 [10]
0.2Pt/Ti0O; UV/Vis light 30% CH3;0H 0.2 -- 8.48 [11]
NYTiO;-Pt-0.5 300 W Xe lamp  37.5% CH3OH 0.188 - 20.88 [12]
Pt/TiO; 00T e | 10% CH;0H 0.1 -- 22.678 (35 °C) 3]
e lam
Co-O-Pt/Ti0; P 10% CH;0H 0.16 Pt+0.18 Co -- 43.467 (35 °C)
Pti/def-TiO; 300 W Xe lamp 20% CH3;OH 0.02 51423 52.72 [14]
PtSA-MNSs 300 W Xe lamp 0.1 MAA 12.0 -- 11.32 [15]
Pt/TiO2-A 300 W Xe lamp 20% CH3;OH 0.6 - 8.45 [16]
Pt SA/Def-s-TiO, 300 W Xe lamp 20% CH3;OH 0.57 -- 13.46 [17]
Pt1-CN@CuS 150 W Xe lamp 10% CH;0H 1 - 10.176 (8 °C) [18]
Pto3-ZnlnyS4 300 W Xe lamp 10% TEOA 0.26 -- 17.5 [19]
Pti@TpPa-1 300 W Xe lamp 4¢gL'SA 0.72 19.5 0.936 (15 °C) [20]
PtSA-TiO; 500 W/m? 0.64 -- 95.3 (40 °C)
. CH;0OH [21]¢
CuSA-TiO, Xe lamp 1.5 -- 101.7 (40 °C)
357 -
Pt-decorated 0.05 mM 4
) 365 nm LED 50% CH;0H 199 - [22]
TiO; layers H,PtCls
148 -
Pt-RC-COF-1 300 W Xe lamp 0.1 MAA 3 -- 27.98 [23]

Notes: TEOA, SA and AA represent triethanolamine, sodium ascorbate and ascorbic acid,
respectively. The content of sacrificial agents is referred to vol% unless otherwise denoted. The
given AQY values in references 9, 10, 11, 13, 19, 20, 21 are 22.5% (420 nm), 25.08% (420 nm),

85.6% (365 nm), 50.3% (LED-530), 50.4% (420 nm), 0.38% (420 nm), respectively.
“The reaction temperature is 25 °C unless otherwise denoted.

b The value is calculated based on the interlayer confined Pt atom.

¢ The HoO/methanol ratio is 1:2, and the AQY is 56% for CuSA-TiO,.
4 The TOF values of 357, 199 and 148 H; site! s ! is calculated based on Pt SA, Pt atoms (SA +

rafts) and all Pt atoms, respectively.
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