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Abstract.TiO2, known for its low cost and natural abundance, is a prominent 

semiconductor utilized in photocatalysis and solar energy storage applications. 

However, the substantial energy gap of 3.2 eV restricts its capacity to absorb 

sunlight. Hydrogenation, by introducing an amorphous layer, enhances the cap-

ture of light in the visible spectrum. The understanding of the hydrogenation 

mechanism is crucial for the development of black TiO2 and its applications, es-

pecially the relationship between the hydrogenation process and the surface con-

figuration. This review will present a comprehensive overview of the pertinent 

research findings within this domain. 
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1 Introduction 

Titanium dioxide (TiO2) finds extensive use in photocatalysis, wastewater treatment, 

reduction of carbon dioxide, catalytic H2 production, and solar energy storage, owing 

to its superior optoelectronic properties1-4. However, wide bandgap limits its absorption 

of sunlight to the ultraviolet region. Black TiO2 significantly expanded the absorption 

spectrum, due to the introduction of the defect states through hydrogenation5. Hydro-

genation is closely related to the surface structure of TiO2. Therefore, understanding 

the intricate relationship between surface structure and the hydrogenation mechanism 

is essential for the study of black TiO2. In this paper, we strive to construct a detailed 

and comprehensive description of how surface structure impacts the hydrogenation pro-

cess. 
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The surface exposed structure of anatase TiO2 is characterized by variations in the 

number of unsaturated coordinated oxygen (O) and titanium (Ti) atoms, which endow 

it with distinct properties. Previous studies have shown that different exposed surfaces 

of anatase TiO2 possess distinct surface energies, which influence their reactivity6. 

These energy differences are thought to modulate the surfaces' interactions with reac-

tants, thus impacting reaction kinetics. The (001) surface's high reactivity towards 

water dissociation is attributed to the lower coordination of O atoms on this surface 7. In 
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contrast, the (101) facet demonstrates superior photocatalytic activity for CO2 reduc-

tion compared to the (001) facet8. The hydrogenation reaction of TiO2 is closely asso-

ciated with its surface structure, leading to two predominant theories explaining the 

mechanisms on differently exposed surfaces. The first theory proposes that the ad-

sorption and diffusion energy barriers for hydrogen (H) within the TiO2 lattice are 

major determinants of the reaction rate. In contrast, the second theory links hydro-

genation kinetics to the formation energy and diffusion energy barriers of oxygen 

vacancies (Vo). Following sections will provide a detailed analysis of each theory. 

2.1 Anisotropic Diffusion of H 

The H2 transfer process is intricately linked to the surface structure of the TiO2
9, 10. The 

energy barriers for H transfer are influenced by the specific sites on the TiO2 surface 

where the O atoms reside. For instance, O atoms with lower coordination numbers, 

such as those at the O2c position, may present different adsorption energies compared to 

those in more coordinated environments, like the O3c position11, 12. The formation of 

VOs during the hydrogenation process, a phenomenon observed in various studies, can 

also affect the diffusion pathways and energy barriers for H13. These vacancies can 

facilitate the movement of H species across the surface, potentially lowering the acti-

vation energy for certain steps in the hydrogenation process14, 15. 

Sun et al. have demonstrated that hydrogen incorporation varies between the (101) 

and (001) facets of TiO2 nanocrystals through experimental observations and density 

functional theory (DFT) calculations16. Hydrogen adsorption and desorption meas-

urements suggest that the (101) surface promotes hydrogen incorporation more effec-

tively than the (001) surface, due to its higher hydrogen retention capacity at 1.4% 

(Fig.1). DFT calculations indicate a reduced energy threshold for hydrogen uptake on 

the (101) surface, which is contrary to the calculations results of Wei's group15. They 

calculated that the (001) surface had the lowest activation and diffusion barrier, which 

was inconsistent with Sun's experimental results.  

 

Fig. 1. Profiles of hydrogen adsorption on (a) (001) and (b) (101) surface. Reproduced with 

permission from Ref. 16. Copyright 2011, American Chemical Society. 
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Fig. 2. Lowest energy trajectories for H diffusion on the anatase TiO2 (101) surface, following 

the [010] direction (green) and the [101] direction (blue), at a coverage of 1/6 ML. Reprinted with 

permission from ref. 17. Copyright 2012, The Royal Society of Chemistry. 

Aschauer et al. calculated the minimum diffusion energy barriers for hydrogen along 

the [100] and [101] directions, as shown in Fig. 217. The results reveal a minimal hy-

drogen diffusion energy barrier in the [010] direction, indicating anisotropic diffusion 

within the TiO2 crystal lattice. Liu et al. (2022) demonstrated that H atoms on the 

anatase TiO2 (101) surface exhibit the lowest energy barrier for hopping between ad-

jacent oxygen atoms18. The varying surface structures, with different compositions of 

oxygen atoms, lead to distinct adsorption energies9. The arrangement of oxygen atoms 

in different directions from the surface to the subsurface influence hydrogen diffusion, 

contributing to the anisotropy of the hydrogenation process. 

2.2 Anisotropic Diffusion of VO 

During the hydrogenation process, a significant number of VOs are generated, leading 

to an alternative hypothesis that posits the anisotropic diffusion of VOs as the primary 

cause. Initially, VOs are more prone to form at the O2c sites, which have unsaturated 

coordination, as opposed to the O3c atoms with saturated coordination19. The formation 

energy for these vacancies at the O2c position is lower than that for the O3c sites. Upon 

the formation of VOs, they are observed to diffuse from the surface layer into the 

subsurface region20, 21. Consequently, the energy barrier associated with the diffusion 

of VOs is proposed to be the underlying reason for the varying rates of hydrogenation 

observed on different exposed surfaces of TiO2
22. 

 

Fig. 3. Activation energies for the different diffusion pathways of the Vo23. The purple ball 

represents the Vo position, and the orange arrow represents the direction of Vo diffusion. 
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Paris et al. conducted theoretical calculations on the diffusion energy of VO along 

different directions23. Fig. 3 shows that the diffusion barrier along the VO1 direction is 

the lowest at 0.26 eV, markedly lower than the 0.6 eV required for H diffusion. In 

2018, the Selcuk group's kinetic calculations indicated that H movement in TiO2 

surface is isotropic, in contrast to the anisotropic diffusion of VO
24. Fig. 4 illustrates 

the diffusion direction of VO on different exposed surfaces, aligning with others 

group's calculated results25, 26. VO are more likely to diffuse along the [010] direction, 

resulting in the VO diffusion of (001) surface being parallel to the surface plane26. The 

diffusion energy of VO follows the order: (010) > (101) > (001). Their calculations 

suggest that the diffusion energy of H atoms is significantly higher than that of VO, 

indicating that VO primarily influences the kinetics of surface hydrogenation. 

Additionally, several research groups have theoretically determined that VOs on the 

anatase TiO2 surface are more prone to diffusing from the surface to the subsurface, 

thereby enhancing the hydrogenation reaction27. 

 

Fig. 4. Molecular-level specifics regarding the movement of VOs across various surfaces. Re-

printed with permission from Ref. 24. Copyright 2018, Springer Nature. 

3 Conclusions 

Currently, there are two predominant theories about the hydrogenation mechanism of 

TiO2 with different exposed surfaces: hydrogen diffusion and oxygen vacancy diffu-

sion. Theoretically, the (010) surface is predicted to have the highest hydrogenation 

reactivity, while the (001) surface is lowest. However, experimental support for these 

theories is scarce, highlighting the need for in situ experiments to confirm hydrogena-

tion mechanisms. This kind of verification can deepen our comprehension of the for-

mation process and aid in the advancement of material science based on black TiO2. 

References 

1. Wang, J., Wang, Z., Wang, W., et al. (2022) Synthesis, modification and application of TiO2 

nanoparticles: a review. Nanoscale, 14: 6709-34. https://doi.org10.1039/d1nr08349j. 

2. Pan, Y., Liang, W., Wang, Z., et al. (2024) Facile synthesis of Pt clusters decorated TiO2 

nanoparticles for efficient photocatalytic degradation of antibiotics. Interdisciplinary Ma-

terials, 1-11. https://doi.org10.1002/idm2.12203. 

126             B. Liu and J. Zhang



3. Rafique, M., Hajra, S., Irshad, M., et al. (2023) H2 production using titanium dioxide based 

photocatalysts: A comprehensive Review. ACS Omega, 8: 25640-48.  

https://doi.org10.1021/acsomega.3c00963. 

4. Li, Z., Li, Z., Zuo, C., et al. (2022) Application of nanostructured titanium dioxide in UV 

photodetectors: a review. Adv. Mater., 34: 2109083.  

https://doi.org10.1002/adma.202109083. 

5. Zhang, Y., Yan, J. (2023) Recent advances in synthesis of defective titanium dioxide nan-

ofibers and their applications in energy and catalysis. Chem. Eng. J., 472: 144831.  

https://doi.org10.1016/j.cej.2023.144831. 

6. Chen, Y., Soler, L., Cazorla, C., et al. (2023) Facet-engineered titanium dioxide drives 

photocatalytic activity and stability of supported noble metal clusters during hydrogen 

evolution. Nat. Commun., 14: 6165. https://doi.org10.1038/s41467-023-41976-2. 

7. Maleki, F., Di Liberto, G., Pacchioni, G. (2023) pH- and Facet-dependent surface chemistry 

of titanium dioxide in aqueous environment from first principles. ACS Appl. Mater. Inter-

faces, 15: 11216-24. https://doi.org10.1021/acsami.2c19273. 

8. Li, Y., Wei, Y., He, W., et al (2023) Ordered macroporous structured titanium dioxide based 

photocatalysts for carbon dioxide reduction: A review. Chin. Chem. Lett., 34: 108417. 

https://doi.org10.1016/j.cclet.2023.108417. 

9. Hu, G., Wu, Z., Jiang, D. e. (2018) First principles insight into hydrogen activation and 

hydride species on TiO2 surfaces. J. Phys. Chem. C, 122: 20323-28.  

https://doi.org10.1021/acs.jpcc.8b05251. 

10. Vittadini, A., Casarin, M., Selloni, A. (2006) Chemistry and on titanium dioxide anatase 

surfaces by DFT calculations: a partial review. Theor. Chem. Acc., 117: 663-71.  

https://doi.org10.1007/s00214-006-0191-4. 

11. Islam, M. M., Calatayud, M., Pacchioni, G. (2011) H2 adsorption and diffusion on the an-

atase titanium dioxide (101) surface: a first-principles investigation. J. Phys. Chem. C, 115:  

6809-14. https://doi.org10.1021/jp200408v. 

12. Guo, Y., Chen, S., Yu, Y., et al. (2019) H2-location-sensitive modulation of the redox re-

activity for oxygen deficient titanium dioxide. J Am Chem Soc, 141: 8407-11.  

https://doi.org10.1021/jacs.9b01836. 

13. Hamamoto, N., Tatsumi, T., Takao, M., et al. (2021) Effect of oxygen vacancies on ad-

sorption small molecules on anatase and rutile TiO2 surfaces: A frontier orbital approach. J. 

Phys. Chem. C, 125: 3827-44. https://doi.org10.1021/acs.jpcc.0c09614. 

14. Zheng, P., Zhang, L., Ma, Y., et al. (2021) Hydrogenation of titanium dioxide nanosheets 

and nanoparticles: typical reduction stages and orientation-related anisotropic disorder. J. 

Mater. Chem. A, 9: 22603-14. https://doi.org10.1039/d1ta05774j. 

15. Wei, B., Calatayud, M. (2022) H2 activation on anatase titanium dioxide: effect of surface 

termination. Catal. Today, 397-399: 113-20. https://doi.org10.1016/j.cattod.2021.11.020. 

16. Sun, C., Jia, Y., Yang, X.-H., et al. (2011) H2 incorporation and storage in well-defined 

nanocrystals of anatase TiO2. J. Phys. Chem. C, 115: 25590-94.  

https://doi.org10.1021/jp210472p. 

17. Aschauer, U., Selloni, A. (2012) H2 interaction with the anatase titanium dioxide (101) 

surface. Phys Chem Chem Phys, 14: 16595-602. https://doi.org10.1039/c2cp42288c. 

18. Liu, K., Hou, G., Gao, P., et al. (2022) Evolution of multiple spillover H species on anatase 

TiO2. Cell Rep. Phys. Sci., 3: 101190. https://doi.org10.1016/j.xcrp.2022.101190. 

19. Lang, X., Liang, Y., Sun, L., et al. (2017) Interplay between CH3OH and anatase titanium 

dioxide (101) surface: the effect of subsurface oxygen vacancy. J. Phys. Chem. C, 121: 

6072-80. https://doi.org10.1021/acs.jpcc.6b11356. 

Facet-Dependent Hydrogenation of the Anatase TiO2             127



20. Li, Y., Gao, Y. (2014) Interplay between H2O and titanium dioxide anatase (101) surface 

with subsurface oxygen vacancy. Phys. Rev. Lett., 112: 206101.  

https://doi.org10.1103/PhysRevLett.112.206101. 

21. Scheiber, P., Fidler, M., Dulub, O., et al. (2012) Surface and subsurface mobility of oxygen 

vacancies at the titanium dioxide anatase (101) surface. Phys Rev Lett, 109: 136103. 

https://doi.org10.1103/PhysRevLett.109.136103. 

22. Oyekan, K. A., Esteve, A., Vandenberghe, W., et al. (2022) Re-examining the role of sub-

surface oxygen vacancies in the dissociation of water molecules on anatase titanium diox-

ide. Appl. Surf. Sci., 594: 153452. https://doi.org10.1016/j.apsusc.2022.153452. 

23. Paris, A., Taioli, S. (2016) Multiscale investigation of oxygen vacancies in titanium dioxide 

anatase and their role in memristor’s behavior. J. Phys. Chem. C, 120: 22045-53.  

https://doi.org10.1021/acs.jpcc.6b07196. 

24. Selcuk, S., Zhao, X., Selloni, A. (2018) Structural evolution of TiO2 during reduction in 

high-pressure H2. Nat. Mater., 17: 923-28 https://doi.org10.1038/s41563-018-0135-0. 

25. De Lile, J. R., Mousseau, N. (2023) Diffusion of oxygen vacancies formed at the anatase 

(101) surface: an activation-relaxation technique study. Phys. Rev. Mater., 7: 034602.  

https://doi.org10.1103/PhysRevMaterials.7.034602. 

26. Li, H., Guo, Y., Robertson, J. (2015) Calculation of titanium dioxide (sub)surface oxygen 

vacancy by the screened exchange functional. J. Phys. Chem. C, 119: 18160-66.  

https://doi.org10.1021/acs.jpcc.5b02430. 

27. Wang, Z. W., Chen, W. G., Teng, D., et al. (2022) Interplay between H2S and anatase tita-

nium dioxide (101) surface: The effect of subsurface oxygen vacancy. J. Phys. Chem. C, 

126: 3939-48. https://doi.org10.1021/acs.jpcc.1c09627. 

Open Access This chapter is licensed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/),
which permits any noncommercial use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license and indicate if changes were made.
        The images or other third party material in this chapter are included in the chapter's
Creative Commons license, unless indicated otherwise in a credit line to the material. If material
is not included in the chapter's Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder.

128             B. Liu and J. Zhang

http://creativecommons.org/licenses/by-nc/4.0/

	Facet-Dependent Hydrogenation of the Anatase TiO₂



