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1. Introduction 

Pristine TiO2 is characterised by a white color and a wide band 

gap (3.2 eV for the anatase phase) that limits its light absorption 

capacity to only a small part of solar energy, in the UV region. 

Therefore, pristine TiO2 can efficiently absorb only ≈4-7% of the 

entire solar spectrum, limiting its photocatalytic applications. In 

addition, the efficiency of TiO2 is further limited by the 

recombination of the photogenerated energy carriers, i.e. 

electrons and holes [1]. Already at this point, one would think that 

TiO2 is not the material of choice for photocatalytic applications. 

Instead, it is the most studied semiconductor since Fujishima and 

Honda reported on the photoelectrochemical water splitting with 

TiO2 as the anode photoelectrode [2]. TiO2 is an abundant, non-

toxic, chemically stable and low cost semiconductor and apart 

from its use as a photo(electro)catalyst for water splitting [3], it 

finds applications in photo-degradation of pollutants in water [4], 

air cleaning [5], CO2 reduction [6], dye-sensitized solar cells [7], 

photocatalytic sensors [8], cosmetic, self-cleaning paints, 

antibacterial agents [9], and batteries [10].  

Several strategies have been developed in order to tune the 

energy band structure of TiO2 and expand the light absorption 

capacity towards the visible region [11]. The most common strategy 

is to incorporate non-mental and metal elements in the crystal 

lattice and create impurity levels in the band gap of TiO2 [12]. This 

strategy was introduced by Asahi et al. when N-doped TiO2 red-

shifted its light absorption response [13]. An enormous amount of 

reports were generated afterwards including the incorporation of, 

among others, non-metal elements; N, C, F, S [14], transition-metal 

elements; Mo, Ni, Fe, Co, Cr [15], noble-metal elements; Au, Ag, 

Pt [16], as well as co-doping with metal and non-metal elements; 

Fe/N, Mo/S, Mo/C, N/S, La/N [17]. Vast is also the literature on 

theoretical studies employing density functional 

theory (DFT), reporting on the mechanism of the enhanced visible 

light absorption [18]. On the other hand, the impurity energy states 

induced by the incorporation of foreign elements may as well 

serve as recombination centers, undermining the photocatalytic 

performance of the doped material [13]. Coupling with other 

semiconductors of lower band gap have also been tried, including 

CdS, WO3, Fe2O3 and BiVO4 [19].  

Recently, the colorful chemistry of TiO2 has been revealed 

and colored TiO2 materials have been developed, including yellow, 

green, brown, red, blue and grey of different shades [20]. The 

colorful chemistry of TiO2 have been assigned to structural and 

electronic changes, including the formation of oxygen vacancies, 

reduction of the Ti4+ states to Ti3+, incorporation of Ti-H and Ti-OH 

species, formation of disordered layers on the surface, as well as 

due to modification of the electron density and bandgap narrowing. 

It was in 2011, when Chen et al. reported the black TiO2 by high 

pressure hydrogenation, that unprecedented interest was 

triggered for intense research in black titania [21]. The optical 

absorption of black TiO2 nanoparticles is extended to the infra-red 

(IR) region (approx. 1150 nm), while a core/shell 

crystalline/disorder structure is obtained on its surface. Both the 

photocatalytic activity, as well as the electronic conductivity in 

black TiO2 are heavily improved and the synthesis of black TiO2 

by various methods and for various applications have evolved as 

hot areas in the current research perspective of TiO2. In the 

literature, several valuable reviews are available summarizing the 

different synthetic routes and applications of black TiO2 [22].  

Summarizing the findings in the literature, the synthetic 

routes developed for the preparation of black TiO2 films and 

powders are given in Figure 1 and include; hydrogenation under 

low/high H2 pressure, reduction by Al, Mg, NaBH4, CaH2, NaH, 

chemical partial oxidation of TiH2, Ti, Ti(II), electrochemical 

reduction, ultrasonication, plasma treatment, laser modification, 

proton implantation, ionothermal synthesis, N doping, self doping 

via gel combustion, Si quantum dot assisted chemical etching and 

oxygen removal via UV-irradiation [23].   

The diversity and importance of black TiO2 is highlighted by 

the large number of applications in photodegradation of organic 

compounds, photocatalytic and photoelectrocatalytic water 

splitting, dye-sensitized solar cells, Li, Na, Al-ion batteries, 

supercapacitors, solar desalination, fuel cell, field emission, 

microwave absorption and cancer photothermal therapy. 

Recently, black and defective TiO2 has been also used for the 

reduction of CO2 to solar fuels, as well as photofixation of N2 to 

NH3. Additionally, hydrogen generation through water splitting can 

be performed on black TiO2, free of any cocatalyst loading, 

implying that the intrinsic catalytic properties of TiO2 have been 

significantly improved towards the reduction of protons to 

hydrogen. In many cases, cocatalyst-free hydrogen production 

can also be considered as the intermediate product for the 
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generation of solar fuels, highlighting the importance of black TiO2 

as a universal photocatalyst. 

 
Figure 1. A summary of the different routes for the synthesis of black TiO2 
nanomaterials. Reprinted with permission from [23]. Copyright 2018 Wiley VCH. 

 

Given the promise of these new developments, this mini 

review focuses on the latter two aspects of cocatalyst-free 

hydrogen and solar fuels production. We hope that this article will 

stimulate and encourage further modifications and discoveries, in 

order to improve the efficiency towards important chemical 

transformations based on cheap and abundant elements. 

2. Properties of black TiO2 

Typically, black TiO2 is produced by exposing nanoparticles of 

anatase TiO2 to high pressure and high temperature 

hydrogenation (20 bar H2 atmosphere at 200-500 oC for various 

time ranges). This results in reduced nanoparticles with a 

crystalline core and an amorphous shell that absorbs visible light. 

The enhanced absorption range in black TiO2 is related to the 

presence of surface defects such as hydroxyl groups, oxygen 

vacancies and Ti-H bonds, and the creation of mid-gaps energy 

levels within the bang gap. Several studies have been devoted to 

clarify the crystalline core-amorphous shell structure of TiO2 

nanoparticles with TEM/HRTEM. Xia et al. reported the crystal 

structure of white TiO2 with uniform lattice fringe distance of 3.536 

Å [24]. Instead, black TiO2 nanocrystals showed a crystalline core 

(3.515 Å), and an amorphous outer layer with highly distorted 

adjacent lattice planes (e.g. 6.747 Å, 4.203 Å, 2.983 Å). 

In white TiO2 (Figure 2a) the band gap is the result of a 

valence band from O 2p orbitals and conduction bands formed by 

Ti 3d orbitals. The current explanation for the structure/property 

relations in black TiO2 is that when TiO2 is exposed to reducing 

agents (for instance H2) a large number of defects (and surface 

lattice disorder) may form as oxygen vacancies in the valence 

band (VB) and localized Ti3+ sites at the conduction band (CB) 

(Figure 2b), instead of Ti4+ of the perfect anatase (Figure 2a) [18b]. 

The resulting unpaired electron (polaron, P-) are responsible for 

the substantial change in electrical conductivity of TiO2. The 

energy of the defect states will lie within the bandgap Egap (forming 

additional mid-gap energy levels), leading to enhanced optical 

absorption, until the higher agglomeration of defects at the 

surface of black TiO2 will pile-up the defects states in the bandgap 

(Fig. c) and induce the absorption of all visible light [25].  

 

 
Figure 2. Defects responsible for the formation of colored centers and charge 
carriers in TiO2. The upper row shows the structure of the perfect anatase 
crystal, oxygen vacancies formation and the agglomeration of the defects at the 
surface of the nanoparticle. The low row shows the density of states in each 
crystal structure. Reprinted with permission from [22a, 25]. Copyright 2018 Nature 
Publishing Group. 

3. Cocatalyst free H2 photogeneration 

The term cocatalyst-free H2 production was introduced by Liu et 

al. when they went back to Chen and Mao’s work on synthesizing 

black TiO2 under annealing at high H2 pressure [26]. The difference 

in Liu’s approach was to anneal TiO2 nanotubes for 1 h at 500 °C, 

while Chen did the annealing of TiO2 powders at 200 °C for 5 days.  

The authors chose to work with TiO2 nanotubes for 

increased surface area. The optimized sample showed a stable 

H2 evolution rate of 7 μmol h-1 cm-2 for several days, which was 

maintained when the same electrodes were used after one and 

two months of storage. Samples reduced under atmospheric 

pressure showed very little hydrogen production, as it can be seen 

in Figure 3a. This improvement of the intrinsic catalytic activity of 

the material is assigned by the authors to the formation of distinct 

Ti3+ defect sites, which are induced by the atmospheric reduction 

in hydrogen. The light reflectivity spectra show also the improved 

light absorption in the visible region for the reduced nanotubes 

(Figure 3b). It should be noted though, that this H2 may not purely 

come from water splitting, but also from the protons released by 

the methanol photodegradation. It is expected that the 

photogenerated hydroxyl radicals can easily oxidize methanol, as 

such a case is widely proven by classic photocatalytic degradation 

of organic compounds [27]. The authors did not discuss the 

mechanism nor they reported any O2 evolution rates. 

a) b) c) 
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Figure 3. a) Photocatalytic H2 production, under solar simulated light, in a 50/50 

vol% methanol water solution with TiO2 nanotubes treated under different 
conditions. air: heat treatment in air at 450 °C, Ar/H2: heat treatment in H2/Ar (5 
vol%) at 500 °C, Ar: heat treatment in pure Ar at 500 °C, HP-H2: heat treatment 
in H2 at 20 bar at 500 °C, Sci ref: Conditions as in [21a]. The inset shows optical 
images of the different samples. b) Integrated light reflectance curves of the air, 
HP-H2 and H2/Ar treated TiO2 nanotubes. Reprinted with permission from [26]. 
Copyright 2014 American Chemical Society. 

 

The same group used the high-energy proton implantation 

technique with the aim to similarly activate the TiO2 nanotubes 

(Figure 4a) [28]. They studied the effect of the nanotube length and 

compared the results with proton implantation in single crystal 

anatase wafers, with preferred crystal orientation towards the 

[001] plane (Figure 4b inset). In the case of the nanotubes, the 

implant zone extended to approx. 1.2 μm from the top surface and 

the lattice defects caused by the implantation to approx. 800 nm, 

while in the case of the single crystal these were 350 nm and 200 

nm, respectively.  

The results showed that the implantation process activated 

the top surface of the material and a maximum rate of H2 evolution 

of approx. 14 μL h-1 cm-2 was achieved in the 12 μm long TiO2 

nanotubes (Figure 4b). Again the hydrogen production was from 

an aqueous solution of methanol and the O2 production rate was 

not discussed. The change in the intrinsic properties of the 

material in this case is assigned to the structural disorder induced 

by the proton implantation, as well as to the formation of 

paramagnetically active recombination states close to the 

conduction band of anatase. These are again related to the 

formation of Ti3+ defects, which were also found in the high H2 

pressure treated material. A follow-up work of the same group, 

expanded the study on the effect of the ion implantation in relation 

to the preferred orientation of the TiO2 crystal [29]. It is generally 

accepted that the [001] plane is more reactive than the [101] [30]. 

The main conclusion of this work supports the idea that structural 

disorder (defects, exposed high index planes) is crucial for the 

intrinsic activation of the TiO2-x surface for metal-free H2 

production. Simple hydrogenation, which changes the absorption 

spectra of TiO2-x is not enough for photocatalytic H2 production, 

therefore activation of the material does not necessarily coincides 

with the black color.  

 

 

Figure 4. a) High-energy proton implantation strategy and activation of the 
surface of the TiO2 nanotubes for photocatalytic metal-free H2 production. b) 
Photocatalytic H2 production, under solar simulated light, in a 50/50 vol% 
methanol water solution with TiO2 nanotubes of different lengths. For 
comparison purposes the inset shows the photocatalytic H2 production under 
similar conditions in a (001) anatase single crystal before and after ion 
implantation. Reprinted with permission from [28]. Copyright 2017 American 
Chemical Society. 

 

Another way to introduce structural defects, as well as Ti3+ 

electronic states by lattice damaging, is by mechanochemical 

methods such as dry ball milling [31]. Such a well-established 

method has the advantage of low temperature synthesis and 

easiness in preparation and handling, compared to high 

temperature and pressure treatments. Zhou et al. studied the 

effect of ball-milled commercial TiO2 nanopowders in the 

presence of TiH2 as the H2 source. The authors found that an 

optimum concentration of 2% TiH2 and 15 min of ball milling gave 

an activated sample, which produced H2 with a photocatalytic rate 

of 220 μmol h-1 g-1 (Figure 5a). The proposed mechanism is 

illustrated in Figure 5b. The authors proposed that the TiH2 

introduced OH-groups in the lattice of TiO2, stabilizing such donor 

states close tot he conduction band (approx 0.2 eV below). The 

TEM analysis also indicated the presence of an amorphous shell 

layer, which is typical for black TiO2 treated under H2 atmosphere. 

Longer ball milling times increase the amorphous shell layer 

leading to reduced reactivity of the nanomaterial, due to extended 

growth of the amorphous phase (Figure 5c-e).  

a) 

b) 

a) 

b) 
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Figure 5. a) Photocatalytic H2 production, under solar simulated light, in a 50/50 
vol% methanol water solution with a commercial anatase TiO2 nanopowder 
treated under different amounts of TiH2. b) Charge transfer process mechanism 
under illumination of the defective nanopowder. c, d, e) TEM images of the 
untreated nanopowder, after 15 min of ball milling and after 4 h, respectively. 
Reprinted with permission from [31]. Copyright 2016 John Wiley & Sons, Ltd. 

 

Liang et al. recently compared the photoelectrochemical 

performance for water splitting of pure and hydrogenated 

amorphous TiO2 [32]. The main aim of this work was to study the 

effect on the optical and catalytic properties of the amorphous 

shell, which is a characteristic feature of black TiO2. A 280 nm film 

of amorphous TiO2 was prepared on fluorine-doped tin oxide 

(FTO) glass substrate by pulsed direct magnetron sputtering from 

an TiO2 target. The hydrogenated film, which appeared blue, was 

prepared in one-go during the sputtering process by introducing a 

H2/Ar gas mixture in the chamber. The amorphous nature of the 

TiO2 films was confirmed by TEM analysis, as it can be seen in 

Figure 6a.  

  

 
Figure 6. a) TEM images of the undoped and blue amorphous TiO2 films. b) 
Absorption spectra of the undoped (a-TiO2) and blue amorphous TiO2 (a-
TiO2:H) films. The inset shows optical photos of the films. Reprinted with 
permission from [32]. Copyright 2017 Elsevier. 

 

The authors proposed a model to explain the color change 

(Figure 6b), and according to it the extended mid-gap states have 

a band tail, which merges with valence band of the amorphous 

TiO2 (Figure 7a). Regarding the improved photoelectrochemical 

activity the H-doping passivated the recombination centers, while 

at the same time it introduced shallow donors in the form of H 

substitutional for oxygen and H interstitial. The amorphous doped-

TiO2 film showed a photocurrent density of 0.67 mA cm-2 at 1.23 

V vs NHE under solar simulated illumination (Figure 7b). It should 

be mentioned that neither any hydrogen or oxygen production 

rates are given, nor the stability of the material under water 

splitting conditions.  

Jiang et al. suggested an alternative route in order to 

stabilize oxygen vacancies in reduced TiO2 by the presence of 

carbon layers [33]. In their synthetic strategy, Jiang et al. formed 

gray single-crystal TiO2 nanorods and the appearance of carbon 

layers was induced by trace amounts of precursor solutions used 

for the synthesis of TiO2 (butyl alcohol generated from the 

hydrolysis of tetrabutyl titanate). 

a) 

b) 

c) d) e) 

a) 

b) 
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Figure 7. a) Proposed electronic energy band diagrams of the undoped (a-TiO2) 

and blue amorphous TiO2 (a-TiO2:H) materials. b) Photoelectrochemical 
performance of the undoped (a-TiO2) and blue amorphous TiO2 (a-TiO2:H) films 
under solar simulated light. The photocurrent-potential curves were recorded in 
1 M NaOH solution in a three-electrode configuration with Pt as the cathode and 
Ag/AgCl as the reference electrode. Reprinted with permission from [32]. 
Copyright 2017 Elsevier. 

 

The authors argued that the carbon layers create a 

favorably reductive atmosphere for the stabilization and 

concentration increase of oxygen vacancies. The material rich in 

oxygen vacancies is confirmed by electron spin resonance (ESR) 

spectra, where the signal at g = 1.995 (proportionality factor) 

indicates the high concentration of oxygen vacancies (Figure 8a). 

TEM analysis revealed in this case also, the formation of an 

amorphous shell layer, which surrounds the single crystal TiO2 

nanorods. Diffuse reflectance measurements showed the red-

shift in the light absorption behavior of the material by 0.23 eV 

(Figure 8b). Photocatalytic hydrogen production tests in a 

triethanolamine/water solution showed a maximum hydrogen 

evolution rate of 69.7 μmol h-1 for the sample treated under H2 

atmosphere at 500 °C for 2 h, at normal pressure conditions 

(Figure 8c). The optimized material was stable when stored in air 

for at least six months, as it can be seen by the H2 production test 

in Figure 8d. In this work the oxygen evolution rate, if any, is not 

reported, a fact that seems to be neglected in general.  

 

  

 

Figure 8. a) ESR spectra measured at room temperature for the air-treated and 
reduced single-crystal TiO2. b) Diffuse reflectance spectra of the air-treated and 
reduced single-crystal TiO2. c) Photocatalytic H2 production in a 
triethanolamine/water solution under solar simulated illumination of samples 
prepared at different annealing temperatures for 2 h. The variety of samples 
include hydrogenated P25 (Hy-P25), hydrogenated anatase (Hy-anatase), air-
treated sample at 500 °C (Air-500) and firstly air-treated followed by 
hydrogenation sample (Air-Hy-500). d) Photocatalytic reuse of the Hy-500 
sample including an experiment after 6 months. Reprinted with permission from 
[33]. Copyright 2018 Elsevier.   

 

The following article discussed in this section, although not 

directly linked to black TiO2, highlights the importance of the 

disorder layers in cocatalyst-free H2 generation ability of TiO2-

based nanomaterials. Such a modification is directly linked to the 

amorphous shell layer found in black TiO2. Cho et al. induced the 

selective positioning of a disordered layer between the anatase 

and rutile phases in P25. This heterojunction boosted by approx. 

11 times the H2 production compared to Pt-loaded conventional 

anatase and rutile single heterojunction TiO2 systems [34].   

 

 

Figure 9. a) Schematic presentation of the defect engineering process. b) XRD 
spectra of the different samples during the engineering process, highlighting the 
change in the rutile peak. c-e) TEM images of the different samples during the 
engineering process. Reprinted with permission from [34]. Copyright 2018 
American Chemical Society. 

a) 

b) 

a) b) 

c) d) 

a) b) 

c) d) e) 
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The synthetic route followed by the authors is schematically 

given in Figure 9a. The P25 is treated in a solution of 

Li/ethylenediamine (Li/EDA), which induces the disordering of the 

rutile phase, selectively. The partial oxidation of the sample 

recrystallizes the bulk rutile phase, keeping the disordered outer 

layer (Figure 9b-e). Apparently, such a heterojunction activated 

the P25, which showed a cocatalyst-free photocatalytic H2 

production rate of approx. 4 μmol cm-2 h-1 in a methanol containing 

solution. The Pt-loaded P25 showed a rate of 0.35 μmol cm-2 h-1. 

This work further highlights that selective defect engineering in 

the same material can significantly alter the intrinsic properties 

and lead to improved photocatalytic activities.  

Chatzitakis et al. developed an approach for the 

determination of the intrinsic catalytic activity of nanostructured 

semiconductors, by decoupling any effects due to surface area [35]. 

In this approach, the charge transfer resistance (Rct) is multiplied 

by the double layer capacitance (Cdl), which is proportional to the 

surface area. Both parameters can be obtained by 

electrochemical impedance spectroscopy at the potentials of 

interest. The RctCdl product, with units ΩF, is an indicator of the 

intrinsic catalytic activity of the material and can be regarded as 

the time constant of the associated reaction. The lower the RctCdl 

value the faster the kinetics. We believe that such an analysis can 

shed light on defining a true catalytic boosting, excluding the 

effect of increased surface area. 

4. CO2 photoreduction and N2 photofixation 
with black TiO2 

The reactivity of oxygen vacancies and Ti3+ species has been 

recently connected to process beyond H2 generation that are 

even more energy demanding, such as CO2 reduction [36] and NH3 

synthesis from activation of the N2 molecule. This development is 

of great importance for systems of artificial photosynthesis and 

generation of solar fuels. In this chapter a few recent and among 

the first reports are presented. As mentioned in the introduction, 

H2 can be regarded in many instances as an intermediate product 

for the formation of other energy-rich compounds, such as 

alcohols and biomass [37]. 

Fang et al. prepared a TiO2 photocatalyst, which contained 

an increased amount of Ti3+ species that were “protected” from 

oxidation, due to contact with air and water, by an amorphous 

surface layer of about 1-2 nm as it can be seen in Figure 10a [38]. 

In addition, they had control over the orientation of the exposed 

planes, (001) and (101), by changing the concentration of the 

fluoride anions in their synthetic route (Figure 10b). The (001) and 

(101) planes are functioning as hole and electron collectors, 

improving their separation. Moreover, such tunable morphology 

led to the selective reduction of CO2 to CO and CH4.  

 

 

 
Figure 10. a-b) TEM images of the optimized sample, TiO2-x-0.50. c) XRD 

spectra of TiO2-x samples treated with different volumes of HF. d) 
Photocatalytic CO2 reduction to CH4 and CO over the optimized and non-
optimized TiO2-x samples, under solar simulated light. e) Corresponding 
photocatalytic selectivity for CH4 and CO. Reprinted with permission from 
[38]. Copyright 2017 The Royal Society of Chemistry. 

 

The optimized sample contained 20% of the (001) planes 

(8,5 

c) and the photocatalytic selectivity towards CH4 was 

improved from 51.7%, which was in the sample dominated by the 

(101), to 83.4% (Figure 10d-e). Overall, the enhanced light 

absorption, improved charge carriers separation and preferential 

plane exposure led to a noble-metal-free CO2 photoreduction on 

the surface of TiO2-x. 

Another work relating the effect of fluorinated TiO2-x on the 

selective metal-free CO2 photoreduction towards methane was 

presented by Xing et al. [39]. In this work, TiO2-x mesoporous single 

crystals (MSC) were doped with F atoms. According to DFT 

calculations, the F atoms substituted oxygen vacancies in the 

lattice interval of TiO2-x and due to F atoms’ strong 

electronegativity, they attracted the electrons from the Ti3+ 

species, regenerating Ti4+. As a result, an internal strong electrical 

field appeared, leading to the upsweep of Ti3+ impurity level, and 

to a stronger reduction potential of the material (Figure 11a). The 

higher selectivity of the fluorinated material was explained in 

terms of better kinetics, which allowed the fast reduction of the 

intermediate CO to methane (Figure 11b and c). The stability of 

the material was excellent, but it was assessed under continuous 

illumination for only 16 h.  

a) 

b) 

c) 

d) 
e)  
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Figure 11. a) Schematic presentation of the impurity band upsweep due to 
fluorination of the MSC. b) Photocatalytic CH4 production over different samples 
under solar simulated light and in the presence of CO2 and H2O vapor. c) 
Selectivity of the fluorinated MSC over the unmodified one. Reprinted with 
permission from [39]. Copyright 2018 American Chemical Society.  

 

Apart from CO2 photoreduction towards energy-rich 

compounds, NH3 is also an indispensable chemical in modern 

society for the production of fertilizers and fibers [40]. Industry has 

an experience in handling and producing ammonia through the 

Haber-Bosch process for over 100 years. This process is 

extremely energy demanding as high pressures (>200 bars) and 

temperatures (>673 K) are required. In addition, large amounts of 

CO2 are emitted due to the coupled steam reforming process of 

fossil fuels for the production of the intermediate H2. The following 

reports are not directly related to black-TiO2 as presented so far, 

but the common link is the increased amount of oxygen vacancies 

and Ti3+ species. In the case of N2 activation, it is also evident that 

it happens on these sites, where the N2 molecule can be strongly 

adsorbed. Hirakawa et al. reduced in H2 atmosphere, at 673 K for 

2 h, a commercially available TiO2 powder, which is not explicitly 

presented as hydrogenated or black TiO2 [41]. The large amount of 

oxygen vacancies and Ti3+ was confirmed by ESR measurements 

and their activity is compared to that of TiO2 surface-modified by 

noble metals (Ru, Pt and Pd). The bare, reduced TiO2 produced 

20 μM of NH3 after 24 h, while the noble-metal loaded one 

produced less than 6 μM after 24 h. The proposed mechanism for 

N2 activation and NH3 synthesis is schematically given in Figure 

12. The surface Ti3+ species serve as active sites for the 

adsorption and reduction of N2 to NH3. The authors reported a 

solar-to-chemical conversion efficiency of 0.02%, which is an 

order of magnitude lower than that of natural photosynthesis 

(0.1%).  

 
Figure 12. Proposed mechanism for N2 fixation on the rutile TiO2 (110) 
surface around the oxygen vacancies. Reprinted with permission from [41]. 
Copyright 2017 American Chemical Society. 

 

Another way to induce oxygen vacancies in the lattice of 

TiO2 is by electrochemical reduction at sufficiently negative 

potentials [42]. Zhang et al. followed this strategy on TiO2 

nanosheets deposited on Ti substrate and they operated the 

electrode at -0.7 V vs. RHE in 0.1 M Na2SO4 [43]. The authors 

confirmed with XPS the presence of increased amount of oxygen 

vacancies, which remained unchanged after 2 h of operation at 

this potential. The catalyst achieved a NH3 production rate of 9.16 

10-11 mol s-1 cm-2 with a faradaic efficiency of 2.5%. This high 

activity in the nitrogen reduction reaction is attributed to the 

enhanced adsorption and activation in the in-situ generated 

oxygen vacancies in the TiO2 nanosheets. A closely related work 

is published by Yang et al. [44]. TiO2 nanosheets are again 

employed and here the authors induce oxygen vacancies by 

thermal annealing at 350 °C in Ar atmosphere, i.e. reducing 

atmosphere. Moreover, the authors exploited the surface 

plasmon resonance of Au nanoparticles, where highly energetic 

holes, known as hot electrons are formed.  

 
Figure 13. a) Schematic presentation of the plasmonic hot electron generation 
and N2 reduction pathway. b) Illustration of the whole process on the surface of 
the modified photocatalyst. Reprinted with permission from [44]. Copyright 2018 
American Chemical Society. 

In this system, the oxygen vacancies adsorb and activate the N2 
molecules and the hot electrons act as the reducing agents, 
converting N2 to NH3 (Figure 13a and b). The apparent quantum 
efficiency of N2 photofixation was 0.82% at 550 nm, which 
corresponds to the plasmon resonance of the Au nanoparticles 
on the surface of the TiO2 nanosheets.  

5. Summary and outlook 

In this mini review we presented some of the most important 

cutting-edge research and progress on black TiO2, which is 

among the most promising photocatalysts that have been recently 

b) c) 

a) 

a) b) 
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discovered. A number of other related review articles are cited 

and we hope to provide a good database for further information 

and research on black TiO2.  

A consensus exists regarding the reasons behind its high 

photocatalytic activity, which is related to the disordered structure 

and the large amount of oxygen vacancies and Ti3+ species. 

These active centers change the intrinsic catalytic activity of TiO2 

and metal-free proton reduction, CO2 photoreduction and N2 

fixation have been realized. Main concern regarding the stability 

of black TiO2 is the oxidation of the Ti3+ species, as well as oxygen 

uptake. Some of the authors seem to take this into account and 

apart from reusing the material months after its synthesis, other 

novel approaches have also been developed, such as protective 

carbon or amorphous layers. On the other hand, there are reports 

where the stability is assessed over only a few hours of operation 

and post-mortem analysis is not conducted. 

The topic opens several questions. It is evident that the main 

interest is in the surface disorder and defects, but there is little 

attention paid to the bulk of the material. For example, why a fully 

amorphous blue TiO2 [32] has similar activity and improvment of its 

intrinsic properties after hydrogenation, with a typical core/shell 

crystalline/disordered black TiO2 [31]? In addition, there are some 

contradicting findings; when the amorphous layer extended 

towards the bulk the catalytic activity of black TiO2 was heavily 

compromised, but a fully amorphous material was highly active. 

Is there any phase transition that should be considered? How 

important is the thickness of the amorphous shell? Another 

concern is related to the absence of reports on the oxygen 

evolution reaction during cocatlyst-free water splitting. It is 

common to use the concepts of “open-circuit” and “cocatalyst-free” 

water splitting, but in fact, sacrificial compounds, such as 

methanol, are present during the photocatalytic process. It is 

known that such compounds can act as scavengers of the 

photogenerated carriers, but is it confirmed that the produced 

hydrogen comes from water splitting itself? We think that labelled 

experiments with the use of isotopes can shed a better 

understanding of the mechanism involved.  

 Overall, the highly defective TiO2 with its unique optical and 

intrinsic catalytic properties is a very promising material for 

practical synthesis of solar fuels. There is abundant room for 

further research and understanding of the underlying 

mechansims of light absorption and surface chemical 

transformation. This review provides a short introduction to black 

TiO2 and serves as a database for further studies and research. 

It also provides the latest trends and findings in the production of 

solar fuels and we hope to trigger new thoughts and 

developments not only from experts in this field, but also from 

researchers from various backgrounds and levels of knowledge. 

 

Acknowledgements 

A. C. acknowledges MoZEES, a Norwegian Centre for 

Environment-friendly Energy Research (FME), co-sponsored by 

the Research Council of Norway (project number 257653) and 40 

partners from research, industry and public sector. 

Keywords: black TiO2 • defects • photocatalysis • hydrogen • 

solar fuels 

 

 
 



MINIREVIEW          

 

 

 

 

 

References 

[1] a) Y. Ma, X. Wang, Y. Jia, X. Chen, H. Han, C. Li, Chemical Reviews 
2014, 114, 9987-10043; b) A. Fujishima, X. Zhang, D. A. Tryk, 
Surface Science Reports 2008, 63, 515-582; c) G. Liu, N. Hoivik, K. 
Wang, H. Jakobsen, Solar Energy Materials and Solar Cells 2012, 
105, 53-68; d) A. Fujishima, T. N. Rao, D. A. Tryk, Journal of 
Photochemistry and Photobiology C: Photochemistry Reviews 2000, 
1, 1-21; e) T. Tachikawa, T. Majima, Chemical Society Reviews 
2010, 39, 4802-4819. 

[2] A. Fujishima, K. Honda, Nature 1972, 238, 37. 
[3] a) M. Grätzel, Nature 2001, 414, 338; b) S. U. M. Khan, M. Al-Shahry, 

W. B. Ingler, Science 2002, 297, 2243; c) A. Kudo, Y. Miseki, 
Chemical Society Reviews 2009, 38, 253-278. 

[4] a) A. L. Linsebigler, G. Lu, J. T. Yates, Chemical Reviews 1995, 95, 
735-758; b) M. A. Fox, M. T. Dulay, Chemical Reviews 1993, 93, 
341-357; c) M. Anpo, M. Takeuchi, Journal of Catalysis 2003, 216, 
505-516; d) A. Kubacka, M. Fernández-García, G. Colón, Chemical 
Reviews 2012, 112, 1555-1614; e) X. Lang, X. Chen, J. Zhao, 
Chemical Society Reviews 2014, 43, 473-486; f) M. A. Henderson, 
I. Lyubinetsky, Chemical Reviews 2013, 113, 4428-4455. 

[5] H. Chen, C. E. Nanayakkara, V. H. Grassian, Chemical Reviews 
2012, 112, 5919-5948. 

[6] A. Dhakshinamoorthy, S. Navalon, A. Corma, H. Garcia, Energy & 
Environmental Science 2012, 5, 9217-9233. 

[7] a) J. R. Swierk, T. E. Mallouk, Chemical Society Reviews 2013, 42, 
2357-2387; b) B. O'Regan, M. Grätzel, Nature 1991, 353, 737; c) U. 
Bach, D. Lupo, P. Comte, J. E. Moser, F. Weissörtel, J. Salbeck, H. 
Spreitzer, M. Grätzel, Nature 1998, 395, 583; d) A. Hagfeldt, G. 
Boschloo, L. Sun, L. Kloo, H. Pettersson, Chemical Reviews 2010, 
110, 6595-6663; e) M. Grätzel, Journal of Photochemistry and 
Photobiology C: Photochemistry Reviews 2003, 4, 145-153. 

[8] J. Bai, B. Zhou, Chemical Reviews 2014, 114, 10131-10176. 
[9] a) S. Banerjee, D. D. Dionysiou, S. C. Pillai, Applied Catalysis B: 

Environmental 2015, 176-177, 396-428; b) M. J. Powell, R. 
Quesada-Cabrera, A. Taylor, D. Teixeira, I. Papakonstantinou, R. G. 
Palgrave, G. Sankar, I. P. Parkin, Chemistry of Materials 2016, 28, 
1369-1376; c) V. Heydari, A. Khataee, B. Vahid, L. 
Moradkhannejhad, S. W. Joo, Pigment & Resin Technology 2016, 
45, 24-29; d) G. Doganli, B. Yuzer, I. Aydin, T. Gultekin, A. H. Con, 
H. Selcuk, S. Palamutcu, Journal of Coatings Technology and 
Research 2016, 13, 257-265; e) Y. Lai, J. Huang, Z. Cui, M. Ge, K.-
Q. Zhang, Z. Chen, L. Chi, Small 2015, 12, 2203-2224. 

[10] a) P. G. Bruce, B. Scrosati, J.-M. Tarascon, Angewandte Chemie 
International Edition 2008, 47, 2930-2946; b) D. Chen, R. A. Caruso, 
Advanced Functional Materials 2012, 23, 1356-1374; c) Z. Yang, D. 

Choi, S. Kerisit, K. M. Rosso, D. Wang, J. Zhang, G. Graff, J. Liu, 
Journal of Power Sources 2009, 192, 588-598; d) G.-N. Zhu, Y.-G. 
Wang, Y.-Y. Xia, Energy & Environmental Science 2012, 5, 6652-

6667; e) D. Deng, M. G. Kim, J. Y. Lee, J. Cho, Energy & 
Environmental Science 2009, 2, 818-837; f) G. Li, Z. Zhang, H. Peng, 
K. Chen, RSC Advances 2013, 3, 11507-11510. 

[11] a) J. Schneider, M. Matsuoka, M. Takeuchi, J. Zhang, Y. Horiuchi, 
M. Anpo, D. W. Bahnemann, Chemical Reviews 2014, 114, 9919-
9986; b) M. Dahl, Y. Liu, Y. Yin, Chemical Reviews 2014, 114, 9853-
9889. 

[12] a) B. Liu, H. M. Chen, C. Liu, S. C. Andrews, C. Hahn, P. Yang, 
Journal of the American Chemical Society 2013, 135, 9995-9998; b) 
S. A. Ansari, M. M. Khan, M. O. Ansari, M. H. Cho, New Journal of 
Chemistry 2016, 40, 3000-3009; c) H. Wang, J. P. Lewis, Journal of 
Physics: Condensed Matter 2006, 18, 421. 

[13] R. Asahi, T. Morikawa, T. Ohwaki, K. Aoki, Y. Taga, Science 2001, 

293, 269. 
[14] a) W. Shi, W. Yang, Q. Li, S. Gao, P. Shang, J. K. Shang, Nanoscale 

Research Letters 2012, 7, 590; b) B. Liu, L.-M. Liu, X.-F. Lang, H.-
Y. Wang, X. W. Lou, E. S. Aydil, Energy & Environmental Science 
2014, 7, 2592-2597; c) S. K. Parayil, H. S. Kibombo, C.-M. Wu, R. 
Peng, J. Baltrusaitis, R. T. Koodali, International Journal of 
Hydrogen Energy 2012, 37, 8257-8267; d) G. Li, L. Chen, N. M. 
Dimitrijevic, K. A. Gray, Chemical Physics Letters 2008, 451, 75-79; 
e) A. Chatzitakis, M. Grandcolas, K. Xu, S. Mei, J. Yang, I. J. T. 
Jensen, C. Simon, T. Norby, Catalysis Today 2017, 287, 161-168. 

[15] a) Y. Matsumoto, M. Murakami, T. Shono, T. Hasegawa, T. 
Fukumura, M. Kawasaki, P. Ahmet, T. Chikyow, S.-y. Koshihara, H. 
Koinuma, Science 2001, 291, 854; b) L. Deng, S. Wang, D. Liu, B. 
Zhu, W. Huang, S. Wu, S. Zhang, Catalysis Letters 2009, 129, 513-
518; c) J. Yu, Q. Xiang, M. Zhou, Applied Catalysis B: Environmental 
2009, 90, 595-602; d) T. Zhang, B. Yu, D. Wang, F. Zhou, Journal 
of Power Sources 2015, 281, 411-416; e) Z. Jiao, Y. Zhang, T. Chen, 
Q. Dong, G. Lu, Y. Bi, Chemistry – A European Journal 2014, 20, 
2654-2662; f) M. Kneiß, M. Jenderka, K. Brachwitz, M. Lorenz, M. 
Grundmann, Applied Physics Letters 2014, 105, 062103; g) Z. Yao, 

F. Jia, S. Tian, C. Li, Z. Jiang, X. Bai, ACS Applied Materials & 
Interfaces 2010, 2, 2617-2622. 

[16] a) N. Roy, K. T. Leung, D. Pradhan, The Journal of Physical 
Chemistry C 2015, 119, 19117-19125; b) S. Mukherjee, F. Libisch, 
N. Large, O. Neumann, L. V. Brown, J. Cheng, J. B. Lassiter, E. A. 
Carter, P. Nordlander, N. J. Halas, Nano Letters 2013, 13, 240-247; 
c) Z. Zheng, B. Huang, X. Qin, X. Zhang, Y. Dai, M.-H. Whangbo, 
Journal of Materials Chemistry 2011, 21, 9079-9087. 

[17] a) J. Zhang, C. Pan, P. Fang, J. Wei, R. Xiong, ACS Applied 
Materials & Interfaces 2010, 2, 1173-1176; b) A. Eslami, M. M. Amini, 
A. R. Yazdanbakhsh, A. Mohseni-Bandpei, A. A. Safari, A. Asadi, 
Journal of Chemical Technology & Biotechnology 2015, 91, 2693-
2704; c) D. Fan, Z. Weirong, W. Zhongbiao, Nanotechnology 2008, 
19, 365607; d) Y. Cong, B. Tian, J. Zhang, Applied Catalysis B: 
Environmental 2011, 101, 376-381; e) J. E. Mathis, MRS 

Proceedings 2015, 1806, 19-24. 
[18] a) K. Morita, K. Yasuoka, AIP Advances 2018, 8, 035119; b) S. 

Selcuk, A. Selloni, Nature Materials 2016, 15, 1107; c) U. Aschauer, 
A. Selloni, Physical Chemistry Chemical Physics 2012, 14, 16595-
16602; d) H. Cheng, A. Selloni, Physical Review B 2009, 79, 
092101; e) H. Cheng, A. Selloni, The Journal of Chemical Physics 
2009, 131, 054703. 

[19] a) I. Hwang, M. Baek, K. Yong, ACS Applied Materials & Interfaces 
2015, 7, 27863-27870; b) X. Li, T. Xia, C. Xu, J. Murowchick, X. 
Chen, Catalysis Today 2014, 225, 64-73; c) J. Georgieva, E. Valova, 
S. Armyanov, N. Philippidis, I. Poulios, S. Sotiropoulos, Journal of 
Hazardous Materials 2012, 211-212, 30-46; d) W.-H. Hung, T.-M. 
Chien, C.-M. Tseng, The Journal of Physical Chemistry C 2014, 118, 
12676-12681; e) Y. Xia, L. Yin, Physical Chemistry Chemical 
Physics 2013, 15, 18627-18634; f) W. Zhou, T. Jiang, Y. Zhao, C. 
Xu, C. Pei, H. Xue, Journal of Alloys and Compounds 2018; g) J. Li, 
J. Bai, X. Niu, X. Li, S. Chen, J. Wang, B. Zhou, International Journal 
of Hydrogen Energy 2018, 43, 18202-18210; h) B.-Y. Cheng, J.-S. 
Yang, H.-W. Cho, J.-J. Wu, ACS Applied Materials & Interfaces 
2016, 8, 20032-20039. 

[20] a) G. Wang, H. Wang, Y. Ling, Y. Tang, X. Yang, R. C. Fitzmorris, 
C. Wang, J. Z. Zhang, Y. Li, Nano Letters 2011, 11, 3026-3033; b) 
W. Fang, Y. Zhou, C. Dong, M. Xing, J. Zhang, Catalysis Today 
2016, 266, 188-196; c) G. Liu, L.-C. Yin, J. Wang, P. Niu, C. Zhen, 
Y. Xie, H.-M. Cheng, Energy & Environmental Science 2012, 5, 

9603-9610; d) X. Liu, S. Gao, H. Xu, Z. Lou, W. Wang, B. Huang, Y. 
Dai, Nanoscale 2013, 5, 1870-1875; e) Y. Liu, B. Quan, G. Ji, H. 
Zhang, Materials Letters 2016, 162, 138-141; f) J. Chen, W. Song, 
H. Hou, Y. Zhang, M. Jing, X. Jia, X. Ji, Advanced Functional 
Materials 2015, 25, 6793-6801; g) Z. Tian, H. Cui, G. Zhu, W. Zhao, 
J. Xu, F. Shao, J. He, F. Huang, Journal of Power Sources 2016, 

325, 697-705; h) N. Liu, X. Zhou, N. T. Nguyen, K. Peters, F. Zoller, 
I. Hwang, C. Schneider, M. E. Miehlich, D. Freitag, K. Meyer, D. 
Fattakhova-Rohlfing, P. Schmuki, ChemSusChem 2016, 10, 62-67; 
i) M. Wang, B. Nie, K.-K. Yee, H. Bian, C. Lee, H. K. Lee, B. Zheng, 
J. Lu, L. Luo, Y. Y. Li, Chemical Communications 2016, 52, 2988-
2991; j) J. Zhao, L. Zhang, W. Xing, K. Lu, The Journal of Physical 
Chemistry C 2015, 119, 7732-7737; k) C. Sun, D. J. Searles, The 

Journal of Physical Chemistry C 2013, 117, 26454-26459; l) X. Yu, 
B. Kim, Y. K. Kim, ACS Catalysis 2013, 3, 2479-2486; m) X. Zou, J. 
Liu, J. Su, F. Zuo, J. Chen, P. Feng, Chemistry – A European 
Journal 2013, 19, 2866-2873. 

[21] a) X. Chen, L. Liu, P. Y. Yu, S. S. Mao, Science 2011, 331, 746; b) 
X. Lü, A. Chen, Y. Luo, P. Lu, Y. Dai, E. Enriquez, P. Dowden, H. 
Xu, P. G. Kotula, A. K. Azad, D. A. Yarotski, R. P. Prasankumar, A. 
J. Taylor, J. D. Thompson, Q. Jia, Nano Letters 2016, 16, 5751-5755. 

[22] a) V.-A. Glezakou, R. Rousseau, Nature Materials 2018, 17, 856-
857; b) B. Wang, S. Shen, S. S. Mao, Journal of Materiomics 2017, 
3, 96-111; c) X. Yan, Y. Li, T. Xia, International Journal of 
Photoenergy 2017, 2017, 16; d) W. Li, A. Elzatahry, D. Aldhayan, D. 
Zhao, Chemical Society Reviews 2018, 47, 8203-8237; e) W. Fang, 

M. Xing, J. Zhang, Journal of Photochemistry and Photobiology C: 
Photochemistry Reviews 2017, 32, 21-39; f) Y. Liu, L. Tian, X. Tan, 
X. Li, X. Chen, Science Bulletin 2017, 62, 431-441; g) S. G. Ullattil, 
S. B. Narendranath, S. C. Pillai, P. Periyat, Chemical Engineering 
Journal 2018, 343, 708-736; h) X. Liu, G. Zhu, X. Wang, X. Yuan, T. 
Lin, F. Huang, Advanced Energy Materials 2016, 6, 1600452; i) X. 
A. C. Chen, Yi, Black TiO<sub>2</sub> Nanomaterials for Energy 
Applications. 

[23] S. Ghosh, Visible-Light-Active Photocatalysis:Nanostructured 
Catalyst Design,Mechanisms, and Applications, Wiley-VCH Verlag 
GmbH & Co. KGaA, Germany, 2018. 

[24] T. Xia, X. Chen, Journal of Materials Chemistry A 2013, 1, 2983-
2989. 

[25] S. Selcuk, X. Zhao, A. Selloni, Nature Materials 2018, 17, 923-928. 
[26] N. Liu, C. Schneider, D. Freitag, M. Hartmann, U. Venkatesan, J. 

Müller, E. Spiecker, P. Schmuki, Nano Letters 2014, 14, 3309-3313. 
[27] K. Nakata, A. Fujishima, Journal of Photochemistry and 

Photobiology C: Photochemistry Reviews 2012, 13, 169-189. 



MINIREVIEW          

 

 

 

 

 

[28] N. Liu, V. Häublein, X. Zhou, U. Venkatesan, M. Hartmann, M. 
Mačković, T. Nakajima, E. Spiecker, A. Osvet, L. Frey, P. Schmuki, 
Nano Letters 2015, 15, 6815-6820. 

[29] N. Liu, H.-G. Steinrück, A. Osvet, Y. Yang, P. Schmuki, Applied 
Physics Letters 2017, 110, 072102. 

[30] U. Diebold, Surface Science Reports 2003, 48, 53-229. 
[31] X. Zhou, N. Liu, J. Schmidt, A. Kahnt, A. Osvet, S. Romeis, E. M. 

Zolnhofer, V. R. R. Marthala, D. M. Guldi, W. Peukert, M. Hartmann, 
K. Meyer, P. Schmuki, Advanced Materials 2016, 29, 1604747. 

[32] J. Liang, N. Wang, Q. Zhang, B. Liu, X. Kong, C. Wei, D. Zhang, B. 
Yan, Y. Zhao, X. Zhang, Nano Energy 2017, 42, 151-156. 

[33] Y. Jiang, H. Ning, C. Tian, B. Jiang, Q. Li, H. Yan, X. Zhang, J. Wang, 
L. Jing, H. Fu, Applied Catalysis B: Environmental 2018, 229, 1-7. 

[34] Y. Cho, S. Kim, B. Park, C.-L. Lee, J. K. Kim, K.-S. Lee, I. Y. Choi, 
J. K. Kim, K. Zhang, S. H. Oh, J. H. Park, Nano Letters 2018, 18, 

4257-4262. 
[35] a) C. Fleischer, A. Chatzitakis, T. Norby, Materials Science in 

Semiconductor Processing 2018, 88, 186-191; b) A. Chatzitakis, Α. 
Papaderakis, N. Karanasios, J. Georgieva, E. Pavlidou, G. 
Litsardakis, I. Poulios, S. Sotiropoulos, Catalysis Today 2017, 280, 
14-20. 

[36] Y. Ji, Y. Luo, Journal of the American Chemical Society 2016, 138, 
15896-15902. 

[37] C. Liu, B. C. Colón, M. Ziesack, P. A. Silver, D. G. Nocera, Science 
2016, 352, 1210. 

[38] W. Fang, L. Khrouz, Y. Zhou, B. Shen, C. Dong, M. Xing, S. Mishra, 
S. Daniele, J. Zhang, Physical Chemistry Chemical Physics 2017, 

19, 13875-13881. 
[39] M. Xing, Y. Zhou, C. Dong, L. Cai, L. Zeng, B. Shen, L. Pan, C. Dong, 

Y. Chai, J. Zhang, Y. Yin, Nano Letters 2018, 18, 3384-3390. 
[40] V. Smil, Nature 1999, 400, 415. 
[41] H. Hirakawa, M. Hashimoto, Y. Shiraishi, T. Hirai, Journal of the 

American Chemical Society 2017, 139, 10929-10936. 
[42] a) Y. Yang, M. R. Hoffmann, Environmental Science & Technology 

2016, 50, 11888-11894; b) J.-W. Yun, K. Y. Ryu, T. K. Nguyen, F. 
Ullah, Y. Chang Park, Y. S. Kim, RSC Advances 2017, 7, 6202-6208. 

[43] R. Zhang, X. Ren, X. Shi, F. Xie, B. Zheng, X. Guo, X. Sun, ACS 
Applied Materials & Interfaces 2018, 10, 28251-28255. 

[44] J. Yang, Y. Guo, R. Jiang, F. Qin, H. Zhang, W. Lu, J. Wang, J. C. 
Yu, Journal of the American Chemical Society 2018, 140, 8497-

8508. 
 


