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TiO2 is one of the most chemically stable, functionally ver-
satile and widely used oxide materials, with applications 
ranging from bone implants and coatings to photocataly-

sis and photovoltaic cells1–4. An insulator with a bandgap around 
3 eV, TiO2 can easily be reduced to TiO2−x, an n-type semiconduc-
tor more efficient than the pristine form for many applications5,6. 
There has therefore been considerable interest in methods of gen-
erating reduced TiO2 with improved properties in recent years7,8. 
In particular, efforts have focused on black, hydrogenated TiO2,  
a material that is capable of absorbing the whole spectrum 
of visible light, and that has strong activity for photocatalytic  
H2 evolution from water9–14.

Black TiO2 is typically produced by exposing nanoparticles of 
anatase (the TiO2 form usually found in nanomaterials) to a 20 bar 
H2 atmosphere at 200–500 °C for a time ranging from 1 to 2 hours 
to a few days11–13. The resulting reduced nanoparticles comprise 
a crystalline TiO2 core and a disordered shell9,11, whose chemical 
composition (degree of reduction and hydrogenation) and atomic 
structure (extent of disorder) have not been established in detail. A 
reduced and hydroxylated disordered surface layer is also observed 
on anatase nanocrystals under conditions relevant to photocatalytic 
water splitting, where hydroxyls and reduced Ti3+ ions are formed 
upon water-dissociative adsorption at photogenerated oxygen 
vacancies15,16. This suggests a direct link between the photocatalytic 
activity of black TiO2 nanoparticles and formation of an amorphous 
layer on their surface, providing an additional motivation for an in-
depth study of their structure.

Here we use classical reactive force field (ReaxFF) molecular 
dynamics simulations17–19 validated by first-principles density func-
tional theory (DFT) calculations to obtain a direct, atomistic view of 
the high-temperature, high-pressure hydrogenation of anatase TiO2 
and the structure of the resulting material. Unlike the conventional 
classical force field potentials, ReaxFF represents each element in a 
single, transferable way across different chemical environments to 
describe reactive events, such as two oxygen atoms leaving the TiO2 
surface to form a gas-phase O2 molecule. Although ReaxFF simula-
tions are not as accurate as first-principles molecular dynamics19,20, 

with this approach one can perform simulations of systems of thou-
sands of atoms on timescales of a few nanoseconds, which is far 
beyond what is currently accessible with first-principles molecular 
dynamics simulations19.

Interaction of hydrogen with anatase TiO2
Fig. 1 shows free-energy diagrams for the majority (101) surface 
of anatase in H2/H2O atmosphere obtained from ab initio ther-
modynamics21 (see Methods for details). Dissociative adsorp-
tion of a H2 molecule on anatase is approximately thermoneutral 
at T =​ 0 K, and it becomes thermodynamically unfavourable at 
finite temperatures (Fig. 1a). In contrast, the reaction between 
H2 and a surface oxygen atom (Os) of anatase to form H2O and 
a surface oxygen vacancy (VO), that is, H2 +​ Os →​ H2O +​ VO, is 
endothermic at T =​ 0 K, but becomes rapidly favourable at higher 
temperature and low water chemical potential (Fig. 1b; see also 
ref. 22), which are the conditions used for high-pressure hydroge-
nation of anatase.

In agreement with these DFT results, the ReaxFF simulations 
show rapid formation of water molecules and surface VOs on 
anatase surfaces exposed to high-temperature and high-pressure 
H2 atmosphere. Fig. 1c shows the typical mechanism of this pro-
cess, which is also consistent with a previous DFT study23. On the 
other hand, the (reactive) force field we used overestimates the 
reactivity of the anatase surface. In particular, it favours disso-
ciative adsorption of H2 (the thermodynamically most difficult 
step of water formation on anatase) by as much as 2.2 eV (about 
50 kcal mol−1) compared to DFT. This difference is certainly a 
limitation of ReaxFF. However, favouring H2 dissociation (that 
is, decreasing the chemical potential of adsorbed H atoms, Hads) 
speeds up H2O formation. Similar to using a simulation tempera-
ture larger than the experimental one, as is often done, this allows 
us to observe effects in our simulations that take place over a 
much longer timescale in the experiment. Unlike the H2 dissocia-
tion energy, the diffusion pathways and barriers of Hads predicted 
by the ReaxFF agree very well with the first-principles results23 
(see Supplementary Fig. 1).
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Hydrogenation of extended (101), (100) and (001) surfaces
As anatase surfaces often exhibit remarkably distinct behaviour24–27, 
we performed simulations on the three most common low-index 
(101), (001) and (100) surfaces (a-101, a-001 and a-100, respec-
tively) at high temperature (T =​ 800 K) and under high-pressure H2 
atmosphere (p =​ 200 bar; see Methods for details). Fig. 2a shows the 
time evolution of the number of VOs per surface area of the corre-
sponding slabs during these simulations. VO formation is easiest on 
the a-100 surface, where this process is more than twice as fast as that 
on the a-001 surface. In 1 ns, a-100, a-101 and a-001 slabs with simi-
lar shapes were reduced to TiO1.9711, TiO1.9785 and TiO1.9860, respec-
tively. Fig. 2b shows equivalent results for the number of adsorbed H 
atoms (Hads), where the ordering changes to a-001 >​ a-100 >​ a-101. 
Although the numbers of Hads are overestimated owing to the exces-
sively favourable H2 dissociation given by the ReaxFF, this ordering 
agrees well with previous studies of the reactivity of anatase surfaces 
towards adsorption of small molecules28.

Water formation from anatase under H2 atmosphere can only 
be sustained if the oxygen content of the surface layers is somehow 
replenished. It is known from both experiments29 and DFT calcula-
tions30 that VOs are not stable on the a-101 surface; when a surface 
VO is created, it promptly diffuses to the subsurface and the bulk 
above 200 K, thus replenishing the oxygen content of the surface. 
This behavior of VOs is well reproduced by our simulations (Fig. 3a):  
after about 0.2 ns, VOs start appearing in the innermost layers of 
the a-101 slab, and the process is even faster on the a-100 surface. 
Instead, essentially no subsurface diffusion of VOs is observed on 
an a-001 surface, where most VOs remain close to the surface even 
after a simulation time of 1 ns. Hence, unlike the a-101 and a-100 
surfaces, the a-001 surface quickly becomes O-deficient. The differ-
ences in the VO diffusion rate of different surfaces largely explain the 
ordering of the reduction rates in Fig. 2a.

It is interesting to elucidate why VOs do not migrate subsurface 
at the a-001 surface. VO diffusion in anatase is highly anisotropic, 
according to DFT calculations30 that are well reproduced by the 
ReaxFF (see Supplementary Fig. 2). The barrier for the exchange 
of a VO between an apical and an equatorial position of a TiO6 
octahedron is much lower than that for the exchange between 
two equatorial positions. As a result, VOs diffuse easily along [100]  
(≡​ [010] ≠​ [001], owing to the tetragonal symmetry of the material) 
through zig-zag elementary steps along [301] and ̄[301]  (≡​ [031] 
and ̄[031]). As [100] and [010] are parallel to the a-001 surface, the 
VOs formed on this surface can only diffuse laterally and their diffu-
sion toward the bulk is largely suppressed. Fig. 3b shows snapshots 
from our slab simulations for all three surfaces highlighting the VO 
diffusion direction. The zig-zag motion at the a-101 surface can be 
seen clearly in Supplementary Video 1.

Unlike VOs, diffusion of Hads toward the bulk does not exhibit 
a significant facet-dependence (Fig. 2b and Supplementary Fig. 3). 
On all surfaces, Hads diffusion to the subsurface and bulk is limited, 
and at the end of 1 ns there is barely any H atom deeper than 1 nm 
below the surface. To understand this behaviour, we computed the 
minimum energy pathway for surface-to-subsurface Hads diffusion 
in an a-101 slab. In agreement with first-principles calculations 
(Supplementary Fig. 1)23, the overall Hads diffusion barrier of about 
1.1 eV is found to be several times larger than the barrier of VO dif-
fusion along [100], explaining the limited H incorporation in the 
system. This barrier is also significantly larger than the computed 
barriers of Hads diffusion among bulk layers (about 0.5 to 0.8 eV in 
ReaxFF, not shown), indicating that surface-to-subsurface diffusion 
is the rate-limiting step of H incorporation in this material.

Hydrogenation of spherical and faceted nanoparticles
Although they provide valuable insight into the characteristics 
of different facets, periodic slab calculations are not sufficient to 
describe the behaviour in nanoparticles. For example, the VO accu-
mulation observed in the extended a-001 surface is unlikely to occur 
on a nanoparticle with small {001} facets, where edge and corner 
effects become important. To explicitly account for such effects, 
we prepared one spherical and two faceted nanoparticle models 
as described in the Methods (see Supplementary Figs. 4 and 15). 
We first tested the stability of the nanoparticles by simulating their 
behaviour at 800 K in vacuum. As shown in Fig. 4 for the case of the 
spherical nanoparticle, in 1 ns only a few VOs were formed (Fig. 4a)  
and the crystal structure was preserved with relatively small over-
all displacement of the surface atoms (Fig. 4b). When exposed to 
a 200 bar H2 atmosphere, instead, the reduction of the spherical 
nanoparticle was rapid even compared to the slab models under 
the same conditions, possibly owing to the larger surface-to-vol-
ume ratio, and the overall stoichiometry after 1 ns was TiO1.9452 
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view, first panel) observed in our ReaxFF simulations: an OH group formed 
upon dissociative adsorption of an H2 molecule (second panel) reacts with 
an H resulting from the dissociation of another H2 at a nearby oxygen site 
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(Fig. 4a). The right panel in Fig. 4b shows that, under these condi-
tions, the atoms in the surface layer are displaced on average by 
2–2.5 Å, a distance larger than the typical Ti–O bond length. As 
a result, a disordered phase is formed on the spherical nanopar-
ticle surface, while the crystal structure is preserved immediately  
below (Fig. 4b,c).

Identifying VOs is not straightforward in the disordered regions 
of the nanoparticles. To locate VOs and monitor their evolution dur-
ing the simulation, we employed an algorithm that matches each 
atom (except those in the gas phase) in a particular frame of the 
simulation with one in the initial structure (refer to Supplementary 
Information for details). The O atoms in the initial structure that 
cannot be mapped to an atom in the frame of interest are defined 
as VOs in that frame. Fig. 5a shows the spatial distribution of VOs in 
the spherical nanoparticle during the final 20 ps of a 1 ns simulation 
coloured according to their residency time. VOs reside longer on 
sites closer to the surface, while they are more mobile in the bulk of 
the nanoparticle (see Supplementary Video 2 for the full time evolu-
tion). We computed the diffusion coefficient of VOs (DV) as well as 
the oxygen self-diffusion coefficient (DO) from their respective mean 
squared displacements (Supplementary Fig. 12). Experimental val-
ues of DV and DO are not available for anatase, probably because this 

polymorph is not stable at the high temperatures that are typically 
used for such measurements. However, our results, DV =​ 8.6 ×​ 10−6 
cm2 s−1 and DO =​ 1.2 ×​ 10−8 cm2 s−1 at T =​ 800 K, are in reasonable 
agreement with experimental values for SrTiO3 (DV =​ 1.6 ×​ 10−6 
cm2 s−1, DO =​ 1 ×​ 10−9–1 ×​ 10−11 cm2 s−1)31 and reduced rutile TiO2 
(DV =​ 2.5 ×​ 10−6 cm2 s−1)32, two related oxide materials.

A remarkable result displayed in Fig. 5a is the apparent lack 
of VOs near the {001} facets of the spherical nanoparticle. Closer 
inspection of our simulation trajectories reveals, however, that VOs 
do actually form on the {001} facets of the spherical nanoparticle, 
but they are rapidly healed by O atoms diffusing from neighbour-
ing surfaces, as shown by the overall displacement vectors of O 
atoms during the simulation (Supplementary Fig. 6). The displace-
ment vectors do not show any preferential direction near {100} fac-
ets, whereas a net flux of O atoms directed towards {001} facets is 
observed. Lack of a similar observation in the simulations done in 
vacuum unambiguously links this phenomenon with VO formation 
on {001} facets. Importantly, this process appears also to nucleate 
the amorphization of the nanoparticle surface. Fig. 5b shows the 
root mean squared displacement (RMSD) of the surface atoms pro-
jected onto the (010) plane in the early (left) and late (right) stages 
of the simulation. Initially, only the atoms close to the two {001} fac-
ets are displaced significantly, and the crystalline surface structure 
is preserved over the rest of the spherical nanoparticle. During the 
simulation, however, the size of the disordered region grew steadily 
from these two nucleation sites until it extended to the whole spher-
ical nanoparticle surface (Supplementary Video 3).

The key role of VOs at {001} facets in the amorphization of the 
spherical nanoparticle’s surface is confirmed by simulations of 
two faceted nanoparticles that have the characteristic truncated 
bipyramid shape of anatase crystals with different aspect ratios 
(Supplementary Fig. 15)28,33. As shown in Supplementary Fig. 16, 
the extent of disorder (measured by RMSD) on the {001} facets of 
the truncated nanoparticle is roughly twice that of the {101} ones. 
In addition, the RMSD is much larger on the {101} surfaces of the 
truncated nanoparticle in comparison to the same surfaces of the 
diamond-like nanoparticle, which do not have neighbouring {001}. 
As found for the spherical nanoparticle, the VO spatial distribution 
in the faceted nanoparticles shows a depletion of VOs near {001} fac-
ets even towards the end of the simulation when the nanoparticle is 
fairly reduced (see Supplementary Fig. 17). In all three nanoparticle 
models, however, the total VO concentration is highest on the surface 
layer, where VOs are formed continuously (Supplementary Fig. 18).  
In the spherical nanoparticle and the diamond-like nanoparticle, a 
large fraction of the VOs is in the inner layers, while in the truncated 
nanoparticle VO concentration decreases with the depth from sur-
face, probably because of the large VO diffusion barrier along [001].

Unlike the behaviour of VOs, H incorporation into the spherical 
nanoparticle does not show any significant difference with respect 
to the extended slab models (Supplementary Fig. 5). In particular, 
Hads are mostly located in the surface shell and only a small con-
centration of H atoms diffused about 1 nm deep into the spheri-
cal nanoparticle during a simulation of 1 ns. The dependence of H 
diffusion on facet orientation is weak, so that the concentration of 
incorporated H is essentially isotropic.

Electronic properties
One of the most important characteristics of black TiO2 is its much 
narrower bandgap compared to pristine anatase. Interestingly, this 
narrowing is found to originate primarily from an upward shift 
and tailing of the valence band9,11, rather than the formation of 
gap states close to the conduction band minimum, as is typical in 
reduced TiO2

5,6. To verify whether the electronic properties of our 
simulated nanoparticles are consistent with experimental findings, 
we performed DFT calculations of the density of states (DOS) of 
large cluster models cut out from the spherical nanoparticle before 
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and after simulation in H2 atmosphere (see Supplementary Fig. 13). 
After hydrogenation, a general broadening of the bands is observed 
(Figs. 6a and b), together with formation of states both below and 
above the valence band in the shell of the nanoparticle. These states 
originate from OH groups and reduced Ti3+ ions, respectively, as 
expected5. However, different from the typical gap states of reduced 
TiO2, the Ti3+ states in the shell of the hydrogenated nanoparticle 
start just above the valence band and fill most of the gap, a feature 
related to the large variety of chemical environments induced by 
the disordering (detailed structural characterization is presented in 
Supplementary Figs. 7–11). Moreover, analysis of the projected DOS 
reveals that these gap states are derived mainly from Ti 3d orbitals 
originally forming Ti–O bonding states in the valence band34, which 
become destabilized when the partner oxygen atoms leave the 
nanoparticle. Further comparison of the DOS of the hydrogenated 
spherical nanoparticle to analogous calculations for bulk crystalline 
anatase (Fig. 6c) clearly shows the overall upward shift and tail-
ing of the valence band in the nanoparticle relative to the ordered 
stoichiometric material. Agreement with the experiment is remark-
able9, indicating that the structure of our simulated nanoparticles 
describes the relevant features of hydrogenated black TiO2 well.

Outlook
In summary, we have reported simulations of high-pressure 
hydrogenation of anatase TiO2 nanoparticles, one of the most 
effective procedures for extending the photoactivity of TiO2 to the 
visible, and shown that the properties of the simulated nanopar-
ticles agree well with experimental observations for black TiO2. 
Our results reveal the crucial role of different anatase surface 
terminations and anisotropic VO diffusion in the formation and 
structure of the hydrogenated nanoparticles, confirm the critical 
importance of reduction and surface disorder in their properties, 
and also suggest that controlling the amount of a-001 surface, for 
which numerous procedures have already been devised35,36, can 
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be a practical tool with which to fine-tune both the reduction 
and the disorder. Finally, our results provide relevant insights into 
the structure of the hydrogenated amorphous layer that forms on 
anatase nanocrystals during photocatalytic water splitting15,16 and 
into the effect of hydrogen treatments in other photoactive semi-
conducting oxides as well37.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41593-017.
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Fig. 6 | Effects of hydrogenation on the electronic DOS. a,b, Computed 
DOS for the core (a), and the shell (b) region of the investigated spherical 
nanoparticle before and after simulation in H2 atmosphere at T =​ 800 K. 
c, DOS for the shell and core of the hydrogenated spherical nanoparticle 
are compared to the DOS of bulk crystalline anatase TiO2. Calculations for 
the spherical nanoparticle were performed using representative clusters, 
as described in the Supplementary Information. The different DOS 
were aligned at the main peak of the Ti 3s states. All calculations were 
performed using the PBE +​ U method, with U =​ 3.9 eV.
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Methods
First-principles calculations were performed using the PBE functional38 with 
Hubbard U correction of 3.9 eV for Ti 3d orbitals39, as implemented in the 
Quantum Espresso40 package. We described electron–ion interactions using 
ultrasoft pseudo-potentials41 with a 25.0 Ry (200.0 Ry) cut-off for the expansion 
of wavefunctions (augmented charge density). Only the Γ​-point was used for 
Brillouin zone integrations. The surface was modelled using a 5-layer 1 ×​ 3 anatase 
(101) slab; H atoms were adsorbed at the bridging surface O sites (Obr) to calculate 
the surface adsorption energies. To study VO formation, surface Obr atoms were 
removed. Surface stability diagrams in H2 and mixed H2/H2O atmosphere were 
determined using ab initio thermodynamics21, with thermodynamics data for H2, 
H2O and O2 taken from the NIST/JANAF webbook42. Details of cluster models 
used to calculate the DOS of the spherical nanoparticles are provided in the 
Supplementary Information.

We prepared the slab models for the classical molecular dynamics simulations 
by truncation of the anatase bulk structure. The a-101 slab model had dimensions 
4.08 ×​ 4.17 ×​ 4.72 nm3 and a total of 7,392 atoms (4 ×​ 11 ×​ 14 unit cells), the a-100 
slab had dimensions 3.75 ×​ 4.18 ×​ 4.37 nm3 and a total of 6,336 atoms, and the 
a-001 slab had dimensions 4.17 ×​ 4.17 ×​ 4.57 nm3 and a total of 7,260 atoms. 
To build the spherical nanoparticle, we chose a Ti atom as the origin, and we 
truncated the bulk anatase structure to keep only the atoms within 3 nm of that 
centre. We then removed the singly coordinated O atoms and introduced two-
coordinated O atoms wherever possible to reduce the number of undercoordinated 
Ti atoms. The resulting structure has 9,947 atoms with a variable radius of between 
3 and 3.2 nm. It is slightly non-stoichiometric (chemical formula of TiO1.9934) and 
exposes only four and five coordinated Ti atoms as undercoordinated surface 
atoms. The faceted diamond-like nanoparticle was truncated from the bulk so as to 
expose almost exclusively 101 facets; the resulting structure contains 5,311 atoms 
with the chemical formula TiO1.9989. Another faceted nanoparticle, the truncated 
nanoparticle, was obtained by truncating the diamond-like nanoparticle so as to 
expose {001} facets (see Supplementary Fig. 14); the resulting structure contains 
3,449 atoms with the chemical formula TiO1.9861.

The ReaxFF molecular dynamics simulations were performed using 
LAMMPS43,44 with a force field45 that has been used to study the TiO2–water 
interface46,47. Validation tests of this ReaxFF for the study of hydrogen and VO 
diffusion in anatase are reported in Supplementary Figs. 1 and 2. Initial TiO2 

structures in H2 atmosphere were prepared starting from separately equilibrated 
TiO2 and H2 models. We used a Nosé–Hoover style thermostat/barostat at desired 
temperature and pressure48, and a time integration step of 0.1 fs.

Data availability. The data that support the results of this study are available from 
the corresponding authors upon reasonable request.
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