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Abstract: The high-pressure hydrogenation of commercially
available anatase or anatase/rutile TiO2 powder can create
a photocatalyst for H2 evolution that is highly effective and
stable without the need for any additional co-catalyst. This
activation effect cannot be observed for rutile; however, for
anatase/rutile mixtures, a strong synergistic effect can be found
(similar to results commonly observed for noble-metal-deco-
rated TiO2). EPR and PL measurements indicated the intrinsic
co-catalytic activation of anatase TiO2 to be due to specific
defect centers formed during hydrogenation. These active
centers can be observed specifically for high-pressure hydro-
genation; other common reduction treatments do not result in
this effect.

Ever since the groundbreaking research of Fujishima and
Honda in 1972,[1] TiO2 is considered a promising photocatalyst
for the splitting of water into H2 and O2. In their original
experiment, Fujishima et al. used a TiO2 photoanode con-
nected through an external circuit to a platinum counter-
electrode; the latter was needed to successfully evolve H2 (the
fuel of the future!) from water. TiO2, which exists in a vast
variety of morphologies and modifications, has been used to
initiate a wide range of photocatalytic reactions (for over-
views see for example, Refs. [2–8]). While numerous photo-
electrochemical studies (i.e. the use of an illuminated TiO2

electrode in an electrochemical circuit) were performed, the
most direct and economic approach is still the use of TiO2 in
the form of particle suspensions, thus employing the photo-
catalytic system without an externally applied voltage. How-
ever, under these so-called open-circuit conditions (OCP),

TiO2 alone is not efficient for the photoproduction of H2

without the use of a co-catalyst (mostly, this is a noble metal
(M), such as Pt, Pd, or Au; for overviews see for example,
Refs. [9–11]). These combined photocatalytic M@TiO2 sys-
tems have therefore been widely investigated in order to
optimize their efficiency in the generation of H2 from water
(with or without using sacrificial agents such as ethanol).[9,12]

Anatase and rutile are the most common polymorphs in
photoactivated TiO2 applications. In photocatalytic water
splitting, generally M@anatase combinations are found to be
more efficient than M@rutile.[9] Nevertheless, compared to
the pure phases of anatase or rutile, the presence of a mixed
phase in M@TiO2 catalysts commonly leads to a considerable
enhancement of the reaction rate.[2,9]

For TiO2-based photocatalysts, large efforts were dedi-
cated to accelerate reaction rates and to extend the light
absorption of TiO2 (Eg anatase = 3.2 eV; Eg rutile = 3.0 eV[13])
into the visible range of the spectrum to allow a more efficient
use of solar light.[2] Over the years, a large variety of band-gap
engineering approaches were introduced, involving doping
with a wide range of elements (for an overview, see for
example, Refs. [2, 8]). While the introduction of a number of
extrinsic dopant states in the TiO2 band-gap creates a visible-
light activation, the effect on water-splitting efficiencies
remained modest for a long time.

However, in 2011, Chen and Mao reported “black” TiO2

particles that, when decorated with Pt, reached a very high
open-circuit water-splitting activity, ascribed to a broad
visible-light absorption of these “black” TiO2.

[12] This finding
formed the basis for a considerable amount of follow-up work
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and seemingly identical “black” TiO2 has meanwhile been
produced through a full range of conventional TiO2-reduction
treatments (vacuum annealing, electrochemical reduction,
Ar/H2 annealing under atmospheric conditions),[14–18] as well
as the original H2 treatment introduced by Chen and Mao.[12]

The appearance of color in established treatments is typically
ascribed to oxygen vacancies or Ti3+ defect states.[6, 18, 19] In
contrast, Chen and Mao ascribed their finding to the
formation of an amorphous layer at the outermost part of
their TiO2 nanoparticles.[12,20–22] Overall, for various reductive
approaches, visible light absorption in TiO2 nanoparticles and
a considerable number of effects is observed, independent of
the exact nature of the treatment.

Herein we show a unique co-catalytic effect that is
observed specifically for TiO2 anatase nanoparticles treated
with H2 under high pressure. Such a treatment can activate
a strong and stable photocatalytic H2 evolution in commercial
anatase or anatase/rutile nanoparticles, without the use of
noble-metal co-catalysts. This activation was not observed
when pure rutile powders were hydrogenated. Moreover, if
conventional reduction processes, for example, annealing in
Ar or Ar/H2, were used for treating the polymorphs of TiO2,
no significant activation could be found.

In our experiments, we used a range of commercially
available anatase, rutile, and mixed anatase/rutile powders, as
specified in the experimental section and in the Supporting
Information (Table S1 and Figure S1). The typical hydro-
genation was carried out in pure H2 at 500 8C and 20 bar for
durations between 1 hour and 3 days. The photocatalytic H2-
evolution activity of the different particles was evaluated by
gas chromatography using suspensions of the particles in
a H2O/methanol solution under air mass coefficient (AM) 1.5
(solar simulator, Xenon lamp power supply; (100 mWcm�2)
illumination (experimental details are given in the Supporting
Information).

Figure 1 shows the observed H2-evolution rate of the
investigated anatase, rutile, and mixed-phase samples with
and without the hydrogenation treatment. After hydrogena-
tion, clearly all anatase or anatase-containing samples show
a significant photocatalytic H2 evolution, while no H2

generation could be detected for pure rutile samples. All
untreated reference samples, anatase or rutile, did not show
any detectable H2 evolution, even for experiments carried out
for up to 48 hours of illumination. Structural characterization
of the particles was carried out using X-ray diffraction (XRD;
Figure 2a), and on selected samples using high-resolution
transmission electron microscopy (HRTEM) and selected-
area electron diffraction (SAED; see the Supporting Infor-
mation, Figure S2). The results show that all particles are
crystalline before and after the H2 treatment. The pure
anatase samples do not show any conversion to rutile during
the hydrogenation at elevated temperature (500 8C). This
result is in line with reports that normally phase transition
from anatase to rutile TiO2 for nanocrystals requires anneal-
ing temperatures of more than 600 8C.[23] However, the H2

treatment can cause the anatase content of mixed-phase
particles to decrease from 12 to approximately 4 % (from
XRD of sample M1 in the Supporting Information, Fig-
ure S3). Both investigated mixed-phase anatase/rutile sam-

ples exhibit higher photocatalytic activity than the pure
anatase samples. For sample M2, the H2-evolution activity is
more than twice the amount of that of the pure anatase
sample. Some additional parameter investigations are given in
the Supporting Information, Figure S4.

The activation is remarkably stable. Figure 1b shows H2

evolution as a function of time over a testing period of 5 days
(measured in intervals of 8 hours) using hydrogenated
anatase (Hy-an1) as the photocatalyst. Over the entire
investigated time, H2 is produced at a steady rate, and there
is no indication of activity-fading or poisoning.

High-temperature H2 treatments of TiO2 are frequently
described to reduce TiO2 in a similar manner as through the
use of other reductive-gas environments, such as Ar/H2 or
high-temperature exposure to an inert gas. Therefore, except
for the treatment with H2 under high pressure, we tested Ar
and Ar/H2 treatments using anatase powder (An1 and An2).

Figure 1. Rates of photocatalytic H2 evolution from TiO2 particle
suspensions under AM 1.5 (100 mWcm�2) illumination. a) Compari-
son of different anatase (an, an1, an2), rutile (ru), and mixed-phase
(m1, m2) powders before and after hydrogenation (Hy-) at 500 8C,
20 bar (powder Ar/H2 exposed to Ar/H2 stream at 500 8C for 1 h;
powder Ar exposed to Ar stream at 500 8C for 1 h). b) H2 production
rate from hydrogenated anatase samples (Hy-an1) over 5 days of
continuous AM 1.5 illumination. P25= TiO2 powder (Degussa; 75%
anatase, 25% rutile).
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The results in Figure 1 show that for neither one of these
conventional reduction treatments, a significantly stable
activation for H2 evolution could be achieved.

Reference experiments using typical noble-metal treat-
ments on our anatase powder (Au-An1 and Pt-An1) show
that at present the best measured beneficial co-catalytic effect
of the H2 treatment (Hy-an1) already achieves an efficiency of
about 30 % of a common Au nanoparticle co-catalyst or 10%
of a common Pt treatment (see the Supporting Information,
Figure S5).

In order to explore changes induced by hydrogenation
and elucidate the origin of the effect, we performed further
XRD, TEM, X-ray photoelectron spectroscopy (XPS), solid-
state proton nuclear magnetic resonance (1H MAS NMR),
electron paramagnetic resonance (EPR), and photolumines-
cence (PL) investigations for anatase particles (An1) before
and after the H2 treatment. In order to quantify the changes
from XRD of An1 before and after the treatment, we carried
out a Rietveld refinement (Figure 2b and the Supporting
Information, Figure S6). The results for the treated and
untreated samples show a slight lattice parameter variation
and clear shrinkage of the average nominal crystallite size
from 32 to 22 nm. Such a reduction of the crystallite size could
be due to amorphization of the original lattice induced by the
H2, if for instance, as previously observed,[12, 20] the amorphous
shell around the particles would increase. However, our
HRTEM image of the hydrogenated particles did not show
a significant increase of the thickness of these amorphous
shells (Figure 2c). Nevertheless, a change induced by hydro-
genation becomes apparent for TEM taken under defocus
(Fresnel contrast) conditions (Figure 2d). As evident from
the characteristic Fresnel contrast (bright dots in underfocus,
dark dots in overfocus, see arrows), voids are present on the
inside of the particles, which may explain the reduced
coherent volume (seemingly reduced diameter) that is
obtained from the XRD (Rietveld refinement) data. Such
voids are frequently observed in anatase particles after
hydrogenation, but appear also to a lesser extent in particles
before treatment (see Figure S7 in the Supporting Informa-
tion). The appearance of voids inside the crystalline material
may be due to the internal formation of gas bubbles, as known
from metals,[24] or more likely may be due to vacancy
condensation.[25, 26] In line with the XRD data shown in
Figure 2a, the HRTEM images (Supporting Information,
Figure S2) of the void-free parts of the crystal structure do not
show a significant change in lattice parameters. In order to
exclude beam-induced effects under HRTEM conditions
(crystallization or void formation), we carried out various
confirmation measurements (see for example Figure S8 in the

Supporting Information).
In order to further evaluate the influence of

hydrogenation, solid-state 1H MAS NMR (Sup-
porting Information, Figure S9) and XPS (Fig-
ure S10) measurements were carried out. Both
methods did not give results that show a signifi-
cant difference between the catalytically active
and the non-active material. Nevertheless, it
should be pointed out that as a result of the
powder nature of the samples, 1H MAS NMR

Figure 2. a) X-ray diffraction (XRD) spectra of different anatase, rutile, and mixed-phase
samples used in this study. b) Rietveld refinement plot of anatase (an1) and hydro-
genated anatase (Hy-an1); Lorentzian Scherrer broadening parameters: an1
X = 0.248(6), Hy-an1 X =0.357(8); calculated crystallite sizes: an1 32.0 nm, Hy-an1
22.2 nm (p = 180Kl/pX, K =0.9). c) HRTEM images of anatase before and after hydro-
genation, showing no significant widening of the amorphous shell around the particle
through the treatment. d) TEM bright-field images taken under focus (left), underfocus
(center), and overfocus (right) conditions for anatase and hydrogenated anatase,
showing characteristic Fresnel contrast, which indicates the presence of inner grain
voids (arrows).
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data showed strong broad peaks because of adsorbed water
and OH termination,[27, 28] which to a large extent originate
from uptake during sample transfer to the spectrometer.
Thus, it cannot be ruled out that for instance a signal from
interstitial lattice H2 is present underneath the large signal
originating from adsorbed water.

However, clear changes induced by hydrogenation can be
observed in EPR spectra and by PL measurements. EPR
spectra taken at room temperature and at 90 K under
illumination are shown in Figure 3a. The room-temperature

EPR spectrum of the nonhydrogenated anatase sample only
shows a signature typically assigned to oxygen vacancies, that
is, it does not indicate the presence of distinct Ti3+-related
signals. At 90 K, spectra taken before and after UV illumi-
nation give a clear signature with orthorhombic g values of
[gxx gyy gzz] = [1.982 1.979 1.929] (obtained from the simulation
of the experimental spectra using the EasySpin simulation
package[29]). In contrast, the EPR spectra of the hydro-
genated-anatase sample show a Ti3+ signature at room
temperature. Furthermore, at 90 K the hydrogenated-anatase
samples show a considerable increase in the Ti3+ signature

after illumination[30] and a high intensity Ti3+ signal is
observed after 90 min illumination with a Xe lamp (Fig-
ure 3a). The simulation indicates an axial-symmetric Ti3+ ion
with g values of [gzz gxx gyy] = [1.960 1.905 1.905]. Other EPR
features are also in line with the observed formation of H2-
evolution centers. For instance, these EPR signatures do not
occur in rutile, nor are they induced by other reductive
treatments (Supporting Information, Figure S11). The fact
that XPS does not show the formation of surface Ti3+ species
in substantial amounts (Supporting Information, Figure S10)
indicates that they are present only in a subsurface config-
uration or in a concentration below the detection limit of XPS
(� 1 at%). Figure 3b shows a comparison of the room-
temperature PL of hydrogenated anatase (Hy-an1) with
nonhydrogenated particles (An1). In both cases, a main PL
peak around 600–700 nm is visible. This emission is typical for
TiO2 nanoparticles[31–33] and is a superposition of trapped-
exciton and various defect-related emission bands in the
anatase phase. After H2 treatment, the overall intensity of this
emission is slightly increased and its maximum is shifted to
higher wavelengths. A most significant difference for the H2-
treated sample is, however, observed for the PL in the range
of 400–450 nm; this peak may be related to self-trapped
exciton recombination,[33–35] where excitons may be localized
at neighboring Ti3+-O� sites or to band-to-localized defect
transitions. Recent theoretical studies, however, shows that
such neighboring sites are not stable.[36] Therefore this PL in
the range just above 400 nm seems more likely associated to
a sub-bandgap-defect-state to band transition. Based on the
PL wavelength, defects would have to be located energeti-
cally close to the main bands, that is, at DE� 0.2–0.5 eV,
which is significantly closer than the DE� 0.8–1.2 eV below
the conduction band reported for typical Ti3+ states.[36,37] In
this context, it is interesting that some studies on chemical
vapor deposition (CVD) of suboxide layers of TiOx (x< 2)
found states or even a band of states very close to the anatase
conduction band. These findings were supported by DFT
calculations and it was reported that these states result in
a higher photocatalytic activity for dye decomposition.[38]

The above experimental findings therefore clearly point
toward a specific defect configuration introduced by the H2

treatment in anatase. In theory and practice, several sub-
band-gap bulk and surface electronic states have been
reported to mediate the reactivity of TiO2 in classic catalytic
as well as in photocatalytic applications, and various defect
configurations were reported to show a different stability in
anatase and rutile structures.[6, 33,36, 37] Nevertheless, the find-
ings of the present study indicate that the creation of an
efficient intrinsic co-catalytic H2-evolution activity on anatase
is only achieved for treatment in pure H2 at elevated
temperature. Thus, the common assignment of features from
classic reductive treatments to oxygen vacancies, Ti3+ states,
Ti interstitials, and surface reconstruction seems not appli-
cable in a straightforward manner.[2, 6,33, 36, 37,39, 40]

In summary, the present study demonstrates a remarkable
activation of commercial anatase and anatase/rutile powders
for photocatalytic H2 evolution after hydrogenating the
particles under high pressure and high temperature. The
observed experimental findings on the character of the self-

Figure 3. a) EPR spectra for anatase and hydrogenated anatase in the
dark at room temperature and at 90 K after 90 min illumination. The
simulations are in dotted lines: for an1 g values [1.982 1.979 1.929],
g strain [0.020 0.0057 0.0068]; for Hy-an1: g values [1.960 1.905 1.905],
g strain [0.070 0.090 0.080]. b) Photoluminescence of anatase and
hydrogenated anatase in air using 375 nm excitation.
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induced catalytic centers resemble to a large extent the
phenomenology of noble-metal co-catalytic effects on TiO2

(such as the polymorph specificity or synergistic effects of
anatase and rutile). In spite of some uncertainty about
mechanistic details of this activation of anatase powders,
EPR, PL, and TEM indicate that the high-pressure hydro-
genation treatment supports the formation of voids in anatase
nanoparticles and the formation of a specific room-temper-
ature-stable defect structure that appears to be key for the
observed co-catalytic effect on TiO2 nanoparticles.
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