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Herein we introduce for the first a reduced “grey” brookite TiO,
photocatalyst, produced by thermal hydrogenation of brookite
nanoparticles, that shows a remarkable noble metal free
photocatalytic H, evolution. Its activity is substantially higher than
that of other TiO, polymorphs, i.e. anatase or rutile, comparably
sized and activated by hydrogenation under optimized conditions.
Along with brookite powders, an oriented brookite single crystal
was investigated as a defined surface to confirm the effects of the
hydrogenation treatment. By a combination of Electron
paramagnetic resonance (EPR), electron and X-ray
characterization techniques applied to the powders and single
crystal, we find that hydrogenation forms in brookite a defective
crystalline surface layer rich in Ti** states. Amorphization effects,
i.e. forming the so called “amorphous shell” as reported in
previous work for black anatase TiO,, were not detected. Overall,
we provide experimental evidence that hydrogenation forms in
brookite a surface strained zone with point defects that are
mediators for electron transfer to H,0, leading to a significantly
enhanced noble metal free photocatalytic H, evolution in
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comparison to anatase.

Since the work of Fujishima and Honda in 1972,1 titanium
dioxide (TiO,) has received ever growing attention in various
research fields and particularly in photo-electrochemistry and
photocatalysis.z’3

The most common TiO, crystalline forms are anatase, rutile
and brookite.* These polymorphs offer comparable (photo-)
chemical stability and non-toxicity, but only anatase and
brookite feature conduction band (CB) minima that lie at a
sufficiently more negative energy than the H,0 reduction
potential (H,0 = Hz).s’6 In other words, photoexcitation of
anatase or brookite TiO, can generate CB electrons that have a
suitable “exit energy” to reduce water to H,, while rutile TiO, is
inactive (if no external electric bias is applied).

From a thermodynamic point of view, bulk rutile is more stable
than anatase or brookite phases at room temperature, but
anatase becomes the thermodynamically most stable
polymorph when the particle size decreases below a few 10
nm.” This, along with a suitable band structure for H,
evolution, explains why anatase TiO, nanomaterials have
received huge attention in the last decades.

On the other hand, also brookite TiO, can in principle enable
photocatalytic H, evolution (as well as other photocatalytic
reactions of environmental interests's's_”) but its synthesis as
pure polymorph, free from rutile or anatase contaminations, is
laborious. Reliable protocols for the preparation of pure
brookite nanomaterials via synthetic routes at mild
temperatures and pressures have become available only
recently.s’n’l&19 Hence, brookite has been investigated in a
comparably limited number of studies.

Regardless of the polymorph, charge recombination and
sluggish charge transfer remain common limitations
translating into low photocatalytic performances. These issues
can be overcome by decorating TiO, with a noble metal (Pt,
Pd, Au) or other alloy co-catalytic nanoparticles (NPs).Zo_26
Such NPs can enable a significant enhancement of the H,
evolution rate by providing efficient charge separation and
transfer through the formation of localized Schottky junctions
at the TiO, surface.”’ Such metals may also provide catalytic



effects, e.g. active surface sites to catalyze hydrogen
recombination (2H° > HZ).28

More recently, an alternative path to metal co-catalyst
decoration has been pioneered by Liu and co-workers, that is,
reduced anatase or mixed anatase/rutile phase TiO,
nanoparticles, treated under “mild” hydrogenation conditions
to form so called “grey” titania, were found to yield stable
photocatalytic H, generation in the absence of any noble metal
co-catalyst.zg’_38 This activation was associated with the
formation of surface oxygen vacancies (Vps) and Ti*" states
that can act as intrinsic co-catalytic sites for H, evolution.*™
The nature of such defects (Vos and Ti*" states) vary depending
on structural features (e.g. whether the defects are formed at
the surface, subsurface or in the bulk, site coordination etc.)
and energetics of the associated states. The formation of
states located deep (~ 0.9 eV) below the CB has been reported
for rutile TiO,. In the case of anatase, such defect states are
shallow, i.e. < 0.1 eV below the CB.*** Transient absorption
(TA) spectroscopy studies of reduced brookite showed that
excited electrons can be trapped at “moderate depth” defects
located about 0.4 eV below the brookite CB.**** Such
parameters (locations, energetics) determine in turn whether
defects are photocatalytically active or not. For example, it
was shown that the presence of under-coordinated surface Tis.
ions (shallow states) in anatase can stabilize extra charge at
the surface, making it available for charge transfer to
adsorbates.”® Studies on O-deficient titania (produced e.g. by
hydrogen annealing) show that oxygen vacancy formation is
slightly more favourable in anatase than rutile, while Ti
interstitials form more easily in rutile than anatase.”’ Ti
interstitials energy places much deeper electron traps than
other Tiions (> 1eV), so their energy level location is below the
H,/H,0 redox potential, and make the photocatalytic activity
of the reduced rutile negligible.”‘48

Despite the potential contribution to photocatalysis originating
from Ti°" and Vo species, the understanding of structure and
energetics of defects is still elusive for brookite, i.e. the least
known TiO, polymorph. In this context, brookite is particularly
interesting for studying the effects of point defect engineering
since its conduction band edge position is placed above that of
anatase and rutile,':"s"‘g"50 i.e. a variety of sub CB states can in
principle be formed that are higher in energy than H,O/H,
redox potential.

Herein, we investigate the reduction of pure brookite
nanopowders and single crystals by thermal hydrogenation.
We hydrogenate brookite nanoparticles produced by
thermohydrolysis of TiCI410‘11 and compare their performance
to grey (hydrogenated) anatase and rutile TiO, nanoparticles.
To best of our knowledge, a comparison between the
photocatalytic activity of hydrogenated pure brookite, anatase
and rutile TiO, phases has not been reported yet. We observe
that while rutile, untreated or hydrogenated, exhibits
negligible H, evolution, both brookite and anatase show a
pronounced activity enhancement after hydrogenation at
500°C. Nonetheless, under optimized hydrogenation
conditions, the activity of brookite NPs is almost 3 times higher
than that of anatase powders. Investigations on brookite single
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crystals reveal surface point defects such as (Vgs and Tt
states) and surface strain effects that are considered crucial
towards co-catalyst free photocatalysis. Interestingly,
compared to the 1 h long treatment needed to activate
anatase, brookite nanopowders can reach a significantly higher
activity for hydrogenation times as short as 5-10 minutes. Such
hydrogenation treatment is found neither to alter the pure
brookite phase composition (i.e. no phase transition) nor to
induce amorphization effects (so called “amorphous shell” as
reported in previous work for “black” anatase TiOz).3’7‘51‘52 On
the other hand, over-treating brookite (T > 500°C or
treatments > 10 min) results in a dramatic deactivation, which
was found to correspond to a phase transition into rutile TiO,.

Results and discussion

TiO, brookite powders were synthetized by a thermal
hydrolysis approach as described elsewhere.”®! These
nanopowders were then exposed hydrogenation
treatment in a flow furnace at temperatures between 300 and
600°C in pure H, (or in air, to produce reference materials).
Reference  experiments were also conducted with
commercially available anatase or rutile NPs, untreated or
annealed in H,. Experimental details can be found in the
Supporting Information.

Figure 1a shows SEM images of the powders herein studied.
As-synthetized brookite and as-received anatase show a
comparable nanoparticle size of ~ 30 nm. Rutile nanoparticles
are slightly larger, i.e. ~ 60 nm.

The TEM image of the powder in Figure 1a shows that as-
synthesized brookite appears in the form of aggregates of
nanocrystals with average size of a few tens of nm. After
sonication in water, brookite dispersions show a remarkable
stability, as sonication can convert the aggregates into
individual highly dispersed nanocrystals (see Supporting
Information, TEM sample preparation). When observed by
TEM, these NPs feature an undefined shape and high surface
roughness. In order to assess the photocatalytic performance
of these brookite suspensions, we benchmarked them against
suspensions of comparably sized anatase or rutile powders
(SEM images in Figure 1a). The photocatalytic experiments
were carried out under illumination provided by a solar
simulator (AM 1.5 G, 100 mW cm'z) and using methanol (50%)
as a sacrificial agent. The amount of evolved H, was
determined after fixed illumination time intervals by gas
chromatography.

Figure 1b,c show the H, evolution rate of the suspensions of
the different polymorphs, before and after hydrogenation, for
a range of different conditions. The samples are labeled
according to their phase composition and atmosphere,
temperature and duration of the thermal treatment as
following: “B” = brookite, “A” = anatase, “R” = rutile; “H2” =
hydrogen, “air” = air. The temperature is expressed in °C while
the treatment time in hours (h) or minutes (min).

One can see from Figure 1b that as-synthesized untreated
brookite (“white” brookite) shows a relatively poor H,
evolution performance (30 pmol ht g'l), which is however

to a
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slightly higher than that of untreated anatase or rutile (11 and  To find the optimal conditions for brookite activation, various

Figure 1 (a) SEM of untreated brookite anatase, rutile and TEM of as-synthesized brookite (b) Photocatalytic H, evolution rates (from H,0: methanol 50:50 vol.% solutions under
AM 1.5, 100 mWcm illumination) of untreated brookite, of different hydrogenated brookite NPs and of a reference brookite sample treated in air. (c) Photocatalytic H, evolution
rate of anatase and rutile powders measured under comparable conditions as in (b). (d) Optical images of untreated and 10 min hydrogenated (500°C) anatase, rutile and brookite
nanopowders. (e) Integrated light reflectance spectra of powder presented in (d). (f) SEM and TEM of 10 minutes hydrogenated brookite particles (500°C).

10 pmol h'lg'l, respectively; Figurelb). hydrogenation temperatures and times were screened.
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Brookite nanopowders treated at 300°C or 400°C for 1h
(samples B-H2-300-1h and B-H2-400-1h) show a drop of
activity compared to untreated powders. This, as evident from
EPR results discussed later, suggests that hydrogenation
temperatures < 400°C generate minute concentration of
defects (Vo and Ti**) in the brookite nanoparticles, likely of a
detrimental nature, i.e. that act as charge recombination
centers.

In the case of hydrogenated rutile powders, any
hydrogenation condition investigated, we measured only
negligible amounts of H, generated (Figure 1c).

On the contrary, for anatase, as also outlined in our previous
work,* we found an optimized activation when the powders
are hydrogenated at 500°C for 1h. Such a treatment of anatase
nanopowders provides enhanced and stable photocatalytic H,
evolution without the use of any noble metal co-catalyst, and
this result is herein confirmed (Figure 1c).

A distinct increase of the H, production can be observed for
brookite as well, for example when these powders also are
treated in H, gas at 500°C for 1h (sample B-H2-500-1h).
However, an even more pronounced activity enhancement can
be achieved for brookite through shorter hydrogenation times,
i.e. 5-10 minutes, which lead to a “grey” brookite
photocatalyst that can provide H, evolution rates as high as
223 umol ht g'l, as observed for the powders treated for only
10 minutes (sample B-H2-500-10min). Note that such activity
is almost 3 times higher than that of anatase powders
hydrogenated under optimized conditions (89 pmol ht g'l,
sample A-H2-500-1h),”® and the performance gap is even more
stunning if comparison is made to anatase powders
hydrogenated for comparably short times (10 min): an activity
of 11 umol h™ g™ was measured for sample A-H2-500-10min.
These findings, overall, suggest that the “grey” brookite
polymorph is clearly more effective than “grey” anatase or
“grey” rutile.
For brookite

for

powders hydrogenated under optimized
conditions (500°C, 10 min), reproducible hydrogen evolution
was obtained in repeated photocatalytic tests (Figure S1). This
sample (B-H2-500-10min) was also tested for overall water
splitting (in pure water), but no significant amounts of H, and
0, could be detected after 24 h AM 1.5 solar illumination. This
is similar to anatase. In both cases, the grey materials only in
the presence of methanol (hole scavenger) can produce H,. In
the absence of methanol or of a suitable hole transfer (O,
evolution) catalyst, photo-produced holes likely accumulate in
the semiconductor and increase charge recombination,
thereby also hampering H, evolution.”*>*

For longer hydrogenation times (e.g. 1h, sample B-H2-500-1h)
or higher temperatures (e.g. 600°C, sample B-H2-600-1h) a
drastic reduction of the brookite photocatalytic activity is
observed. This, as evidenced below by EPR, Raman and XRD
results, can be ascribed to the beginning of a phase transition
to rutile that is accompanied by the formation of detrimental
Ti** defects. Moreover, brookite NPs treated in air at 500°C for
1h (sample B-air-500-1h) shows a poor activity. This confirms
that the improved H, evolution efficiency of hydrogenated
brookite is not related to the treatment temperature alone,

4| J. Name., 2012, 00, 1-3

but rather to the combination of a H, environment with
optimized temperature (500°C) and duration (10 min) of the
treatment.

Optical pictures and UV-Vis diffuse reflectance spectra for
untreated and hydrogenated brookite, anatase and rutile
powders are shown in Figure 1d and 1e, respectively. The
optical images show that every polymorph darkens upon
hydrogenation. It is however evident that brookite powders
darken the quickest, despite the same treatment time (10
min).

The UV-Vis spectra of untreated powders show the typical UV
absorption due to TiO, band gap excitation. The absorption
onset for rutile is slightly shifted to longer wavelengths than
those of anatase and brookite, in line with the E, values of
~3.0, 3.2 and 3.3 eV for rutile, anatase and brookite TiO,,
respectively, and with band gap estimation from photo-
electrochemical measurements discussed below.>® All the
polymorphs show a clear increase of the optical extinction in
the visible range, which is well in line with their pale to dark
grey color. Darkening of the TiO, powders by
reduction/hydrogenation has been widely discussed in
literature for colored (e.g. blue, grey or black) titania,*%*1°1°¢
and can in general be ascribed to the formation of Ti3+-OV
species that behave as color centers. The darker color of
hydrogenated brookite powders along with the higher optical
extinction in the visible spectral range suggests the formation
of a higher density of Ti*" states in brookite than in other
polymorphs, as also confirmed by EPR results (below).

The SEM and TEM data in Figure 1f show the morphological
and crystallographic features of hydrogenated brookite (500°C,
10 min; sample B-H2-500-10min). When comparing the SEM
images in Figure 1f and Figure 1a, one may notice that the
brookite particles become smoother at the surface and more
round in shape after the H, treatment. This is also evident
from high-resolution TEM images (Figure 1f). Interestingly, the
hydrogenation leads also to more uniform, defined crystalline
particles, showing lattice fringes with spacing of 0.29 nm,
which can be attributed to the (121) brookite Ilattice
planes.m‘57 The particles appear fully crystalline and do not
feature any “seemingly” amorphous location (or “shell”), as
frequently reported for hydrogenated anatase particles.51
Besides, the morphology of anatase and rutile nanopowders
were not affected by the hydrogenation treatment (cf. Figure
S2 with Figure 1a).

To assess the nature of the defects induced by hydrogenation,
X-band EPR spectra were taken at 95 K for untreated brookite,
anatase, and rutile as well as for brookite, anatase, and rutile
powders treated in H, at 500°C for 10 min (Figure S3 and
Figure 2a, respectively).

The untreated anatase, brookite, and rutile samples show a
minor paramagnetic response, which can be assigned to
common lattice defects in very low concentrations (Figure S3).
After treatment at 500°C in H, for 10 min, all titania
polymorphs are found to feature paramagnetic species with
different peak signatures. In general, it is clear from the
spectra in Figure 2a that brookite (sample B-H2-500-10min)
contains the largest density of defects compared to the

This journal is © The Royal Society of Chemistry 20xx



anatase and rutile polymorphs (samples A-H2-500-10min and
R-H2-500-10min, respectively). The EPR spectrum of brookite
(B-H2-500-10min) shows two isotropic signals, ascribed to two
2.00 (4.2%),®

different species, with g values g; =
corresponding to bulk Ti*" defects, and g, = 1.93 (95.8%),
assigned to highly disordered surface exposed Ti**5%%° The

contributions of these two species are determined by
simulation as shown in Figure S4.
Under identical measurement conditions, the hydrogenated
anatase sample (A-H2-500-10min) displays three paramagnetic
species, all of which being too low in intensity for a proper
assighment, thus indicating that a 10 min hydrogenation
treatment produces in anatase a comparably small defect
density.

The hydrogenated rutile sample (R-H2-500-10min) features

one low-intensity isotropic signal at g = 1.96, ascribed either to

Ti** centers introduced at regular lattice positions or interstitial

Ti*" centers (very similar g-tensor values).>>®

These findings, in line with literature,>*%%%? suggest that:

(i) Key for the high H, evolution activity observed for defect
engineered anatase and brookite is the presence of surface
Ti*" states (g = 1.93). Note that these surface exposed
paramagnetic states in the investigated brookite sample (B-
H2-500-10min) are dominant (95.8%) compared to bulk
defects (4.2%), as determined by simulation (supporting
information, Figure S4);

(ii) For the same hydrogenation time of 10 min, the defect
density produced in anatase is clearly much lower than for
brookite — this for both lattice and surface defects. This is
in line with a lower photocatalytic activity of anatase. As
shown in earlier work, surface exposed defects are the co-
catalytic sites for H, evolution. Defects formed in brookite
appear to be of a comparable electronic nature to those
introduced in anatase. Both “grey” modifications provide a
comparable signature, as was reported in previous work
for “grey” anatase; ”%%%

(iii) Defects produced in rutile are of a different electronic
nature than defects generated in brookite or anatase.
Particularly, hydrogenated rutile does not feature the
typical signature assigned to surface exposed Ti*" states in
anatase or brookite. This may be ascribed to the different
nature of the energetics of defects (interstitial Ti3+) in the
rutile polymorph,47’61’64‘65 indicating that these deeper
defects (electron traps) are not able to mediate charge
transfer to the environment (their energy level is below the
H,/H,0 redox potential).”’"*®

Notably, for brookite, when increasing the treatment time

from 10 min to 1 h at the same temperature of 500°C, the EPR

signature of produced defects dramatically changes: the two
isotropic signals with g values g; = 2.00 and g, = 1.93 vanish

(bulk and surface Ti®" states, respectively), while new isotropic

species can be observed featuring g = 1.96 (see simulated

spectrum Figure S5). Note that the same signature is detected
for hydrogenated rutile (R-H2-500-10min, spectrum in Figure

2a). The appearance of the new signal goes along with a

beginning phase transition from brookite to rutile, as

confirmed by Raman results discussed below. In other words,

This journal is © The Royal Society of Chemistry 20xx

the observed shift in paramagnetic signal confirms that the

phase transformation cause also conversion of “moderate

depth” Ti*" defects in brookite into “deep trapping states” in
rutile, these located below the H, evolution potentiaI.44’45”47‘66

Plausibly, this phase transition is the main cause for the

decrease of photocatalytic H, evolution activity of “over-

treated” brookite (Figure 1b).

EPR measurements of brookite powders treated in H, at a

lower temperature (400°C) or treated in air do not show any

significant appearance of paramagnetic species (Figure 2b).

This observation is in line with the photocatalytic results, i.e.

neither hydrogenation at T < 400°C nor annealing in air provide

defects that can act as intrinsic co-catalyst sites for H,

evolution.

We photo-electrochemical

measurements to substantiate the origin of the enhanced

activity of hydrogenated brookite. We produced photo-
electrodes made of different powders (untreated brookite,
hydrogenated brookite (500°C, 10 min) and untreated anatase

— see S| for experimental details), and performed wavelength

dependent photocurrent measurements, determined the

samples’ bandgap and acquired photocurrent transients at
fixed illumination wavelength. The results, compiled in Figure

S6, show that:

- Incident photon to current efficiency (IPCE) (Figure S6a):
untreated brookite delivers smaller photocurrents than
anatase across the entire absorption range. Grey brookite,
however, yields the highest IPCE particularly for short
wavelengths e.g. A < 350 nm, likely due to an improved
electron conductivity upon hydrogenation (higher density
of oxygen vacancies). In any case, only UV light absorption
translates into photocurrent, indicating that hydrogenation
does not narrow the semiconductor band gap or, in other
words, that there is no photocurrent contributing states in
the band gap.

- Band gap estimation (Figure S6b): the E, of grey brookite is
equivalent to that of untreated brookite powders, i.e. ca.
3.3-3.4 eV, but is larger than that of anatase (ca. 3.1-3.2
eV). This confirms that the conduction band minimum
(CBM) of brookite is situated above that of anatase, hence
providing a larger overpotential for electron transfer for
water reduction and H, evolution.

- Photocurrent transients (Figure S6c): hydrogenation of
brookite leads to a higher photocurrent compared to
untreated powders owing to a higher electron conductivity.
366758 Moreover, the transient profile for grey brookite
indicates a trap filling mechanism, hence proving that
hydrogenation introduces point defects that act as electron
trap states (responsible for H, evolution under
photocatalytic conditions).

Crystallographic information for the different powders were

obtained from Raman spectroscopy. Data for as-synthesized

brookite and for powders treated at 500°C for short time
annealing (5, 10, 15 minutes) are compiled in Figure 2c.

For the brookite powder annealed for 5, 10 and 15 minutes at

500°C, only the presence of brookite phase can be detected.

The characteristic Raman active modes in the vibrational

carried out a series of

J. Name., 2013, 00, 1-3 | 5



Please do not

adjust margins

COMMUNICATION Journal Name
value value
212 2.08 2.04 2~ 196 192 1.88 1.84 212 2.08 2.0 2 196 192 188 1.84
B-H2-500-10min )
(a) (b B-H2-500-1h
Q R-H2-500-10min Q B-H2-400-1h
= = B-air-500-1h
= =
T T
A-H2-500-10min
A-untreated
B-as synthesized
R-untreated
300 310 320 330 340 350 300 310 320 330 340 350
Magnetic Field | mT Magnetic Field | mT
() T (d) 37
— oo bt BeH2-500-15min — e
- 1 LT i S Lot
g : 1 ) i : [ *B-H2j00-10mln z 7 . B-air-500-1h
g A\ | 1 1 | ‘B-H2-500-5min g | - ] B-H2-600-1h
P N S Y 1 I ] - -
E\ | e . ‘E‘ 1 B-H2-500-1h
[7;) 1 [ T R I | : [7)] B-H2-400-1h
S 5 b ] g B-H2-300-1h
- : : : : : : : I ! - B-as synthesized
£ p N \ 1 , , B-assynthesized = h
)
: 1 () : | : [ 1 { : R-untreated
: S ! i R

Wavenumber (cm™)
*brookite phase

—
L)
S

*

B-H2-500-10min
w0 Neos xS * kR g *

B-air-500-1h

Intensity (a. u.)

B-as synthesized

30

20 70

40 50 60
Degree (20)

T 2 T T —t II T T T T
100 200 300 400 500 600 700 800

260 460 660 8(|)0 _1 1OI()O
Wavenumber (cm )

1200

(0,

Eo(Hyi OV

)

80

Figure 2 EPR spectra of (a) untreated brookite, rutile and anatase and of 10 min-hydrogenated powders at 500°C; (b) 1 h annealed brookite in air at 500°C, hydrogen at 400°C and

500°C. (c) Raman spectra of pristine brookite and of brookite hydrogenated at 500°C for
annealed at temperatures between 300 and 600°C in hydrogen or air. (e) XRD spectra

5,10 and 15 minutes. (d) Raman spectra of pristine brookite and rutile, and of powders 1h
of pristine brookite and of brookite annealed at 500°C in hydrogen (10min) or air (1h).

(f) Schematic drawing of the energy diagrams for hydrogenated anatase, brookite and rutile.

spectrum of brookite samples can be assigned as follows: Alg
(153, 247, 412, 636 cm-1), Blg (323, 502 cm-1), B2g (366, 461
cm-1), and B3g (545 cm-1).69 The peak positions of the
annealed samples show a small blue shift compared to the
untreated powder. Such a shift may be due to the merge of
adjacent nanocrystals during the heat treatment, forming
more uniform particles and larger crystalline domains.70
Indeed SEM and TEM observations corroborate that
hydrogenation leads to more uniform and larger particles.

Figure 2d shows the Raman spectra of brookite powders
treated at different temperatures (300-600°C range) or in

6 | J. Name., 2012, 00, 1-3

Please do not

different atmospheres (H, vs. air). The spectrum of untreated
rutile is also shown as a reference.

Samples treated at 300 and 400°C (B-H2-300-1h and B-H2-400-
1h) show the typical vibrational spectrum of brookite. The 1 h
long hydrogenation at temperatures of 5002C or higher (B-H2-
500-1h and B-H2-600-1h) leads however to a gradual phase
transformation to rutile. The phase transition is evident by
comparison to the rutile reference spectrum that features as
main modes: B;, (143 cm'l), A (611 cm'l), E, (448 cm'l) and
an undefined signal at 235 cm™.®° Thermal conversion of
brookite into rutile is well documented in previous literature.”

This journal is © The Royal Society of Chemistry 20xx
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Interestingly, results also show that the hydrogen
atmosphere accelerates the phase transformation of brookite
to rutile while air annealing at comparable temperatures (e.g.
at 500°C, sample B-air-500-1h) does not lead to any phase
change detectable by Raman spectroscopy, in agreement with
reports on defect facilitated phase transitions.”

To further confirm the findings, we carried out XRD
measurements of differently treated brookite samples. Figure
2e shows XRD patterns of the as-produced brookite TiO, and
of powders annealed at 500°C in air for 1 h, or in pure
hydrogen for 10 minutes. All samples show only the
characteristic diffraction pattern of pure brookite (PDF card
No. 00-029-1360), with main reflections at 25.3°, 30.8°, 36.2°,
48.0°, 55.2° and 64.1°. For the heat treated samples, a
decrease of the full-width at half maximum (FWHM) is
observed that reflects an improvement of the powder
crystallinity, e.g. larger crystalline domains or larger particle
sizes are obtained by annealing compared to the as-produced
powers.

In other words, above results show that — as for anatase
— also for brookite, both nature and density (concentration) of
defects produced by thermal hydrogenation have a
remarkable effect on the photocatalytic H,
performance.

In this context, it is worth to point out that “moderate” H,
treatment (e.g. at 500°C) in anatase creates electronic states
associated to point defects (Vos and Ti*" states) that are
energetically located right below the conduction band edge
(Figure 2f).37‘46‘51‘52 This seems also to hold for brookite.
However, among the TiO, polymorphs, brookite has the
energetically highest conduction band edge (-0.57 —-0.54 V vs.
NHE at pH 7), followed by anatase (-0.48 — -0.35 V), and by
rutile (-0.37— -0.35 V).G’w‘71 Thus, in accord with Iiterature72,
the weak activity of rutile can be ascribed to its CB energy
level, which does not provide a suitable exit energy for photo-
promoted electrons to reduce H,O or H" to H,. Hydrogenated
rutile powders show virtually the same negligible activity as
untreated samples (Figure 1c), this because any intra-gap
defect state introduced with hydrogenation is even lower in
energy than the CB minimum, and thus cannot contribute to
H, evolution.***"#

The situation

our

33,40-42

evolution

is different for anatase and brookite, i.e.
electrons on the intra-band gap states located in energy close
to the CB minimum have sufficient energy to reduce H,0 to H,,
and can hence provide, as observed, co-catalyst free activity
and a performance enhancement compared to untreated
counterparts (Figure 1b,c).

In order to elucidate further the role of introduced defects, we
H,-treated at 500°Ca 5x 5 mm? brookite single-crystal (surface
orientation [100], orthorhombic; SurfaceNet GmbH, Germany).
This single crystal, both in the hydrogenated and non-
hydrogenated form, was studied by (scanning) transmission
electron microscopy (S/TEM) techniques including high-
resolution STEM imaging, Selected Area Electron Diffraction
(SAED), and spatially resolved Electron Energy Loss
Spectroscopy (EELS), as well as by X-ray Diffraction (XRD) and
X-ray Reflectivity (XRR).

This journal is © The Royal Society of Chemistry 20xx

For electron microscopy, a cross-section lamella was prepared
perpendicular to the [100] direction of the hydrogenated
brookite single crystal surface with standard focused ion beam
(FIB) lift-out technique. Care was taken to preserve the native
surface structure (see experimental section in the Supporting
Information).

Figure 3a shows a cross-section STEM bright-field (BF)
overview image of the brookite surface. A rough surface is
clearly revealed. STEM-BF as well as high angle annular dark
filed (STEM-HAADF) images of the top layer are compared in
Figures 3b and c). While the BF image highlights the crystalline
nature of the interface, the HAADF image contrast is mainly
sensitive to mass-thickness’® and it reveals a 13 nm surface
layer with lower intensity. The presence of this surface layer is
also apparent from SAED and XRR measurements (examined
below). Beside the surface features, some intrinsic defects
such as stacking faults, voids and a-Fe precipitates are present
in the bulk of the crystal. Iron is a common impurity in natural
brookite single crystals and therefore its presence cannot be
avoided. Note however that Fe species are relatively deep in
the bulk of the brookite single crystal (e.g. a few 100 nm deep
or more, EDX in Figure S7), and their presence likely does not
affect the surface properties of the single crystal and the effect
of the hydrogenation treatment.

Since the surface is more relevant to photocatalysis, analysis of
these bulk defects is provided in the S| (see further Figure S7),
while in the following we focus on the crystal surface features.
In order to compare the crystalline surface layer with the bulk
structure of the brookite single crystal, SAED patterns were
taken at a defect-free bulk location of the sample and
compared to the signal originating from the defective outer
layer. The resulting diffraction patterns, displayed in Figures
3d and e, exhibit no detectable differences in their Bragg peak
positions and their patterns are both in-line with a single-
crystalline brookite phase (a = 9.184A, b = 5.447A, ¢ =
5.145 A).”* Differences in the peak intensities originate from
the different amount of scattering material due to e.g. the
smaller SAED aperture utilized for the pattern taken in the
narrow defective zone. A SAED pattern of the interface with a
higher angular resolution (longer camera length) as well as a
line cut along the 0OL direction is compiled in Figure S8.
Because of the finite layer thickness, Laue fringes75 evolve
around the Bragg Peaks. The asymmetric appearance of the
Laue fringes originates from a slight misorientation of the
lamella with respect to a perfect [011] zone axis. However, it is
still reasonable to estimate the surface layer thickness from
the fringe spacing, which leads to a vertical crystalline layer
dimension of ~ 12 nm. This again demonstrates that the
outermost layer exhibits a single crystalline brookite phase
nature, characterized however by a lower density compared to
the brookite bulk.

X-ray Diffraction was used to probe the brookite single crystal
surface before and after the hydrogenation. Bulk sensitive
Bragg Brentano measurements reveal the surface normal
crystal structure — the measurements are combined with J)
surface sensitive grazing incidence data that yield the in-plane
crystal structure, and ii) X-ray reflectometry (XRR) studies that
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Figure 3 (a) Overview STEM BF image of the hydrogenated brookite lamella in cross-sectional view prepared by a FIB lift-out. (b) and (c) High resolution STEM BF and HAADF image

of the brookite/ambient interface, respectively. (d) and (e) SAED patterns of the bulk and the brookite/ambient interface, respectively. (f) Enlarged logarithmic view of the (600)
brookite Bragg-Peak (XRD) before (red) and after (blue) hydrogenation. Comparison of the (040) (g) and (004) (h) in-plane Bragg-Peaks (XRD) before (red) and after (blue)
hydrogenation. The black solid lines are the best Gaussian fits. (i) XRR curves before (red) and after (blue) hydrogenation. The blue vertical lines indicate the characteristic spacing

of apparent Kiessig fringes. Note the XRR curves are shifted vertically for clarity.

give insight into the surface normal density profile with sub-
.76 . . .

nm resolution.”” All mentioned techniques have in common

that the signal illuminated

specimen area in the range of some mmz, thus complementing

is averaged over the whole

the results from electron microscopy which picture the atomic
scale but at a very local specimen volume (typical TEM lamella
},Lm2 x 100 nm). The influence of hydrogenation on the surface
normal crystal structure is summarized in Figure 3f (enlarged
view of the brookite (600) reflection) and Figure S9 (full 26
range). The signal, which is dependent on the respective
reflection from a vertical depth of typically several um (Bragg-
case extinction length), shows i) no detectable change of
lattice parameter along the surface normal brookite crystal
structure, ii) no transformation to rutile phase, where the
most intense peaks would evolve around 26 = 27.43°, 36.08°,
54.32° or 69.0°”” and iii) an increment of the a-Fe 110 peak
around 44.7° arising from the growth of the Fe precipitates
detected by electron microscopy. Thus, XRD confirms that the
hydrogenation treatment of the brookite single crystal at
500°C brookite-to-rutile  phase
transformation, which is in-line with the nanopowder findings
reported above.

We further characterized the untreated and hydrogenated
single crystal by Grazing Incidence In-plane Diffraction. By

does not cause a

impinging the specimen with a parallel beam under an angle
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below the one for total external reflection, an evanescent
wave, with rapidly decaying amplitude inside the specimen,
probes the material vertically with a depth of only a few
hundred A, thus giving rise to a much higher surface sensitivity
than ordinary 6/26 diffraction.”® Here, we focused on the
influence of hydrogenation on the (040) and (004) Bragg Peak.
The results are summarized in Figures 3g and h). While the
Bragg Peak position stays constant and is limited by the
instrumental resolution, the peak intensity increases after
hydrogenation. This increment can be attributed to lattice
distortion, which is in average much more pronounced along
the [010] as compared to the [001] direction.

X-ray Reflectivity (XRR) was then used to measure the specular
reflected portion of the signal in a butterfly-type scan in the
small angle regime adjacent to the region of total external
reflection. This gives insight into the surface normal electron
density profile and can thus provide data to quantify the
surface roughness, electron density and film thickness, without
relying on the crystallinity of the material. Figure 3i) shows the
evolution of the XRR signal due to hydrogenation (the curves
are vertically shifted for clarity). By comparing the curves,
three significant changes can be observed: i) the periodicity of
the characteristic visible Kiessig fringes shortens79; ii) the
amplitude of the fringes increases; and iii) the overall
reflectivity decays much faster. Unfortunately, the feasibility of

This journal is © The Royal Society of Chemistry 20xx
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Figure 4 Spatially resolved EELS study of a cross-sectional specimen from the hydrogenated brookite single crystal. (a) STEM-ADF overview of a region, where STEM-EELS datasets
(white box marked area, results in (c)-(g)) and HRTEM image (red box marked area) were acquired. The white arrows indicate the surface grooves. Simultaneously acquired STEM-

ADF image (e) and EELS spectra of Ti-L23 (f) and O-K (g). Note the horizontal artificial stripes in (e) originate from a scanning Moiré. The original spectra datacube is rotated and

projected, so that the new horizontal axis represents the energy loss and vertical axis correlates to the spatial location from bulk (bottom) to surface (top). Two spectra from the

bulk and at the surface are extracted and shown in (c) and (d).

XRR modelling requires a horizontally homogeneous sample,
which is an invalid assumption as demonstrated by the STEM
images, thus no model-based fitting could be extrapolated
from these results. However, the above-mentioned trends are
directly correlated to changes taking place at the crystal
surface. The thickness d of the structurally disorder surface
layer can be estimated from the spacing Aq of adjacent
minima via d = Ag/2mn (see blue vertical lines in Figure 3i),
providing a vertical dimension of ~ 13.5 nm. The fringe
amplitude stems from a change in the electron density,
proving a reduced electron density in the disordered surface
layer. Finally, the overall decay of the XRR curves originates
from surface roughness, further supporting the formation of a
rough surface layer during/upon hydrogenation.

In conclusion the combined electron and x-ray structural
characterization of the specimens yields the consistent picture
of an evolving inhomogeneous and rough crystalline surface
layer with a vertical dimension of ~13 nm, composed of
brookite phase, and featuring in-plane strain and a lower
electron density. The vertical depth likely originates from pits
and grooves at the surface, which can also be seen projected
in the STEM images. In other words, hydrogenation slightly
affects the surface crystallographic properties of brookite
TiO2. Although the atoms are, in average, located as they
would be in a pristine brookite lattice (as proven by diffraction,
i.e. peak center position), likely several atoms at the surface
are slightly displaced from their lattice position, which is
proven by the increment of the peak intensity. This lattice
distortion is ascribed to point defects as well as to surface
grooves formed upon hydrogenation, which introduce strain
fields.

This journal is © The Royal Society of Chemistry 20xx

Spatially resolved Electron Energy Loss Spectroscopy (EELS)
datasets were acquired and analyzed, as presented in Figure 4.
Figure 4a is a STEM-ADF cross-sectional image of the lamella
prepared from the hydrogenated brookite single crystal. This
lamella is the same from which the STEM-EELS datasets were
acquired (from the white boxed region). Two surface grooves
with a depth of about 10 nm can be clearly seen. A HRTEM
image of the same area (red marked box in Figure 4a) is shown
in Figure 4b. Within the grooves, the HRTEM show clear
crystalline lattice contrast. The STEM-ADF-EELS datasets from
the white-box marked region in Figure 4a is presented in
Figure 4e-g. Two of the representative spectra, extracted from
surface and bulk locations are shown in Figure 4c and d. The
characteristic lines of Ti-L,3 and O-K are clearly revealed, which
originate from the excitation of 2p orbitals to the unoccupied
3d states that depend sensitively on the character of chemical
bonds (i.e. environment of the crystal field, e.g. bonding
symmetries, degeneracy of states, etc.). These fingerprint
features in the fine structures are widely used to study the
character of the chemical bonds.2>®2 In the bulk of the sample,
the splitting of the doublet at the Ti-L, and Ti-L; is pronounced
(which is designated to the t,; and e, orbitals, respectively, in
the molecular orbital picture). This splitting originates from the
mixing of final states owing to the crystal field from the
neighboring ions, which causes lower degree of degeneracy
and were forbidden in the spherical symmetry of the
(hypothetical free-standing) titanium ions. The exact spilt and
shift in energy, as well the relative ratio of the multiplets,
provide fingerprint information about the bonding symmetry
and bonding angle distortions. These results agree well to the
reference spectra of brookite as presented in ref. 8 The
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splitting of the O-K is also in good agreement with the
reference. In contrast, the spectra obtained from the surface
show only the broad Ti-L,, Ti-L; and O-K peaks without splitting
into doublets, and the Ti-L,3 peak shifted slightly toward lower
energies. Such feature is expected for titanium ions with
higher symmetry, such as titanium ions in an amorphous or
strongly distorted crystalline phase. Indeed the spectra match
reasonably well to that of crystalline Ti203.80 These findings
agree well with the presence of Ti* species as found by EPR in
powders after hydrogenation at 500°C. Note that the thickness
of this top surface layer depends strongly on the sample
position: at another region of the sample, it exhibits for
example a thickness of ~6 nm (see Figure $10).

The results, overall, suggest that to activate brookite for co-
catalyst free H, evolution, the formation of an amorphous
surface TiO, layer is not essential, in contrast to what has been
proposed in previous work (e.g. “amorphous shell” in black

Conclusions

This work shows that “mildly” reduced brookite produced
under optimized hydrogenation conditions (pure H,, 500°C, 10
min) can not only enable co-catalyst free photocatalytic H,
evolution, as previously reported for anatase, but also provide
an activity that is far superior to that of hydrogenated anatase.
Hydrogenated rutile, in line with previous work, could not
activate co-catalyst free H, evolution.

The photo-activity of hydrogenated brookite can be explained
— as for anatase — by the introduction of suitable surface
defect states. By a combination of powder and single crystal
experiments based on TEM, Raman spectroscopy, XRD and
XRR techniques, we show that such photocatalytically active
defects are formed in brookite in a strained few nm thick
surface region, without causing phase transition to rutile or
amorphization effects. By EPR, we confirm that these defects
are associated to Vgs and Ti** surface states, which act as
mediators for electron transfer to H,0 to evolve H,. The
remarkable photocatalytic enhancement observed for brookite
is ascribed to a CB edge that is energetically higher than that of
anatase).®**®* — thus providing a higher driving force for
electron transfer from this polymorph.

Importantly, we also resolve a long-term debate, that is, the
photocatalytic performance of reduced titania polymorphs,
namely brookite or anatase, cannot be associated with the
formation of an amorphous reduced TiO, “shell” or surface
layer. Instead, structural features introduced by hydrogenation
such as point defects, and possibly even crystallographic strain,
play a key role towards co-catalyst free photocatalysis.
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