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Black Titania and Niobia within Ten Minutes —
Mechanochemical Reduction of Metal Oxides with Alkali

Metal Hydrides

Anna Michaely,” Oliver Janka,” Elias C. J. GieBelmann,” Robert Haberkorn,"
Haakon T. A. Wiedemann,” Christopher W. M. Kay, 9 and Guido Kickelbick*™

Abstract: Partially or fully reduced transition metal oxides
show extraordinary electronic and catalytic properties but are
usually prepared by high temperature reduction reactions.
This study reports the systematic investigation of the fast
mechanochemical reduction of rutile-type TiO, and H-Nb,O,
to their partially reduced black counterparts applying NaH
and LiH as reducing agents. Milling time and oxide to
reducing agent ratio show a large influence on the final
amount of reduced metal ions in the materials. For both
oxides LiH shows a higher reducing potential than NaH. An
intercalation of Li* into the structure of the oxides was

\

proven by PXRD and subsequent Rietveld refinements as well
as °Li solid-state NMR spectroscopy. The products showed a
decreased band gap and the presence of unpaired electrons
as observed by EPR spectroscopy, proving the successful
reduction of Ti** and Nb®'. Furthermore, the developed
material exhibits a significantly enhanced photocatalytic
performance towards the degradation of methylene blue
compared to the pristine oxides. The presented method is a
general, time efficient and simple method to obtain reduced
transition metal oxides.

J

Introduction

The partial reduction of transition metal oxides (TMO) results in
an increase in oxygen vacancies and subsequently in materials
with altered electronic properties compared to the original
oxides, leading to extraordinary changes in their chemical and
physical behavior."" A prominent example is the so-called black
titania, which was first obtained by Chen etal. via hydro-
genation of TiO, for 5 days.” Due to the introduction of defects
and the partial reduction of the Ti** cations, the material
exhibits enhanced photocatalytic activities compared to the
pristine oxide. Since then, defect engineering by full or partial
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reduction of metal ions has become a growing field of research.
Today black Nb,0O,_,,*' zrO, ., WO, ,,*' V,05_,,” and MoO,_,”
are other prominent examples of this class of materials.
Compared to the pristine oxides, the defect-rich counterparts
usually exhibit enhanced light absorption™ as well as improved
photocatalytic® and photoelectrochemical (PEC)®® perform-
ance. Besides gas phase hydrogenation,>® they can also be
prepared by annealing at high temperatures in an oxygen-
deficient atmosphere," or via chemical reductions, for exam-
ple, with Mg,"" AL®! or NaBH,.®*'? Mechanochemical reduction
can lower the required temperatures and therefore the energy
consumption in the preparation of such materials. Furthermore,
mechanochemical reactions are often faster and additional
defects are introduced solely by the impact of the ball milling
process, which can also increase the chemical reactivity of the
final material. To the best of our knowledge, few mechano-
chemical approaches for the partial reduction of transition
metal oxides have been investigated. Often, the reduction is
carried out using highly reactive alkali metals, such as Na"® or
Li" or non-conventional hydrides such as TiH,."?

In our study, we used LiH and NaH as readily available alkali
metal hydrides and powerful reducing agents in the fast
solventless mechanochemical reduction of TiO, and Nb,Os at
room temperature. While Li* (76 pm) has a smaller cationic
radius compared to Na® (102 pm),"® NaH exhibits a lower
enthalpy of formation and hence a lower stability and thus
higher reactivity of NaH (—56.3 kimol™") compared to LiH
(=90.5 kJmol™").'"" It can therefore be expected that both
hydrides have a different reactivity for the reduction of TMO or
reaction behavior such as the involvement of the alkali metal
ion during the reaction, which is systematically studied below.

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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TiO, was chosen for the experiments as it is the most studied
oxide for photocatalysis and defect engineering. A lot of studies
use anatase-type TiO, (/4,/amd) or commercially available P25
due to their high photocatalytic activity. We chose the photo-
catalytically less active rutile™ modification (P4,/mnm) for our
study because it has a higher mechanical stability than
anatase."” Similar to TiO,, H-Nb,Os is also a stable wide-band
gap n-type semiconductor with £;=3.1 eV. It is mainly inves-
tigated for use in sensors and numerous electronic devices, but
there are also some reports on the application of Nb,O; in dye-
sensitized solar cells®” and other photocatalytic applications.”"
Thus, it is worth to further investigate Nb,O; as a potentially
promising alternative for TiO, for photocatalytic applications. In
the following, the influence of the type of reducing agent,
milling time and composition on the photocatalytic activity of
mechanochemically prepared TiO, and Nb,O; is systematically
investigated.

Results and Discussion
Crystal chemistry

It is known from the literature that the reduction of oxides with
LiH at high temperatures can lead to the incorporation of Li
into the oxides, for example, in the reaction of LiH with
BaTiO;*? or Sr,Mn0,”® Therefore, it seems possible that Li is
also to some extend inserted into TiO, and Nb,Os during the
mechanochemical reduction. To facilitate the following discus-
sion about the possible Li intercalation, the crystal chemistry of
(lithiated) TiO, and Nb,O; will be discussed briefly.

Rutile-type TiO, crystallizes in the tetragonal crystal system
with space group P4,/mnm with lattice parameters of
a=458.0 pm and c=297.0 pm.*? In the crystal structure, each
Ti*" cation is octahedrally surrounded by oxide anions. These
TiOg octahedra form chains along [001] via cis-edge sharing, the
remaining two corners are linked to adjacent strands. Upon
insertion of Li, either the tetra- or octahedral sites are occupied
(Figure 1a). Using neutron diffraction measurements, Borghols
etal. showed that the rutile structure is retained up to a
maximum of Liyo,TiO, (@=461.9 pm, ¢=2954pm).> It was
shown that the occupation of the tetrahedral sites is energeti-
cally favored at low temperatures (10 K), while the occupation
of the octahedral sites becomes more favorable at room
temperature. For even higher Li contents, for example, Liy;TiysO
the cubic NaCl-type structure (Fm3m, a=414.0 pm)*® is
observed.”” Both Li and Ti are octahedrally coordinated by the
oxide anions and share the Wyckoff position 4a (Figure 1b).

For Nb,O; several polymorphs, depending on the synthesis
temperature, have been reported. The monoclinic high temper-
ature phase H-Nb,O; crystallizes with space group P2/m and
lattice parameters of a=1933.0 pm, b=382.3 pm,
€c=2032.2 pm and 8=115.8° The Wadsley-Roth phase con-
sists of blocks formed by 3 x5 and 3 x4 [NbO¢] octahedra. These
are connected by common corners within a block; however,
edge sharing is observed between these entities. Finally, the
tetrahedrally coordinated niobium site in H-Nb,Os is only half-
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Figure 1. (a) Crystal structure of lithiated rutile-type Lio o, TiO,,* tetrahedrally
coordinated Li atoms are shown in purple, octahedrally coordinated Li atoms
are pink, Ti atoms are shown in gray and oxygen atoms in blue. (b) Crystal
structure of NaCl-type Li,sTios0,%¢ Li atoms are purple, Ti atoms are shown

in gray and oxygen atoms in blue. (c) Crystal structure of lithiated H-Nb,05.>"
The 3 x4 block of octahedrally coordinated Nb atoms in H-Nb,Os is shown in
dark gray, the 3x5 block in light gray, the tetrahedrally coordinated Nb
atoms are drawn in red. The space groups are given.

occupied.” Different lithiated Nb-oxides have been described
for example, by Cava etal”™ who identified five cavities in
H-Nb,O,. Catti and Ghaani®” characterized lithiated H-Nb,O;
(Li; 714Nb,O5) via neutron diffraction experiments and localized
the Li™ cations in four-fold nonplanar, distorted tetrahedral and
distorted square-pyramidal voids (Figure 1c), in line with the
positions proposed by Cava et al. However, the localization of
the Li atoms leads to a reduction in symmetry (P2,
a=1913.2 pm, b=413.5, c=2014.2 pm, f=119.57°).2%

Optical color change after ball milling

The partial reduction of TiO, and Nb,Os by a mechanochemical
route was performed by milling the TMO with n equivalents of
LiH and NaH (n=0.5, 1 and 2) for 10, 30, and 60 min at a fixed
milling speed of 300 rpm. In the following, the samples are
denoted as NM_n:m_t. The first letter being T for TiO, or N for
Nb,O;, the second letter corresponds to the alkali metal hydride
(N=NaH, L=LiH), while n and m represent the number of
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equivalents of TiO,/Nb,Os and the hydride, respectively. Finally,
t represents the milling time in minutes.

After only 10 minutes of ball milling at room temperature, a
visually perceptible color change of the powders from white to
light gray in the case of TiO, or brownish-gray to dark blue-
black for Nb,O; was observed. The obtained coloration is clearly
depending on the amount of hydride added (Figure 2). The
observed coloration of the samples after ball milling is most
likely caused by the reduction of Ti*" to Ti*"®" and of Nb°* to
Nb**.B? However, for reasons of electroneutrality, the reduction
must be either accompanied by the intercalation of alkali metal
ions or the formation of oxygen vacancies, which also can give
rise to color centers."™ Also a combination of both effects
seems possible. Therefore, ball milling of the oxides in the
presence of the reducing agents should produce various types
of defects in the compounds. For both oxides, the milled
powders have a darker color when LiH was used as the
reducing agent compared to samples reduced under the same
conditions applying NaH. Usually, NaH would be expected to
have a higher reductive power and therefore we expected the

Milling time (min)
10 30 60

: NaH

Ratio TiO,

Ratio Nb,O; : NaH

darker color in the corresponding samples. This assumption is
based on the size difference of the alkali metal ions (Li*: 76 pm,
Na*: 102 pm)'@ and on the lower enthalpy of formation and
thus also the lower stability and thus higher reactivity of NaH
(=563 kJmol™") compared to LiH (—90.5 kJmol™").'"" It has
already been reported that Li-containing reducing agents can
behave differently due to the incorporation of Li into the
oxide,?? which could also be the reason for the apparent higher
reactivity of LiH in our study.

With the EASY GTM system for the Fritsch Pulverisette 7
premium line, we can monitor the development of temperature
and pressure in the grinding bowl. A continuous increase in
pressure up to several bar can be observed, which is due to the
development of hydrogen with increasing milling time. At the
same time, the temperature also increases, but remains below
35 °C (Figure S1, Supporting Information).
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Figure 2. Photographs of reduced TiO, and Nb,O; obtained after milling with NaH and LiH at various molar ratios between 10 and 60 min at a constant

milling speed of 300 rpm.
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Powder X-ray diffraction analysis

Powder X-ray diffraction (PXRD) patterns were recorded to gain
a better understanding of the processes during ball milling and
to analyze possible changes in the crystal structure due to the
partial reduction. No significant changes in the PXRD patterns
are observed after milling TiO, (rutile, P4,/mnm) with NaH
(NaCl-type, Fm3m). The observed powder pattern still corre-
sponds to rutile-type TiO,. Contrary, the reflections at around
27.4° (110) and 54.0° 26 (211) show a strong asymmetry after
ball milling with LiH (NaCl-type, Fm3m) caused by an increasing
amount of disorder due to the reaction with LiH (Figure 3a).
Both reflections are dominated by changes of the a lattice
parameter of TiO,, indicating that the structural changes such
as the intercalation of Li*®® and the formation of oxygen
vacancies mainly influence the ab-plane.®” To accommodate for
these structural changes in the Rietveld refinement, a multi-
fraction model with different fractions of rutile-type TiO, was
used (Figure S2-6, Supporting Information). Moreover, the
reflections at ~44° (200) and ~63° 26 (220) are significantly
broadened due to an overlap with newly emerging reflections
corresponding to the cubic LisTi,sO phase with a rock salt-type
structure (Fm3m) (Figure S6, Supporting Information) exhibiting
titanium in the oxidation state +Ill. This observation is in line
with the formation of LiysTiosO when rutile-type TiO, is lithiated
via more conventional reagents such as n-BuLi®* or hydro-
thermally with LiOH,®® but can also be achieved by grinding
the oxide with Li.**"!

The fraction of LiysTiysO increases with longer milling time
and higher amounts of initial LiH (Figure 3b), for example from
9 to 44 wt% after milling with 2 equiv. LiH for 10 and 60 min,
respectively. The increase of the Li-containing phase with
increasing milling time was proven by the determination of the
Li to Ti ratio by ICP-MS measurements. After milling TiO, for 10
and 60 min with 2 equiv. LiH, a molar Li:Ti ratio of 0.08:1 and
0.38:1 was determined. These results are in good agreement
with the results of the Rietveld refinements, which gave an
overall composition of Lig g, TiO, and Lig s TiO, for the samples
TL_1:2_10 and TL_1:2_60, respectively. The presence of Li
inside the sample is further proven by °Li solid-state NMR (see

Q
—

TL_1:2_60

* *

h TL_1:2_10
H TN_1:2_60
L, h TN_1:2_10]

Normalized intensity (arb.u.)
e e e e—— a—
—
~
L

pristine TiO,
| N b
LI I | [ i n i
1 | | |
20 40 60 80
20 (%)

below In contrast, no sodiation was observed in TiO, reduced
with NaH after reduction, possibly due to the larger radius of
Na* compared to Li*. A similar change in color and lithiation
was also observed after ball milling anatase-type TiO, (/4,/amd)
with LiH. In addition to the transformation of anatase into the
orthorhombic high-pressure form (a-PbO,-type, Pbcn), which is
known to occur during milling,*® orthorhombic Li, sTiO, (I/mma)
was also formed (Figure S12, Supporting Information).

For Nb,O;, no significant changes in the crystal structure are
observed by PXRD measurements after milling with both
hydrides. The observed diffraction patterns still correspond to
monoclinic H-Nb,Os (P2/m) regardless of the reducing agent
and milling time (Figure S13a, Supporting Information). How-
ever, the unit cell volumes revealed an increase for Nb,Os upon
reduction with LiH, whereas no significant increase was
observed for NaH (Figure S13b, Supporting Information). Only
lithiated, but no sodiated Nb,O; phases have been reported in
the literature, where the crystal structure was maintained
during the intercalation of the alkali metal ions,*® which is
again due to a smaller ionic radius of Li* compared to Na*.'®
Hence, the increase of the unit cell volume of several A* can be
attributed to an intercalation of Li*,”**® whose presence is also
proven by °Li solid-state NMR (see below). Based on the
increase of the unit cell volume of LiH reduced samples, a
sample composition between Liyg,;)Nb,O5 and Lig ,5;,Nb,05 was
calculated (Table S2, Supporting Information).

Elemental analysis (CHN) of sample TL_1:2_60 revealed that
no significant amount of hydrogen is found, indicating that no
hydrogen is introduced into the crystal structure. Therefore, no
Ti—OH or Ti—H bonds are formed, as it is sometimes reported
for black titania prepared by hydrogenation.””” However, the
formation of these bonds strongly depends on the synthesis
conditions™ and open questions about the actual structure
remain.®® Since no significant hydrogen concentration was
detectable, the hydride ion will most likely transfer one or two
electrons to the oxide® during the ball milling process,
followed by the reduction of Ti*"/Nb** to Ti**/Nb*" along with
the formation of oxygen vacancies or the insertion of Li* to
respect charge neutrality. It is also possible that the mechano-
chemical reduction process follows an even more complicated

b) _ 4s{[=—05eq LH
—e— 1 eq. LiH
404l —a—2eq. LiH

1::;;/:

0y T T T T T
10 20 30 40 50 60

Phase percentage Lij 5Tiy 50 (Wt%)

Milling time (min)

Figure 3. (a) PXRD patterns of pristine and reduced titania. Violet ticks indicate the Bragg positions of rutile-type TiO, (P4,/mnm) and green ones of LiysTiysO
(Fm3m). The position of the most intense reflections of the latter are marked with asterisks. (b) Phase percentage of LiysTi,sO versus milling time and LiH

amount, obtained by Rietveld refinement.
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reaction mechanism,”? but no experimentally proven mecha-
nistic details can be given currently.

TGA measurements

In a next step, TGA measurements were performed to
investigate the re-oxidizability of the samples by heating them
under nitrogen to 600 °C followed by heating under synthetic
air to 900 °C to see if a reoxidation, which is accompanied by a
mass increase, takes place.*” After the thermal treatment, all
samples turned white again due to the reoxidation of Ti**/Nb**
to Ti**/Nb>* during the formation of alkali metal titanates or
niobates and/or the refilling of oxygen vacancies.”*" In most
samples, no significant mass gain was observed, most likely due
to the low degree of reduction. Only for TL_1:2_60 and
NL_1:2_60 a mass gain of 1.4 and 0.7% due to the uptake of
oxygen was observed, respectively (Figure S14, Supporting
Information). PXRD measurements confirmed that in all samples
the reoxidation of Ti** and Nb** to Ti** and Nb’* occurred.
While samples with a lower degree of reduction or samples
reduced via NaH were simply reoxidized to TiO, and Nb,O,,
lithium titanates and niobates such as Li,TisO;, (Fm3m)“? and
LiNb,Og (P2,/c)**' were formed from higher reduced samples
(Figure S15, Supporting Information). The color change of TiO,
if heated under air in absence of a sodiation reaction (Fig-
ure S16, Supporting Information) leads to the conclusion, that
oxygen defects according to TiO,_, can form in principle.
However, since the formation of the before mentioned Li-
titanates and Li-niobates can also only occur upon oxygen
uptake, a differentiation between reduction via lithium inter-
calation and reduction due to oxygen vacancies is not possible.

®Li solid-state NMR experiments

Solid-state MAS NMR investigations of °Li or “Li nuclei are a
powerful technique to probe the local environment of the Li*
ions in their respective host structures as for example shown for
TiO,.* And although the differences in the chemical shifts are
small (0=—1 to 1ppm), a site assignment was possible.
Figure 4a shows a comparison of the °Li MAS NMR spectra of
the LiH reduced TiO, samples after 10, 30 and 60 minutes of
milling. The presence of a resonance near d~1ppm clearly
proves the presence of Li in the solid. The increasing intensity
of the NMR signal is proportional to the milling times
suggesting that more Li is present in the samples since the
measurement conditions for the NMR spectra (number of scans,
acquisition time, pulse sequence, delay time) were kept the
same for all samples. In addition, the full width at half maximum
(FWHM) of the signal increases with prolonged milling times
(Table S5, Supporting Information), indicating higher structural
disorder. A deeper analysis of the individual spectra using the
DMFit software program package showed that the line shape
varies significantly. Gaussian-Lorentz fit functions were used for
analysis of the asymmetry of the peaks (Figure 4b, d, f and
Table S5, Supporting Information). All samples show a broad

Chem. Eur. J. 2023, 29, e202300223 (5 of 12)

asymmetric signal over the range from —5 up to 9 ppm. The
maximum of the resonance can be observed around 6 ~1 ppm,
which is typical for ionic, diamagnetic Li species.* For the
reduced samples with a milling time of 10 minutes, the line
shape can be described well with a single line fit. In contrast,
single line fits applied to the spectra obtained from the longer
milled samples (30 and 60 min) show a rather bad agreement
with the experimental data. The intensity profile, at higher and
lower frequencies, cannot be described in a satisfactory way.
Especially the intensity in the region between 5 to 8 ppm seems
to be caused by a signal originating at least one other Li
species. The addition of a second signal (Gaussian-Lorentz
function) indicated that this resonance is centered around 6 =
8.4 ppm, however, an extremely large FWHM is found (Fig-
ure 4c, e).

When comparing this data to the literature it becomes
clear that the presented spectra are rather broad and feature-
less. Even in ball-milled samples of Li-titanates, synthesized by a
high temperature solid-state approach, structural information
about the location of the Li ions within the structures could be
obtained due to sharp lines and the sensitivity of °Li to the
structural and electronic environment.**¥ This is in total
contrast to the measurements performed here because no
detailed insight about the coordination of Li* in the structure
could be obtained. Therefore, it can be concluded that these
systems exhibit significant disorder resulting in many different
crystallographic Li sites, which leads to a large variation of the
Li—O bond lengths and in turn to the observed line broadening.
The broad resonance with its large shift of 6 ~8 ppm, though
disagrees with the previously mentioned NMR studies. How-
ever, NMR investigations on paramagnetic LiCoO, reported
resonance shifts of up to 17 ppm.”* The intermetallic com-
pound Li,Pt;Si shows even resonance shifts of up to
~120 ppm.*® Here the nuclear magnetic moment interacts with
the magnetic moment of the Co atoms in the case of LiCoO, or
the conduction electrons of Li,Pt;Si leading to these drastic
shifts known as Knight shifts. Since the reduced TiO, shows a
black color, but is not metallic in nature, the signal at d ~8 ppm
could be explained from the interactions of the paramagnetic
Tt centers with the Li nuclei similar to LiCo0," This
hypothesis is further strengthened by the fact that the signal at
0~8 ppm increases in intensity with prolonged ball milling
time and the recorded electron paramagnetic resonance (EPR)
spectra (see below). Finally, the °Li NMR spectrum of LiH
reduced Nb,O; (1:2 ratio) after 60 min ball milling was
exemplarily also fitted with a single Gaussian-Lorentz line
(Figure S17, Supporting Information). The main resonance
shows a chemical shift around d~1 ppm with a comparable
FWHM (Table S5, Supporting Information).

[44a-d]

Electron paramagnetic resonance spectroscopy

EPR spectroscopy was used to detect and further investigate
the presence of unpaired electrons at the Ti** and Nb**
centers. According to Chester et al., the hyperfine structure of
their niobium-doped rutile only showed hyperfine splitting at
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Figure 4. (a) °Li MAS NMR spectra of TiO, +LiH (1:2) after ball-milling of 10 (gray), 30 (red) and 60 (blue) minutes. (b, d, f) Individual °Li MAS spectra for the
given ball milling times fitted with a single Gaussian-Lorentz line. °Li MAS spectra for TiO, + LiH after a milling time of (c) 30 and (e) 60 minutes fitted with two
lines. Spectra are plotted in black; red lines are the fitting curves; the blue and green lines indicate the individual spectral components.

temperatures below 25 K" Therefore, the EPR experiments both reduced titania and niobia samples. The observed EPR
were conducted at 10 K. EPR experiments above 10 K showed a  signal (Figure 5) could be caused by paramagnetic oxygen
broad signal without hyperfine lines, which was a first vacancies V,, as well as Ti** and other lower valence Ti species,
qualitative evidence for the presence of unpaired electrons in  as documented for many oxide materials.*® The formation of
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Figure 5. Continuous wave (CW) EPR spectra of NaH (black line) and LiH (blue and red lines) reduced (a) TiO, and (b) Nb,Os samples.
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unpaired electrons during the mechanochemical reduction of
TiO, with LiH could be confirmed, while the NaH reduced TiO,
only showed a weak intensity signal. To differentiate and
compare the different ball milling times, the peak areas of the
reduced oxides were compared. As expected, for samples
obtained after prolonged milling, the peak area increases with
milling time.'¥ Thus, the longer the milling time, the more Ti**
jons are reduced to Ti*, which is accompanied by the
formation of oxygen vacancies or the intercalation of Li.

The formation of unpaired electrons during the mechano-
chemical reduction of Nb,O; with LiH/NaH could be confirmed
as well, but with lower intensities and peak areas and thus,
fewer paramagnetic species. The Nb** concentration shows the
same time dependency as in titania with a higher formation of
oxygen vacancies and Li intercalation with prolonged milling
duration. Theoretically, a total of ten instead of the three visible
lines would be expected for **Nb** due to hyperfine coupling
since niobium has a nuclear spin of 9/2 (100% natural
abundance). Similarly, a total of six lines is expected for ¥Ti**
(I=5/2, 7.4% natural abundance) and eight lines for *Ti**
(I=7/2, 5.4% natural abundance) but ~87% of the Ti centers
have no spin, and therefore no coupling. The total number of
lines does not match the expectation, but hyperfine splitting
constants could be derived from the visible peaks. For the TiO,/
LiH system, 7.9 mT and for the Nb,O./LiH system, 17.8 mT, were
extracted.
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Raman spectroscopy

In order to further investigate the structural changes, Raman
spectra were recorded. Both pristine and reduced titania show
the typical Raman signals of rutile at 143, 240, 446 and
609 cm™', which can be assigned to the Raman modes Big
second-order scattering, E; and A, (Figure 6a).*” Similarly, the
typical Raman bands of monoclinic H-Nb,O;, namely Nb—O—Nb
angle-deformations between 160 to 300 cm ™', transverse optic
modes (TO) originating from symmetric stretching of NbOg
octahedra between 600 and 700 cm™' and the longitudinal
optic mode (LO) of NbO; edge-shared octahedra at around
990 cm™' were observed for all Nb,Os samples (Figure 6b).*” No
major changes are observed for NaH reduced oxides in both
cases, suggesting that only minor structural changes, for
example introduction of oxygen defects, occurred during the
mechanochemical reduction. In case of LiH reduced TiO, a
redshift of up to 10 cm™' of the multi-photon band at around
230cm ' and a blueshift of 15 cm™ of E, is observed, while a
red shift of up to 8cm™ occurred of the LO mode of the
symmetric Nb—O stretching of LiH reduced Nb,Os. Furthermore,
the Raman bands become more broadened the more reduced
the samples are due to the increase of structural disorder for
example, due to Li intercalation®" or formation of other defects
during the ball milling process.”?

Compared to the pristine oxides, all reduced samples
exhibit a significantly stronger absorption in the visible region
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Figure 6. Raman spectra of pristine (black) and with 2 equiv. NaH (60 min, red) and LiH (10 min, blue; 60 min, green) reduced (a) TiO, and (b) Nb,Os, (c) DRS-
UV-Vis absorbance spectra and (d) Kubelka-Munk plot of pristine and reduced TiO,. Lamp, detector, and filter changes in c) are marked with an asterisk, the

evaluation of the band gap is shown by the dashed line in d).
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(Figure 6¢) as shown via the UV-Vis diffuse reflectance spectra
(DRS). A clear correlation between the color of the samples and
the absorbance of visible light was observed. The values of the
optical band gaps and their changes during the reduction were
obtained based on the Kubelka-Munk function F(R) and the

Tauc relationship (F(R)hv)%: (hv — E;) with hv being the
photon energy, A is a proportionality constant, E; the band gap
energy and n a parameter depending on the type of band gap.
For direct allowed electronic transitions n equals 5 and for
indirect allowed transitions n equals 2.¥ According to
literature, rutile-type TiO, and monoclinic H-Nb,O; both have a
direct band gap.®¥ In both cases, the optical band gap of the
reduced oxides is significantly lowered (up to 0.4 eV compared
to the pristine oxide) due to the partial reduction and
introduction of defects (Figure 6d, Figure S18, Table S6, Sup-
porting Information)).™”

Photocatalytic degradation experiments

Often, a reduction in the band gap and absorption properties
over a wider range of wavelengths leads to improved (photo-
generated) charge carrier properties and higher photocatalytic
activity."” To evaluate the photocatalytic activities of the
reduced oxides compared to the pure oxides, the photo-
chemical degradation of methylene blue (MB), commonly used
in tests of the photocatalytic activity of heterogeneous catalysts

and found as a pollutant in the wastewater of the textile
industry, was studied.”™ For the experiments under UV
irradiation, a light source emitting 365 nm was used, while the
wavelengths emitted by the visible light source range from 400
to 700 nm with the strongest irradiance being at around 450
and 550 nm. Blank experiments show that without the addition
of a catalyst, the photobleaching of MB is only minimal
(Figure 7). Overall, no enhancement is observed for NaH
reduced TiO, and Nb,Os; samples, possibly due to the small
degree of reduction. In contrast, all LiH reduced samples exhibit
an improved performance compared to the pristine oxides.
When visible light was used for the degradation experiments,
about 33% of the MB was degraded after 5 h using untreated
rutile-type TiO, was used as catalyst. When a LiH reduced TiO,
sample was used milled for 10 and 60 min, a significant increase
to 45 and 70% of the degraded MB was observed in the same
period (Figure 7a). Due to the successful introduction of defects
and the partial reduction of Ti*' to Ti**, the synthesized
materials even show a higher photocatalytic activity under
visible light compared to the commercially available and widely
used photocatalyst Evonik P25 (Figure 7a), which consists of
both anatase and rutile TiO,. In the case of H-Nb,O; only a slight
enhancement of the photocatalytic performance of the LiH
reduced sample obtained after 10 min of milling (C/C,=0.69)
was observed compared to pristine H-Nb,O; (C/C,=0.72). LiH
treated Nb,O; obtained after 60 min of ball milling in contrast
shows a significant improvement since a MB conversion of 65 %
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Figure 7. Photocatalytic degradation of methylene blue (MB) (a), (b) under visible light and (c), (d) under UV (365 nm) light without catalyst (black), with
pristine titania and niobia (red) and with reduced titania and niobia (blue: NaH, 60 min; green: LiH, 10 min; purple: LiH, 60 min) and with commercially

available P25 (yellow). Note the different time scales between (a, b) and (c, d).
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was achieved after 5 h of irradiation (Figure 7b). It can therefore
be concluded that longer milling times and thus a higher
degree of reduction for the LiH reduced samples favor the
degradation of MB using visible light. In contrast, under
irradiation with UV light (365 nm) a complete discoloration of
the MB solution was achieved after only 60 min using the LiH
reduced titania sample obtained after 10 min of milling (C/C,=
0.07). Interestingly, both pristine rutile TiO, and the LiH reduced
sample (60 min) exhibit a lower photocatalytic activity in the UV
range (Figure 7c). In comparison to the standard photocatalyst
P25, our prepared materials show a somewhat lower photo-
catalytic activity since a complete discoloration of the MB
solution can be achieved with these tailor-made materials after
only 10 min with P25 under UV irradiation (Figure 7b). This is
attributed to the fact that our sample still predominately
composed of photocatalytically less active rutile. As for the
niobia samples, both pristine and reduced niobia show almost
no activity in the UV range (Figure 7d), which makes the
reduced titania samples the more suitable for photocatalytic
applications, especially in the UV range.

To exclude that the enhancement of the photocatalytic
properties only originates from ball milling, TiO, was milled for
60 min and its photocatalytic activity was measured under both
UV and visible light. In general, mechanochemistry is a suitable
method for the preparation of catalysts."® While some
publications report an enhancement of the photocatalytic
activity of oxides,”” sulfides®® or composite materials®®
depending on the milling conditions, no enhancement was
observed compared to pristine rutile-type TiO, in the present
case (Figure S19, Supporting Information), in contrast to the
already active anatase phase cited above. This shows that the
mechanochemical reaction with the alkali metal hydrides is the
main reason for the faster MB degradation. The higher activity
of the synthesized materials can be ascribed to the presence of
defects such as Ti*"/Nb*", resulting in a smaller band gap and
consequently a better absorption of light, as well as a probable
reduction of the recombination rate of photogenerated elec-
tron-hole pairs."'>'¥

In literature, there are some reports on the use of rock salt-
type LigsTipsO as a catalyst for the photocatalytic dye
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degradation®? and hydrogen generation.™” Since the com-
pounds formed during ball milling of TiO, and LiH, LiysTiosO
was prepared via a solid-state reaction under argon using TiO,
and 2equiv. LiH (Figure S20, Supporting Information). The
reaction mixture was heated to 600 °C for 60 min. Afterwards,
the obtained material was washed with NH,ClI/MeOH and
MeOH. As a proof of concept that not all measured effects of
reduced titania samples are caused by LiysTiysO, its photo-
catalytic activity was compared with the photocatalytic activity
of TL_1:2_60 under visible light irradiation and with TL_1:2_10
under UV (365 nm) irradiation. As shown in Figure 8, LisTi;sO
performs slightly better under visible irradiation than
TL_1:2_60 but shows a poor performance under UV irradiation.
This suggests that not all observed effects originate from the
presence of LiysTiysO such as the good MB degradation ability
under UV light of our synthesized material, but it seems that
LigsTipsO might be especially beneficial for an effective MB
degradation under visible light irradiation.

Conclusion

In summary, a simple and rapid room temperature mechano-
chemical process was developed for the reduction of rutile-type
TiO, and H-Nb,O; using alkali metal hydrides. Depending on
the synthesis conditions (type and amount of reducing agent
and milling duration), samples with a color ranging from light
gray to blue to gray and black were obtained. In general, longer
milling times and higher amounts of the reducing agent
resulted in a higher degree of reduction of the transition metal
ions. After reduction using NaH, no significant changes in the
crystal structure were observed from PXRD measurements, but
the formation of cubic LiysTiysO and the intercalation of Li was
observed for TiO, and Nb,O; when reduced with LiH. The
intercalation may occur due to the smaller radius of Li*
compared to Na*. The band gap of the ball milled transition
metal oxides decreased by up to 0.4 eV, while more para-
magnetic centers were formed with longer milling time, as
shown by EPR spectroscopy. °Li NMR spectroscopic investiga-
tions clearly demonstrate that the samples contain significant

b)

0.9 4

Time (h)

Figure 8. Photocatalytic degradation of MB with Li,sTi,sO prepared by solid state reaction and LiH reduced titania (60 min and 10 min) under (a) visible and

(b) UV (365 nm) light.
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amounts of disorder since the signals are featureless. In the
case of LiH reduced TiO, milled for 30 or 60 min, a second
signal arises that could be attributed to the interaction of the
paramagnetic Ti*™ ions with the Li nucleus. Raman spectro-
scopy revealed an increase in structural disorder due to the
formation of defects. These are more pronounced when LiH is
used, as indicated by the darker color of the reduced oxides.
Due to these defects, a significantly better photocatalytic
performance of the synthesized materials compared to the
pristine oxides was achieved under illumination with both UV
and visible light.

Experimental Section

Materials: Nb,O; (ChemPur, Karlsruhe, Germany, 99.98 %), TiO, (Alfa
Aesar GmBH, Karlsruhe, Germany, 99.5%), LiH (Alfa Aesar GmBH,
Karlsruhe, Germany, 99.4%), and NaH (Merck, Darmstadt, Germany,
>98%) were used without further purification and stored in a
glovebox under argon atmosphere. All solids have been charac-
terized by powder X-ray diffraction before use.

Synthetic procedures: The syntheses were performed in a plane-
tary ball mill Pulverisette 7 premium line (Fritsch, ldar-Oberstein,
Germany) using ZrO, grinding jars with a volume of 45 mL and 180
Y-stabilized ZrO, milling balls with a diameter of 5mm. All
syntheses were performed under inert gas by filling and closing the
milling jars in an argon filled glovebox. For the ball milling
experiments 3.00g of Nb,Os; (11.29 mmol, 1equiv.) or TiO,
(37.6 mmol, 1 equiv.) were milled with n equiv. of LiH or NaH
(n=0.5, 1 and 2). The milling speed was set to 300 rpm, and the
milling time was varied from 10 to 30 to 60 min.

Afterwards, the samples were washed with 0.1 M NH,Cl/MeOH and
MeOH under argon several times to remove unreacted alkali metal
hydrides as well as side products. Both solvents were degassed
with argon for 1 h beforehand. After centrifugation, samples were
dried in a vacuum oven at 80 °C and stored in an argon-filled
glovebox.

Testing of the photocatalytic activity: The photocatalytic experi-
ments were performed in an EvoluChem™ PhotoRedOx Box
(HepatoChem, Beverly, USA) equipped with 2x20ml sample
holder, an EvoluChem 365PF lamp (365 nm) for testing the photo-
catalytic activity in the UV region and an Evoluchem 6200PF lamp
(cold white) for the Vis region.

In a typical methylene blue (MB) degradation experiment, 15 mg of
catalyst (1 mg/ml) were added to 15 mL of an aqueous MB solution
(20 ppm). After stirring for 30 min in the dark, the suspensions were
irradiated. After certain time intervals, 0.4 ml of suspension were
periodically sampled and centrifuged to separate the photocatalyst
from the solution. The MB solution was then diluted by a factor of 2
before the concentration of MB was measured by UV-Vis spectro-
scopy (PerkinElmer Inc., Shelton, USA).

Characterization: Powder X-ray diffraction (PXRD) patterns were
recorded on a D8-A25-Advance diffractometer (Bruker AXS, Karls-
ruhe, Germany) under ambient conditions in Bragg-Brentano 6-6-
geometry (goniometer radius 280 mm) with Cu K, -radiation
(A=154.0596 pm). A 12 um Ni foil served as a K; filter at the
primary beam side. At the primary beam side, a variable divergence
slit was mounted and a LYNXEYE detector with 192 channels at the
secondary beam side. Experiments were carried out in a 26 range
of 7 to 120° with a step size of 0.013° and a total scan time of 2 h.
Rietveld refinements of the recorded diffraction patterns was

Chem. Eur. J. 2023, 29, €202300223 (10 of 12)

performed using TOPAS 5.0 (Bruker AXS, Karlsruhe, Germany)
software.®” Crystallographic structure and microstructure were
refined, while instrumental line broadening was included in a
fundamental parameters approach.*? The mean crystallite size
<L> was calculated as the mean volume weighted column height
derived from the integral breadth. Crystal structure data were
obtained from the Pearson’s Crystal database.”®

Electron paramagnetic resonance (EPR) spectra were recorded
using a Bruker Elexsys E580 X-band spectrometer with a Bruker ER
4118X-MD5 resonator. All shown EPR spectra were recorded at 10 K
using a closed cycle cryostat (Cryogenic CF VTC).

For the acquisition of the Raman spectra, a Raman microscope
LabRAM HR Evolution HORIBA Jobin Yvon A (Longmujeau, France)
with a 633 nm He-Ne Laser (Melles Griot, IDEX Optics and
Photonics, Albuquerque, USA) and an 1800 lines/mm grating was
used.

UV-Vis diffuse reflectance spectra were recorded on a Perkin Elmer
Lambda 750 spectrometer (PerkinElmer Inc., Shelton, USA)
equipped with a 100 mm integration sphere from 290 to 1500 nm
with a 2 nm increment and an integration time of 0.2 s. BaSO, was
used as the white reference.

Thermogravimetric analyses (TGA) were performed on a TG F1 Iris
(Netzsch Gerdtebau GmbH, Selb, Germany). The samples were first
heated from room temperature to 600 °C under nitrogen flow
(40 mLmin™") followed by heating to 900 °C under synthetic air
(40 mLmin~', N,/O, 4:1). The heating rate was set to 20 Kmin~'.

°Li single-pulse excitation magic angle spinning (SPE MAS) NMR
spectra were recorded at 5891 MHz on a Bruker AV400WB
spectrometer (Bruker, Karlsruhe, Germany) at 298 K in standard
ZrO, rotors with a diameter of 4 mm. A spinning rate of 13 kHz and
a relaxation delay of 3's were applied. Solid LiCl was used as an
external reference with a chemical shift of 0 ppm. Spectra were
recorded using the TopSpin software.®” Fitting of the spectra was
performed using the DMFit software program package.®!

The elemental quantification was conducted via inductively
coupled plasma mass spectrometry (ICP-MS) with a commercial
ICP-MS system (8900 Triple Quad and SPS4 autosampler, Agilent,
Santa Clara, USA). Stock solutions of single element ICP-MS stand-
ards of Li* (Merck Millipore, Darmstadt, Germany), Ti*" (VWR,
Radnor, USA) and Sc** (Merck Millipore, Darmstadt, Germany) were
used. The detector dwell time was 100 ps, the repetition was 3
times, and the measured isotopes were “Li in no-gas mode and “'Ti
using He as collision gas as well as %S¢ (all used modes) as internal
standard. For the ICP-MS measurements, the washed samples were
dissolved in H,SO, (Fisher Chemical, Loughborough, United King-
dom, >95%).

Elemental analysis was performed using a Vario Micro Cube CHN
analyzer (Elementar, Langenselbold, Germany).
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