Hydrogen Production

Ang

Internatic

International Edition: DOI: 10.1002/anie.201506797
German Edition: DOI: 10.1002/ange.201506797

Stable Co-Catalyst-Free Photocatalytic H, Evolution From Oxidized

Titanium Nitride Nanopowders

Xuemei Zhou, Eva M. Zolnhofer, Nhat Truong Nguyen, Ning Liu, Karsten Meyer, and

Patrik Schmuki*

Abstract: A simple strategy is used to thermally oxidize TIN
nanopowder (~20 nm) to an anatase phase of a TiO,: TP :N
compound. In contrast to the rutile phase of such a compound,
this photocatalyst provides activity for hydrogen evolution
under AM1.5 conditions, without the use of any noble metal
co-catalyst. Moreover the photocatalyst is active and stable
over extended periods of time (tested for 4 months). Impor-
tantly, to achieve successful conversion to the active anatase
polymorph, sufficiently small starting particles of TiN are
needed. The key factor for catalysis is the stabilization of the
co-catalytically active Ti" species against oxidation by nitro-
gen present in the starting material.

I n 1972, Fujishima and Honda reported groundbreaking
work on the photolytic cleavage of water to H, and O,.[Y Since
then, the concept of using solar light and a suitable semi-
conductor to generate H, has received tremendous scientific
attention. In their experiments, Fujishima and Honda used
a two-electrode approach with a TiO, single crystal as an
illuminated photoanode and a Pt sheet as a counter electrode
for hydrogen evolution (a photoelectrochemical configura-
tion).

A more straightforward approach is to use a suspension of
nanoparticles (that is, without external electrochemical bias),
where the photogenerated holes and electrons from the same
particle react with the surrounding water. However, under
these conditions, the presence of a suitable co-catalyst on the
TiO, particles is required in order to efficiently generate H,.
Over the past decades, in virtually any investigation on
photocatalytic hydrogen evolution, noble metals, such as Pt,
Au, Pd® have been used as they are the most effective co-
catalysts owing to their ability to act as electron transfer
mediator and recombination center for H,. Efforts to replace
these expensive noble metal co-catalysts are limited to only
a few reports.”*?

A key factor to form noble-metal-free active material may
be the formation of a specific configuration of Ti**/O, (O, =
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oxygen vacancies) on anatase particles. However, well
established reduction treatments of TiO, known to form
Ti**/O, species (such as heat treatment in vacuum, Ar, Ar/H,,
ion bombardment, or cathodic reduction)?* lead to a non-
stable co-catalytic effect owing to how readily oxidized Ti*" is
in air or aqueous environments.”*"!

An alternative approach to form Ti*'-rich TiO, is, in
principle, to perform a controlled partial oxidation of Ti'"
compounds instead of a partial reduction of TiO,. From
previous work,>® we know that the two key requirements to
obtain a stable and active catalyst are: i) the stabilization of
the remaining Ti"™' against further oxidation, and ii) the
formation of an anatase type of polymorph TiO, by oxidation
(rutile is reported not to be active). To address requirement
(i), theoretical work combined with experimental evidence
indicate that nitrogen species situated in interstitial and/or
substitutional positions are capable of stabilizing Ti** centers
by charge transfer resonance, as suggested by Livraghi,
Hoang, and co-workers.”! Therefore the question arises, if
an optimized oxidation of TiN may lead to a nitrogen
stabilized Ti** configuration and could also result, when
oxidized, in an anatase form of TiO, (and thereby also address
ii).

Some previous attempts to thermally oxidize TiN were
mainly undertaken to create N-doped TiO, with the intent to
alter the light absorption properties towards a visible light
response to provide an alternative to other nitrogen doping
methods (such as ammonolysis,® ion implantation®” and co-
precipitation),'” with the aim to create band-gap narrowing
in TiO, (ascribed to a mixing of N 2p-states with the O 2p
valence band states of TiO,).'"'*! Previous work on the
oxidation of TiN used either comparably large particles or
surface films that in any reported case evolved, upon thermal
oxidative treatment, to a rutile phase.'” This polymorph is
undesired for our purposes, since in previous work a H,
evolving co-catalytic Ti*'-state was only obtained for
anatase.®] Rutile is the thermodynamically stable form of
titania under a broad range of conditions. However, various
theoretical work reports that at the nanoscale (typically
<30 nm), anatase can become the thermodynamically stable
polymorph. &1

Herein, we explore the use of TiN nanoparticles (ca.
20 nm) for a controlled partial thermal oxidation and inves-
tigate the photocatalytic properties, composition, and struc-
ture at various stages of oxidation. We show that such TiN
nanoparticles can be oxidized to an anatase-type titania
photocatalyst that carries stable, intrinsic co-catalytic centers
for hydrogen evolution, facilitating stable photocatalytic H,
production at enhanced rates without the use of noble metal

Wiley Online Library

die

Chemie

13385


http://dx.doi.org/10.1002/ange.201506797
http://dx.doi.org/10.1002/anie.201506797
http://dx.doi.org/10.1002/anie.201506797

Angewandte

13386

Communications

co-catalysts (Figure 1). Figure 1a shows the measured initial
photocatalytic hydrogen evolution rates under AMIL.5
(100 mWcm ?) conditions for various oxidized TiN powder
samples as well as for various reference samples (namely
anatase and reduced anatase). Experimental details are given
in the Supporting Information (Figure S1). To produce
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Figure 1. (a) Open-circuit hydrogen generation for oxidized TiN nano-
powders treated at different temperatures in air and comparison to
reduced anatase samples as a reference. (b) Stability of photocatalytic
H, evolution for oxidized TiN (400°C, 1 h) and reduced anatase (A:
Ar/H, 500°C, 3 h; [OJ: Ar 500°C, 3 h). H, evolution experiments were
performed under AM1.5 (100 mWcm™?) at room temperature in 50%
methanol/H,O electrolyte without the presence of any co-catalyst.

(c) TEM and (d) corresponding SAED patterns for oxidized TiN (TiN
350°C-3 h, that is, optimized photocatalyst).
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oxidized TiN, commercial TiN (20 mg) of an average grain
size of approximately 20 nm was annealed in air under
different conditions (300°C—450°C for 30 min-9 h). A sus-
pension of this sample was prepared and the photocatalytic
activity for H, evolution was measured over time. Partially
reduced anatase samples (fabricated by thermal Argon or
Argon/H, treatment)*> %14 were used as reference samples
to provide a comparison to conventionally reduced Ti*'-
containing material without any nitrogen-stabilizing effects.
As shown in Figure 1 a, various annealing treatments of TiN in
air lead to a product that yields a significantly enhanced
photocatalytic activity for H, evolution compared to pure
anatase (without using any noble metal co-catalyst). While for
pure titanium nitride, or samples that were annealed up to
300°C, no photocatalytic hydrogen could be detected. Treat-
ments with temperatures higher than 350°C clearly showed
photocatalytic activity for H, evolution. By investigating
arange of annealing conditions, varying temperature and time
(Supporting Information, Figure S1), we have found that the
optimal conditions for air annealing are either at 400°C for
1h, or similarly at 350°C for 5h. An estimation of the
quantum efficiency of the process under our best conditions is
given in the Supporting Information.

Most importantly, Figure 1b shows that the intrinsic
catalytic activity of this oxidized TiN material is stable over
time and in repeated experiments. In contrast, reduced
anatase samples (Ar, Ar/H,) show some initial activity
(Figure 1b) that, however, is quickly lost after 2 or 3
photocatalysis experiments. In fact, for TiN the data show
that the H, evolution rate remains constant over a period of
over 4 months (longest measured duration). These findings
suggest that the combination of nitrogen and Ti** states leads
to a remarkably stable catalytic center for H, evolution
without the use of a co-catalyst. It is noteworthy that
measurements taken with a 420 nm cut-off filter did not
show any significant H, evolution, that is, the main effect of
nitrogen is the stabilization of the UV photocatalytic activity.

Figure 1c shows the HRTEM image and the correspond-
ing SAED pattern (Figure 1d) from an activated grain of the
photocatalyst. The SAED pattern confirms the presence of
a mixture of anatase and TiN after annealing. In the HRTEM
in Figure 1c, lattice fringes of d=0.34 nm were determined,
corresponding to a typical lattice spacing of anatase (101).
Moreover, the thermal treatment does not change the
morphology nor the size of the particle significantly (Sup-
porting Information, Figure S2). It may also be noted that the
conversion of TiN to the active catalyst material can easily be
followed by eye, as the initially black color of the TiN is
changed to grey by annealing (Supporting Information,
Figure S2 g).

To follow the structural and compositional changes during
the annealing treatments, the different oxidation stages were
characterized by XRD (Figure 2; Supporting Information,
Figure S3), Raman spectroscopy (Supporting Information,
Figure S4), and XPS (Figure 3; Supporting Information,

Figure S5).
Figure 2 shows the XRD patterns of the nanoscale TiN
samples (SEM; Supporting Information, Figure S2a)

annealed in air in the temperature range from 300°C to
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Figure 2. XRD patterns for untreated titanium nitride and after anneal-

ing at 300°C, 400°C, 450°C. Xa is the fraction of anatase in the

mixture by calculation from the integrated intensities of the (101)

reflection of anatase and the (200) reflection of titanium nitride.
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Figure 3. High resolution XPS Ti2p peaks for TiN nanopowders and
oxidized TiN at 350°C for 1 h to 9 h, respectively.

450°C for 1h. The XRD pattern of the originally 20 nm
titanium nitride materials can be assigned to osbornite, cubic
phase (PDF card No. 00-038-1420), presenting a main peak at
42.6°. With increasing temperature, the intensity of the XRD
peak for TiN decreases while the peak intensity of the TiO,
anatase phase (PDF card No. 00-021-1272, Tetragonal)
increases. For annealing at 400°C for 1h, clear anatase
peaks become apparent; and at a temperature of 450°C, also
traces of rutile (PDF card No. 00-021-1276, Tetragonal)
become visible, while no TiN peaks can be detected anymore.
The formation of anatase in the TiN particles can also be
observed by Raman spectroscopy (Supporting Information,
Figure S4), with characteristic absorption bands at 145, 396.0,
514.6, and 637.7 cm™' (Supporting Information, Figure S4a).
For the nanoscale-catalyst-material, peak shifts and broad-
ening is observed (TiN 400°C-1 h; Supporting Information,
Figure S4b) compared to pure anatase reference powder.
This may be related to confined lattice vibrations and
structural defects!™ for the nitrogen-doped TiO, nanomate-
rial. To study annealing-time related effects of the conversion,
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we kept a TiN (20 nm) sample at 350°C for various times
(Supporting Information, Figure S3b). With increasing
annealing time, the anatase content (X,) can be increased
from 0.043 to 0.96. This is also observed at an annealing
temperature of 400°C, when annealing times from 30 min to
5 h are used, the content of anatase increases from 0.20 to 1.0.
Figure 3 provides high resolution XPS spectra of selected
samples before thermal treatment and at different oxidation
states, clear alterations of Ti2p peaks, as well as of N1s peaks
are observed after annealing in air. The Ti2p peak for TiN
appears with a strong typical Ti*" tail below 457 eV (Figure 3).
During annealing at 350 °C, the intensity of this tail decreases,
and for annealing for longer than 3 h the Ti** is almost fully
oxidized to Ti*' (within the penetration depth of XPS).
Correspondingly, significant changes of the N1s peak can be
observed before and after annealing (Supporting Informa-
tion, Figure S5). The high resolution Nls peak for TiN,
located at binding energies of 396.9 eV and 395.8¢V, is
commonly ascribed to a nitride compound and to substitu-
tional nitrogen in TiO,. After annealing at 350°C, the
intensity of peaks between 396-397 eV decreases and new
peaks at a binding energy of 402 eV appear. These peaks can
be assigned to surface bound NO,-species that probably are
released from the lattice during oxidation.'® After annealing
at 350°C for 5 h or higher temperatures, the only traceable N
peak is this 402 eV signature. However, in XRD, for the TiN
samples annealed at 400°C for 1 h and TiN 350°C for 5 h, the
crystalline TiN diffraction peak at 42.6° is still visible after the
thermal treatment. This indicates that the majority of TiN
remains as a core of the particle while at the stronger oxidized
surface, nitrogen is only left at very low concentrations (below
the detection limit of XPS). During the thermal annealing,
a change in the high resolution Ols peak can also be seen
(Supporting Information, Figure S5a). Generally, the inten-
sity of the Ols peak located at a binding energy of 529.8 eV
(oxide) increases, which can be ascribed to the formation of
TiO,, while the peak intensity at a higher binding energy
(usually assigned to surface OH) decreases. Overall, the XPS
data are well in line with the formation of TiO, surrounding
a TiN core. A quantitative evaluation of peak intensities is
compiled in the Supporting Information (Table S1). It is clear
that with an increase in annealing time and temperature, the
ratio of N/O in the TiN samples decreases from 0.456 to
0.0133, in agreement with a transition from TiN to TiO,.
Additionally, we characterized the samples with electron
paramagnetic resonance spectroscopy (EPR) that is widely
used in the characterization of paramagnetic centers, such as
Ti** or oxygen vacancy species present in TiO,.'"! Figure 4a
shows the EPR spectra for the active TiN-based catalyst
generated by an air-heat treatment (400°C-1 h) and a refer-
ence sample, where Ti*'-species were generated by an Ar-
heat treatment (500°C-3 h). The EPR spectra were measured
directly after the thermal treatment and after aging the
samples for four months (air exposure and regular H, photo-
activity measurements). The EPR spectra of all four samples
exhibit a signal at a g-value of g =1.997, which is attributed to
a Ti** defect in the sample."*"¥ In both fresh samples
(TiN400-1h fresh and Ar-anatase fresh) as well as the aged
sample (TiN400-1h after 4 months), additional low-intensity
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Figure 4. CW X-band EPR spectra of oxidized titanium nitride (400°C,
1 h) directly after preparation and after aging for 4 months, recorded
in the solid state at RT and 100 K. Experimental conditions: microwave
frequency =8.96 GHz, modulation width=0.5 mT, microwave pow-
er=1 mW, modulation frequency =100 kHz, time constant=0.1 s.
(a) Comparison of oxidized titanium nitride to Ar-reduced anatase
(freshly prepared and aged) measured at RT. (b) EPR spectra of TiN
400°C-1 h, freshly prepared and after aging for 4 months, measured at
100 K under illumination. (c) EPR spectrum of TiN400°C taken at
100 K under illumination (grey line) and its simulation (two species,
black lines). Simulation parameters: Species A: weight=1.00, S=1/2,
g1=2.0031, g2=2.0026, g3=2.0012, W1=0.31 mT, W2=0.25 mT,
W3 =0.28 mT. Species B: weight=2.75, S=1/2, g1 =2.0220,
g2=12.0056, g3 =1.9810, W1=0.28 mT, W2=0.27 mT, W3 =0.30 mT.
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signals are shown in the range of g=1.97-2.03 (obtained at
RT under dark conditions). Upon illumination at 100 K, the
intensity of the additional signals is highly increased owing to
the photochemical generation of additional paramagnetic
centers (Figure 4b). The better signal-to-noise ratio facilitates
the simulation of the EPR signals, which reveals the presence
of two species (Figure 4c¢): one highly isotropic signal with g-
values of g1 =2.0031, g2 =2.0026, and g3 =2.0012 (species A,
assignable to F-centers or oxygen vacancies)!'”! and one
rhombic signal with g-values of g1 =2.0220, g2 =2.0056, and
g3 =1.9810 (species B, assignable to a Ti**/N,-characteristic
feature;"! see also the Supporting Information). Most
importantly, after aging, a clear difference in the spectra
between the TiN 400°C-1h sample and the Ar-anatase
sample is evident: while the signals for the nitride sample
remains stable upon aging for four months, the reference
sample shows a strong decrease of the signal intensity over
20 days. This indicates that re-oxidation of the locally reduced
anatase sample eliminates the Ti**/O, centers to a large extent
(below the resolution limit of EPR). The high stability of the
TiN 400°C-1 h sample is also evident when investigated at
100 K under illumination in an air atmosphere (Figure 4) and
other conditions (Supporting Information, Figure S6): in all
measurements, the fresh TiN 400°C-1 h (Figure 4b) as well as
the four-months-aged sample (Figure 4c¢) give virtually iden-
tical signals of comparable intensity and hence are in line with
the long-term stability of the catalytically active species (for
example, the hydrogen evolution activity in Figure 1b). The
EPR measurements also strongly support the concept of
charge-transfer resonance being the origin of the N-stabiliza-
tion effect of Ti** in thermally oxidized TiN nanoparticles; an
explanation in terms of an electron transfer equilibrium
between Ti*"/N,—Ti*"/N,~ as suggested by Selloni and co-
workers!™® seems plausible.

In summary, the present work shows that TiN nano-
particles (if sufficiently small) not only can be successfully
converted to an anatase based TiO, photocatalyst, but more
importantly, the material shows a highly stable photocatalytic
H,-production performance (tested over 4 months) without
the use of any noble metal co-catalyst. EPR spectra further
confirm the remarkably stable photocatalytic activity
observed for these samples over time and further support
the concept of a Ti*" related defect structure capable of acting
as a co-catalytic center for H, evolution.

Sample preparation and additional characterization
results are shown in the Supporting Information.
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