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TiO, Nanotubes: Nitrogen-Ion Implantation at Low Dose Provides
Noble-Metal-Free Photocatalytic H,-Evolution Activity

Xuemei Zhou, Volker Hiublein, Ning Liu, Nhat Truong Nguyen, Eva M. Zolnhofer,
Hiroaki Tsuchiya, Manuela S. Killian, Karsten Meyer, Lothar Frey, and Patrik Schmuki*

Abstract: Low-dose nitrogen implantation induces an ion and
damage profile in TiO, nanotubes that leads to “co-catalytic”
activity for photocatalytic H,-evolution (without the use of any
noble metal). lon implantation with adequate parameters
creates this active zone limited to the top part of the tubes. The
coupling of this top layer and the underlying non-implanted
part of the nanotubes additionally contributes to an efficient
carrier separation and thus to a significantly enhanced H,
generation.

Ever since the groundbreaking work of Fujishima and
Honda!" in 1972, photocatalytic water splitting has attracted
tremendous research interest. The process is the application
of a simple photoelectrochemical principle: If light (prefera-
bly solar light) is irradiated on a semiconductor, electron-hole
pairs are generated that may react at the semiconductor
surface with redox couples in the surroundings (if the
energetic positions of conduction and valence band relative
to the corresponding redox potentials are suitable).”! In spite
of hundreds of investigations on a wide range of photo-
catalysts, TiO, still remains the most investigated semicon-
ductive material for photocatalytic hydrogen generation from
various electrolytes (with or without sacrificial agents), as it
has a conduction band-edge level compatible with the
generation of H, from water, is economically and ecologically
sound, and especially as it has a very high (photo)corrosion
resistance.*”!

Nevertheless, a main setback of using titania is that the
charge-transfer reaction kinetics on plain TiO, surfaces and
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thus the H, production rates are extremely slow if no co-
catalysts such as Pt, Pd, or Au are being used.[*> These noble-
metal co-catalysts facilitate or stimulate the transfer of
photogenerated electrons from the conduction band to the
surrounding and thus promote hydrogen production.”! The
use of such a noble-metal co-catalyst, however, puts into
question the economic benefit of using cost-friendly TiO, as
a base material.

Therefore pathways to create noble-metal-free hydrogen-
evolution activity on TiO, are not only of considerable
scientific but also of high economic interest. Up to now few
studies investigated the formation of an intrinsically increased
reactivity of titania for H, generation."! Nevertheless, for
a number of photocatalytic reactions, various defects in TiO,
surfaces are recognized to strongly affect photocatalytic rates
but are also known to be unstable if not present in a sub-
surface configuration.®

A most efficient way to introduce sub-surface lattice
defects (namely vacancy/interstitial pairs) into any crystalline
material is high energy ion implantation.”

Herein we introduce the use of low levels of nitrogen-ion
implantation into TiO, nanotube layers to modify them with
a defined ion and defect distribution. These nanotubes (NTs)
then are investigated for their photocatalytic H, generation
under solar light illumination. The results show that
N-implantation (and the accompanied lattice damage), at
sufficiently low dose, can effectively induce an activation of
anatase TiO, NTs for noble-metal-free photocatalytic H,
evolution (Figure 1).

We selected nitrogen ions for implantation, not only
because they allow the creation of highly controllable lattice
damage but also as they are expected to potentially provide
additional beneficial effects regarding the electronic proper-
ties of the TiO, NTs.l"*!1]

For our experiments we used self-organized TiO, nano-
tube layers grown from titanium metal sheets by electro-
chemical anodization in an NH,F/H,O/EG electrolyte. Such
layers are shown in Figure 1a and consist of individual tubes
of 80 nm in diameter and a length of 6 um. Alternatively some
tube layers were grown to a length of approximately 500 nm
(more details are given in the Supporting Information). The
NT-layers were then converted by air annealing at 450°C to
an anatase structure (as anatase is the most efficient
polymorph of TiO, for photocatalytic H, generation!”>5),
For reference purposes also non annealed, that is, amorphous
TiO, NTs were investigated (see Figure S9-11 in the Support-
ing Information).

Ton implantation was carried out with a Varian 350D ion
implanter at 60 keV at doses of 8x10"ionscm? and 1 x
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Figure 1. a) SEM images of TiO, nanotube layers (ca. 6 um long) in
cross-section and top view (inset). b) SRIM simulation of depth-
distribution of N ions and damage (Ti recoil and O recoil) in a TiO,
nanotube target with an energy of 60 keV at a dose of 8x 10"
atomscm 2. Right: schematic illustration of the damage (black) to
tubes of different lengths. c) Photocatalytic H, evolution from TiO,-
NTs long (6 um, Figure 1a) and short (500 nm, Figure S3) under
AM 1.5 (100 mWcm™?). For the nitrogen implant, two doses of

8x 10" jonscm™ (low dose) and 1x 10" ionscm™2 (high dose) are
shown, along with results for non-implanted reference (annealed) and
amorphous (non-annealed) TiO, nanotube layers.

10" jonscm 2, respectively. Figure 1b shows the results of

SRIM simulations of the depth distributions for implanted
nitrogen ions, as well as damage (by oxygen recoil and
titanium recoil). The simulations show, at 60 keV implanta-
tion, a maximum for the nitrogen ion implant located at
approximately 200-600 nm below the surface and a maximum
in point defect damage at around 100-500 nm below the
surface. To verify the implant profile and presence of N, we
carried out a GDOES depth profile for nitrogen as described
in the Supporting Information, Figure S7 as well as XPS and
TOF-SIMS measurements (Figure S5, S6, S7 and discussion).

Note (c.f. GDOES profile and simulations) that for the
shorter tubes (500 nm), the implant/damage profile pene-
trates the full tube length, whereas for the longer tubes (6 um)
ion implantation leads to a modification only in the top part of
the tubes (illustrated in Figure 1b and discussed in more
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detail in the Supporting Information). Figure 1c¢ shows that
ion implantation can have a strong effect on the photo-
catalytic H, production rate. Interestingly the tube layers that
were exposed to a low-N-dose show a strongly enhanced
activity, while the tubes implanted with a higher dose show
virtually no or only a small effect. Moreover, the beneficial
effect of low-dose nitrogen implantation is much more
pronounced for the longer TiO,-NTs than for the short
tubes (although both contain the same ion- and damage doses
and distributions). This strongly suggests that photogenerated
electrons in the intact part of the long tubes can reach the
implanted zone and react there to form H,.

To characterize the effects of N-implantation on the
structure of the NTs, we studied the layers before and after
nitrogen implantation by XRD, Raman spectroscopy, and
TEM. From XRD taken for a tube layer as shown in
Figure 1a, a clear decrease of the anatase main peak located
at 25.2° can be seen after high-dose N implantation (Fig-
ure 2a). This is in line with a partial amorphization of the
tubes after implantation (see also XRD for amorphous TiO,
NTs).["?l For the low-dose nitrogen implantation, no apparent
decrease of the anatase peak or broadening is evident from
XRD spectra. From Raman spectra (Figure 2b) for plain TiO,
NTs a typical anatase Raman signature can be obtained. The
high-dose implanted TiO, NTs show a significant decrease of
the signals in line with amorphization." For the low-dose
implant NTs, however, the peak intensity of all modes
(Figure 2b inset) decreases only slightly without a clear
change in the position of the Raman band. Such an effect in
Raman spectra has been reported for the introduction of
point defects in TiO, (e.g. by the presence of an increased
vacancy concentration®*1#),

Based on the SRIM simulation and the GDOES profile
(Figure 1b, Figure S1, S7), the damage and implant concen-
tration reaches a maximum at 200-600 nm below the surface.
Therefore we studied the tubes at various depths with
HRTEM and corresponding SAED. Figure 2¢ shows SAED
patterns taken at different distances from the tube top for
a 6 um long nanotube. Even if the tube is implanted at
a higher dose (1x10"ionscm™), in the upmost zone the
SAED image reveals a clear anatase signature. However, for
SAED taken in the range of 400 nm to 600 nm below the top,
the patterns reveal almost total amorphization of the tube
walls. This amorphization in the maximum-damage zone of
high-dose nitrogen implantation is also visible from HRTEM
images (see Figure S4). In contrast, for samples implanted at
a lower dose even in the maximum damage zone, no changes
in the reflex-patterns or blurring in the SAED is apparent—
that is, a clear anatase pattern is obtained. This indicates that
under these conditions the introduced damage is not suffi-
cient to significantly alter the basic anatase character of the
tube wall. SAED for tube regions at 1.5 um below the top and
lower shows again clear patterns of crystalline anatase for
both implant doses.

To characterize the tubes in view of a modification of the
electronic and electrochemical properties we carried out
impedance and photoelectrochemical measurements as
shown in Figure 3 and discussed in detail in the Supporting
Information, Figure S8. Additionally we investigated the
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further be facilitated by the fact that a beneficial
electronic junction is formed (as illustrated in Fig-
ure S12).

To gain additional information on the nature of
the defects induced by low-dose ion implantation we
used electron paramagnetic resonance spectroscopy
(EPR).['! Figure 4a shows the CW X-band EPR
spectra for the reference, the low- and the high-dose
nitrogen-implanted TiO, nanotubes recorded at
a temperature of 7 K (liquid He). In the spectrum
of the plain TiO, NTs, only trace amounts of defects
(“F-centers” or oxygen vacancies!'’!) are detectable.
For the implanted samples, an additional and signifi-
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cantly stronger signal is apparent.!'® Interpretation
of the EPR spectra (Figure S13 and discussion)
suggests that this signature can be attributed to
a combination of Ti*'/N, (N,: bulk nitrogen in
substitutional or interstitial position). This configu-
ration stabilizes Ti*' centers by charge-transfer
resonance (Figure S14)'Y and thus, such Ti** species

Figure 2. a) X-ray diffraction (XRD) and b) Raman spectra of TiO, nanotube
layers (as shown in Figure 1a) before and after N implantation with doses of
8x10" ionscm 2 and 1x10'® ionscm 2, c) SAED patterns of N-implanted TiO,
NTs with a high dose of 1x10'® ionscm™?, taken at the top, at 400 nm to 600 nm
below the surface, and at 1500 nm below the surface showing amorphization in
the maximum implant zone (100-500 nm below the surface). Right image: SAED
at same level (400 nm to 600 nm) below surface for low dose (8 x 10" ionscm )

implantation showing a still-intact anatase pattern.

effects induced by ion implantation by solid state I-V curves
as shown and discussed in Figure S9.

Overall, the results of Figure 3a—d show that nitrogen
implantation generally increases the doping concentration,
and the high dose has detrimental effects on the photocurrent
magnitude, leads to excessive charge carrier recombination
and a high charge-carrier-transfer resistance to the electro-
lyte. These effects, to a large extent, can be ascribed to
amorphization of the anatase structure by ion-beam damage
that strongly affects the tubes detrimentally in view of
electrical (Figure S10) and photoelectrochemical properties
(Figure S11). Low dose N implantation, on the other hand,
leads to an increase of the sub-band-gap response in anatase
(states ca. 0.2 eV below the conduction band) that drastically
reduces the charge-transfer resistance (see Supporting Infor-
mation).

For the longer tubes, low-dose ion implantation leads thus
to an active zone close to the tube top that provides beneficial
co-catalytic and electronic effects. In this case, additionally,
photogenerated electrons from underlying intact parts of the
tube can reach this active zone. (This seems plausible
considering that light with an energy in the band-gap region
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are regarded as particularly robust against re-oxida-
tion.

The higher dose implant exhibits the same
characteristic EPR spectrum but with a higher
signal intensity. In other words, also in the high-
dose-implant material the same type of defect
pattern is present but because of the excess electron
trapping and recombination in the amorphous sur-
roundings, these centers cannot contribute to elec-
tron transfer to the surroundings. To further illustrate this
aspect, we performed classic photocatalytic decay measure-
ment for the degradation of the dye AO7 (Figure S15) and
fluorescence tests for ‘OH radical generation (Figure 4b). In
the AO7 tests we observe that either amorphous tubes or
tubes with a high-dose implant are considerably less active
than pure anatase or low-dose-implanted tubes. In this
process the low-dose-implanted tubes do not outperform
the anatase tubes—the degradation of AO7 is mainly
a valence-band-controlled process.”>'® However, when
using the classic terephthalic acid test for the identification
of photo-induced radical species related to conduction-band
electron transfer to the electrolyte (Figure 4b and Supporting
Information), we find that the low-dose tubes show a drasti-
cally higher electron-transfer rate than anatase tubes or the
high-dose-implanted tubes. (Amorphous material shows vir-
tually no activity.)

Overall, we find that low-dose (sufficiently high energy)
nitrogen implantation into anatase TiO, nanotubes leads to
an intrinsic co-catalytic effect that strongly promotes the
photocatalytic H, evolution performance of TiO, nanotube
layers without the use of any (noble metal) co-catalyst. This is
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Figure 3. Electrochemical and photoelectrochemical characterization for the N-implanted, reference, and amorphous TiO, nanotubes. a) Mott—
Schottky plots (inset: enlarged plots for the low- and high-dose N-implanted samples) obtained in 0.1 M Na,SO,. b) Nyquist plots from the EIS
measurements in 0.1 M Na,SO, at 200 mV (vs. Ag/AgCl). The inset shows the full range Nyquist plot. c) Photocurrent spectra in 0.1 m Na,SO, at
500 mV (vs. Ag/AgCl) (inset: band-gap valuation from the photocurrent spectra). d) Photocurrent transients taken at 405 nm in 0.1 m Na,SO, at

500 mV (vs. Ag/AgCl). All tubes were as

shown in Figure S3.
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in contrast to high-dose nitrogen implantation that leads to
amorphization of the implanted region. Using a sufficiently
low dose allows and essentially an intact anatase matrix to be
maintained that is dosed with distinct defects and dopants.
Electrochemically active states are situated close to the
conduction band and are apparent in the capacitance
measurements, photocurrent spectra, and photocurrent tran-
sients. EPR spectra indicate the presence of a Ti*" config-
uration that is nitrogen stabilized. A particular advantage of
creating these defect centers by N-implantation is that the
active centers can be placed as a coherent layer at a sub-
surface location determined by the selected energy—that is,
in vertically aligned TiO, nanotubes an active zone (junction)
can be embedded in intact nanotubes and a highly synergistic
combination of light/electron harvesting and co-catalytic
activity can be established.
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