
S
e

M
H
a

b

a

A
R
R
A

K
T
S
P
P
P

1

s
a
t
e
s
b
n
t
w
m
a
p

T
o
o

(

h
2
0

Applied Materials Today 17 (2019) 104–111

Contents lists available at ScienceDirect

Applied  Materials  Today

j ourna l ho me  page: www.elsev ier .com/ locate /apmt

ulfur  treated  1D  anodic  TiO2 nanotube  layers  for  significant  photo-  and
lectroactivity  enhancement

ilos  Krbal a,∗, Siowwoon  Ng b,  Martin  Motola a, Ludek  Hromadko a,  Filip  Dvorak a, Vit  Prokop a,
anna  Sopha a,b, Jan  M.  Macak a,b,∗

Center of Materials and Nanotechnologies, Faculty of Chemical Technology, University of Pardubice, Nam. Cs. Legii 565, 53002 Pardubice, Czech Republic
Central European Institute of Technology, Brno University of Technology, Purkyňova 123, 612 00 Brno, Czech Republic
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In this  work,  we  show  that  sulfur  treated  1D  anodic  TiO2 nanotube  layers  lead  to  improved  photo-
electrochemical  and  catalytic  properties  compared  to the  blank  nanotube  layers.  This  treatment  was
performed  in  the  evacuated  quartz  ampoules  in the  temperature  range  from  250  to 450 ◦C.  Inspection
of  the sulfurized  nanotube  layers  via  scanning  electron  microscopy  (SEM)  and  X-ray  diffraction  (XRD)
has  disclosed  a gradual  crystal  growth  within  nanotube  walls,  represented  by  TiS2 or  TiS3 phases.  Opti-
mally  sulfurized  TiO2 nanotube  layers  exhibit  3  times  enhanced  photocurrent  in  the  UV  spectral  region,
ulfurization
hotocurrent
hotocatalysis
hotoelectrochemistry

compared  to the  blank  counterpart,  with  a shift  of  the  light  absorption  up to the  wavelength  of 550  nm.
In  addition,  the  photocatalytic  decomposition  of  a  methylene  blue  aqueous  solution  using a  wavelength
of  365  nm  is  gradually  improved  with  increasing  sulfurization  temperature.  The  highest  photocatalytic
decomposition  rate  is 2.3 times  larger  compared  to the  blank  TiO2 nanotube  layer.  The  application  of
sulfurized  TiO2 nanotube  layers  for the  electrocatalytic  hydrogen  evolution  is  also  discussed.

© 2019  The  Authors.  Published  by Elsevier  Ltd.  This  is an  open  access  article  under  the  CC  BY-NC-ND
. Introduction

Among metal oxide semiconductors, titanium dioxide (TiO2) has
hown to be the one of the most efficient, non-toxic, chemically
nd photochemically stable material (under long-term exposure
o irradiation) for electrochemical applications such as a hydrogen
volution [1,2], photocatalysis [3–5], and dye sensitized and hybrid
olar cells [6,7]. In order to enhance the photoactivity, TiO2 has
een produced in many forms, namely, nanoparticles, nanowires,
anorods or self-organized nanotube layers with consequence on
he total surface area and photogeneration of electron-hole pairs
ith a sufficiently high concentration [8–10]. Especially, the latter
entioned one-dimensional (1D), ordered nanostructures offer the

dvantage of directed charge transport as well as a long lifetime of
hotogenerated charge carriers.

The major limitation of the outstanding performance of pure

iO2 is its absorption in the UV light spectral region (the band gap
f TiO2 in the anatase phase is 3.2 eV) and thus only a small portion
f the solar spectrum can be efficiently harvested. To overcome this
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license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).

drawback, additional engineering of TiO2 via doping with metals
[11–14] or non-metals [15–20], anodic reduction [21,22], creation
of black TiO2 [23,24], using of plasmonic Ag nanoparticles [13,25]
and coating of TiO2 by secondary materials with lower bandgap
[26] was used to shift the light absorption into the visible spectral
region.

Recently, non-metal doping has been found as one of the consis-
tent ways how to desirably tune the band gap of TiO2. In contrast
to metal doping, that typically induces extra recombination cen-
tres as well as low thermal stability [20], the incorporation of N, C,
chalcogenides or halides circumvents the aforementioned short-
comings and thus essentially improves the solar light conversion
efficiency. For instance, sulfur doped (S-doped) TiO2 nanoparticles
have shown substantially enhanced photocatalytic performance,
when operated in the visible (VIS) spectral region [27–31]. Based
on Density Functional Theory (DFT) calculations, the VIS spectral
region photoactivity of S-doped TiO2 exclusively originates from
the substitution of Ti or O atoms by S atoms, whereas incorporation
of S atoms into the interstitial position has been proven to be ener-
getically unfavourable [31]. In addition, in the case of Ti-rich TiO2,
S atoms should predominantly enter into the anion sub-lattice,

creating new energy levels within the bandgap. However, exper-
imental findings by XPS have disclosed that S atoms in TiO2 mainly
prefer the cation substitution S4+/S6+ in the form of SO3

2−/SO4
2−,
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ather than the anion counterpart S2−, probably due to the larger
nionic radius of S2− in comparison to that of O2− [32]. Also, the
ation substitution generates the red shift of the absorption edge
nd thus enhances the VIS spectral region photoactivity. It has been
eported that the presence of both cationic and anionic S species
trongly depends on the preparation conditions. For example, S-
oped TiO2 nanoparticles prepared by means of annealing of TiS2
anoparticles in air showed residual S2− units [33], whereas S4+/S6+

re the characteristic features after the sol-gel synthesis from tita-
ium (IV) isopropoxide and thiourea [33] or H2SO4 [32] precursors
r via sulfidation of P25 TiO2 nanoparticles in gaseous H2S [34].

To our knowledge, the research of S-doped TiO2 in terms of
ncreased photoactivity has been mainly performed on nanopar-
icles, while only a brief report on sulfurized TiO2 nanotube layers
ia H2S at 380 ◦C or 500 ◦C has been shown [29,35,36]. Recently,
iO2 nanotube layers sulfurized at 450 ◦C for 3 h were success-
ully employed as electrode of lithium–ion microbatteries [37,38].
owever, a systematic study on sulfur treated 1D ordered TiO2
anostructures, such as self-organized TiO2 nanotube layers, has
ot been conducted yet. To close this gap, we optimized sulfur-

zation conditions in the temperature range from 250 to 450 ◦C at
ifferent durations to achieve the maximum photocurrent collec-
ion, yet protecting the structural integrity of the nanotubes. We
lso present potential applications of the sulfurized TiO2 nanotube
ayers for the photocatalytic decomposition of the methylene blue
queous solution and for the electrocatalytic hydrogen evolution.

. Experimental

Prior to anodization, the Ti foils (Sigma-Aldrich, 0.127 mm,  99.7%
urity) were degreased by sonication in isopropanol and acetone,
hen rinsed with isopropanol and dried in air. The electrochemical
etup consisted of a two-electrode configuration using a platinum
oil as the counter electrode, while the Ti substrates (working elec-
rodes) were pressed against an O-ring of the electrochemical cell,
eaving 1 cm2 opening exposed to the electrolyte. Ti foils of a size
f 0.75 × 3 cm2 were used as working electrodes for the production
f TiO2 nanotube layers on stripes. Electrochemical experiments
ere carried out at room temperature employing a high-voltage

otentiostat (PGU-200 V, IPS Elektroniklabor GmbH).
The TiO2 nanotube layers, with a thickness of ∼20 �m and a

anotube diameter of ∼110 nm,  were prepared by anodization of
i foils at 60 V (with sweep rate of 1 V/s) for 4 h in an ethylene
lycol based electrolyte containing 170 mM NH4F and 1.5 vol.% of
eionized H2O. After the anodization, the grown TiO2 nanotube

ayers were rinsed and sonicated in isopropanol and dried in air. The
s-prepared amorphous nanotube layers were further crystallized
o the anatase phase by annealing at 400 ◦C for 1 h in air atmosphere
ith a heating rate of 2 ◦C/min and natural cooling carried out in a
uffle oven.

The sulfurization of TiO2 nanotube layers was performed as fol-
ows: TiO2 nanotube layers along with 0.2 g of pure sulfur were
laced into cleaned quartz ampoules which were subsequently
vacuated to 10−3 Pa and sealed. In the next step, the evacuated
mpoules were exposed to temperatures in the range from 250 ◦C
o 400 ◦C (50 ◦C step) all for 7 min, and 450 ◦C for 7, 30 min  and 3 h
ith a heating rate of 5 ◦C/min and then naturally cooled to the

oom temperature inside the furnace.
The structure and morphology of the TiO2 nanotube layers were

haracterized by an X-ray diffractometer (Empyrean, Malvern Pan-
lytical) and field-emission scanning electron microscope (FE-SEM

EOL JSM 7500 F).

All photocurrent measurements were carried out in an aque-
us electrolyte containing 0.1 M Na2SO4 at a constant potential of
.4 V vs 3 M Ag/AgCl, employing a photoelectric spectrophotometer
 Today 17 (2019) 104–111 105

(Instytut Fotonowy) connected with the modular electrochemical
system AUTOLAB (model “PGSTAT 204”, Metrohm Autolab B.V.)
operated with Nova 1.10 software. A three-electrode cell with a
flat quartz window was  employed with a Ag/AgCl reference elec-
trode, a Pt wire counter electrode and the anodized and annealed
Ti substrate as working electrode, pressed against an O-ring of
the electrochemical cell leading to an irradiated sample area of
0.28 cm2. The wavelength dependence of photocurrent densities
was measured using a monochromatic light source provided by
a 150 W Xe lamp and a universal grating monochromator, with
a bandwidth of 5 nm.  The monochromatic light source employed
for excitation was  controlled using a shutter between light and
dark phases with an interval of 10 s. Further to that, the photocur-
rent density transients were measured at constant wavelengths of
360 nm and 450 nm (these wavelengths were selected based on
the maximum photocurrent density, representing the highest pho-
toresponse in the UV and VIS light spectrum, respectively). Cyclic
voltammograms were recorded in the potential range from −0.4 V
to 1 V vs. 3 M Ag/AgCl with a sweep rate of 5 mV/s, starting at 0 V
towards positive voltages in the dark.

The photocatalytic decomposition of an aqueous methylene
blue (MB) solution with an initial concentration of 1 × 10−5 M
was performed in a quartz cuvette with irradiation by a LED-
based UV lamp with a power output 10 W and a wavelength of
365 ± 5 nm.  Prior to the MB  photodecomposition, probed samples
with an area of 0.75 × 3 cm2 were immersed in a quartz cuvette
containing 3.5 ml  MB for 1 h with constant stirring to achieve a
dye adsorption–desorption equilibrium. The absorbance of the MB
solution was  periodically measured (10 or 30 min interval) by a
UV–VIS spectrometer (S-200, Boeco) at a wavelength of 670 nm to
monitor the decomposition rates.

3. Results and discussion

The optimization process was  carried out within two comple-
mentary steps. First, the time of sulfur treatment was reduced from
3 h to 7 min  at a constant temperature of 450 ◦C. In the second step,
the sulfur treatment duration was  fixed at 7 min  while the tem-
perature was  gradually decreased from 450 ◦C to 250 ◦C with 50 ◦C
step. Fig. 1A shows that the incident photon-to-electron conversion
efficiency (IPCE) across the spectral range from 310 to 550 nm sig-
nificantly increases with decreasing the sulfurization time from 3 h
to 7 min  at a constant temperature of 450 ◦C. Further, decreasing the
temperature from 450 ◦C to 400 ◦C results in two  changes, namely:
1̃5% drop in IPCE in the wavelength range from 300 to 340 nm and
1̃2 nm red-shift in the wavelength range from 350 to 370 nm.  How-
ever, the IPCE does not change with a subsequent decrease of the
temperature to 350 ◦C. One can see from Fig. 1B that sulfurization
at temperatures lower than 350 ◦C leads to a reduction in photore-
sponse in both UV and VIS spectral regions, which indicates that the
sulfurization at 350 and/or 400 ◦C for 7 min  represents the optimal
experimental conditions to obtain the most effective photocurrent
generation via sulfur treated TiO2 nanotube layer.

In contrast to the blank TiO2 nanotube layer, sulfurized TiO2
nanotube layers show superior photoresponse, as shown in Fig. 1.
More specifically, the IPCE values were about 3 times higher
for optimally sulfurized TiO2 nanotube layers (350 ◦C and 400 ◦C,
7 min) in the UV spectral region, reaching 60% IPCE at 360 nm
shown in Fig. 1A, as compared with the blank counterpart. This phe-
nomenon can be ascribed to the annihilation of surface defects in
TiO2 [26,31], resulting in significant inhibition of the charge carrier

recombination.

Similar results have been very recently reported on S-TiO2
nanoparticles prepared from DMSO [39] as well as on TiO2 nan-
otube layers sulfurized by a mixture of H2/H2S at 500 ◦C for 30 min
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Fig. 1. A) and B) Incident photon-to-electron conversion efficiency (IPCE) of sulfu-
rized TiO2 nanotube layers in the temperature ranges from 350 to 450 ◦C and from
250  to 350 ◦C, respectively. C) and D) photocurrent transients at 360 nm and 450 nm,
respectively, recorded for blank and sulfurized TiO2 nanotube layers at different
conditions.

◦
Fig. 2. XRD patterns of the blank and sulfurized TiO2 nanotube layers at 250 C,
350 ◦C, 450 ◦C for 7 min  and 450 ◦C for 3 h. The 2� area selection demonstrates the
formation of characteristic peaks of different Ti-S phases.

[35]. It is fair to stress that a pure H2S treatment under the
same conditions demonstrates lower IPCE in contrast to H2/H2S
[29,35]. However, the latter approaches exhibited significantly
lower photoresponse in the visible spectral region in comparison
with sulfurized TiO2 nanotube layers under optimum conditions
presented in this work.

As a consequence, upon irradiation, the photocurrent response
of sulfur treated TiO2 nanotube layers rises abruptly in comparison
with the sluggish charge transfer kinetics observed in the blank
nanotube layer in Fig. 1(C). The incorporation of S atoms into the
TiO2 nanotube layers broadens the photocurrent generation from
the UV spectral region to 550 nm,  which is in a good agreement with
previous studies on S-doped TiO2 nanoparticles [31]. The extension
to the VIS light absorption has been described via DFT as substitu-
tional anionic doping of S within TiO2 host matrix, forming S3p
orbitals at the top of the valance band maximum and mixing them
with O2p orbitals [30], which reduce the band gap.

The highest photoresponse in the VIS spectral region was
observed for nanotube layers sulfurized for 7 min  in the temper-
ature range of 350–450 ◦C, as shown in Fig. 1A and D. In the case of
temperatures lower than 350 ◦C, the sulfurization process seems
to be insufficient, whereas sulfurization at 450 ◦C induces addi-
tional charge traps. Both aspects will be discussed based on the
crystallography and the surface morphology of sulfurized TiO2 nan-
otube layers. Complementary diffuse reflectance spectra were also
recorded for the blank and sulfurized TiO2 nanotube layers and are
shown in Figure S1. These spectra are in good agreement with the
IPCE values.

To unravel the role of the S-based structure on the photocur-
rent enhancement, we collected the X-ray diffraction patterns of
the blank and sulfurized TiO2 nanotube layers. At this point, we
only singled out TiO2 nanotube layers for which trends in the IPCE
curves showed substantial changes in intensity and the red-shift
responses, namely: sulfurized at 250 ◦C, 350 ◦C (optimized condi-
tion), 450 ◦C for 7 min  and 450 ◦C for 3 h and blank (as the reference
sample), respectively. Fig. 2 displays XRD patterns recorded in the
range of 2� from 5 to 20◦, where the dominant characteristic peaks
of Ti-S phases can be found. One can see that the blank TiO2 nan-
otube layer does not feature any peak in the studied range of 2�.
Upon sulfurization of TiO2 nanotube layers at 250 ◦C for 7 min, a
diffraction peak appears at 2�  ̃ 16.5◦ which corresponds to the

TiS2-x or Ti-S-O phase with unidentified composition. When the sul-
furization was  increased to 350 ◦C, a new diffraction peak emerges
at 2�  ̃ 15.4◦ which can be assigned to the TiS2 phase, adopting
the hexagonal structure with space group P 3̄ m1 [40], while the
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Fig. 3. XPS spectra of the blank and sulfurized TiO2 nanotube layers at 250 ◦C,
350 ◦C, 450 ◦C for 30 min and 450 ◦C for 3 h. The 2� area selection demonstrates
M. Krbal et al. / Applied Ma

ormer TiS2-x phase disappears. Since the sulfurization process is
erformed under the atmosphere with significant surplus of sul-

ur, the sulfur treatment at 450 ◦C leads to the recrystallization of
iS2 into a new phase TiS3, with its characteristic diffraction peak
t 2�  ̃ 10.3◦, possessing the monoclinic structure with space group
21/m [41]. Based on the XRD evaluation and in comparison with
he IPCE results, one comes to a conclusion that mild sulfurization
350 and 400 ◦C for 7 min), creating TiS2 phase within nanotube
alls, is the most efficient in terms of the photocurrent generation

mong all conditions used in this study.
Nevertheless, the Bragg diffraction analysis is not the sur-

ace sensitive method. To illustrate the surface composition we
erformed XPS analysis of sulfurized sample at 250, 350 ◦C for

 min  (optimum conditions for photocurrent harvesting), 450 ◦C for
0 min  (the optimum condition for the photocatalytic decomposi-
ion of the MB  aqueous solution) and 450 ◦C for 3 h (final state) to
lucidate the oxidation states of the sulphur upon different sulfur-
zation conditions.

One can see from Fig. 3 that upon analysis of the S2p XPS spec-
ra, it was identified a few different sulphur specimens, namely
2− with the binding energy, EB(2p3/2) = 160.2 eV [38,42], S2

2−

ith the binding energy, EB(2p3/2) = 161.5 eV [38,42], (Sx)2− with
B(2p3/2) = 162–163.8 eV assigned to polysulphides with a vari-
ble number of sulphur atoms in the chain [43], elemental S with
B(2p3/2) = 163.8 eV [43], (SO3)2− unit with EB(2p3/2) = 166.4 eV
66.5 and (SO4)2− unit with EB(2p3/2) = 168.6 eV [32]. It is appar-
nt that (Sx)2− polysulphides gradually transform into S2

2− and S2−

tructural units with increasing temperature at which sulfurization
roceeds.

Upon sulfurization at 450 ◦C for 3 h exclusively S2
2− and S2−

ons can be considered as a dominant oxidation states of sulphur
pecies on the surface of the TiO2 nanotube layers. The results man-
fest that the surface composition is complex rather than uniform
emonstrated by XRD. There are at least two aspects which can
escribe the distinct structural information obtained from XRD and
PS. First, XPS probes only the surface area while XRD the whole
olume of all samples. Second, in this work double wall TiO2 nan-
tube layers [44,45] were used. The outer shell on nanotubes is
ormed from a “pure” TiO2 while the inner shell is porous contain-
ng some dopants (C, F,..) and thus the inner shell is more defective.
t seems, from Fig. S2, that the TiO2 in the inner shell reacts readily

ith the vapour sulphur in comparison with TiO2 in the outer shell.
Further, the morphology of the blank and sulfurized TiO2 nan-

tube layers was characterized by SEM. Fig. 4 left column shows
op-view SEM images of a blank TiO2 nanotube layer annealed
t 400 ◦C and sulfurized TiO2 nanotube layers at 350 ◦C, 400 ◦C,
50 ◦C for 7 min, 450 ◦C for 30 min  and 450 ◦C for 3 h. The corre-
ponding representative cross-sectional SEM images, taken at the
ottom part of the nanotube layers, are shown in the right col-
mn  of Fig. 4. An obvious increase of the wall thicknesses with
he increasing sulfurization temperature and time unequivocally
onfirms the reaction of TiO2 with elemental sulfur in the vapour
hase and the growth of new Ti-S or Ti-O-S phases depending on the
ulfurization conditions. In order to demonstrate that the TiO2 nan-
tube layers were homogeneously treated with sulfur throughout
he whole thickness of all layers (approx. 20 �m),  cross-sectional
EM analyses of the sulfurized TiO2 nanotube layers were carried
ut.

These analyses verified that the nanotubes were indeed prop-
rly sulfurized from the top to the bottom part as well as within
he interiors and exteriors for all nanotube layers. The surface of
he blank TiO2 nanotubes is covered by typical ripples on the tube

alls connecting the nanotubes together without any other obvi-

us features in between these ripples. Upon sulfurization at 350 ◦C,
he number of these ripples was dramatically reduced and the tube
all surface was overlaid with flat crystals well adhered to the orig-

the  formation of characteristic peaks of different Ti-S phases.
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Fig. 5. Photocatalytic decomposition of an aqueous MB  solution using blank TiO2

nanotube layers and layers sulfurized at 350, 400, 450 ◦C for 7 min  and 450 ◦C for
ig. 4. (Left column) top-view and (Right column) cross-section SEM images of a
lank self-organized TiO2 nanotube layer and sulfurized TiO2 nanotube layers at
50 ◦C, 400 ◦C, 450 ◦C for 7 min, 450 ◦C for 30 min  and 450 ◦C for 3 h.

nal TiO2 nanotubes. With increasing sulfurization temperature, the
ewly formed crystals gradually became more pronounced. For the
emperature of 450 ◦C (and with increasing durations), the growing
rystals gradually interrupt the original continuous nanotube bod-
es and form rather large connected crystals. We  assume that this
henomenon can be responsible for the dramatic decrease in IPCE,
bserved in Fig. 1, rather than the change in crystal phase from TiS2
o TiS3, as discussed along the observations in Fig. 2.

In general, transition metal dichalcogenides (TMDCs), such as
iS2 presented here, have been successfully employed in many
pplications [46–48]. Among them, the photocatalytic decompo-

ition of organic dyes represents a prototypical model application
f removing pollutants from various wastewaters [31]. In this work,
e have performed the photocatalytic decomposition of a methy-

ene blue aqueous solution (MB) under UV light irradiation at the
30 min and 3 h. Solid lines represent the linear fit of the experimental data and
dashed lines are extended fits for the experimental data which are not included in
the fit.

wavelength of 365 nm.  The results in Fig. 5 manifest that the pho-
tocatalytic decomposition of MB  accelerates with an increasing
degree of sulfurization. In this experimental set, the best condi-
tions of sulfurization were found to be 450 ◦C for 30 min, having
the photodecomposition rate constant 0.028 min−1 which is about
2.3 times higher, compared to the rate constant of the blank TiO2
nanotube layer (0.012 min−1).

While the observed trend is not fully in an agreement with the
photocurrent results, the explanation of the phenomenon can be
described as follow. When the photocurrent is collected, the photo-
generated electrons have to be transported to the positive electrode
across the whole thickness of nanotube layer. As aforementioned,
sulfurization of TiO2 nanotube layers at 450 ◦C produces more 3D
crystals rather than flat crystals formed at lower temperatures and
thereby generates more electron traps. Also, an increased number
of the S-Ti-S triplet layers connected with Van der Waals bonds
within the hexagonal phase could significantly suppress the elec-
tron transfer in the direction perpendicular to the basal plane [48].
Both aspects have a detrimental effect on the charge carrier trans-
port.

Contrary, the photocatalysis proceeds on the solid/liquid inter-
faces. The low temperature sulfur treatment helps to annihilate
surface states by TiS2 flat crystals, which are well connected to
the TiO2 nanotube walls. This might explain the enhancement of
photocatalytic decomposition of the MB,  when sulfurized at 350
and 400 ◦C, in contrast to the blank counterpart, while their pho-
todecomposition rate constants (k = −0.017 min−1) are similar. It is
obvious from SEM images that sulfurization at 450 ◦C with increas-
ing time augments the surface roughness of the TiO2 nanotube
walls by means of nanotube recrystallization which enlarges the
effective surface area. It was  described in the literature that in the
case of TMDCs, the catalytic active centres are located on the edge
sites of individual triplet layer [48]. We  believe that the distinct Ti-
S crystallites might increase the number of active centres, which
accelerates the photocatalytic decomposition of the MB  solution
with increasing degree of sulfurization.

On the other hand, the SEM top view image of the sulfurized
TiO2 nanotube layer at 450 ◦C for 3 h shows a noticeable increase
of the nanotube wall thickness resulting in the reduction of tube

diameters as well as in a decrease of gaps between nanotubes. These
morphological changes markedly reduced the active surface area
resulting in a lower photocatalytic activity of the heavily sulfurized
nanotube layer. Last but not least, Figure S3 shows the stability
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Fig. 6. CV curves showing dark current densities recorded for TiO2 nanotube layers
sulfurized at temperatures A) from 250 to 350 ◦C for 7 min, B) from 350 to 450 ◦C for
7  min and 450 ◦C for 30 min  and 450 ◦C for 7 and 30 min, and 3 h. The dark current
d

o
a
c

a
g
[
t
i
d
f
a
f

−100 �A/cm2. The sulfurization at temperatures higher than 350 ◦C
ensity of a blank TiO2 nanotube layer is included in all figures as the reference.

f the photocatalytic performance of the sulfurized TiO2 nanotube
t 400 ◦C for 7 min  recorded for 2 different tests with one sample
arried out with a 5 day span.

Next to the utilization as photocatalysts, the family of TMDCs has
lso attracted significant attention in the electrocatalytic hydro-
en evolution due to their high intrinsic activity in this reaction
35,48–53]. To exploit sulfurized TiO2 nanotube layers for the elec-
rocatalytic hydrogen evolution, we recorded numerous CV curves
n the range of potentials from −0.4 to 1 V vs Ag/AgCl under the
ark condition. Results are summarized in Fig. 6 for various sul-
ur treatments. One can see from Fig. 5A that the current densities
t −0.4 V vs Ag/AgCl gradually increase with the increasing sul-
urization temperature from 250 to 350 ◦C. The highest value of
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−200 �A/cm2 is obtained for the TiO2 nanotube layer sulfurized at
350 ◦C, while the blank counterpart generates only −100 �A/cm2.

Although sulfurization at temperatures higher than 350 ◦C does
not enhance the current density at −0.4 V, the cathodic peak is
extended to the more positive potentials, as shown in Fig. 6B. It is
noteworthy that the obtained results are comparable with recently
published reports on TiS2 nanosheets [51] and about an order of
magnitude lower with respect to the hydrogen evolution reaction
processed using TiS2 QDs [51] and rather worse than a combination
of TiS2 – Pt [54].

The Tafel slopes demonstrate the benefit of the sulfurization of
TiO2 nanotube layers for H2 evolution (Fig. S4). Compared with
blank TiO2 nanotube layers, a gradual decrease of Tafel values
can be observed for sample after sulfurization until 350/400 ◦C
for 7 min, namely from 125 mV/dec to 97 mV/dec. Sulfurization at
450 ◦C leads to increase the Tafel values again. While the present
results are comparable with TiS2 nanosheets [51,54] but worse in
comparison with standard Pt/C 30 mV/dec [54,55] or other recently
reported advanced materials [51,54,56] they demonstrate a use-
ful strategy for further optimalization of low cost electrocatalytic
hydrogen evolution catalysts.

On top of that, TiO2 nanotube layers sulfurized at 450 ◦C exhibit
also the anodic oxidation peak in the potential range of −0.4 to 1 V.
The intensity of this peak dramatically increases with the sulfuriza-
tion time (see Fig. 6C). For example, TiO2 nanotube layers exposed
to the sulfur atmosphere for 3 h acquire a significant current density
of 1.2 mA/cm2 at 1 V which is in strong contrast with a few �A/cm2

monitored on the blank and other sulfurized TiO2 nanotube lay-
ers treated at milder conditions than 450 ◦C for 3 h. In combination
with XRD analyses, we  believe that the observed anodic peak is
directly linked to the presence of the TiS3 phase formed on the
TiO2 nanotube layers, whereas the TiS2 phase does not succumb to
the obvious oxidation process until 1 V vs Ag/AgCl.

4. Conclusions

In conclusion, we  presented a systematic study on sulfur treated
1D anodic TiO2 nanotube layers produced in the evacuated quartz
ampoules in the range of temperatures from 250 to 450 ◦C with
different durations from 7 min  to 3 h. We  showed that the high-
est IPCE and at the same time the maximum red shift in the light
absorption was observed for the optimal sulfurization conditions:
350 ◦C for 7 min. Corresponding XRD patterns revealed that the TiO2
nanotubes consist of the TiS2 phase. In contrast, long-term sulfu-
rization at 450 ◦C (herein shown for 3 h) leads to the formation of
the TiS3 phase within the TiO2 nanotubes, confirmed by XRD. Next,
we demonstrated that the sulfurization modifies the morphology
and surface area of TiO2 nanotubes by further recrystallization.
Although the crystal formation on the surface of TiO2 nanotubes
becomes stronger with increasing temperature, nanotube layers
maintain their structural integrity and do not collapse in any case.
Further, we presented that the photocatalytic decomposition of
MB using a wavelength of 365 nm was  gradually enhanced with
increasing sulfurization temperature until 450 ◦C for 30 min com-
pared to the blank nanotube layers. Nanotube layers sulfurized
at 450 ◦C for 3 h operated at similar rates as the blank layers.
Finally, we demonstrated the potential application of sulfurized
TiO2 nanotube layers for the electrocatalytic hydrogen evolution.
We showed that the highest current density of −200 �A/cm2 col-
lected at −0.4 V vs Ag/AgCl is obtained for the TiO2 nanotube layer
sulfurized at 350 ◦C, while the blank counterpart generates only
does not enhance the current density at −0.4 V but the cathodic
peak is extended to more positive potentials. Finally, the sulfurized
TiO2 nanotube layers at 450 ◦C for 3 h exhibit also an anodic oxida-



1 terials

t
a
t

A

Y
L
C
a

A

t
0

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

10 M. Krbal et al. / Applied Ma

ion peak resulting in a significant current density of 1.2 mA/cm2

t 1 V which is in strong contrast with a few �A/cm2 generated by
he blank TiO2 nanotube layers.

cknowledgements

European Research Council (project nr. 638857), Ministry of
outh, Education and Sports of the Czech Republic (projects nr.
M2015082, LQ1601 and CZ.02.1.01/0.0/0.0/16 013/0001829) and
zech Science Foundation (GACR) (project nr. 19-17997S) are
cknowledged for financial support of this work.

ppendix A. Supplementary data

Supplementary material related to this article can be found, in
he online version, at doi:https://doi.org/10.1016/j.apmt.2019.07.
18.

eferences

[1] A. Fujishima, K. Honda, Electrochemical photolysis of water at a
semiconductor electrode, Nature 238 (1972) 37–38, http://dx.doi.org/10.
1038/238037a0.

[2] X. Chen, S.S. Mao, Titanium dioxide nanomaterials: synthesis, properties,
modifications and applications, Chem. Rev. 107 (2007) 2891–2959, http://dx.
doi.org/10.1021/cr0500535.

[3] M.R. Hoffmann, S.T. Martin, W.  Choi, D.W. Bahnemann, Environmental
applications of semiconductor photocatalysis, Chem. Rev. 95 (1995) 69–96,
http://dx.doi.org/10.1021/cr00033a004.

[4]  A. Mills, S. Le Hunte, An overview of semiconductor photocatalysis, J.
Photochem. Photobiol. A 108 (1997) 1–35, http://dx.doi.org/10.1016/S1010-
6030(97)00118-4.

[5] H. Sopha, M.  Baudys, M.  Krbal, R. Zazpe, J. Prikryl, J. Krysa, J.M. Macak, Scaling
up  anodic TiO2 nanotube layers for gas phase photocatalysis, Electrochem.
Commun. 97 (2018) 91–95, http://dx.doi.org/10.1016/j.elecom.2018.10.025.

[6]  B. O’Regan, M.  Grätzel, A low-cost, high-efficiency solar cell based on
dye-sensitized colloidal TiO2 films, Nature 353 (1991) 373–740, http://dx.doi.
org/10.1038/353737a0.

[7] X. Gao, J. Li, J. Baker, Y. Hou, D. Guan, J. Chen, C. Yuan, Enhanced photovoltaic
performance of perovskite CH3NH3PbI3 solar cells with freestanding TiO2
nanotube array films, Chem. Commun. 50 (2014) 6368–6371, http://dx.doi.
org/10.1039/c4cc01864h.

[8] J.M. Macak, H. Tsuchiya, A. Ghicov, K. Yasuda, R. Hahn, S. Bauer, P. Schmuki,
TiO2 nanotubes: self-organized electrochemical formation, properties and
applications, Curr. Opin. Solid State Mater. Sci. 11 (2007) 3–18, http://dx.doi.
org/10.1016/j.cossms.2007.08.004.

[9] X. Wang, Z. Li, J. Shi, Y. Yu, One-dimensional titanium dioxide nanomaterials:
nanowires, nanorods, and nanobelts, Chem. Rev. 114 (2014) 9346–9384,
http://dx.doi.org/10.1021/cr400633s.

10] K. Lee, A. Mazare, P. Schmuki, One-dimensional titanium dioxide
nanomaterials: nanotubes, Chem. Rev. 114 (2014) 9385–9454, http://dx.doi.
org/10.1021/cr500061m.

11] T. Umebayashi, T. Yamaki, H. Itoh, K. Asai, Analysis of electronic structures of
3d  transition metal-doped TiO2 based on band calculations, J. Phys. Chem.
Solids 63 (2002) 1909–1920, http://dx.doi.org/10.1016/S0022-
3697(02)00177-4.

12] D. Dvoranova, V. Brezova, M.  Mazur, M.A. Malati, Investigations of
metal-doped titanium dioxide photocatalysts, Appl. Catal. B Environ. 37
(2002) 91–105, http://dx.doi.org/10.1016/S0926-3373(01)00335-6.

13] K. Awazu, M.  Fujimaki, C. Rockstuhl, J. Tominaga, H. Murakami, Y. Ohki, N.
Yoshida, T. Watanabe, A plasmonic photocatalyst consisting of silver
nanoparticles embedded in titanium dioxide, J. Am. Chem. Soc. 130 (2008)
1676–1680, http://dx.doi.org/10.1021/ja076503n.

14] Q. Wang, R. Jin, M.  Zhang, S. Gao, Solvothermal preparation of Fe-doped TiO2
nanotube arrays for enhancement in visible light induced
photoelectrochemical performance, J. Alloys Compd. 690 (2017) 139–144,
http://dx.doi.org/10.1016/j.jallcom.2016.07.281.

15] C. Burda, Y. Lou, X. Chen, A.C.S. Samia, J. Stout, J.L. Gole, Enhanced nitrogen
doping in TiO2 nanoparticles, Nano Lett. 3 (2003) 1049–1051, http://dx.doi.
org/10.1021/nl034332o.

16] H. Irie, Y. Watanabe, K. Hashimoto, Carbon-doped Anatase TiO2 powders as a
visible-light sensitive photocatalyst, Chem. Lett. 32 (2003) 772–773, http://
dx.doi.org/10.1246/cl.2003.772.

17] D. Li, H. Haneda, N.K. Labhsetwar, S. Hishita, N. Ohashi, Visible-light-driven

photocatalysis on fluorine-doped TiO2 powders by the creation of surface
oxygen vacancies, Chem. Phys. Lett. 401 (2005) 579–584, http://dx.doi.org/10.
1016/j.cplett.2004.11.126.

18] K. Yang, Y. Dai, B. Huang, M.-H. Whangbo, Density functional characterization
of  the band edges, the band gap states, and the preferred doping sites of

[

[

 Today 17 (2019) 104–111

halogen-doped TiO2, Chem. Mat. 20 (2008) 6528–6534, http://dx.doi.org/10.
1021/cm801741m.

19] Y.-H. Lin, H.-T. Hsueh, C.-W. Chang, H. Chu, The visible light-driven
photodegradation of dimethyl sulfide on S-doped TiO2: characterization,
kinetics, and reaction pathways, Appl. Catal. B Environ. 199 (2016) 1–10,
http://dx.doi.org/10.1016/j.apcatb.2016.06.024.

20] R. Asahi, T. Morikawa, T. Ohwaki, K. Aoki, Y. Taga, Visible-light photocatalysis
in  nitrogen-doped titanium oxides, Science (80-.) 293 (2001) 269–271, http://
dx.doi.org/10.1126/SCIENCE.1061051.

21] A. Ghicov, H. Tsuchiya, R. Hahn, J.M. Macak, A.G. Muñoz, P. Schmuki, TiO2
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