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Abstract In this work, we were focused on the development of
the electrochemical approach resulting in a stable boron doping
of titania nanotubes. The doping procedure concerns anodic
polarization of as-anodized titania in a H3BO; solution acting
as n boron precursor. The series of attempts were taken in order
to elaborate the most beneficial doping conditions. The param-
eters of electrochemical doping allowing to obtain boron-doped
titania characterized by the highest photoconversion efficiency
are as follows: reaction voltage 1.8 V, process duration 0.5 h,
and the concentration of boric acid 0.5 M. Spectroscopy tech-
niques such as UV-vis, X-ray diffraction, photoluminescence
emission, and X-ray photoelectron spectroscopy were used to
characterize the absorbance capability and the crystalline phase,
to confirm the presence of boron atoms and to study the nature
of chemical compounds, respectively. The well-ordered struc-
ture of titania and resistance of its morphology toward electro-
chemical treatment in H3BO; were confirmed by scanning elec-
tron microscopy images. However, cyclic voltammetry and
electrochemical impedance spectroscopy studies showed the
significant difference in conductivity and capacitance between
doped and pristine titania. Moreover, the photocurrent densities
of the B-doped sample were about seven times higher in com-
parison with those generated by the pure titania nanotube
electrode.
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Introduction

In the last decades, the development of photochemical sys-
tems capable of harnessing solar energy to produce electricity
or chemical fuels has attracted significant interest [1, 2]. The
most of research strategies focus on novel types of semicon-
ductors exhibiting photocatalytic activity [3]. In particular,
titanium dioxide is regarded as a promising semiconducting
material for photoelectrochemical applications due to its low
cost, non-toxicity, and stability against photocorrosion [4—6].
However, the activity of titania nanotubes in processes carried
out under illumination is limited by their wide bandgap
(Epg = 3.2 €V) that corresponds to energy provided by ultra-
violet light [7, 8]. For this reason, many approaches have been
made to improve the activity of TiO, that allows its efficient
utilization under natural light source—sun. The vast majority
of known strategies concerning material modification are
based on metal [9—12] and non-metal doping [13—16], forma-
tion of organic-inorganic junctions [17], or surface sensitiza-
tion by dye molecules [18]. To initiate the visible-light-driven
activity of titania, doping with non-metal atoms (I, B, C, N,
and S) has been considered as a one of the most effective
approaches that results in stable material with improved
photoactivity compared to the unmodified sample [19, 20].
Recently, doping of TiO, with boron has been widely stud-
ied in terms of its effect on the surface and the bulk structure
which changes the ability of tailoring the bandgap, suppresses
electron-hole pairs from recombination, and improves elec-
tron conductivity [21-23]. Some papers have reported that
B-doped TiO, powders obtained by a modified sol-gel method
showed a red-shifted absorption spectrum [24, 25], while
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other studies concern increase in the bandgap energy of TiO,
upon doping when H;BO; was used as a boron precursor
because of the decrease of the crystal size after incorporation
of boron atoms [21]. According to Bettinelli et al. [21], boron
used as a titania dopant could favor the transformation of
anatase to rutile. On the other hand, Finazzi et al. [26] reported
that B atoms in the anatase crystal could occupy different
positions and promote changes in the electronic structure of
boron-doped TiO, that is in accordance to the results of den-
sity functional theory. In general, previous results on boron-
doped titania nanoparticles suggest that preparation method
highly impacts on material properties, but simultaneous de-
crease of bandgap energy value is not always observed.

In this work, we present a new boron doping of titania
nanotube (TiO, NT) approach realized during an electrochem-
ical process carried out at constant voltage when as-anodized
titanium plate is immersed in electrolyte containing boric acid
as a boron precursor. This method could be regarded as a
simple, cheap, and fast doping procedure that enables control
of the photoactivity of obtained material. The series of at-
tempts were undertaken in order to optimize the electrochem-
ical doping conditions. The concentration of boric acid and
process duration were the main factors that influenced the
boron-doping effect on the registered photocurrent.
Differences between pure and doped titania were emphasized
using various spectroscopic techniques: UV-vis, X-ray dif-
fraction, Fourier transformed infrared, photoluminescence
emission spectroscopy, and X-ray photoelectron spectroscopy.
The optimal experimental parameters based on the exhibited
photocurrent density were determined. Furthermore, per-
formed cyclic voltammetry and impedance spectroscopy mea-
surements were used to characterize electrochemical activity
of the most photoactive boron-doped titania.

Experimental
Material preparation

The substrate sample (Ti plate, Strem, 99.7 %) was ultrason-
ically cleaned in the following order: in acetone, ethanol, and
water for 10 min in each solvent and finally dried in the air.
Titania nanotubes were prepared via a two-step electrochem-
ical anodization of Ti plate in solution containing fluoride ions
that leads to formation of highly ordered tubular structure [10,
27]. The process was realized in a two-electrode configura-
tion, where the titanium metal foil served as an anode and the
platinum mesh as a cathode placed at a fixed separation of
2 cm. The first anodization took place in the electrolyte con-
taining the following: ethylene glycol (EG), 0.27 M NH,4F,
and 1 vol% of deionized water. Anodization was performed
at 40 V for 2 h, with the initial voltage rate of 0.1 V/s. Then,
the titanium plate was immersed for 12 h in 0.5 % wt. solution
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of oxalic acid in order to remove the first rugged nanotube
layer. The second anodization was performed on the as-
cleaned titanium plate under the same conditions as during
the first anodization. In order to remove any surface debris,
the titanium plates covered with nanotubes were put into di-
luted HF (0.05 %) solution for 180 s.

As-anodized titania plates were used for further electro-
chemical doping. It was realized in a two-electrode arrange-
ment, during which the previously prepared titania nanotubes
served as an anode and the Pt mesh plate as a cathode im-
mersed in solution of boric acid. The optimization of the elec-
trochemical doping [28] approach was realized in different
conditions: reaction times: 15, 30, and 60 min and H3;BO;
concentrations: 0.1, 0.5, and 1 M. The doping process was
performed under 1.8-V voltage between electrodes. Finally,
the samples (pure and doped TiO, NTs) were rinsed with
deionized water, dried in the air, and thermally treated at
450 °C for 2 h with a heating rate of 2 °C min " to transform
the amorphous TiO, into a crystalline phase.

Characterization

The sample morphology (top-view and cross-sectional) was
investigated by Schottky field emission scanning electron mi-
croscopy (FEI Quanta FEG 250) with ET secondary electron
detector. The crystalline phase of obtained materials was iden-
tified by X-ray diffraction (XRD, Rigaku Miniflex 600) anal-
ysis. The measurements were performed with Cu K« radiation
at 260 angles from 5° to 90° with scan speed of 0.02° min .
Crystallite size was calculated from the half height width of
the (101) diffraction peak of anatase using the Scherrer equa-
tion. The reflectance spectra of titania nanotubes were mea-
sured with a dual-beam UV-vis spectrophotometer (Lambda
35, PerkinElmer) equipped with a diffuse reflectance accesso-
ry. Bandgap energy values were determined as the intercept of
the tangent of the plot of transformation of the Kubelka-Munk
function (KMO‘SEphC"5 ) vs. photon energy. The Fourier trans-
form infrared spectroscopy (FTIR) measurements were per-
formed using a Nicolet iS50 spectrometer equipped with the
Specac Quest single-reflection diamond attenuated total re-
flectance (ATR) accessory. Spectral analysis was controlled
by the OMNIC software package. The FTIR spectra were
recorded in the range of 400-4000 c¢cm™'. The
photoluminescence spectroscopy (PL) measurements were
carried out using laboratory setup consisting of 0.3 m
Czerny-Turner spectrograph (SR303i, Andor) equipped with
an ICCD camera (DH740, Andor). Samples of pure and
boron-doped TiO, were excited with UV LED (center wave-
length 365 nm, FWHM 9 nm, output power 350 mW). PL
experiments were carried out in order to determine the
quenching efficiency of charge carrier in semiconductor.
Escalab 250Xi by Thermo Fisher Scientific was used to per-
form high-resolution X-ray photoelectron spectroscopy (XPS)
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measurements to determine the chemical binding properties of
the surface, utilizing monochromatic Al Ko source with
charge neutralization implemented by means of a flood gun.
High-resolution spectra were recorded at energy step size of
0.1 eV at pass energy of 10 eV. In order to normalize spectro-
scopic measurements, X-axis (binding energy, Ey;,) from XPS
spectrum was calibrated for peak characteristics of neutral
carbon 1s (Ey;, = 284.6 eV). Data analysis was performed
using the Avantage software provided by the manufacturer.

Electrochemical characterization

Electrochemical experiments (cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS)) were per-
formed using an Autolab PGStat302N potentionstat-
galvanostat system (Methrom, Autolab) in the standard
three-electrode arrangement, where titanium foil covered with
6+ nanotubes served as a working electrode (geometric sur-
face area of 0.5 cm?), Ag/AgCl/0.1 M KCI was used as a
reference electrode, and platinum mesh acted as a counter
electrode. Electrodes were tested in the contact with 0.5-M
K5,S0, solution at 23 °C. CV was performed to characterize
materials in contact with the deaerated aqueous electrolyte
(pH = 7). EIS measurements were conducted at the frequency
range from 20 kHz to 0.1 Hz, covering 75 points and with 10-
mV amplitude of the AC signal. In order to perform the Mott-
Schottky analysis, impedance spectra were recorded at differ-
ent potentials in the range from +0.6 to —0.5 V vs. Ag/AgCl/
0.1 M KCI. Before each spectra registration, the potential was
held for 60 s to achieve a steady-state condition.

Photoactivity characterization

Measurements carried out under illumination were performed
in the photoelectrochemical cell equipped with a quartz win-
dow and the cooling jacket keeping constant temperature at
23 °C (%1 °C) provided by thermostat (Julabo F-12) control. A
high-pressure 150-W xenon lamp (Osram XBO 150)
equipped with AM1.5 filter was used as a light source. The
light intensity was adjusted to 100 mW c¢cm > (controlled by
power meter, Ophir).

Results and discussion
Morphology and structure studies

In Fig. 1, the top-view and cross-sectional images of pure and
boron-doped titania nanotubes are presented. Since the mor-
phologies for the entire set of B-doped TiO, NTs arrays pre-
pared in different conditions do not change significantly, the
representative sample obtained under 1.8 V, for 30 min and in
0.5-M concentrated H3;BO3 solution, is shown. The

homogeneous layers are composed of highly ordered and
aligned nanotubes. When comparing Fig. 1a, b SEM images,
any noticeable difference was observed in the architecture
between the doped and undoped materials. It suggests that
electrochemical doping realized in boric acid solution did
not cause any changes in the morphology of the TiO, NT
sample. The layer thickness was determined on the basis of
a cross-sectional image. For pure and doped material, the
length of nanotubes equals 2.5 pm. The nanotubes were char-
acterized by an average internal diameter of 100 nm and a wall
thickness of 25 nm.

According to a geometric model [29] that considers a reg-
ular network of identical and equally spaced nanotubes, the
real surface area of the layer composed of nanotube titania was
estimated using the following equation:

8mthR
S, = 2 S (1)
V3(4R,—2R; + )

where R, and R,, respectively, are the internal radium and the
sum of R; and half thickness of the wall of the nanotubes, y is
the thickness of the slit between the tubes, % is the average
length of nanotube, and Sy, states for a geometric surface
area. Because the distance between each tube is almost imper-
ceptible, the dimension of y was not taken into account for
calculations. As the value of the geometric surface, 1 cm” was
used for simplicity. Based on Eq. (1), the real surface area of
the layer composed of nanotubes was estimated to be 120 cm?
both for pure and doped materials. Knowing that any differ-
ence in tube dimensions and overall real surface area between
pristine and modified titania is not observed, only the presence
of dopant atoms can have an impact on their structural prop-
erties and photoactivity [30, 31].

The plot of Kubelka-Munk function vs. photon energy and
the absorbance curves are presented in Fig. 2 and Fig. 2 inset,
respectively. It can be clearly observed that the absorption
edge position of B-doped TiO, moves toward longer wave-
lengths. It is confirmed that electrochemical doping results in
TiO, with the obvious red shifted photoactivity and results in
the bandgap narrowing [32]. The values of E,, determined on
the basis of the Tauc plot are 2.91 and 3.09 eV for B-doped
and pure TiO, NTs, respectively. Among other non-metals
used as titania dopands, boron atoms can be introduced into
the TiO, lattice and the p orbital of B is mixed with O2p
orbitals, leading to a shift in the optical response to the visible
range [33]. This is due to the fact that the ion radius of B(III)
(0.023 nm) is much smaller than that of Ti(IV) (0.064 nm).
Therefore, boron oxides existing at the surface of the material
can easily incorporate into the crystalline framework of titania
[21, 34].

Figure 3a shows XRD spectra registered for boron-doped
and pure titania layer. All detected crystallite phases were
indexed as characteristic peaks of anatase (A) (JCPDS No.
21-1272) and the titanium (Ti) phase (JCPDS No. 44-1294)
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Fig.1 Top-view and cross-sectional SEM image of a pure and b B-TiO, NTs. The doping conditions are as follows: reaction voltage 1.8 V, reaction time

0.5 h, and electrolyte concentration 0.5 M

[21] acting as TiO, NT support. It should be noted that any
peak typical for rutile was not observed. Furthermore, the lack
of signal attributed to dopant atoms could result from their low
content in the B-TiO, material and cannot be detected by
XRD [35]. However, as it is shown in Fig. 3b, the addition
of B atoms leads to changes in shape of A(101) peak. The
increase of its intensity is related to the crystallinity improve-
ment. According to Li et al. [22], such phenomena observed
for B-doped TiO, was due to the reduction of the grain bound-
aries and amorphous regions acting as charge carrier recom-
bination centers. Basing on the Scherrer equation, crystallite
size was calculated and equals 17.3 nm for pure and 20.4 nm
for boron-doped titania. The increase of crystallite size can be
ascribed to the incorporation of dopant atoms into the struc-
ture, e.g., substitution of the lattice oxygen/titanium atoms or
introduction of boron at the interstitial sites [36].
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Fig. 2 The absorbance spectra and the Kubelka-Munk function for pure
and B-doped titania. The doping conditions are as follows: reaction
voltage 1.8 V, reaction time 0.5 h, and electrolyte concentration 0.5 M
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Figure 4 shows FTIR spectra of pure and B-TiO, samples.
Both titania samples exhibit the main band between 400 and
700 cm™', which are attributed to Ti—O stretching and Ti—O—
Ti bridging stretching modes [37]. The peak found around
1000 cm™' could be assigned to the stretching vibration of
Ti—O and Ti—O-Ti [22]. The bands observed at about 3400
and 1600 cm ' are assigned to the stretching of hydroxyl
groups and the bending vibration of water molecules adsorbed
on the material surface [38]. In the case of B-TiO, sample, the
intensity of the FTIR spectra is higher than that of pristine
titania. It is related to higher surface energy and larger amount
of hydroxyl groups at the B-doped comparing to pristine tita-
nia [31].

The presence of boron and its chemical nature in TiO, NTs
layers were studied using the XPS. The high-resolution XPS
spectra of the boron region were registered only in the case of
doped titania. The XPS spectra obtained for pure and boron-
doped TiO, were shown and discussed in our previous article
[39]. According to these results, signals attributed to titanium,
oxygen, and carbon were found in both TiO, NT samples. The
positions of maxima of fitted spectra obtained for investigated
materials are listed in Table 1. The XPS spectrum of Bls
region registered at the titania surface exhibits two singlet
peaks. One of them with the binding energy of 190.71 eV is
assigned to boron directly linked to titanium atoms [40],
whereas the second signal with maximum found at
192.64 eV results from presence of Ti-O-B or B-O-B ar-
rangement [41]. According to literature [27], boron atoms
could occupy interstitial sites in anatase crystals and thereby
take part in the balance of residual charge. Such location of
boron ions is justified by almost three times smaller radius of
B(II) comparing to Ti(IV) [17]. Taking into account only
oxygen linked to boron and titanium, the atomic ratio of Ti/
O/B found at the material surface equals: 1:2.39:0.73.
However, XPS investigation performed after subsequent
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Fig.3 a XRD patterns of pure and boron-doped titania and b the magnification of A(101) peak extracted from XRD patterns. The doping conditions are
as follows: reaction voltage 1.8 V, reaction time 0.5 h, and electrolyte concentration 0.5 M.

etching of titania layer shows decrease in boron content down
to 2.74 % and the signal attributed to the B-O arrangement
disappears (see Fig. 5). The difference in boron distribution at
the external layer and inside the material could result from
adsorption of boric acid on the titania surface in a form of
monodentate arrangement: —HOB(OH)O(H)-Ti [42].
Therefore, because of significant amount of surface boron
species, the increase in hydroxyl groups amount observed on
FTIR spectra comparing to pristine titania provides the neu-
trality of B-TiO, surface [43].

In the case of XPS spectra registered for titanium and ox-
ygen, the shift in binding energy value both for Ti2p and Ols
is observed. That may be caused by the introduction of boron
ions into the titania lattice. Furthermore, in the case of B-TiO,,
additional oxygen signal was found that is related to the oxy-
gen linked to boron.

The photoluminescence spectra (PL) of undoped and
boron-doped samples excited at a wavelength of 365 nm at
room temperature are presented in Fig. 6. PL is commonly
used for examination of the rate of recombination, the elec-
tronic structure of nanomaterials, and the transfer behavior of
the photoexcited electron-hole pairs in semiconductors. The

Absorbance

4353 25 2 15 1 0.5
3 -1
Wavenumber /10" cm

Fig. 4 FTIR spectra of pure and boron-doped TiO, nanotubes

luminescence intensity is strongly related with the radiative
recombination of photogenerated electrons and holes, so the
higher the intensity of PL, the greater the likelihood of occur-
rence of electron-hole recombination processes [44]. For both
materials, the registered PL spectra are characterized by a
broad band in the range of 480—600 nm with a maximum at
530 nm that is attributed to activity of surface states [45]. The
doped titania nanotubes exhibit lower intensity of
photoluminescence than pure TiO,. Thus, it can be expected
that boron atoms efficiently participate in a charge carrier sep-
aration and significantly inhibit radiative recombination pro-
cesses [46]. Furthermore, according to Begum et al. [47], bo-
ron atoms can be located in the interstitial positions of the
TiO, lattice leading to the partial reduction of Ti(IV) to
Ti(IIT), which could act as an electron trap.

Electrochemical properties

To evaluate the electrochemical properties of the obtained
samples, CV and electrochemical impedance spectra were reg-
istered in 0.5 M K,SO,. In Fig. 7, typical CV curves of the B-
TiO, and TiO, electrodes collected at the scan rate of
20 mV s ' were shown. As it could be seen, the area limited

Table 1
NTs

The position of species present in the doped and pure TiO,

Element  Boron Titanium Oxygen Carbon

Core level Bls (eV) Ti2pin (eV) Ti2pss (eV) Ols (eV) Cls (eV)

TiO, - 458.80 464.40 529.20 284.70
531.70 286.00
288.70
B-TiO, 190.71 458.99 464.75 530.18 284.78
192.64 531.57 286.45
533.00 288.71
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Fig. 5 High-resolution XPS spectra recorded at the boron region for B-
TiO, sample

by the CV curve for boron-doped titania is much higher than
that for pure material, which indicates higher electrical
double-layer capacitance of B-TiO, comparing to undoped
titania. Similar relations between double-layer capacitance of
boron-containing and boron-free titania nanotubes were re-
ported by Li et al. and were attributed to the presence of
Ti(III) traces leading to increase of material conductivity [48].

Apart from higher capacitive current, on the reverse scan of
CV registered for B-TiO,, at about —0.24 V vs. Ag/AgCl/
0.1 M KCl, additional cathodic peak arised (see B inset). As
it was reported for other non-metal-doped titania nanotubes, it
could be attributed to the reduction of Ti(IV) sites in TiO, that
causes change in the electronic structure of titania. It is related
to the formation of additional energy levels within the
bandgap, and as the result, both electrical conductivity and
optical properties of material are different than that of pristine
TiO,. Further cathodic polarization of electrode leads to initi-
ation of the hydrogen evolution process. Additionally, the dif-
ference in CV run between boron-doped and pristine titania is
observed in anodic potential range. In the case of B-TiO,, the
current increases more steeply comparing to unmodified

id —T|02
s —B-TiO

= 2
©
‘c 40
e
~
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2 36
@
R
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3.2

400 500 600 700

Wavelength / nm

Fig. 6 Photoluminescence spectra of pure and B-doped sample. The
doping conditions are as follows: reaction voltage is 1.8 V, reaction
time is 0.5 h, and electrolyte concentration is 0.5 M
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Fig. 7 Cyclic voltammetry curves recorded for doped and pure TiO,
immersed in 0.5 M K,SO4, v=350 mV s~

sample, showing that also anodic oxygen evolution reaction
is facilitated upon boron doping [49].

EIS measurements were conducted on pure and boron-
doped titania in the wide potential range. In accordance to
proposed approach for interpretation of EIS spectra registered
for TiO, nanotube arrays [8], Mott-Schottky analysis was per-
formed. Thus, the plot shown in Fig. 8 was prepared on the
basis of relation given as follows:

| 2 kT
L R o . 2
c? (QSSoND)< ® q) @

where C is the areal capacity of the space charge layer,
g—eclementary charge, ep—vacuum permittivity,
e—dielectric constant, Np concentration of donors,
E—applied potential bias, Ep—flatband potential,
k—Boltzmann’s constant, and 7—absolute temperature. The
non-linear relation in the range from +0.8 to —0.5 V vs. Ag/
AgCl/0.1 M KCl is due to intrinsic electronic state [50] and
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u Tio2 . n®
° "

Y= 7.5 "
£ .

(8] ]

)

L.

o 50 .
\B 1E co0o®® ooc®
~ fb

N
o 257 =-0.04V

0-0_ T T T T T T T T T T
04 -02 00 02 04 06 0.8

E IV vs. Ag/AgCl/0.1 M KCI

Fig. 8 The Mott-Schottky plot for pristine and boron-doped titania
nanotubes
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Fig. 9 Variation of photocurrent density under UV-vis illumination
versus potential for pure and boron-doped titania in 0.5 M K,SO,
(v=20mVs")

could result from charging of bulk or surface states [51] or
irregular inhomogeneous distribution of O*~ ions [52]. Both
doped and pristine titania exhibit positive slope that is charac-
teristic for n-type semiconductor, and from the intercept with
E-axis, flatband potential could be determined [53]. For pure
titania, Eg, equals —0.04 V vs. Ag/AgCl/0.1 M KCI, whereas
in the case of B-TiO,, Ey, value is anodically shifted to
—0.14 V vs. Ag/AgCl/0.1 M KCIl. Negative shift in Eg, can
be attributed to the improved electron concentration and trap
distribution [54] caused by boron doping.

Assuming that difference between Ej, and the bottom of
the conduction band (CB) is negligible, the position of CB
could be identified with flatband potential value [13].
Knowing that bandgap energy for B-TiO, equals 2.91 V, the
position of valence band (VB) according to the relation Ecg +
Ey = Eyp could be estimated to be 2.77 V vs. Ag/AgCl/0.1 M
KCl, whereas for pure titania, Eyg = 3.05 V vs. Ag/AgCl/
0.1 M KCIl. Thus, anodic shift of the CB in the case of B-
TiO, is accompanied by an anodic shift of the VB edge. This
should improve the oxidation potential of the holes generated
upon sample illumination [55].

Apart from change in Ey, position, the difference in slopes
in Mott-Schottky plots is observed and indicates a disparity of

Table 2 The set of procedure parameters and photocurrent density
values registered for each sample

Assignment ¢ (H;BO3) (M) t (min) j (LA cm™?) EF
A 0.1 15 119.7 2.87
B 0.5 15 199.3 4.8
C 1 15 1233 2.96
D 0.5 15 199.3 4.8
E 0.5 30 310.7 7.5
F 0.5 60 232.8 5.6
Pure TiO, - - 41.7 -

donor densities in pure and boron-doped titania. The carrier
density Np could be calculated from the following equation:

dc?1"

]
when the following values are taken into account:
e=1.6x10", €o=8.86 10" F/em, and € = 31 for anatase
[56]. The calculated donor densities of TiO, NTs and B-TiO,
NTs equal to 1.98 x 10?° and 1.82 x 10! cm >, respectively.
Despite the fact that the Mott-Schottky plot does not allow to
estimate the absolute value of Np [57], it is shown that upon
electrochemical doping, donor density is ten times higher
comparing to the unmodified sample. Such change was ob-
served for other modified titania samples and is commonly
attributed to the introduction of substantial oxygen vacancies
that are regarded as electron donors in titania [58, 59] and
implied faster carrier transfer in doped TiO, comparing to pure
titania [60].

ND = (2/ezz) { 3)

Photoelectroactivity

The photocurrent densities as a function of potential of
undoped and B-doped TiO, nanotube (exhibiting the highest
photocurrent) electrodes exposed to radiation from a solar
simulator equipped with an AM1.5 filter are presented in
Fig. 9. The dark current is very low and can be negligible;

Fig. 10 Photocurrent response of a) e A B c To b) 378 —D—E—F—Ti,
pure titania and boron-doped N ’ M N L
nanotube array samples (A—F) 200 MNNNMNMNMNNMNNN 300+ sEnlk NARNMM
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Fig. 11 a The long-term chronoamperometry test (£ = 0.5 V vs. Ag/
AgCl (0.1 M KCl)) recorded during illumination of B-TiO, in 0.5 M
K,S0, electrolyte. b The cyclic voltammetry curves of material
electrode recorded in 0.5 M K,SO, before and after long-term

thus, measured current under UV-vis illumination could be
regarded as a pure photocurrent. In the case of doped material,
the significant increase in photocurrent compared to pristine
titania nanotubes is observed in the wide potential range from
—0.6 up to +0.9 V vs. Ag/AgCl/0.1 M KCIl. This increase in
resulting from electrode illumination is significantly higher
than reported by others [15, 22, 61], indicating that proposed
experimental approach could be regarded as an attractive al-
ternative for other doping methods. The improved
photoelectrochemical properties could be assigned to the bo-
ron doping which lead to bandgap narrowing, conductivity
improvement, and inhibition of charge carrier recombination
processes.

In Fig. 10a, b, the transient photocurrent response is given
for the pure and the set of boron-doped TiO, samples prepared
under different conditions. The specific parameters of each
electrochemical doping procedure (concentration of boric ac-
id, reaction time) are listed in Table 2 together with the pho-
tocurrent density registered after 10 min of measurement du-
ration and enhancement factor (EF). EF is defined as a ratio
between photocurrent registered for boron-doped sample and
unmodified titania. Such approach used during optimization
procedure allows to determine experimental conditions
resulting in the most photoactive B-TiO, nanotube arrays.
Independently from doping conditions (sample: A—119.7,
B—199.3. C—123.3, D—199.3, E—310.7, and F—
232.8 A cm 2), all titania samples doped with boron exhibit
much higher photocurrents than non-doped titania
(41.7 pA cm”?). Furthermore, the lack of steady current dim-
inution suggests that the material is characterized by resistance
toward photocorrosion processes. The highest steady-state
photocurrent was observed for B-TiO, and reached the value
of almost 311 A cm 2. The increase of generated photocur-
rent is influenced by the presence of dopant and can be caused
by the decrease of the recombination rate and charge transfer
resistance and also enhanced light absorption in the visible

@ Springer

illumination, scan rate 50 mV s~ '. The doping conditions are as
follows: reaction voltage is 1.8 V, reaction time is 0.5 h, and electrolyte
concentration is 0.5 M.

range as reported for other types of non-metal-doped nanotube
arrays [62]. Summarizing, on the basis of the EF value, the
optimal B-doping conditions were determined as follows: re-
action time 0.5 h and electrolyte concentration 0.5 M.

As can see in Fig. 11a, even during 120 min of illumina-
tion, boron-doped material generates stable photocurrent;
thus, obtained material seems to be photocorrosion resistant.
Additionally, the CV curves of B-TiO, electrode were record-
ed in 0.5-M K,SO, solution before and after long-term illu-
mination (see Fig. 10b). Therefore, electrochemical measure-
ments also confirm high stability of doped TiO, nanotube
layer in wide potential range.

Conclusions

In this work, the optimization procedure in order to achieve
highly photoactive and stable titania nanotube doped with
boron was proposed. It has been found that electrolyte con-
centration, reaction voltage, and time are the most crucial fac-
tors affecting the photoelectrochemical response of the doped
material. According to the inspection performed via scanning
electron microscopy, the electrochemical doping in electrolyte
containing H;BOj5 as boron precursor does not affect the mor-
phology of the as-anodized titania nanotubes. The existence of
boron atoms both at the surface and inside the layer confirmed
by the energy-dispersive X-ray spectroscopy allows to treat
electrochemical doping as efficient technique for boron incor-
poration. Titania doped by boron atoms possesses lower
bandgap energy than pure titania, but the material is still char-
acterized by an anatase crystalline phase. On the basis of the
EF, the optimal conditions were determined as follows: reac-
tion time 0.5 h and boric acid concentration 0.5 M. The test
performed under sample irradiation showed that B doping
radically improves the photoelectrochemical activity and B-
TiO, exhibits 7.5 times higher photocurrent than unmodified
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sample. Summarizing, boron-doped TiO, NTs could be
regarded as a promising photoelectrode material for photovol-
taic cells, water splitting, or electrocatalytic processes.
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