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Abstract: Nanotubular titanium oxide is widely known as a prospective semiconductor photocatalyst
for the process of water splitting. Its photoelectrochemical (PEC) efficiency can be improved by
doping with 3d metal. In this work, the synthesis of nanotubular titanium oxide (NTO) was carried
out by anodizing titanium substrates using two doping techniques. First, Ni-doped TiO2 was
obtained by immersion in Ni salt solution; second, an ethylene glycol-based fluoride electrolyte
containing Ni2+ ions solution was used. The obtained samples were analyzed using SEM, XRD, and
photoelectrochemical methods. The produced Ni-doped NTO exhibited photocatalytic activity twice
as high as that of nondoped NTO. Additionally, it was found that the immersion technique initiated a
shift of the incident photon to converted electron (IPCE) spectra to the visible part of the spectrum.

Keywords: anodizing; IPCE; photoelectrochemistry; nanotubular titanium oxide

1. Introduction

In recent years, the progress of green hydrogen production has required obtaining
more efficient materials for manufacturing. Among a high variety of such materials,
titanium oxide is one of the most established. Titanium oxide is a photocatalyst that is
used in solar energy harvesting in dye-sensitized solar cells and photocatalytic water
splitting (PCWS). It is usually synthesized by the hydrolysis of titanium salt solutions [1,2],
hydro or solvo-thermal techniques [3–6], chemical vapor deposition [7,8], and anodizing.
The latter allows obtaining nanostructured oxide coatings with a large specific surface
area on titanium [9–18], aluminum [19–26], and other metals and alloys [27–29]. Yuferov
et al. previously studied the dependence of the photocatalytic properties of nanotubular
titanium oxide (NTO) on the anodizing process [11]. Authors have shown that the change
in anodizing parameters affects the photocatalytic properties; however, it has limitations in
improving the photoelectrochemical (PEC) efficiency in PCWS processes. The usual main
limitations are low tuning range of the conversion or optical bandgap, and low ability to
affect to electron–hole recombination rate. Thus, research on the increase in PEC efficiency
is required for applications in PCWS in the near future.

One of the most promising approaches in these regards is titania doping with metals of
the 3d group. According to [30–34], doping TiO2 with nickel can increase light absorption
by including defect energy levels of the Ni 3d and narrowing its bandgap [33,35]. In [30],
the authors proposed an adsorption mechanism of Ni onto anatase (TiO2) by physisorption
on five-fold coordinated Ti and chemisorption on surface hole sites. Only a few articles
have been devoted to studying the photocatalytic properties of NTO decorated with
nickel oxide [36] or metallic nickel [10,12,13,37–39]. In such instances, some progress was
achieved in methylene blue photodegradation. It was detected that even small amounts
of NixOy or Ni particles in NTO can be beneficial; however, there are no data considering
PCWS processes yet. Additionally, these particles form a heterojunction semiconductor
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in the p-n scheme [13], which may enhance the utilization of the photogenerated holes
with simultaneous photogeneration of electrons. However, they can shift to a lower
energy level in the conduction and valence bands with subsequent recombination [17,37].
Nevertheless, even more complex modification techniques of double decoration have been
studied. For example, sufficiently improved photocatalytic properties have been achieved
by the decoration of NTO by the powder of Ni/Cr or NiS particles, which were used in
previous works [3,16]. The outstanding photocatalytic properties of Ni-doped TiO2 were
also presented in [29,31]. However, these properties have been obtained using an expensive
method of Ti-Ni alloy production.

This work presents a consideration of two cost-effective techniques for NTO doping
by Ni. The first is the immersion of the NTO in a nickel salt solution, while the second is
anodizing with Ni(NO3)2. A comparison of two doping approaches and the advantages
of each are discussed in this work. Moreover, this work focuses on improving the PEC
efficiency by the doping process in contrast to traditional Ni or NiO decoration methods.

2. Materials and Methods

Titanium metal (99.99%, VSMPO-AVISMA Corp., Verkhnyaya Salda, Russia) sub-
strates for growing NTO were prepared by electrochemical polishing in a solution of
ethylene glycol (99.9%, Ekos, Russia), 2-propanol (99.8 wt.%, Ekos, Russia) taken in volume
ratios of 4:1, and NaCl 1 M (99.9%, Chemreactivsnab, Russia), by the method described
earlier in [14,40,41]. Polishing was carried out at room temperature, maintaining a direct
current voltage of 20 V for 50 min. Polished titania substrates were used for nanotube
growth by anodizing in ethylene glycol with the addition of water and ammonium fluoride
(99.9%, 40% water solution, Sigma-Tek, Russia) in volume ratios of 2.3% vol. and 1.5%
mol, respectively. The synthesis of NTO was carried out for 40 min at a constant voltage of
30 V using an AKIP 1105 current source (Prist, Russia). The temperature of the electrolyte
was set at 20 ± 1 ◦C. In the first method of doping, dried samples of amorphous NTOs
were immersed in an aqueous solution of 0.05 or 0.1 M Ni(NO3)2 (99.9%, Chemreactivsnab,
Russia) and kept for 0.5, 1, 2, and 3 h. They are named ID-x/y-NTO, where ID is immersion
doped, x is the concentration of Ni salt, and y is the immersion time. Non-doped samples
are named N-NTO. In the second one, Ni-doped TiO2 samples were obtained by anodizing
in the previously mentioned electrolyte with an addition of 0.05 or 0.1 M Ni(NO3)2, which
are named AD-0.05-NTO and AD-0.10-NTO, respectively, where AD is anodized. Finally,
all samples were heat-treated at a temperature of 400 ◦C in air, with a heating and cooling
rate of 1 ◦C/min for the transition of amorphous nanotubular TiO2 to the crystalline anatase
phase.

Then, the phase compositions of the obtained coatings were determined by X-ray
phase analysis (XRD) at room temperature using a STADI (STOE & Cie GmbH, Darmstadt
Germany) diffractometer equipped with a CuKα X-ray source. Le-Bail analysis was carried
out using Full Prof Suit software. The nanomorphology and chemical composition of the
obtained NTOs were examined by scanning electron microscopy (SEM, Jeol JSM-6390LA,
Jeol, Tokyo, Japan).

The PEC properties were measured using incident photon to converted electron
spectroscopy (IPCE). SCS10-PEC (Zolix Instruments Co. Beijing, China) equipped with an
electrochemical analyzer CHI600e was used to irradiate light at a given wavelength in the
range from 300 to 480 nm with a step of 2.5 nm. IPCE measurements were conducted using
a three-electrode cell with the following: the working electrode (WE)—NTO samples in
the form of Ti/TiO2 or Ti/Ni-TiO2 plates, counter electrode (CE)—Pt, and the reference
electrode (RE—Ag/AgCl and 0.1 M KNO3 at an applied potential of 800 mV vs RE in
accordance with procedures described elsewhere [11,15,42–44]. PEC activity was calculated
according to the IPCE parameter by the following Equation (1):

IPCE = 1240 · (Ip(λ))/(P(λ) · λ), (1)
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where Ip(λ) is the photocurrent density at a given wavelength (A·m−2), P(λ) is the power of
the light flux at a given wavelength (W·m−2), and λ is the incident light wavelength (nm).
To examine the PEC properties based on current parameter measurements of the electrolyte
cell during irradiation with light of a given wavelength at a given potential, the method is
similar to that described in [11,44].

3. Results and Discussion
3.1. Coating Growth, Morphology and Chemical Composition

Evaluation of the anodized NTO surface morphology revealed that the initial NTO
microstructure was preserved within Ni doping approaches without considerable changes,
as can be observed in the SEM image in Figure 1. This confirms that amorphous NTO
neither dissolved nor degraded in nickel nitrate solution.
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Figure 1. Scanning electron microscopy (SEM) images of (a) ID-0.1/1-NTO and (b) AD-0.10-NTO.

The results of EDS analysis showed that the quantity of Ni in the samples did not
exceed 3 at.%. The composition of the samples was calculated only by titanium and nickel
elements. The concentration detection limit of Ni was approximately 1 at.%. The gathered
data are presented in Table 1. It is clearly seen that TiO2 doped by immersion contains
significantly more Ni. Undetectable Ni in the anodized sample may be associated with a
better distribution of Ni over the bulk and low penetration of the EDX signal.

Table 1. Composition of the samples studied in the work.

Sample Name Ni, at.% Sample Name Ni, at.%

N-NTO 0 N-NTO 0
ID-0.05/0.5-NTO 0.8 ID-0.10/0.5-NTO 2.7
ID-0.05/1-NTO 1.9 ID-0.10/1-NTO 1.8
ID-0.05/2-NTO 1.5 ID-0.10/2-NTO 1.6
ID-0.05/3-NTO 1.0 ID-0.10/3-NTO 2.2
AD-0.05-NTO 0.0 AD-0.10-NTO 0.0

The SEM analysis of Ni-NTO did not reveal the exact structure of Ni compounds in
NTO arrays in samples obtained by both doping methods. However, the detection of Ni
may be due to its appearance on the NTO surface as a thin film or intergrain compound.
Moreover, it should be noted that an increase in immersion time does not proportionally
increase the amount of detected nickel in the NTO array.

3.2. Phase Analysis

XRD patterns of the Ni-NTO samples annealed in air are shown in Figure 2a,b. The
major phase formed during crystallization is anatase (A) with I41/amd symmetry. Some
traces of unrecognized phases were observed in the patterns, which may be associated with
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intermediate titanium oxide phases. The detected peaks are also confirmed by previous
observations in [11]; however, due to the insufficient number of peaks, determination of
phases is not possible. These phases may be attributed to a magneli-like type and are
spontaneously formed and decompose from highly oriented titanium oxides. It was also
detected that unrecognized titanium oxide phases disappear after a few weeks. The main
diffraction peaks corresponding to crystal planes (100), (002), (101), (102), (110), and (103)
are assigned to the titanium substrate (COD 96-901-6191). Anatase crystal planes (101),
(103), (004), (200), (105), and (116) were detected (COD 96-901-5930) for samples doped by
a concentration of nickel salt 0.05 and 0.10 M.
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Figure 2. X-ray diffraction (XRD) patterns of nickel-doped nanostructured titanium oxide coatings
obtained by anodizing for 40 min at 30 V for the sets of samples (a) N-NTO, ID-0.05/y-NTO, AD-
0.05-NTO, and (b) N-NTO, ID-0.10/y-NTO, AD-0.10-NTO.

Interestingly, differences in the intensities of the (101) and (004) planes are clearly
observed for different anodizing approaches. Samples ID-x/y-NTO display highly pre-
ferred oriented anatase on the (004) plane. Conversely, the AD-0.05-NTO and AD-0.10-NTO
samples show a lower preferred orientation degree by the (004) plane. Hence, the Ni salt
concentration in the last case does not sufficiently affect the phase composition of Ni-NTO
(Figure 2) or the preferential orientation. This difference can be described as follows: in
the first method, Ni ions from the nitrate solution are deposited on the surface of the NTO
array and can react with amorphous titania during crystallization as illustrated in Figure 3a.
In the second method, Ni2+ ions present in electrolyte during anodizing can be directly
introduced into the titania structure during anodic oxidation of the substrate as illustrated
in Figure 3b. Such different paths of nickel doping result in preferred crystallization along
different crystallographic axes.

Conversely, a higher Ni2+ content in the electrolyte in the immersion approach
forces the preferred orientation degree of anatase, which was recently considered in pa-
pers [11,45,46]. The disappearance of the (101) plane could be associated with a blocking
effect due to the absorption of Ni onto the surface between the (101) planes, which was
also considered in [47]. Here, Ni2+ intercalates TiO2 grains and after heat treatment, the
position of Ni atoms can be considered interstitial. Moreover, the direct chemical reaction
within pyrolysis of the NiO deposited particles could occur at a lower temperature than
specified in [48], as a consequence of the higher activity of nanosized grains of NTO:

TiO2 + NiO = NiTiO3, ∆G673K = −15.601 kJ/mol, (2)
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Figure 3. Schematics of Ni-doped TiO2 formation by (a) immersion in an aqueous solution and
(b) anodizing ethylene glycol.

The calculation of lattice parameters by the Le-Baile method for all the samples showed
negligible variation. Pretty high nickel concentration investigated by EDX in the immersion
series should give a noticeable change in case of solid solution of Ti1−xNixO2−y formation.
As the lattice parameters remain unchanged, nickel is present at the surface of the NTO.
The low nickel content in the AD-0.05-NTO and AD-0.10-NTO samples does not allow us
to achieve an appreciable change in crystal lattice parameters, and the nickel distribution
could not be directly confirmed by XRD measurements. However, because the initial
orientation of NTO is retained during anodizing in Ni-containing electrolyte and the atomic
radii of Ni and Ti atoms are close, it can be considered that a substitution solid solution
is formed. Here, Ti4+ atoms in TiO2 can be substituted by Ni2+ atoms, which enables
additional energy defect levels in the energy level structure of the semiconductor.

On the one hand, the Ni doping approach significantly influences the preferred grain
orientation, which could have completely different effects on the photocatalytic properties.
On the other hand, the approaches used fail to achieve a sufficient concentration of Ni in
NTO, which can be detected by the presence of any Ni-containing phases by XRD. This may
be explained by their low content, thin film condition, amorphous state, or incorporation
on Ti sites.

3.3. Photoelectrochemical Properties

The results of the IPCE spectroscopy of the Ni-doped NTO samples are shown in
Figure 4a,b. The similar results of the initial undoped NTO samples in both series show
a high level of convergence of the measured results. The IPCE of the N-NTO sample
peak position is approximately 355 ± 5 nm, and the maximum conversion in the peak
position is 18 ± 1%. Figure 4a shows that N-NTO and AD-0.05-NTO have significant PEC
efficiency. AD-0.05-NTO is referred to as mentioned earlier with the substitution of Ti4+

by Ni2+. The nonequal charge of particles results in enhanced oxygen non-stoichiometry
for its compensation (Ti1−xNixO2−y). A high concentration of charge carriers enables an
increase in the peak intensity of the IPCE. However, sample ID-0.05/y-NTO has extremely
low IPCE activity, less than 2% in the IPCE peak position. Such a phenomenon could be
attributed to a chemical reaction of NiO particles with TiO2, as shown in Equation (2). The
produced NiTiO3 (with a bandgap of 3.0 eV [49]) or surface thin film of nickel oxide forms
a semiconductor heterostructure with TiO2, which dramatically affects the IPCE efficiency.
Unfortunately, this heterostructure decreases the PEC reaction efficiency by charge energy
relaxation with subsequent recombination of the electron–hole pair, which has been widely
considered elsewhere [50,51].

The same behavior is observed for ID-0.10/y-NTO (Figure 4b). It was observed that
the increase in immersion time results in a crucial decrease in PEC activity. This behavior
confirms the presence of deposited nickel oxide particles on the surface of anodized tita-
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nium, followed by the formation of an insulating layer of NiTiO3 during calcination. It is
also obvious that a result is more pronounced for higher Ni salt concentrations because the
content of these compounds increases.
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0.05/y-NTO, AD-0.05-NTO, and (b) N-NTO, ID-0.10/y-NTO, AD-0.10-NTO.

The set of ID-x/y-NTO samples exhibited low photocatalytic efficiency. The shift of
the IPCE peak from 355 ± 5 to 380 ± 5 nm was caused by the formation of a heterojunction
structure of NixOy or NiTiO3 with TiO2, which formed by chemical reaction with a sub-
traction of decomposed Ni(NO3)2 on the NTO surface. Both the increase in recombination
rate and lower value of NiTiO3 band gap or NixOy on the NTO surface negatively affect
photocatalytic properties [52–54]. Simultaneously, interstitial Ni atoms were produced
during anodizing with the initiation of an additional type of energy defect level. The
conversion bandgap (Eipce) and integer IPCE were calculated by the technique described
elsewhere [11] and are presented in Table 2.

Table 2. Calculated conversion bandgap and integer IPCE of Ni-doped NTO.

Sample Name Eipce, eV Integer IPCE, % Sample Name Eipce, eV Integer IPCE, %

N-NTO 3.26 ± 0.01 5.9 N-NTO 3.28 ± 0.01 4.2
ID-0.05/0.5-NTO 3.17 ± 0.01 0.4 ID-0.10/0.5-NTO 3.07 ± 0.02 0.2
ID-0.05/1-NTO 3.15 ± 0.01 0.3 ID-0.10/1-NTO 3.18 ± 0.01 0.5
ID-0.05/2-NTO 3.15 ± 0.01 0.3 ID-0.10/2-NTO 2.91 ± 0.02 0.1
ID-0.05/3-NTO 3.15 ± 0.02 0.3 ID-0.10/3-NTO 2.99 ± 0.01 0.1
AD-0.05-NTO 3.30 ± 0.02 8.8 AD-0.10-NTO 3.32 ± 0.02 8.9

It is clearly detected that anodizing with the Ni(NO3)2 additive positively affects the
integral characteristics of Ni-doped NTO. Namely, the integer IPCE value increased more
than twice. The IPCE peak position was not shifted, although its intensity increased more
than 1.5 times. The advantageous IPCE can be attributed to the introduction of defect
energy levels into the conduction and valence bands, which act as donors of the charge
carriers. These levels improve the separation of photogenerated electron–hole pairs and
positively affect the IPCE efficiency and PCWS processes. Thus, doping by anodizing
with Ni(NO3)2 is more beneficial, which makes it possible to effectively consume the UV
part of solar energy for the PCWS process. However, Eipce only of the immersed series
decreased significantly from 3.28 to 2.91 and 3.26 to 3.15 eV for the ID-0.05/y-NTO and
ID-0.10/y-NTO series, respectively.
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4. Conclusions

Finally, anodizing with a doping additive is more effective than doping using the
immersion technique. During the immersion technique, an inefficient heterojunction
structure between titanium and nickel oxides is probably formed. This form increases the
recombination rate of the photogenerated electron–hole pair. Although the peak position
shifts to the visible part of the spectrum, the IPCE peak reaches less than 15% of the value
of non-doped NTO. Simultaneously, anodizing with doping additives increases the IPCE
peak by up to 1.5 times and the integral IPCE by more than two times. This behavior
may be associated with Ti4+ by Ni2+ substitution with beneficial changes in the energy
level structure of the semiconductor. It should be noted that immersion suppresses the
crystallization of titania in the (101) plane, and the obtained material is extremely oriented
by the (004) plane. This structure is formed due to the adsorption and formation of Ni-
containing oxides onto the surface of TiO2 arrays. Ni-doped titania obtained by anodizing
has a traditional grain orientation of anatase. Here, the Ni atoms probably substituted the
Ti atoms in the TiO2 structure, which did not prevent the growth of grains in any direction.

The results of this research are relevant for the development of nanostructured semi-
conductor photoanodes based on titania for application in the PCWS process, providing
additional input into the field of doping nanomaterials.
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