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Abstract: The study compares the photocatalytic behavior of TiO;, NiO-TiO,, and Ni-NiO-TiO;
photocatalysts in photocatalytic hydrogen production from methanol-water solution. TiO, and
NiO-TiO; photocatalysts with theoretical NiO loading of 0.5, 1.0, and 3.0 wt. % of NiO were prepared
by the sol-gel method. The Ni-NiO-TiO, photocatalysts were prepared by partial reduction of NiO-
TiO; in hydrogen at 450 °C. The Ni-NiO-TiO; photocatalysts showed significantly higher hydrogen
production than the NiO-TiO, photocatalysts. The structural, textural, redox, and optical properties
of all of the prepared photocatalysts were studied by using XRD, SEM, N,- adsorption, XPS, H,-TPR,
and DRS. Attention is focused on the contribution of Ni loading, the surface composition (Ni%*, the
lattice O~ species, and OH groups), the distribution of Ni species (dispersed NiO species, crystalline
NiO phase, and the metallic Ni species), oxygen vacancies, TiO, modification, the TiO, crystallite
size, and the specific surface area.

Keywords: Ni-NiO-TiO,; water splitting; Ni-NiO co-effect

1. Introduction

The energy crisis caused by the negative economic and environmental impacts of the
currently used energy technologies (using fossil fuel combustion) accelerates the need to
develop new sustainable technologies. Energy technologies using hydrogen as a fuel (fuel
cells and direct combustion) are gaining significant support and space. However, their
practical use is severely limited by the costly production of hydrogen (electrolysis and oil
reforming). Therefore, new alternative hydrogen production processes are being explored.
The photocatalytic decomposition of water and aqueous alcohol solutions is among the
most promising ones.

Since the 1970s, when Fujishima and Honda published their revolutionary article [1],
many reviews have been published on photocatalytic water splitting [2-7] and hydrogen
production from alcohol-water solution [8-10]. This revolutionary technology of hydrogen
production has attracted enormous attention from all over the world. However, even
50 years after the success of Fujishima and Honda, the technology is nowhere near indus-
trial application. The current state-of-the-art solar to hydrogen efficiency is around 10% [9].
Research is mainly focused on TiO;-based photocatalysts. There are countless ways to mod-
ify the properties of TiO, to increase its efficiency toward hydrogen production. Transition
metals serving as cocatalysts seem to be the most effective ones. It is widely accepted that
noble metals can serve as electron traps resulting in a reduced recombination rate of charge
carriers [11]. The disadvantage of noble metals is their cost. However, there are other, much
cheaper, and at the same time effective transition metals. For example, doping TiO, with
various forms of nickel particles is one of the options [12-23]. More recently, high hydrogen
production has been reported for many different photocatalysts, e.g., two-dimensional
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(2D) few-layered MoSe; deposited on CdS nanorods [24], porous Ni-Co-Fe ternary metal
phosphides nanobricks (denoted as Ni-Co-Fe-P NBs) [25], biochar-supported photocat-
alytic systems [26], bi-functional photocatalysts, e.g., hetero-phase Mo, C-CoO@N-CNFs
film [27], Ni/NiFe,Oy4 core-shell nanospheres [28], or plasmon coupled inside 2D-like TiB,
flakes [29].

In general, the presence of Ni, like all other transition metals, stabilizes the anatase
against phase transformation, reduces the particle size and thus increases the total area of
the external surface of the photocatalyst (m?.g 1), prolongs the lifetime of the electrons
and holes pairs, and enhances the absorption of visible light [30]. The authors explain the
increased efficiency of the photocatalytic reactions of nickel-doped TiO; by extending the
band structure of TiO, by additional energy and potential levels and their application in
charge transfer [23]. The benefit of combining TiO, with NiO lies in the creation of p-n
heterojunction type II [31,32] which leads to the formation of the internal electric field,
better charge separation and thus increases the concentration of charge carriers [17,33,34].
TiO; is an n-type semiconductor and NiO is a p-type semiconductor and their connection
leads to a significantly improved separation of charge carriers. The higher photocatalytic
performance of NiO-TiO, materials compared to pristine TiO, has been observed not only
for the water splitting reaction [18,35-37], but also for the photocatalytic decomposition
of organic compounds [22,31,38]. Nevertheless, a high surface charge concentration is
associated with the formation of undesirable charge traps and recombination centers,
which can reduce of the yield of surface redox reactions [39].

When TiO; is doped with metallic Ni (most often metallic Ni on the surface of TiO,
is formed by a certain treatment of the oxidized form [18,40]), the formation of a Schottky
barrier was observed [21]. This conductive connection of metallic Ni with TiO, leads to
efficient charge separation, which significantly improves the photocatalytic activity of these
materials [11]. Recently, TiO, photocatalysts modified with both NiO and metallic Ni where
a Ni-NiO-TiO; heterojunction is formed were presented [15,16,21]. The band structure of
these materials fundamentally affects the photocatalytic properties [40], especially when
used for the water splitting reaction. The authors explain the improvement of the photocat-
alytic behavior of the NiO-Ni-TiO, heterostructures by forming a conductive connection
between TiO, and NiO via metallic nickel and by suppressing oxygen generation. However,
direct evidence of the existence of such structures has not yet been published. As indirect
evidence, the authors report the increased photocatalytic activity of Ni-NiO-TiO;, the
formation of core—shell structure observed by SEM or the presence of Ni and NiO surface
particles observed by XPS. In addition, these materials are presented as active in the visible
region of the light spectrum [15,16,21].

In this manuscript, attention is focused on NiO-TiO; and Ni-NiO-TiO, photocatalysts.
The NiO-TiO, photocatalysts were reduced to Ni-NiO-TiO, photocatalysts, containing both
metallic Ni particles and NiO species. Such preparation enables a defined comparison
of the photocatalytic behavior of these materials, as well as their key properties. This
is because NiO-TiO, and Ni-NiO-TiO, prepared by reduction of the original NiO-TiO,
forms pairs with the same Ni loading. In detail, the contribution of total Ni loading, the
distribution of NiO and metallic Ni® species, oxygen vacancies, surface oxygen species,
phase modification, TiO, crystallite size, and specific surface area to the photocatalytic
behavior of NiO-TiO, photocatalysts and Ni-NiO-TiO, photocatalysts is analyzed.

2. Results and Discussion
2.1. Photocatalysts” Characterization

The surface phase composition and crystallite size of all of the prepared photocatalysts
were determined by XRD spectroscopy (Figure 1). The XRD patterns of all of the presented
photocatalysts contain dominant diffraction lines with 26 at 25.3, 38.1, 48.1, 53.9, 55.1, 62.7,
69.2,70.1, and 75.2°, which are typical for anatase phase modification of TiO, (PDF-2 card
No. 00-064-0863). No other crystalline TiO, phase was detected in any of the studied
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samples as summarized in Table 1. The exclusive formation of anatase is consistent with
the use of precursors in a sol-gel method of TiO, synthesis.
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Figure 1. XRD patterns of TiO, and NiO-TiO, photocatalysts calcined at 450 °C in the air (a) and
Ni-NiO-TiO; photocatalysts reduced at 450 °C in Hp / Ar (b).
Table 1. Crystallite sizes and surface phase composition of TiO, and NiO-TiO, photocatalysts
calcined at 450 °C in air and Ni-NiO-TiO, photocatalysts reduced at 450 °C in Hy / Ar obtained from
XRD spectroscopy.
Calcined Samples Reduced Samples
S Crystallite Phase Content (%) Crystallite Phase Content (%)
ample . Sample .
Size (nm) Anatase NiO Size (nm) Anatase Ni¢
TiO; 12.9 100 nd.! TiOy 10.0 100 nd.!
0.5_NiO-TiO, 7.0 100 nd.! 0.5_Ni-NiO-TiO, 9.9 100 nd.!
1.0_NiO-TiO, 10.3 100 nd.! 1.0_Ni-NiO-TiO, 7.3 100 nd.!
3.0_NiO-TiO, 6.6 99 1.0 3.0_Ni-NiO-TiO; 6.9 97.9 2.1

I n.d.—not detected (inconclusive).

The XRD pattern of the 3.0_NiO-TiO, photocatalyst (Figure 1a) contains a diffraction
line at 20 43.1° assigned to NiO (PDF-2 card No. 01-089-7130). The rest of the characteristic
diffraction lines of NiO (at 38 and 62°) are overlapped by intensive diffraction lines of
anatase TiO;. 3.0_NiO-TiO, contained a mass fraction of the crystalline NiO phase 1.0 wt. %,
which shows the presence of well-dispersed and / or amorphous NiO species not detected by
XRD. The XRD pattern of the partially reduced 3.0_Ni-NiO-TiO, material shows diffraction
lines at 20 at 44, 52, and 76°, which can be assigned to the metallic Ni® species (PDF-2 card
No. 01-071-4653). After partial NiO reduction, 3.0_Ni-NiO-TiO, contained a mass fraction
of metallic Ni° of 2.1 wt. %. The mass fraction of 2.1 wt. % Ni' is after recalculation equal
to the mass fraction of NiO 2.7 wt. % which was reduced. This confirms the statement that
not all NiO species were detectable by XRD in 3.0_NiO-TiO;. It means that approximately
90 % of the NiO in 3.0_NiO-TiO, was reduced to the metallic Ni’ during its reduction to
3.0_Ni-NiO-TiO, (assuming the actual NiO content in 3.0_NiO-TiO, corresponds to the
theoretical amount of NiO and the crystalline Ni® phase detected by XRD corresponds to
the total amount of Ni’ particles presented in 3.0_Ni-NiO-TiO,).
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The detection limits of the XRD technique for crystalline NiO and Ni phases, the
presence of amorphous phases, and/or the assumed high dispersion of NiO and Ni’
species on the surface of TiO; [34] can be reasons for the fact that the diffraction lines for
NiO and Ni species are not determined in the diffractograms of 0.5_ NiO-TiO,, 0.5_Ni-NiO-
TiO,, 1.0 NiO-TiOy, and 1.0 Ni-NiO-TiO; photocatalysts.

As evident from Table 1, the TiO; crystallite sizes of all of the NiO-TiO, and Ni-NiO-
TiO, materials are lower compared to pure TiO,. This is in agreement with the literature
statements that the addition of Ni species decreases the value of the crystal size of TiO, [30];
however, no systematic trend with an additional increase in the Ni amount in the material
is observed.

BET adsorption isotherms were measured for TiO,, 1.0_NiO-TiO,, and 1.0_Ni-NiO-
TiO, materials. The specific surface areas of these materials were 64 m2.g~! for TiO,,
84 rnz.g_1 for 1.0_NiO-TiO, and 79 m2.g_1 for 1.0_Ni-NiO-TiO,. The results show that the
presence of nickel species caused a slight increase in the specific surface area in contrast to
pure TiO,, but the Hy / Ar reduction of the 1.0_NiO-TiO, material does not affect the specific
surface area of 1.0_Ni-NiO-TiO;. Figure 2 shows SEM images of TiO,, 1.0_NiO-TiO, and
1.0_Ni-NiO-TiO; materials. The morphology of 1.0_NiO-TiO; and 1.0_Ni-NiO-TiO, seems
to be similar. No significant agglomerates of NiO or Ni” were observed.

r 4 &

SEM HV: 10.0 KV SEMHV: 10.0 kv WD: 7.01 mm LYRA3 TESGAN| SEM HV: 10,0 kV wD:699mm | LYRAS TESCAN|
View field: 200 pm View field: 200 pm Det: SE View field: 200 ym Det: SE 50 ym
SEM MAG: 1.73 kx. SEM MAG: 1.73 kx CEMNAT SEM MAG: 1.73 kx CEMNAT

SEM HV: 10.0 kV WD: 7.03 mm L1 LYRA3 TESCAN| SEM HV: 10.0 kV. WD: 7.00 mm LYRA3 TESCAN| SEM HY: 10.0 kV wo:e97mm | ] | ] LYRA3 TESCAN|
- S| SE 500 nm

T
View eid: 250 pm Derse  so0nm View feld: 2.50 ym Deese  sonom View feld: 250 ym Det:
SEM MAG: 138 kx CEMNAT SEM MAG: 138 kx CEMNAT SEM MAG: 138 kx CEMNAT

Figure 2. SEM images of pure TiO; (a), 1.0_NiO-TiO; (b), and 1.0_Ni-NiO-TiO; (c).

Figure 3 shows the DR spectra of NiO-TiO, materials. The spectra of all of the studied
NiO-TiO; materials showed the absorption edge at around 3.0 eV, typical for TiO, materials
prepared by the sol-gel method in a reverse micellar environment [41]. Firstly, it is evident
that the increasing amount of NiO in the NiO-TiO, materials leads to a slight decrease in
the band gap energy. However, with an increasing amount of Ni loading, it is no longer
possible to determine the value of the band gap energy as the shape of the spectra of
NiO-TiO, photocatalysts is affected by the presence of other bands belonging to Ni-based
species and overlapping the absorption edge, as is evident from the spectra of pure NiO
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(see upper graph in Figure 3). It distorts the precise band gap energy determination for
NiO-TiO; materials. The band at 1.7 eV could be attributed to the octahedral nickel species
in NiO [42-44]. Other bands characteristic of the presence of NiO at 3.0 eV and 3.2 eV
are overlapped by the band of TiO,. The DR spectra of Ni-NiO-TiO, materials were not
possible to obtain due to the dark color of the resulting materials.
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Figure 3. UV-vis DRS spectra of TiO, and NiO-TiO;, photocatalysts calcined at 450 °C in the air
(bottom graph). UV-vis DRS spectra of NiO (upper graph).

The Raman spectra of all of the photocatalysts contain absorption bands around 144,
195, 396, 517, and 639 cm ™! (Figure 4) that can be ascribed to the anatase phase of TiO, [45].
Raman bands typical for other phase modifications of TiO, (rutile or brookite) were not
detected, which is in agreement with the XRD results. No Raman bands that could be
assigned to NiO or other Ni species were observed even for the 3.0_NiO-TiO, and 3.0_Ni-
NiO-TiO, materials with the highest amount of Ni. This observation is in contrast to the
XRD results, but it can be explained by the low sensitivity of Raman spectroscopy for
NiO species. It could also be explained by the high dispersion of NiO species on the TiO,
surface [17]. Based on XRD, 3.0_NiO-TiO; contained the mass fraction of well-crystalline
NiO species of 1.0 wt. %, so the rest of the NiO should be in the form of amorphous or
well-dispersed NiO species.

The inlet pictures in Figure 4a,b show detailed information about the position of the
band at around 144 cm~!. Tt has been published that the position of the maxima of this band
is related to the amount of defects or impurities in titania breaking the long-range transla-
tion crystal symmetry in the TiO, lattice and to the particle size of the material [17,46,47].
More specifically, the presence of the maxima of this band can be shifted to higher wavenum-
ber values by increased amounts of oxygen vacancies and/or the decreased crystallite size
of TiO; [39,47]. While in the case of NiO-TiO; photocatalysts (Figure 4a) the position of this
dominant band in Raman spectra changes slightly with increasing Ni content, a significant
shift to a higher wavenumbers is observed in the case of reduced Ni-NiO-TiO, photocata-
lysts (Figure 4b). As all NiO-TiO; and Ni-NiO-TiO; photocatalysts possess approximately
similar crystallite sizes of TiO; (Table 1), the shift of the maxima of this band could reflect
only the content of oxygen vacancies. From that point of view, all of the NiO-TiO, photo-
catalysts possessed approximately the same amount of oxygen vacancies. On the other
hand, the amount of oxygen vacancies increased significantly in Ni-NiO-TiO, materials
with increasing Ni loading. Thus, the coexistence of Ni” and NiO species in Ni-NiO-TiO,
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(a)

Intensity (-)

resulted in the formation of oxygen vacancies. For details, see Refs. [47,48] describing the
role of the particle size and the amount of oxygen vacancies on the shift of the maxima of
this Raman band.
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Figure 4. Raman spectra of TiO, and NiO-TiO, photocatalysts calcined at 450 °C in the air (a) and
Ni-NiO-TiO; photocatalysts reduced at 450 °C in Hp / Ar (b).

The H,-TPR profiles of the TiO, and NiO-TiO, photocatalysts are presented in Figure 5a.
The low-intensity reduction peak with a maximum at around 570 °C (peak III) in the TPR
profile of the pure TiO, corresponds to the reduction of residual organic species from the
synthesis process (both the temperature of the calcination and the reduction were 450 °C).
This peak is presented in the profiles of all of the photocatalysts, but with increasing nickel
content, the background intensity becomes more marginal because it is overlapped by
significant reduction peaks of NiO. The position of the reduction peak reflects the strength
of the interaction between NiO and TiO;. The stronger the interactions between TiO, and
NiO, the greater the shift of the reduction peak to higher temperatures [49]. As shown in
Figure 5a, there are two thermal regions where reduction peaks of NiO are located. The
higher thermal peaks are located between 400-600 °C and the lower thermal peaks are in
the range of 300400 °C of the TPR profiles. This observation points to the heterogeneity of
NiO particles on the surface of TiO; [49]. Simultaneously, higher thermal peaks are of a
broad shape, and their maxima shift to lower temperatures with increasing Ni content in
the material. The low thermal peaks are sharp in shape and the position of the maxima is
slightly shifting to a lower temperature with increasing Ni content in the material.

Based on this observation and according to the literature [50], it can be assumed that
at low concentrations of NiO in the 0.5_NiO-TiO, material, highly dispersed and strongly
interacting NiO is formed. This is evident from the dominant reduction peak at the high
thermal region (peak II). Its reducibility increases with the increasing amount of NiO as
evident from the shift of this reduction (peak II) to the lower temperature, i.e., from 520 °C
for 0.5_NiO-TiO; to 430 °C for 3.0_NiO-TiO;, (Figure 5a). Another reduction peak is formed
at the low thermal region (peak I), which can be attributed to the presence of the NiO
aggregates, which only weakly interact with the TiO, surface and are therefore easily
reducible at low temperatures in a narrow thermal range (peak I). The reduction peak I
corresponds to the presence of NiO, i.e., both the amorphous and crystalline NiO phase
detected diffraction lines at 26 = 38 and 62 ° (Figure 1a) and the absorption band at 1.7 eV
(Figure 3) for 3.0_NiO-TiO5. It can be concluded that the dispersed fraction of NiO on TiO,
(peak II) and NiO aggregates (peak I) are detectable by H,-TPR. This also explains why
only 1.0 wt. % of crystalline NiO phase was observed in 3.0_NiO-TiO5.



Catalysts 2023, 13, 293

7 of 15

TCD signal (-)

a) — Ti0p b) — TiO,
— 0.5_NiO-TiO, —— 0.5_Ni-NiO-TiO,
0.005 1.0_NiO-TiO, 0.005 1.0_Ni-NiO-TiO,
— 30.NiO-TiO,| = —— 3.0_Ni-NiO-TiO,
=
[
=2
wn
(1 8
O 0
0
an )
200 400 600 800 00 400 600 800
Temperature (<C) Temperature (<C)

Figure 5. Hy-TPR profiles of TiO, and NiO-TiO, photocatalysts calcined at 450 °C in the air (a) and
Ni-NiO-TiO; photocatalysts reduced at 450 °C in Hp / Ar (b).

Figure 5b presents the reduction profiles of Ni-NiO-TiO; photocatalysts obtained
from NiO-TiO; by their partial reduction at 450 °C. The change in the TPR profiles of
NiO-TiO; and the appropriate Ni-NiO-TiO, materials shows a change in the distribution of
nickel particles present in these materials. Although it is difficult to quantify the amount
of NiO reduced to the metallic Ni’, the proportion of reduced NiO to Ni’ differs with
increasing nickel content in the material, as is evident from the different areas of the
reduction peak of NiO-TiO, materials up to the 450 °C. It is evident that the dominant
higher thermal peak (peak II) for NiO-TiO, materials is suppressed in the profiles of
reduced Ni-NiO-TiO, photocatalysts. However, it is surprising that the TPR profiles of the
reduced Ni-NiO-TiO; materials possessed some reduction peaks below 450 °C, i.e., below
the temperature at which the NiO-TiO, photocatalysts were partially reduced to the Ni-
NiO-TiO, photocatalysts. The reduction peak at the low thermal region (peak I) could
be attributed to the presence of NiO aggregates. Its presence could be explained by the
reorganization of the surface NiO species and the formation of new NiO aggregates during
the partial reduction of NiO-TiO, materials.

Table 2 shows the surface composition of NiO-TiO, and Ni-NiO-TiO, photocatalysts
determined by XPS. The Ti, O, Ni, and C species on the surface of the NiO-TiO; and Ni-NiO-
TiO, photocatalysts were evidenced. Firstly, it should be mentioned that the XPS proves
the presence of surface carbon species (atomic concentration in the range of 12.77-16.02%),
residuals of organic molecules used in synthesis which were not decomposed at the treat-
ment temperature of 450 °C and whose presence was also proven by the reduction (peak III)
in the TPR profiles of all of the studied materials. Secondly, all of the materials show two
photoelectron peaks at 458.1 and 463.8 eV, which correspond to Ti 2p3,, and Ti 2p1 /; levels
and confirm the existence of Ti**. Thirdly, three surface oxygen species can be distinguished
(C=0, Ti-O, and OH groups). While the atomic concentration of lattice O?~ species (the
peak at 529.3-529.7 eV) decreased with increasing Ni loading in NiO-TiO, materials, its
concentration was approximately the same in Ni-NiO-TiO, photocatalysts (with the excep-
tion of 0.5_Ni-NiO-TiO,). No clear correlation was observed between the concentration of
hydroxyl groups (peak at 531.5 & 0.3 eV) and the Ni loading in the samples. Finally, the
surface composition of Ni?* could reflect the presence of NiO species. If we recalculate the
atomic concentration of Ni?* to the mass fraction of NiO (see Table 2, the last column), we
obtain the values 0.32, 2.35, and 5.16 of wt. % of NiO in 0.5_NiO-TiO,, 1.0_NiO-TiO,, and
3.0_NiO-TiO; materials, respectively. Therefore, the surface concentration of NiO species is
higher than the amount of NiO expected based on the amount of used precursors during
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material synthesis. It reflects a higher location of NiO species on the surface of materials
than in the bulk.

Table 2. Surface composition of Ti, O, Ni, and C (at. %) determined by XPS for TiO, and NiO-TiO,
photocatalysts calcined at 450 °C in air and Ni-NiO-TiO; photocatalysts reduced at 450 °C in Hy /Ar.

Atomic Concentration (mol. %) NiO
Calcined Samples
Carbon Ti-O Cc=0 -OH O Total  Titanium Ni2+ Nif (wt. %)
TiO, 13.98 53.88 494 2.19 60.91 25.02 - - -
0.5_NiO-TiO, 13.00 54.24 5.02 1.97 60.96 25.77 0.10 nd.! 0.32
1.0_NiO-TiO, 14.90 51.95 5.54 1.90 59.17 2491 0.74 1d.?2 2.35
3.0_NiO-TiO, 15.70 45.82 9.68 2.89 58.33 24.19 1.63 1d. 2 5.16
Atomic Concentration [%] NiO
Reduced Samples
Carbon Ti-O C=0 -OH O Total Titanium Ni2* Nif (wt. %)
TiO, 16.02 52.21 4.97 2.16 59.29 24.64 - - -
0.5_Ni-NiO-TiO, 17.43 49.05 3.84 244 55.40 23.59 0.07 nd.! 0.24
1.0_Ni-NiO-TiO, 12.77 52.45 6.26 2.19 60.77 25.65 0.65 1d. 2 2.03
3.0_Ni-NiO-TiO, 14.02 52.93 5.07 1.72 59.49 25.66 0.54 1d.? 1.70

1 n.d.—not detected (inconclusive). 2 1.d.—limit of detection (insufficiently conclusive).

The relative change in the concentration of NiO species in NiO-TiO; and the appro-
priate Ni-NiO-TiO, species (before and after partial reduction, last column in Table 2)
was calculated. The calculated reduction efficiency was approximately 25% of NiO to the
metallic Ni° during the partial reduction of 0.5_NiO-TiO, to 0.5_Ni-NiO-TiO,, approxi-
mately 14% of NiO to the metallic Ni’ during the partial reduction of 1.0_NiO-TiO; to
1.0_Ni-NiO-TiO, and approximately 67% of NiO to the metallic Ni’ during the partial
reduction of 3.0_NiO-TiO, to 3.0_Ni-NiO-TiO,. For comparison, XRD (crystalline phase
composition) proved the reduction of at least 90% of NiO to the metallic Ni’ during the
reduction of 3.0_NiO-TiO; to 3.0_Ni-NiO-TiO,. In principle, NiO-TiO; photocatalysts were
reduced by the same process as previously used for the reduction of NiO-Al,O3 materials.
In that case, Ni-NiO- Al, O3 with the mixed structure of Ni and NiO was obtained. Since the
same reduction procedure was used in the case of NiO-TiO, reduction, it could be assumed
that both forms, i.e., Ni and NiO are in contact with the TiO, support. This mixed structure
significantly enhances the photoactivity of the studied materials. Both the Schottky barrier
and the generated internal electric field between the p-n semiconductors are exploited here.
This process effectively refrains the abundant electron-hole pairs from recombining and
provides more active electrons.

2.2. Photocatalytic Hydrogen Production

Figure 6 shows the amount of hydrogen produced from the methanol-water solution
in the presence of the TiOp, NiO-TiO, (Figure 6a), and Ni-NiO-TiO, (Figure 6b) photo-
catalysts. As can be seen, the lowest production of H, was detected with pure TiO,
(42 umol.gcat ). The addition of NiO to TiO, significantly promotes the production of
hydrogen in the presence of NiO-TiO, photocatalysts compared to TiO,. However, the
amount of produced hydrogen only slightly increased with the increasing NiO content in
the NiO-TiO, photocatalysts.
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Figure 6. Photocatalytic hydrogen production over TiO, and NiO-TiO, photocatalysts calcined at
450 °C in the air (a) and Ni-NiO-TiO, photocatalysts reduced at 450 °C in H, / Ar (b).

The partial reduction of NiO-TiO; to Ni-NiO-TiO, resulted in a significant increase in
the production of hydrogen during photocatalytic tests with Ni-NiO-TiO, in comparison
to NiO-TiO,, as shown in Figure 6b. The significant increase in H, production can be
connected to the co-presence of NiO and metallic Ni” species on the surface of TiO,. While
the amount of produced H; increased five times in the case of 0.5_Ni-NiO-TiO, and 3.0_Ni-
NiO-TiO; photocatalysts, in the case of 1.0_Ni-NiO-TiO,, the H, production increased
even nearly ten times (Figure 6) compared to the oxidized NiO-TiO, material. A slight
increase in Hy production was also observed with pure calcined TiO; (42 umol.gcat_l) after
its reduction (56 umol.gcat_l).

To verify the reproducibility of the measured results, the photocatalytic test was
repeated twice for each photocatalyst. Figure 7 demonstrates the excellent agreement
of both measurements on selected photocatalysts (pure TiO, and 1.0_Ni-NiO-TiO; and
3.0_Ni-NiO-TiO,).

1800
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Figure 7. Measurement of reproducibility of photocatalytic hydrogen production over the TiO,,
1.0_Ni-NiO-TiO,, and 3.0_Ni-NiO-TiO, photocatalysts reduced at 450 °C in H, /Ar.
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2.3. The Contribution of Photocatalysts Properties to Its Photocatalytic Behaviour

The photocatalytic behavior of the NiO-TiO; and Ni-NiO-TiO, materials is a complex
system reflecting their optical and electrochemical properties. In this manuscript, the
studied materials differ in Ni loading, the amount of dispersed NiO species (H,-TPR: peak
II), the amount of crystalline NiO phase (XRD and H,-TPR: peak I), oxygen vacancies
(Raman), and atomic concentration of lattice O?~ species (XPS). On the other hand, the
studied materials possessed approximately the same phase modification of TiO, (anatase),
TiO, crystallite size, and Sppt. It should be noted that the absence of a clear correlation
between hydrogen production and any of the abovementioned parameters indicates the
influence of multiple properties of these materials.

For 3.0_NiO-TiO,, the amount of produced hydrogen slightly increased compared
to the other NiO-TiO, samples (Figure 8). It can be attributed to an increased surface
concentration of NiO species determined by XPS (Table 2). On the other hand, in the case of
the partially reduced samples, 1.0_Ni-NiO-TiO; led to the formation of a higher hydrogen
amount than 3.0_Ni-NiO-TiO; (Figure 8), although 3.0_Ni-NiO-TiO, possessed a higher
amount of the sum of NiO and Ni® species. This indicates that the main role is not the
total Ni content (NiO species + metallic Ni’ species), but the mutual ratio of both types
of these particles. For 1.0_Ni-NiO-TiO,, the reduction of 16% of NiO to the metallic Nji°
was determined based on XPS. For 3.0_Ni-NiO-TiO,, it was determined that there was a
reduction of 67% of NiO to the metallic Ni’ based on XPS and 90% of NiO to the metallic
Ni® based on XRD.
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Figure 8. Comparison of photocatalytic hydrogen production over the TiO, and NiO-TiO; photocata-
lysts calcined at 450 °C in the air (black color columns) and the Ni-NiO-TiO, photocatalysts reduced
at 450 °C in Hy / Ar (red color columns).
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Nevertheless, the exact mechanism would be very hard to determine. However, a few
assumptions can be made. First of all, there is a p-n heterojunction between TiO, and NiO.
The NiO is a p-type semiconductor (the Fermi level is closer to the valence band) and the
TiO, is an n-type semiconductor (the Fermi level is closer to the conduction band). Their
Fermi levels equalize when in contact and a heterojunction is created, which promotes the
separation of electrons and holes [35]. Second of all, the Schottky barrier between TiO, and
Ni [21], where electrons migrate to Ni particles present on the TiO, surface and increase
the amount of electrons available for reduction half reaction, cannot be neglected. It is
clear that both of these connections (the heterojunction and Schottky barrier) are present in
the Ni-NiO-TiO; samples and are responsible for significantly higher activity compared
to the NiO-TiO, samples. However, the higher activity of 1.0_Ni-NiO-TiO, compared to
3.0_Ni-NiO-TiO; can be explained differently. Even though both connections are present
in both samples, the sample with a higher Ni content shows lower activity. Based on the
characterization results, almost 90% of NiO was reduced to Ni° in the 3.0_Ni-NiO-TiO,
sample. It is clear that the ratio of Ni’ /Ni?* plays a very important role in the photocatalytic
activity of these complex materials [15].

It is also widely accepted that oxygen vacancies strongly influence photocatalytic
activity and while all of the NiO-TiO, exhibited marginal differences in their oxygen
vacancies, the number of oxygen vacancies increased with increasing Ni-loading in Ni-
NiO-TiO; and it was higher in Ni-NiO-TiO, than in the NiO-TiO, materials (see Figure 4).
Thus, it might be concluded that the oxygen vacancies present in Ni-NiO-TiO; contribute
to higher hydrogen formation in contrast to NiO-TiO,. It is a correct statement without
any doubt, but since the 3.0_Ni-NiO-TiO, sample contains the highest amount of oxygen
vacancies, but has lower activity, it can be assumed that oxygen vacancies play a marginal
role in these complex materials and the main reason behind the high photocatalytic activity
is in the Schottky barrier, heterojunction, and the ratio of Ni®/Ni?* species.

3. Conclusions

The Ni-NiO-TiO, photocatalysts produced a significantly higher amount of hydrogen
in contrast to the NiO-TiO; photocatalysts.

For the NiO-TiO, photocatalysts, the amount of evolved hydrogen increased with
the increasing surface concentration of NiO species (XPS). The increase in NiO loading
also resulted in a decrease in the total amount of surface oxygen species (the sum of lattice
O?~ species and the hydroxyl groups) or, more specifically, a decrease in the amount of
the lattice O?~ species. However, it should be mentioned that such a decrease in surface
oxygen species was not observed for the Ni-NiO-TiO, photocatalysts.

For the Ni-NiO-TiO; photocatalysts, the amount of hydrogen increased with the
increasing surface concentration of NiO species (XPS) and not with the total amount of
Ni-species in the Ni-NiO-TiO, photocatalysts (the sum of NiO and metallic Ni’ species).
This indicates the significant role of the mutual ratio of NiO and the metallic Ni® species in
Ni-NiO-TiO; on its photocatalytic behavior. In addition, the coexistence of NiO and Ni’
species results in the formation of a higher amount of oxygen defects in the Ni-NiO-TiO,
photocatalysts than in the NiO-TiO, photocatalysts.

While the studied NiO-TiO; and Ni-NiO-TiO, materials differ in Ni loading, the
amount of dispersed NiO species, the amount of crystalline NiO phase, oxygen vacancies,
and the atomic concentration of surface oxygen species, approximately the same phase
modification of TiO,, TiO;, crystallite size, and specific surface area was observed.

4. Materials and Methods
4.1. Photocatalysts” Preparation

Two series of photocatalysts were studied in this work. The first one contained NiO-
TiO; (calcined series) and the second one was composed of Ni-NiO-TiO; (partially reduced
series). Both series contained pristine TiO; (calcined and partially reduced). Pure TiO,
and NiO-TiO, and Ni-NiO-TiO, materials with theoretical concentrations of 0.5, 1.0, and
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3.0 wt. % of NiO were prepared by the sol-gel method in a reverse micellar environment
according to Koéi et al. [41]. They were prepared from cyclohexane, Triton™ X-114,
water, and ethanol solution of nickel (II) nitrate hexahydrate. Both solutions were stirred
separately for 15 min at room temperature and then mixed together and stirred for an
additional 15 min. Then, titanium (IV) isopropoxide was injected into the mixture and
the final solution was stirred for 15 min at room temperature. The mixture was poured
onto Petri dishes of approximately 1-2 mm layer thickness and dried for 48 h in a fume
hood. The resulting sol-gel was calcined at 450 °C in air. These calcined (oxidized form)
photocatalysts were labelled as X wt. % NiO-TiO,, where X is the mass fraction of NiO
calculated from the amount of used precursors during synthesis. The partially reduced X
wt. % Ni-NiO-TiO; photocatalysts (X is the mass fraction of NiO in appropriate NiO-TiO,
photocatalysts) were prepared by the reduction of NiO-TiO; photocatalysts at 450 °C for
1hin 5 vol.% Hy/Ar. All of the materials were ground to a grain size of 0.16-0.25 mm.

4.2. Photocatalysts’ Characterization

The prepared samples were measured using a MiniFlex600 diffractometer (Rigaku Co.,
Tokyo, Japan) for powder X-ray diffraction. The instrument was equipped with a D/teX
Ultra detector and the X-ray source was a CuKo tube operating at 40 kV and 15 mA. The slit
width was set at 10 nm. Individual samples were scanned at a speed of 10 deg.min~! and a
step size of 0.02° in the range of the angle 20 from 20 to 80°. The measured diffractograms
were analyzed using PDXL2 software containing the ICDD-PDE-2 library to obtain the
crystallite size, lattice parameters, and phase composition.

Nitrogen sorption isotherms were measured using a Micromeritics TriStar II 3020 static
volumetric apparatus at —196 °C. The surface area, Sggr, was calculated using adsorption
data in the range of relative pressures p/p° = 0.01-0.3.

All of the prepared samples were measured by Raman spectroscopy to determine the
structure and presence of individual TiO, phases. The spectra were measured on a Nicolet
DXR SmartRaman spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The device
included a Nd:YAG excitation laser with a wavelength of 532 nm. The laser power was
used in the range of 0.3-8 mW.

The TiO; and NiO-TiO; samples were measured in 5 mm quartz cuvettes on a GBS
CINTRA 303 spectrometer (GBC Scientific Equipment, Braeside, Australia) equipped with
an integrating sphere. The spectra were recorded in the range of 190-900 nm wavelength
with a scanning speed of 100 nm.min !, with a selected monochromator slit width of 2 nm.

Temperature-programmed hydrogen reduction of all of the samples was measured on
an AutoChem II 2920 Micrometritics equipped with a TCD detector. One hundred mg of
the samples were placed into a quartz reactor, and H-TPR profiles were measured with
a temperature increase 10 °C.min~! from 30 to 900 °C in 25 ml.min~! gas flow of 5 vol.%
H2 / Ar.

The morphology of all of the materials was characterized by a field-emission scanning
electron microscope (FE-SEM JEOL JSM 7500F). The cross-sectional views were obtained
from fractured samples subjected to mechanical bending. The EDX analysis was carried out
on AZtec X-Max 20 from Oxford Instruments; measurements were performed at a 20 kV
acceleration voltage.

The surface chemical composition of all of the photocatalysts was determined by X-ray
photoelectron spectroscopy (XPS) (ESCA 2SR, Scienta-Omicron, Taunusstein, Germany)
using a monochromatic Al Ko (1486.7 eV) X-ray source. The binding energy scale was
corrected using Ti** species corresponding to TiO, (458.5 eV). The quantitative analysis
was performed using the elemental sensitivity factors provided by the manufacturer.

4.3. Photocatalytic Test

The photocatalytic tests were performed in a batch photoreactor (from stainless steel)
with a total volume of 347.8 mL. The reaction liquid mixture (50 vol.% of methanol in
water) was continuously stirred (350 rpm). A 100 mg powder sample was placed in a
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cylindrical stainless sieve beam with a diameter of 3.2 cm, a height of 4.5 cm, and a porosity
of 0.075 mm. The height of the liquid phase in the cylinder was 1 cm. The radiation source
(UV-LED solo P lamp with parallel beam optics, A = 365 nm, 5 W) was placed externally
on top of the reactor, which was equipped with a quartz window. The distance between
the radiation source and the level of the reaction mixture in the basket was 6.5 cm. The
photoreactor was saturated with argon to purge unwanted air. The batch photoreactor was
also equipped with a barometer and a septum for gaseous sampling. One mL of gas phase
was taken every one hour (the total reaction time was 5 h) using a gas-tight syringe. The
gas sample was also taken before starting the reaction (before irradiation) to confirm the
absence of hydrogen. The gaseous products were analyzed on a gas chromatograph (7890B
GC System, Agilent Technologies, Santa Clara, CA, USA) equipped with a TCD (thermal
conductivity detector) and using argon as the carrier gas. Blank tests were conducted before
the experiments. All of the experiments were repeated reproducibly at least two times.
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