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Abstract: Photocatalytic water splitting for hydrogen production has been widely recognized as
a promising strategy for relieving the pressure from energy crisis and environmental pollution.
However, current efficiency for photocatalytic hydrogen generation has been limited due to a low
separation of photogenerated electrons and holes. p-n heterojunction with a built-in electric field
emerges as an efficient strategy for photocatalyst design to boost hydrogen evolution activities due
to a spontaneous charge separation. In this work, we investigated the effect of different preparation
methods on photocatalytic hydrogen production over NiO-TiO, composites. The results demon-
strated that a uniform distribution of NiO on a surface of TiO, with an intimate interfacial interaction
was formed by a sol-gel method, while direct calcination tended to form aggregation of NiO, thus
leading to an uneven p-n heterojunction structure within a photocatalyst. NiO-TiO, composites
fabricated by different methods showed enhanced hydrogen production (23.5 + 1.2,20.4 + 1.0 and
8.8 + 0.7 mmolh~'g~! for $1-20%, S2-20% and S3-10%, respectively) as compared with pristine TiO,
(6.6 +0.7 mmolhflgfl) and NiO (2.1 £0.2 mmolhflgfl). The current work demonstrates a good
example to improve photocatalytic hydrogen production by finely designing p-n heterojunction
photocatalysts.

Keywords: hydrogen production; photocatalysis; p-n heterojunction; NiO; TiO,

1. Introduction

Over the past decades, environmental pollution and energy depletion have become
increasingly critical. Photocatalysis has been realized as a potential strategy to solve these
two global issues [1]. For a long time, environmental photocatalysis over semiconduc-
tors has been widely investigated for environmental remediation such as waste water
treatment [2]. Since Fujishima and Honda firstly demonstrated the photoelectrolysis of
water over crystalline TiO,, photocatalytic water splitting for hydrogen production and
photocatalytic carbon dioxide valorization have also attracted great attention as the envi-
ronmentally friendly solutions to further overcome energy and environmental crisis [3-5].
Solar-driven water splitting over transition metal oxides [6-8], composite oxides [9,10],
carbonitride and chalcogenides [11,12] have been widely investigated, wherein n-type
anatase TiO, is the most commonly used photocatalyst due to its nontoxicity, high chemical
stability, cost-effectiveness and facile structure modification [13,14]. However, its limited
quantum efficiency because of the high recombination rate of electron-hole pairs and its
intrinsic wide band gap still hinder its commercialization. Herein, numerous strategies
have been applied to improve the photocatalytic activity of TiO, materials, such as forming
heterostructure with other semiconductors, doping, dye sensitization, and exposed facets
modification [14,15]. Among them, heterostructures has been revealed to be an efficient
method to improve photocatalytic efficiency [16-19]. As a typical heterostructure, p-n
junction constructed by combining a n-type semiconductor (electron-rich) with a p-type
semiconductor (hole-rich) can be a very efficient strategy to realize the separation of pho-
togenerated electrons and holes. The charge separation is spontaneously driven by a
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formed built-in electric field and then the enhanced photocatalytic performance can be
realized [20-22].

NiO is a typical p-type semiconductor and it has widely been combined with TiO; to
form the p-n heterojunction due to its suitable energy band structure, high charge carrier
concentration, high chemical stability and low cost [23]. To date, many methods have
already been developed to prepare NiO-TiO, nanocomposites, such as hydrothermal, incip-
ient wetness impregnation, sol-gel, and evaporation-induced methods [24-27]. Although
an inner-built electric field is a very efficient manner to improve the transfer of charge
carriers between TiO, and NiO, the commonly fabricated nanocomposites usually suffer an
untight contact between these two components, leading to a fast charge accumulation at a
nanoparticle surface during the photocatalytic process. These accumulated charges become
a recombination center to reduce the photocatalytic quantum efficiency. Herein, a rational
design of these nanocomposites to avoid a contact gap between TiO, and NiO or to rapidly
transfer accumulated charges is the key factor to further improve a photocatalytic activity
of such a p-n heterojunction system. Previous publications have introduced materials with
excellent electrical conductivity onto a surface of TiO;, or NiO to realize a rapid charge
transfer, such as graphene, metal Ni, and Au [28]. However, this combination always
requires many complicated experimental procedures.

Herein, we designed and fabricated NiO-TiO, nanocomposites to boost photocatalytic
hydrogen production by using simple and facile methods to form a p-n heterojunction
structure. Three strategies were investigated in this study to prepare a series of NiO-TiO,
photocatalysts with different NiO loading. A photocatalytic hydrogen production activity
was revealed to be related to the NiO dispersion, loading and interaction with TiO,. As a
result, NiO-TiO, composites showed excellent performance for photocatalytic hydrogen
production from water splitting as compared with pristine TiO, and NiO. This work sheds
light on improving solar-to-hydrogen conversion by finely designing p-n heterojunction
photocatalysts.

2. Results and Discussion

Figure 1 illustrates three fabrication processes for NiO-TiO; nanoparticles. Strategy 1
(S1) shows a process by using both precursors of NiO and TiO; (nickel acetate and tetraiso-
propyl titanate) directly. A nanocrystal of TiO, covered by NiO clusters can be obtained
during a sol-gel process and the following thermal treatment endows the nanocrystal
with high crystallinity. This method can generate NiO-TiO, nanocomposites with low
NiO loading according to our previous work [29]. However, this method also leads to a
crystal transformation of NiO to form NiTiO3, which has negative effects on photocatalytic
hydrogen production [30]. To avoid the formation of NiTiOj3, crystalline TiO, was used
to replace its precursor tetraisopropyl titanate in strategy 2 (S2). During a hydrothermal
process, nickel ions are only absorbed on a surface of TiO; rather than penetrated into
TiO, crystal as the high crystallinity of TiO, inhibits a crystal transformation. NiO-TiO,
nanocomposites with a high dispersion of NiO can herein be obtained after calcination.
However, the second strategy can only prepare NiO-TiO; nanocomposites with a low
NiO loading due to a weak electrostatic adsorption ability of a TiO; surface. Herein, to
further improve the loading of NiO, strategy 3 (S3) was employed by directly heating the
suspension of TiO, and nickel acetate followed by calcination. The effects of photocata-
lyst preparation strategies on NiO loading, a crystal size, a pore size/distribution, and
photocatalytic hydrogen production were compared as shown in Table 1. It appears that
the samples from S1 have almost the same parameters and performance as those from
S2. Higher NiO content endows the samples from S1 and S2 with better photocatalytic
hydrogen production. However, further increasing NiO content by S3 causes a decrease in
hydrogen evolution.
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Figure 1. Schematic illustration of three different fabrication processes for NiO-TiO, nanoparticles.

Table 1. Structural parameters along with photocatalytic hydrogen evolution of each sample.

NiO Content

Crystallite Size  Crystallite Size H, Evolution

Sample (wWt%) XRD (nm) SEM (nm) Sper/m’g ! Pore Size (nm) rate/mmolh—1g—1
NiO - 55 40-80 9.5 N/A 21+02
TiO, - 25 20-30 31.9 5-50 6.6 £0.7

51-10% 1.7 20 20-40 38.0 5-50 17.7 £ 0.9

51-20% 3.3 30 2040 39.5 5-50 235+1.2

52-10% 1.5 35 25-45 36.4 5-40 163 £ 0.8

52-20% 3.1 35 25-45 35.6 5-40 204 £1.0

53-10% 9.8 40 30-50 50.7 5-40 8907

53-20% 19.4 45 30-50 52.7 5-40 88 £0.7

The morphology of NiO-TiO, composites prepared by strategy 1 was firstly investi-
gated by scanning electron microscopy (SEM). Nanocrystals with a size of around 20 nm
can be clearly observed for S1-10% (Figure 2a). Further increasing the loading of NiO, the
size increased to around 30 nm for S2-20% (Figure 2b). The XRD patterns demonstrated that
both 51-10% and 51-20% were mainly composed by anatase TiO, with high crystallinity,
indicating the presence of NiO with extremely low content in the as-fabricated composites
(Figure 2c). The presence and distribution of NiO can be revealed by transmission electron
microscopy (TEM). NiO nanocrystals with a size of around 30 nm were observed, with high
crystallinity as evidenced by the distinguishable lattice fringe (Figure 3d). Numerous bright
dots can be clearly observed on the surface of a TiO, nanocrystal, which were ascribed
to the loaded NiO, indicating that the presence of NiO was in the form of an ultrafine
nanocluster and its distribution was uniform on the surface of TiO;. The even dispersion
of NiO increases the photocatalytic performance due to the formation of numerous p-n
heterojunction channels. However, the content of NiO by this method was limited to
<3.33% as further increasing NiO loading would introduce the formation of NiTiO3 [29].
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Figure 2. SEM images of (a) S1-10% and (b) S1-20%, (c) XRD patterns and (d) HR-TEM image of S1-20%.

The samples prepared by strategy 2 were then investigated by XRD to firstly check
their components. Similar to the samples from strategy 1, typical TiO, with an anatase
phase was detected and no peak of NiO was observed due to a low content of NiO
(Figure 3a). Nanocrystals can be identified from SEM images for both 52-10% and 52-20%
(Figure 3b,c). Because of the low content of NiO, the obtained photocatalysts exhibited a
light grey color. As crystalline TiO, was used to prepare the composites, NiTiO3 can be
avoided even at a high concentration of a nickel precursor. The dispersion and interaction
between TiO, and NiO were then investigated by TEM. The high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) showed a distinguishable
nanocrystal of S2-20% (Figure 3d). The corresponding elemental mapping of Ti and Ni
demonstrated a uniform distribution of NiO on TiO2, indicating the formation of uniform
p-n heterojunction within the photocatalyst by strategy 2 (Figure 3e,f).

Due to the low content of NiO in S1 and S2, XRD did not show the typical peaks of
NiO. To further demonstrate the chemical state of nickel in S1 and 52, X-ray photoelectron
spectroscopy (XPS) was performed on samples 51-20% and S2-20%. The high-resolution
XPS signal of Ni 2p was shown in Figure 4. It is clear that the Ni 2p spectrum of S1-
20% has the same peak positions compared with that of S2-20%, indicating the chemical
state of nickel in S1-20% and S2-20% is the same. Typical peaks at 855.5 eV and 873.1 eV
corresponds to Ni 2p3/2 and Ni 2p1/2 respectively. The corresponding satellite peaks
were also detected. The splitting energy of Ni 2p3/2 and Ni 2p1/2 is 17.6 eV, indicating the
presence of nickel species is NiO rather than metallic nickel.
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Figure 3. (a) XRD patterns, SEM images of (b) S2-10%, (c) S2-20%, (d) HAADF-STEM image of 5S2-20% and the corresponding
elemental mapping (e) Ti (red), Ni (green) and (f) O (blue). Insets are the corresponding photographs of 52-10% and S2-20%.
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Figure 4. High-resolution XPS signal of Ni 2p of (a) S1-20% and (b) S2-20%.

The samples prepared by strategy 3 were then investigated by XRD to check their
components and crystallinity. Different from previous photocatalysts, the 53-10% and
53-20% showed typical diffusion peaks of NiO apart from the anatase TiO; (Figure 5a).
The intensities of NiO peaks were much higher of S3-20% than that of S3-10%, indicating a
higher content of NiO in 53-20%. With high NiO loading, the color of NiO-TiO, composites
turned to black, which helps to improve the utilization of incident light. The morphology
of 53-10% was quite different to that of the previous samples. A smooth surface of TiO,
nanocrystal changed to a rough surface due to the coverage of NiO on TiO, and stick-like
NiO can also be identified among the TiO, nanocrystals (Figure 5b). The aggregation was
more obvious with a higher NiO content (Figure 5¢). Even though high NiO loading can be
obtained by this method, the dispersion of NiO in the composite was revealed to be uneven.
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The NiO aggregation can clearly be observed by the HAADF-STEM and corresponding
elemental mapping results (Figure 5d—f).

$3-20%

$3-10%

TiO2

Intensity (a.u.)

Figure 5. (a) XRD patterns, SEM images of (b) S3-10%, (c) S3-20%, (d) HAADF-STEM image of S3-20% and the corresponding
elemental mapping (e) Ti (red), Ni (green) and (f) O (blue). Insets are the corresponding photographs of 53-10% and S3-20%.

To compare the photocatalytic activities of different nanocomposites, hydrogen pro-
duction in the presence of methanol as an electron donor was performed. Figure 6a shows
the photocatalytic hydrogen production along with reaction time of pure NiO, pure TiO,
and other nanocomposites. All the samples exhibited almost a linear relationship of hydro-
gen production with reaction time. A small increase in hydrogen production rate could be
observed at around 4 h and 5 h reaction, which is mainly due to the self-healing process,
i.e., the in-situ reduction of oxidized Ni species to metallic Ni, as very recently demon-
strated by operando XAS measurements [31]. The presence of metallic Ni is linked to
improved photocatalytic performances. Pure NiO showed a low photocatalytic hydrogen
production efficiency due to its p-type semiconductor property. In contrast, n-type TiO,
with electrons as charge carriers showed a relatively higher hydrogen generation rate
(6.60 mmolh~! g’l). However, the performance of pure TiO, was still limited due to a
high recombination of photogenerated electrons and holes. Once TiO; was combined with
NiO, the photocatalytic performance was enhanced significantly (23.5 + 1.2, 20.4 + 1.0
and 8.8 £ 0.7 mmolh~!g~! for $1-20%, S2-20% and S3-10%, respectively). Sample S1-20%
exhibited the highest photocatalytic hydrogen activity and S2-20% showed a similar hy-
drogen production efficiency (Figure 6b). However, the samples from strategy 3 showed a
much reduced photocatalytic performance, indicating a significant effect of a preparation
method on the charge separation efficiency. It has been recognized that a more uniform
distribution of NiO on a surface of TiO; introduces more p-n heterojunction channels for
the charge separation, thus leading to a higher photocatalytic performance. Even although
the contents of NiO in the composites from strategy 1 and 2 were much lower than those
from strategy 3, the enhanced photocatalytic performance revealed the dominant role of
p-n heterojunction in improving photocatalytic hydrogen production. S3-10% showed
a little higher hydrogen evolution rate than that of 53-20%, which was probably due to
the limited light absorption by TiO;, in 53-20% as a high content of NiO with black color
competes in light absorption. Cycling tests were performed for each photocatalyst to check
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its photocatalytic stability. 51-20% and S2-20% exhibited excellent stability during the
cycling tests while S3-10% showed an obvious decrease in hydrogen production activity,
indicating that high dispersion of NiO stabilizes the composite.
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Figure 6. (a) Hydrogen evolution along with reaction time, (b) the corresponding hydrogen generation rates of pure NiO,
pure TiO, and other nanocomposites, and (c) cycling tests of S1-20%, 52-20% and S3-10%.

The mechanism of photocatalytic hydrogen production over the as-prepared p-n
heterojunction was proposed accordingly (Figure 7). Due to the different Femi levels
of NiO and TiO,, the built-in electric field spontaneously drives the spatial separation
of photogenerated charges, leading to the band bending at the interface. Under the
irradiation of simulated solar light, both NiO and TiO, are activated to produce electrons
and holes. Due to the relative positions of conduction band (CB) and valence band (VB),
the photo-activated electrons on the CB of NiO are transferred to the CB of TiO; and
hydrogen is produced at the CB of TiO, by proton or water reduction reaction. While the
photogenerated holes at the VB of TiO; are transferred to the VB of NiO and then consumed
by sacrificial agent methanol. The uniform distribution of NiO leads to efficient formation of
p-n heterojunction, thus improve charge separation for photocatalytic hydrogen production.
The as-fabricated p-n heterojunction nanocomposites shed new light on the high solar-to-
chemical conversion efficiency in a noble-metal free photocatalytic system.
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Figure 7. Photocatalytic mechanism of NiO-TiO, p-n heterojunction.

3. Experimental Section
3.1. Materials

All the reagents in the experiments are in analytic grade and are commercially avail-
able. Tetraisopropyl titanate (Ti(OC4Hy)s4), nickel acetate tetrahydrate (Ni(CH3COO),-4H,0),
ethanol and acetic acid (CH3;COOH) were purchased from Aldrich Industrial Co., Ltd. (Wuxi,
China) without any further purification.

3.2. Synthesis of NiO-TiO, Photocatalysts
3.2.1. Strategy 1

Ni(CH3COO),-4H,0 was firstly dissolved in 60 mL acetic acid and 2 mL Ti(OC4Hy)4
was added dropwise into the mixture with vigorous stirring. After constantly stirred
for 0.5 h, the mixture was transferred into a Teflon-lined autoclave for a hydrothermal
treatment at 180 °C for 12 h. After cooling down, the precipitates were collected by
centrifugation followed with washing with ethanol three times. The NiO-TiO, samples
were finally obtained after calcined at 600 °C for 2 h. NiO-TiO, nanocomposites with
different Ni:Ti ratios: 0.1 and 0.2 were fabricated by changing the amount of the added
Ni(CH3COO),-4H,0 and labelled as S1-10% and S1-20%, respectively. Pure TiO, and
NiO as the reference samples were also fabricated in the same procedure without adding
Ni(CH3COO),-4H,0 and Ti(OC4Hg), respectively. The obtained pure TiO, and NiO from
hydrothermal treatment were directly used without calcination process.

3.2.2. Strategy 2

Ni(CH3COO),-4H,0 was firstly dissolved in 60 mL acetic acid. Then 0.2 g TiO,
fabricated above was added into the mixture with vigorous stirring. After constantly stirred
for 0.5 h, the mixture was transferred into a Teflon-lined autoclave for a hydrothermal
treatment at 180 °C for 12 h. The precipitates were collected by centrifugation followed
with washing with ethanol three times. The final NiO-TiO, samples were obtained after
calcined at 600 °C for 2 h and the theoretical contents of 10% and 20% of Ni in mole were
labelled as 52-10% and S2-20%, respectively.



Catalysts 2021, 11, 1427

90f11

References

3.2.3. Strategy 3

Ni(CH3COO);-4H,0 was first dissolved in 60 mL acetic acid with vigorous stirring.
Then 0.2 g TiO, fabricated above was added into the mixture. The suspension was con-
stantly stirred on a heater until solid was obtained. The solid was calcined at 600 °C for
2 h and the theoretical contents of 10% and 20% of Ni in mole were labelled as 53-10% and
S3-20%, respectively.

3.3. Characterization

Power X-ray diffraction (XRD, D8 ADVANCE, Berlin, Germany) at 40 kV, 40 mA
equipped with a Cu anode X-ray tube (Cu Kot X-rays, A = 1.54056 A) was used to determine
the crystalline phase of each sample. A field-emission scanning electron microscope
(SEM, Hitachi 5-4800, Tokyo, Japan) was performed to observe the sample morphology
at a voltage of 5 kV and a transmission electron microscope (TEM, FEI Talos, USA) with
an acceleration voltage of 200 kV. A micromeritic surface area and porosity analyzer
(Micrometrics Tri Star II 3020, Ottawa, ON, Canada) was used to measure the specific
surface area and pore distribution. The actual content of Ni in NiO-TiO; composites was
measured by an inductively coupled plasma emission spectrometer (ICP-AES, PerkinElmer
Optima 4300DV, Waltham, MA, USA).

3.4. Photocatalytic Hy Evolution

The photocatalytic reactions were carried out in a closed circulation system (Labsolar-
6A, Beijing Perfectlight Technology Co., Ltd., Beijing, China) using a PLS-SXE-300C lamp.
A 20 mg sample was immersed in a mixed solution containing 50 mL water and 50 mL
methanol. The suspension was sealed in a quartz reactor and after degassing, the reaction
was undergoing under irradiation of UV-vis light (320-780 nm). The gas products were
collected and analyzed periodically by a gas chromatograph (GC, Agilent 7890B, Santa
Clara, CA, USA) with a thermal conductivity detector (TCD).

4. Conclusions

In summary, three strategies were used to fabricate a NiO-TiO, p-n heterojunction
photocatalyst. The results showed that a uniform distribution of NiO on a surface of
TiO, with intimate interfacial interaction was formed by the sol-gel and hydrothermal
methods, while the direct calcination tended to form aggregation of NiO, thus leading to an
uneven p-n heterojunction structure within the photocatalyst. Compared with pristine TiO,
(6.6 + 0.7 mmolh~! g’l) and NiO (2.1 4 0.2 mmolh~! g’l), the highest hydrogen production
was achieved on S1-20% (23.5 & 1.2 mmolh~'g~!). Besides, the high dispersion of NiO
can also stabilize the photocatalyst for hydrogen production. This present work provides a
simple and efficient method to greatly improve the solar-to-chemical energy conversion
efficiency in a noble-metal free system by finely designing a p-n heterojunction structure.
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