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ABSTRACT: The use of metal/oxide nanoparticles (NPs) as cocatalysts in heterogeneous photocatalysis is an important
strategy to improve the photocatalytic activity of semiconductors for hydrogen generation. This article reports the use of a
modified sputtering deposition method to prepare ultrafine NiO NPs cocatalysts dispersed on anodic Ta,Os nanotubes (NTs).
In situ X-ray absorption near-edge spectroscopy (XANES) measurements revealed that after exposing the as-prepared Ni NPs to
air atmosphere a mixture of 68% of Ni and 32% of NiO was formed. Pure phase NiO NPs was successfully obtained after a
controlled thermal oxidation at S00 °C which was confirmed by in situ XANES and ex situ XPS analyses. The photocatalytic
hydrogen production activity was evaluated using ethanol as a sacrificial agent. Ta,O5 NTs with 0.16 wt % of NiO showed
superior photocatalytic activity (up to 7.7 + 0.3 mmol h™' g™') as compared to pure Ta,05 NTs (4.9 + 0.3 mmol h™' g™') The
observed higher photocatalytic activity suggests that NiO/Ta,O5 NTs is a promising material for photocatalytic hydrogen
evolution.

1. INTRODUCTION The photocatalytic splitting of water using metal oxide
semiconductors has been reported as one of the most
important strategies for producing hydrogen from water since
the Honda—Fujishima report.” A number of semiconductor
photocatalysts, such as Fe203,5 TiOz,6 SrTiO3,7 KTaOZ,,8
NaTaO;” and Ta,O,'" have been studied. They show
reasonable photolysis efficiency, especially in Ta-based photo-

The total world energy consumption in 2013 was estimated to
13.5 Mtoe (toe = tonne of oil equivalent), value equivalent to
an average power consumption of 18.0 terawatts (TW), and the
projection for world power consumption in 2050 is around 40.8
TW."? Moreover, the implementation of policies for
diminishing the emission of greenhouse gases in the
atmosphere by avoiding the use of fossil fuels is continually

increasing.” Considering this scenario, hydrogen production by Received: October 19, 2016
water photolysis is a promising strategy for meeting future Revised:  February 14, 2017
energy demands. Published: February 27, 2017
ACS Publications  © 2017 American Chemical Society 5855 DOI: 10.1021/acs.jpcc.6b10540
A4 J. Phys. Chem. C 2017, 121, 5855-5863


pubs.acs.org/JPCC
http://dx.doi.org/10.1021/acs.jpcc.6b10540

The Journal of Physical Chemistry C

catalysts under ultraviolet (UV) light irradiation. Recently,
tantalum-based semiconductors have been reported as
promising photocatalytic materials with high activity for
hydrogen production under ultraviolet or visible light.""”"®
The photocatalytic activity can be improved by loading NiO
nanoparticle (NP) cocatalysts onto the surface of these Ta-
based materials and has been reported as an important strategy
for enhancing the overall activity of photocatalytic water
splitting."”~**

A variety of routes for synthesizing NiO NP cocatalysts on
semiconductor surfaces have been established, including solid-
state reaction,"’ impregnation,26 and sol—gel.22 However, these
methods often lead to the incorporation of counterions and
NPs with a broad size distribution. Recently, the magnetron
sputtering deposition method has been employed to deposit Pt,
Cu, and Ni NPs directly onto the surface of powder catalysts
applied to oxidation and hydrogenation reactions and as
biocatalysts.””~*° The main advantage of using the magnetron
sputtering method is that it is a clean, controllable, and scalable
technique, which can be applied for obtaining an almost
limitless NPs composition by properly choosing the sputtering
target and the gas composition inside the deposition chamber.
Moreover, this method of deposition can be used to produce
NPs in liquid or solid substrates, allowing the control of
important progerties such as NP size,>"”> shape,” and
concentration.> Thus, the use of the magnetron sputtering
method to load NPs onto the surface of powder photocatalysts
is a promising strategy for improving their photocatalytic
response. However, while sputtering materials over a static
powder, one should consider that the top surface of the
powders would possess a high concentration of nanoparticles,
resulting in a nonuniform material. Therefore, the sputtering
process itself presents limitations for a homogeneous
distribution of the sputtered NPs over the entire and static
powder substrate. The solution to the inhomogeneity of
deposited nanoparticles in powder surface is the modification of
the conventional sputtering process such that the powder is
continuously moved during deposition. Our group has
proposed that modification in the form of a resonant
mechanical apparatus for agitating the powder substrate at
the same time that atoms are ejected from the target during the
sputtering process.27_3’0

Herein, we describe the use of this modified magnetron
sputtering deposition method to produce uniform NiO
cocatalyst NPs on anodic Ta,0O; nanotube (NT) powders.
The NiO particles were prepared by the controlled thermal
oxidation of Ni NPs formed by sputtering bulk Ni targets over
the NTs powder. Ni metal oxidation process was studied in situ
by means of X-ray absorption near-edge structure (XANES)
and ex situ by X-ray photoelectron spectroscopy (XPS). The
photocatalytic activity of the Ta,O5 NTs coated with NiO NPs
for hydrogen generation was studied.

2. MATERIALS AND METHODS

2.1. General Considerations. All solvents and reagents
were of analytical grade and used as received. Tantalum foil
(025 mm thick, 99.99%) and the nickel-sputtering target
(99.99%) were purchased from Goodfellow Corporation. The
standard sample of NiO (99.8%) was purchased from Sigma-
Aldrich and used as received.

2.2. Synthesis of the Ta,05 NTs. Ta,O5 NTs powder was
prepared by anodizing tantalum foil in a standard two-electrode
electrochemical cell configuration using copper foil as the
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counter electrode. A constant voltage (50 V) for 20 min was
applied between the electrodes immersed in a solution of
H,SO, + 1 vol % HF + 4 vol % of deionized water. During
anodization, the electrochemical cell was sonicated, and the
ultrasonic bath water temperature was maintained at 50 °C
using a serpentine coil connected to a heating water bath. The
details of this method are described in our previous work.''
After anodization, the NTs were detached from Ta substrate by
sonication in distilled water for 30 min that also helped to
separate them from each other and afterward annealed at 800
°C for 60 min.

2.3. Deposition of Ni Nanoparticles. Ni nanoparticles
were produced by depositing Ni onto Ta,O; NTs powders
(treated at 800 °C for 1 h) using a dc magnetron sputtering
deposition system with a specially designed mechanical
resonant agitator placed inside the vacuum chamber. The
details of the mechanical resonant agitator apparatus have been
reported elsewhere.”” " Briefly, for sputtering deposition, 100
mg of Ta,O5 NTs powder was placed into a glass support
connected to the mechanical resonant agitator that permits
continuous homogenization of the deposited NPs on the entire
powder surface. All sputtering deposition were performed at
150 W under argon working pressure (99.99%, purchased from
White Martins-Brazil) fixed at 2 X 107> mbar, target-to-agitator
distance of 50.0 mm, and sputtering time varying from 5 to 180
s. During deposition, the agitator vibration frequency was
maintained at 30 Hz by a sinusoidal wave generation. After
deposition process, all samples containing Ni metal were
oxidized by calcination at 500 °C in air for 120 min at 10 °C/
min.

2.4, Flame Atomic Absorption Spectroscopy (FAAS).
The quantification of Ni in the Ta,0O5 NTs was performed via
flame atomic absorption spectroscopy (FAAS) using a
Shimadzu AA-6300 apparatus. Initially, 10 mg of NPs/NTs
was added to a beaker with 5.0 mL of aqua regia digestive
solution and maintained at 110 °C for 3 h. After complete
digestion, 5 mL of distilled water was added to the digestive
solution, and the product was centrifuged at 7000 rpm for
complete separation of the Ta,O; NT support. Prior to
analysis, the spectrophotometer was calibrated with standard
nickel solutions (0.5, 1.0, and 2.0 ppm), using distilled water as
a blank.

2.5. Microscopy Analysis. The morphologies of the Ta,05
NTs and NiO NPs samples were analyzed by field emission
scanning electron microscopy (FESEM) using a FEI Inspect
FS0 (LNLS, proposal no. 13251 e 13057) equipped with an
energy dispersive X-ray spectrometer (EDS), and high-
resolution transmission electron microscopy (HRTEM) was
performed using a JEOL JEM (3010) operated at 300 kV. The
samples for HRTEM were prepared by dispersing 1—2 mg of
NTs powder in acetone at room temperature followed by
sonication. One or two drops were further deposited on a 400
mesh carbon-coated Cu grid.

2.6. Optical Properties. The optical properties of the
Ta,O5 an NiO/Ta,O5 NTs were determined at room
temperature by UV—vis diffuse reflectance spectroscopy
(UV—Vis Varian Cary 5000) using an integrated sphere
accessory and a light wavelength range between 200 and 800
nm. The energy band gaps of the pure Ta,O5 and NiO/Ta,O;
were determined by extrapolating the linear part of the Tauc
plots (F(R)hv)" versus hv, where R is reflectance, F(R) = (1 —
R)?/2R is the Kubelka—Munk function, and # is determined by
the type of transition.
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2.7. X-ray Absorption Spectroscopy. To obtain a good
XANES signal, a sample with higher Ni concentration was
prepared at 20 min of sputtering deposition time. Ni content
was confirmed by FAAS with 2.3 wt %. X-ray absorption near-
edge structure (XANES) that was performed at the Ni K-edge
(8333 eV) in the XAFSI1 beamline of the Brazilian Synchrotron
Light Laboratory (LNLS) (proposal XAFS1-19024). The
sample was heated in a special oven designed for in situ XAS
experiments from room temperature to 500 °C in air
atmosphere. During heat treatment the temperature was
increased from 25 to 300 °C with a heating rate of 10 °C
min~! and maintained at 300 °C for 120 min, then heated from
300 to S00 °C with a heating rate of 10 °C min~", and kept at
500 °C for further 120 min. The spectra were collected in situ at
different temperatures using a channel-cut Si (111) crystal
monochromator and three ionization chambers to detect
incident and transmitted photon fluxes. Each XANES spectrum
was collected about 6 min to obtain enough statistics. To
provide good energy reproducibility during data collection, the
XANES spectrum of Ni metal foil was simultaneously
measured, and the energy was calibrated by aligning the
respective absorption edges. Data edge-step normalization was
performed after a linear pre-edge subtraction and the regression
of a quadratic polynomial beyond the edge, using ATHENA
software.”* Standard spectra of NiO and Ni were collected
under the same experimental conditions, using sample position
for investigation of the presence of NiO in the NPs and further
linear combination fittings for all temperature ranges.*®

2.8. X-ray Photoelectron Spectroscopy. XPS data were
collected using a K-Alpha photoelectron spectrometer system
(Thermo Scientific) equipped with a monochromatic Al Ka X-
ray source (1486.6 eV). During the analysis, the chamber was
pumped to ~2 X 1077 Pa, and the energy steps were 50 and 20
eV for the survey and high-resolution spectra, respectively. The
peak fitting was performed using a 70% Gaussian type curve
and a 30% Lorentzian type curve and a Tougaard nonlinear
sigmoid type baseline. The C 1s peak of adventitious carbon
was fixed at 284.8 eV to set the binding energy scale, and the
data fitting was performed using CasaXPS software (Casa
Software Ltd., UK).

2.9. Photochemical Measurements. Photocatalytic re-
actions for hydrogen production were carried out in an external
irradiation double-wall quartz reactor under continuous
magnetic stirring. Samples (8 mg) were dispersed in 8 mL of
H,0O:ethanol (4:1 vol) solution and introduced into the reactor.
Prior to irradiation, the system was deaerated using Ar—vacuum
cycles for about 10 min to reduce the oxygen content. A 300 W
xenon lamp (PerkinElmer; Cermax-PE300) was used as light
source. During the photocatalytic experiments, the 300 W
xenon lamp and the reactor were separated by a fixed distance
of 10 cm, and the light source was used with a power of 240 W.
The light intensity at the sample was 400 mW cm™> (the
intensity of the light source was measured with a Si diode). The
temperature during the experiment was maintained at 25 °C
using a thermostatic bath. The hydrogen gas produced was
quantified by means of a gas chromatograph (Agilent 6820
GC) using a Porapak-Q column 80/100 mesh equipped with a
thermal conductivity detector (TCD) connected in series with
a methanizer and FID detector. We prepared three identical
samples to evaluate reproducibility and quantification the
amount of produced gases: H,, CO, CO,, CH,, C,H,, and
C,Hy. The measurements were carried out at 0.5 h intervals
using a gastight syringe with a maximum volume of 100 yL.
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3. RESULTS AND DISCUSSION

3.1. Sputter-Deposited Ni Nanoparticles onto Ta,05
NT Powder. Ta,O5 NTs were synthesized by anodization of
Ta metal and crystallized at 800 °C for 1 h following the
previously optimized conditions for the best photocatalytic
activity reported by our group.'”” Using a modified sputtering
chamber,””***° different amounts of Ni were deposited on the
crystalline Ta,O; NTs powder by varying the sputtering
deposition time. The white Ta,Og NTs readily changed to a
gray color after S s (Figure 1) of sputtering. As the deposition

Sputtering Time q

5s 15s 30s 60s 90s 120s 180s
SR : ' s ‘ ’
0.01wt% 0.06wt% 0.16wt% 0.19wt% 0.22wt% 0.26wt% 0.47 wt%

Figure 1. Optical images of Ni NP-loaded Ta,O; NT powders
prepared with different sputtering deposition times.

time increased, more Ni NPs were formed on the Ta,05 NTs
powder surface, resulting in a darkening of the color. The
increase in Ni content was confirmed by FAAS with 0.010, 0.06,
0.16, 0.19, 0.22, 0.26, and 0.47 wt % for the deposition times of
5, 15, 30, 60, 90, 120, and 180 s, respectively.

Figure 2a shows the TEM image of Ta,O5 NTs decorated
with NiO NPs after thermal treatment at 500 °C. It shows that
the surface of the Ta,O5 NTs was covered with a NiO layer,
which was confirmed by energy dispersive X-ray spectroscopy
(EDX). The spectrum of the Ka characteristic emission line of
Ni around 7.4 keV confirmed the presence of Ni on the Ta,O;
NTs surface (inset of Figure 2a). The HRTEM image and
corresponding FFT pattern (inset of Figure 2b) reveal the
crystalline feature of the Ta,O5 NTs. The visible parallel lattice
fringes with 0.3098 nm between two adjacent fringes can be
assigned to the Ta,O; corresponding to the (200) plane (PDF
25-922). Figure 2b revealed the presence of ultrafine NPs of
about 2.0 nm at the external wall of the Ta,O5 NTs indicated
by blue arrows. Because of the very small size of the NPs the
lattice fringes are hardly visible. According to HRTEM image,
the sputtering of Ni onto Ta,O5 NTs does not alter the original
morphology of Ta,O5 NTs, as also previously abserved."'

3.2. XANES and XPS Study. The oxidation of Ni to NiO is
strongly dependent on the calcination parameters, such as
temperature and atmosphere, and is usually performed between
300 and 1000 °C in air.'"”***® The thermal oxidation of Ni
nanoparticles obtained by sputtering to Ni** in air atmosphere
was monitored in situ by XANES. The weak X-ray absorption
and the high beam attenuation due to the presence of Ta in real
samples afforded a poor quality spectrum, and more
concentrated ones (2.3 wt % Ni) were needed to provide
good quality data in the Ni K-edge region. The linear
combination fitting (LCF) of XANES spectra for as-sputtered
Ni NPs (starting material for the XAS study) was measured at
25 °C and revealed a mixture of 68% of Ni and 32% of NiO
(Figure 3a). It is known that due to their high number of
surface atoms, small Ni® NPs tend to partially oxidize to Ni**
when stored in air, which explains the presence of the oxide.”
To investigate the phase transition of Ni’ to Ni**, the samples
were submitted to thermal treatment up to 500 °C according to

DOI: 10.1021/acs.jpcc.6b10540
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50 nm

Figure 2. Ta,0O5 NTs loaded with NiO NPs: (a) TEM and EDS images; (b) HRTEM image and fast Fourier transformation (FFT) patterns of

selected area indicated in the figure.
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Figure 3. (a) Linear combination fitting for XANES spectrum measured at the Ni K-edge in situ at 25 °C (as-prepared sample). (b) In situ XANES
spectra in room atmosphere for as-prepared NPs catalyst (from room temperature until S00 °C for 2 h). (c) Normalized Ni K-edge XANES spectra
for NiO NPs treated at 300 and 500 °C for 2 h, NiO standard, and Ni metal. (d) Linear combination fitting for XANES spectrum measured at the Ni

K-edge in situ at 500 °C.

the heating ramp described in the Materials and Methods
section, and the evolution of XANES spectra as a function of
temperature is shown in Figure 3b. The Ni K-edge XANES
spectra measured during the thermal treatment until 300 °C
showed only slight changes. After treating the sample for 2 h at
300 °C (blue region, Figure 3b) the XANES spectrum has
shown a small increase in white line (marked with the number
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one), indicating the presence of a higher concentration of more
localized electronic states characteristic from the decrease of the
metallic character of the sample. Increasing the annealing
temperature above 300 °C the XANES spectrum presented two
new peaks (2 and 3; Figure 3b) at 8365.9 and 8398.6 eV,
indicating considerable changes in the composition of the NPs.
As the annealing temperature reached 500 °C, peaks 1, 2, and 3

DOI: 10.1021/acs.jpcc.6b10540
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got better defined and pronounced, which can be attributed to
oxidation of Ni” to NiO (Figure 3b)."” Maintaining the sample
for 2 h at 500 °C (red region, Figure 3b) did not considerably
change XANES spectra that indicates all Ni° presented in the
sample was transformed to NiO. For comparison, Figure 3c
shows the normalized XANES spectra at the absorption Ni K-
edge for the NiO NPs thermal treated at 300 and 500 °C for 2
h, Ni metal foil, and NiO standards. By a direct comparison, the
shoulder near 8334 eV at the Ni K-edge spectra for the sample
thermal treated at 300 °C for 2 h resembles the one from Ni
foil standard, indicating the presence of Ni’ in the sample.
However, their white line is higher than Ni foil, thereby
indicating a mixture oxide/metal phases at 300 °C for 2 h. In
fact, the LCF of XANES spectra confirmed a mixture of 65% of
NiO and 35% of Ni (Figure S1).

The XANES spectrum of sample thermal treated at 500 °C
for 2 h resembles the one from NiO standard and differs
completely from that of the standard Ni’ indicating complete
conversion to NiO."" The LCF of XANES spectra for sample at
500 °C confirm that the sample has a single phase of NiO
(100% of Ni metal was converted until NiO) (Figure 3d).

The surface chemical composition of NiO/Ta,O5 NTs was
investigated by X-ray photoelectron spectroscopy (XPS). The
same sample used in XAS experiments after thermal treatment
at 500 °C was analyzed by XPS. The XPS survey spectrum
revealed that the sample surface contains Ta, Ni, O, and C
(Figure S2). The presence of C 1s on the surface is most
probably due to its storage in atmosphere air (C Is
adventitious) and not from sputtering deposition.

The Ni 2p, O 1s, and Ta 4f core-level electrons were
investigated to study the chemical and electronic states of nickel
and tantalum species in the sample (Figure 4). The XPS
spectrum for Ni 2p can be resolved into seven components that
can be assigned to NiO nanoparticle surface. Figure 4a showed
two low-energy peaks at 855.5 and 853.7 eV corresponding to
Ni 2p,/, components of Ni**. The peak at 853.7 eV can be
attributed to Ni**.** In the literature, the XPS peak in Ni 2p
region at about 855.0 eV has been attributed to the chemical
shift of Ni** species present at the NiO surface.*> However, the
interpretation of the electronic structure of Ni**/Ni** has been
still a matter of discussion in the literature.*"**~* Herein, the
Ni 2p curve has two peaks at 855.5 and 853.7 eV which
indicates the presence of Ni**. The fitted satellite peaks at
higher energy located at approximately 861 and 865.8 eV have
been reported as satellite peaks for stoichiometric NiO.*' No
metallic nickel was detected on the surface of the as-prepared
sample by XPS. This result is in good agreement with XANES
measurements that showed only a single phase of NiO for the
sample thermal treated at 500 °C. Figure 4b shows the Ta 4f
region with two asymmetric shape peaks centered at 26.15 and
28.0S eV. These positions fit well with the binding energy of
4f,/, and 4f;;, components of Ta>" and can be assigned to the
Ta,O5 phase.”** The O 1s peak in the XPS spectrum of NiO/
Ta, Oy is shown in Figure 4c where two components centered
at 529.4 and 530.6 eV can be identified. The lower binding
energy peak located at 529.4 eV and a high binding energy
shoulder peak located at 530.6 eV correspond to the NiO and
Ta,Os, respectively."**” These results confirm that both NiO
and Ta,Oj; are present in the sample.

The optical band gaps of pure Ta,O; and NiO/Ta,O4
nanotubes were determined from Tauc plots of diffuse
reflectance spectra, as shown in Figure 5.
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Figure 4. High-resolution XPS spectra for Ni/Ta,O; after thermal
treatment at 500 °C for 2 h: (a) Ni 2p, (b) Ta 4f, and (c) O 1s
spectrum.

Figure 5 compares the Tauc plots of Ta,O4 nanotubes with
and without loading NiO nanoparticles. For pure Ta,05 NTs
the observed value of the bandgap is 4.45 eV, which is
consistent with the reported value in the literature.">*® On the
other hand, after loading the NiO nanoparticles the bandgap is
slightly decreased to 4.41 eV which can be attributed to the
combined effect of Ta,O5 with NiO having a bandgap of 3.7 eV.

3.3. Photocatalytic Hydrogen Production. Figure 6
displays the hydrogen evolution and the gas composition (H,,
CO, CO,, C,H,, and CH,) during 2.5 h of reaction time in an
H,O/ethanol solution using pure and NiO loaded Ta,05 NTs.
Henceforward, all samples containing NPs were postannealed
at 500 °C after sputtering deposition, resulting in a total
oxidation of Ni to NiO, as indirectly determined by XANES

DOI: 10.1021/acs.jpcc.6b10540
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Figure 6. (a) Hydrogen evolution for pure Ta,05 NTs and NTs with
different concentrations of NiO NPs on their surface. (b) Products
identified in the gas phases after 2.5 h of reaction (rate and yield).
Reaction conditions: 20 vol % deaerated aqueous ethanol solution, 8.0
mg of Ta,O5 NTs with different loading amounts of NiO NPs.

and XPS. The pure Ta,O5 NTs powder produced hydrogen at a
rate of 4.9 + 0.3 mmol h™! g_l.” Figure 6a shows that 0.01 and
0.06 wt % NiO/Ta,O;s photocatalysts present similar hydrogen
evolution activity as pure Ta,05 NTs. When the amount of
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NiO loaded on the surface of Ta,O5 NTs increased to 0.16 wt
%, the rate of hydrogen evolution was significantly enhanced to
7.7 + 0.3 mmol h™' g7".

The literature has shown that NiO is a p-type semiconductor
having light absorption in UV region; on the other hand, Ta,O;
presents n-type conductivity. On the basis of the previously
reported values for their band positions, we have constructed
the energy level diagram (Figure 7) for NiO/Ta,Os hybrid
system including the light absorption contribution from
NiO.’”*! The formation of p—n heterojunction will necessitate
the electron transfer from NiO to Ta,Og while the hole transfer
from Ta,O; to NiO until the system attains carrier diffusion
based equilibration between both of the semiconductors.
Meanwhile, an inner electric field will be built between NiO
and Ta,O; due to that carrier transfer.”” Upon light irradiation,
the available n-type Ta,O5 and p-type NiO sites will absorb
photon energy higher than or equal to their respective
bandgaps; the photogenerated electrons will be excited to
their respective conduction bands with simultaneous generation
of the holes in the valence bands.™ Since the conduction band
edge of NiO is energetically higher than that of Ta,O,
therefore the electrons from the conduction band of NiO will
migrate to Ta,Os followed by water reduction. On the other
hand, the photogenerated holes from Ta,O5 will move to the
valence band of NiO followed by ethanol oxidation. Therefore,
the presence of NiO NPs in Ta,Og nanotubular matrix
contributes to decrease the recombination of the photo-
generated carriers in Ta,Oj due to the inner electric field at the
NiO/Ta,O; interface but also provides an additional light
absorption for generating more charge carriers.>

One must note that the enhancements in photocatalytic have
a strong dependence on the concentration (wt %) of NiO NPs
in Ta,O5 NTs. Meanwhile, when we increase the sputtering
time to increase the concentration of nanoparticles, the Ta,O5
sites will be covered with the nanoparticles and the
contribution of NiO in the p—n junction will increase and
pristine NiO particles are known to present higher recombi-
nation centers;’' therefore, the photocatalytic activity will
decrease (Figure 6). Hence, concentration (wt %) of NiO is an
important factor that should be sufficient enough to form p—n
junction and less enough to not inhibit the light absorbance
from Ta,05 NTs. In the current study that concentration has
an optimum of 0.16 wt % for the best photocatalytic hydrogen
evolution (Figure 6).

The activity of NiO/Ta,O5 NTs heterojunction is superior to
those reported earlier in the literature under similar conditions,
such as tantalum oxide nanotubes (4.9 mmol H, g~ h™H),"
Ta,O5 loaded with 5 wt % NiO (0.9 mmol H, g h™')>*
NaTaO;:La (2.8 mmol H, g™ h™'),” and tantalum-based
pyrochlore/indium hydroxide nanocomposites (5.8 mmol H,
g~ ! h71).%® Although slightly more active catalysts have already
been reported, they normally need a mixture of doping agents
to improve the Ehotoactivity, as observed in the case of
La:NaTaO;/NiO’” or hybrid-like Ta,Os/ionic liquid/Pt NPs.>®
However, in our case, the photoactive material is prepared in a
simpler and cheaper way than those reported so far.

Figure 6b displays the reaction gas composition after the
photocatalytic experiments using Ta,O5 NTs with different
concentrations of NiO NPs. In addition to H, formation during
the photocatalytic reaction, other gaseous products were found,
namely, carbon monoxide, carbon dioxide, and hydrocarbons
such as methane, ethane, and ethylene, and that happened due
to the photodecomposition of ethanol.””*’ However, hydrogen
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Figure 7. Energy level diagram of NiO NPs/Ta,Os NTs demonstrating the light absorbance and charge transportation of the photogenerated charge

carriers for photocatalytic hydrogen production.

was the major product (Figure 6b) for all NiO concentrations,
and its concentration was always higher than 95%. The
formation of carbon-containing compounds has shown no
obvious trend with varying NiO content, and methane and
ethane are the major side products formed summing up always
~2% of the gas phase content. The compounds CO and CO,,
originated from organic matter oxidation, are formed in smaller
amounts than CH, and C,Hg. Ethylene is formed only in low
quantities, with concentrations lower than 0.2%.

4. CONCLUSIONS

In conclusion, the modified magnetron sputtering deposition
proved to be a powerful technique for preparing ultrafine NiO
NPs cocatalysts dispersed on the surface of Ta,0O5 NTs powder.
The main advantage of using the magnetron sputtering method
is that it is a clean, controllable, and scalable technique that can
be applied for obtaining NPs of different compositions by
properly choosing the sputtering target. The as-sputtered Ni
NPs was partially oxidized to 68% of Ni and 32% of NiO after
air exposure. The complete oxidation of Ni to NiO NPs was
only achieved at 500 °C as could be seen by in situ XANES and
ex situ XPS. Ta,O5 NTs loaded with 0.16 wt % of NiO NPs
showed the highest photocatalytic activity for hydrogen
evolution when compared to pure Ta,Oy NTs and other
NiO loaded samples. The concentration of p-type NiO is an
important feature to hydrogen evolution by photolysis of water
that should be sufficient enough to form p-NiO/n-Ta,Oq
heterojunction and small enough to not inhibit the light
absorbance from Ta,O5 NTs.
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