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The photocatalytic properties of different calcium tantalate nanocomposite photo-
catalysts with optimized phase composition were studied without the addition of
any co-catalysts in the photoreforming of different alcohols including the biomass
conversion by-product glycerol, as well as after modification with double-layered
NiOy (Ni/NiO) co-catalyst in overall water splitting (OWS). Nanocomposite photo-
catalyst consisting of cubic a-CaTa,Og/orthorhombic -CaTa,Og coexisting phases
always possesses the highest photocatalytic performance. For overall water splitting,
a loading of 0.5 wt. % NiOy exhibits the best activities with stable stoichiometric Hy
and O, evolution rates. © 2015 Author(s). All article content, except where otherwise
noted, is licensed under a Creative Commons Attribution 3.0 Unported License.

[http://dx.doi.org/10.1063/1.4928288]

In the past few decades, photocatalytic water splitting into H, and O, under solar radia-
tion has attracted considerable attention as a potential way to renewable hydrogen fuel using
semiconductor-based photocatalysts.! Up to now, although a number of single and multi-component
semiconductors have been reported to be photocatalytically active for this reaction,>™ the energy
conversion efficiency of semiconductor photocatalysts is still too low to meet the needs of indus-
trial applications and, as a result, the search for efficient photocatalytic systems is continuously in
progress.

A series of highly efficient calcium tantalate nanocomposite photocatalysts obtained by adjust-
ing the precursors of Ta/Ca ratios in molten salt assisted syntheses was reported in our previous
work,’ structurally and optically characterized and tested for photocatalytic hydrogen formation
from methanolic solutions under UV irradiation. The most active nanocomposites were formed with
the initial precursor ratios of Ta/Ca of 1.2, 1.6, and 1.8, respectively. In all these nanocomposites,
at least two different calcium tantalate phases are present to high amounts, i.e., cubic a-CaTa,O¢
and hexagonal Ca;Ta,07 in the nanocomposite from Ta/Ca ratio of 1.2; cubic CaTa,Og, hexag-
onal Ca,;Ta,07, and orthorhombic $-CaTayOg in the nanocomposite from Ta/Ca of 1.6; and cubic
a-CaTa,Og and orthorhombic 3-CaTa,Og in the nanocomposite from Ta/Ca of 1.8. The requirement
of strong contributions of at least two phases demonstrates a synergistic effect concerning the
charge separation by the coexisting phases. The proposed photoinduced electron-transfer pathways
among the conduction band edges of these phase components via the interface junctions are the
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following: The electrons on the surface of Ca,Ta,O7 particles with the most negative conduction
band potential can easily transfer to a- and $-CaTa,Og particles, respectively, and similarly electron
transfer from -CaTa,Og¢ to a-CaTa,Og is possible. Details to that can be found in Ref. 6.

The resulting lower recombination rates lead to improved photocatalytic activities. As an alter-
native strategy for effective enhancement via charge carrier separation, the rational fabrication of
semiconductor composites comprising multicomponent or multiphase heterojunctions has attracted
increasing attention.’

Therefore, one objective of the study presented here was to use our calcium tantalate nanocom-
posite photocatalysts with optimum phase-composition in a comparative study for reforming of
different alcohols including the biomass conversion by-product glycerol, which is produced to
large extent in bio-oil formation, as well as glucose as a carbohydrate representative in absence of
any co-catalysts. The second focus in the study lies on OWS reaction for what the addition of a
co-catalyst was found to be necessary. Since NiOy is a cheap and effective co-catalyst for overall
water splitting, the influence of NiOyx loading as co-catalysts for OWS is investigated in detail.

Calcium tantalate nanocomposite photocatalysts with optimum phase-composition were pre-
pared by use of the “molten salt method” with initial Ta/Ca atomic ratios of 1.2, 1.6, and 1.8,
respectively, as reported in our earlier work.® Briefly, the atomic ratios of Ta,Os and Ca,CO; precur-
sors were ground with a mixture of 45:55 wt. % NaCl/KCl salts at a weight ratio of 1:2 and then
calcined at 1123 K for 2 h in air using a corundum crucible. The resulting white powders were
intensively washed with deionized water and dried at 353 K for 6 h. The samples with the initial
Ta/Ca atomic ratios of 1.2, 1.6, and 1.8 are denoted as 1.2TC, 1.6TC, and 1.8TC, respectively.

For OWS, the as-synthesized optimum phase-composition composite photocatalysts were
impregnated with different amounts of NiOy as a function of Ni content (between 0.2 and 2.0 wt. %)
according to a procedure described in detail elsewhere.®° The as-synthesized powders were dispersed
in a freshly prepared Ni(NOs), solution and heated under constant stirring until the water was
completely evaporated. The resulting powder was dried at 353 K in air, followed by calcination at
473 K for 2 h, and further treated by reduction under H, flow at 573 K for 2 h and re-oxidation under
O, flow at 473 K for 1 h. The NiOy loaded calcium tantalate composite photocatalysts are generally
denoted by NiO,/TCs. For example, the 1.2TC composite photocatalyst with loading of 0.5 wt. %
NiOy co-catalysts is described in shorthand by 0.5 wt. % NiOy/1.2TC.

Figure 1 shows the powder X-ray diffraction (XRD) patterns of 1.2TC (a), 1.6TC (b), and 1.8TC
(c) composite photocatalysts: as-synthesized (pristine), loaded with 0.5 wt. % NiOy, and recycled,
after the photocatalytic reaction (with NiOy), respectively. The crystalline phases were identified in
reference to standard JCPDS cards. In good agreement with our previous results,® the XRD patterns
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FIG. 1. XRD patterns of pristine TCs loaded with 0.5 wt. % NiOyx and recycled after photocatalytic water splitting: (a) 1.2TC,
(b) 1.6TC, and (c) 1.8TC.
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confirm that these samples were composed of cubic a-CaTa,Og (JCPDS No. 36-0805)/hexagonal
(hex.) Ca;TayO7 (JCPDS No. 44-1008) phases, cubic CaTay,Og/hexagonal Ca,;Ta,O7/orthorhombic
[-CaTa,Og (JCPDS No. 39-1430) phases, and cubic a-CaTa;Og/orthorhombic $-CaTa,O¢ phases,
respectively. Moreover, no diffraction peaks of NiOy were observed in the XRD patterns of 0.5 wt. %
NiOy loaded composite samples, due to low loading and the high dispersion, i.e., small size of less
than about 2 nm, on the surface of the composite photocatalysts. After the photocatalytic reaction, no
significant change was observed in the XRD patterns of the recycled NiOy loaded samples, indicating
that the composite photocatalysts are stable during the OWS reaction.

Figure 2 shows scanning electron microscopy (SEM) images (left) and energy-dispersive X-ray
(EDX) spectra (right) of the composites loaded with 0.5 wt. % NiOy: 1.2TC (a), 1.6TC (b), and
1.8TC (c), respectively. After loading NiOy nanoparticles on the surface, no significant changes in
morphology were observed by SEM in comparison to the images of pristine TCs shown in our
earlier paper.® The 0.5 wt. % NiO,/1.2TC sample is mainly composed of truncated hexagonal bipyr-
amids of 0.2-0.5 um in size, surrounded by a small portion of irregular particles. With the increasing
of Ta/Ca ratio to 1.8TC an increasing number of elongated “truncated pyramid-like” shape rods
with a length in the order of some few micrometers are formed, attached by a larger number of
nanoparticles aggregates. This observed morphology evolution may be in favor for the formation of
interface junctions between the 3-CaTa;Og and a-CaTa;Og being in a more smooth contact.

As mentioned above, examination of these samples by XRD only revealed reflections attributed
to calcium tantalate phases; however, the EDX analyses confirm the presence of nickel species.
Furthermore, the identification of nickel species on the surface of the as-synthesized 0.5 wt. %
NiO4/TCs nanocomposites was performed by X-ray photoelectron spectroscopy (XPS) (Fig. 3).

As shown in Figure 3, the XP spectra of Ni 2p display a typical Ni** line shape with the Ni
2p3,2 and Ni 2py/, peaks located at 853.5 and 871.0 eV and characteristic satellite peaks at 860.5
and 879.0 eV, respectively.'® The main Ni 2ps,, peak at 853.5 eV is slightly shifted towards lower
binding energy compared to pure NiO, which shows a band at 853.7 eV.!! This is also consistent
with data previously reported by Chiou et al., who observed a similar shift of the Ni 2p3,, peak
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FIG. 2. SEM images (left) and EDX spectra (right) of the 0.5 wt. % NiOy loaded calcium tantalate nanocomposites: (a)
1.2TC, (b) 1.6TC, and (c) 1.8TC.
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FIG. 3. Ni 2p XP spectra of as-synthesized 0.5 wt. % NiOy/TCs nanocomposites.

after mild re-oxidation at 473 K in comparison to a fully oxidized or a reduced sample.'” The
shift is attributed to a combination of NiO and Ni, indicating a core-shell like structure with a
thin layer of NiO covering the metal Ni core of the particles. The attempted deconvolution of
the peak at 853.5 eV unfortunately gives no verified additional information; the different intensity
ratios of the two sub-peaks might give some hint on altered thicknesses of Ni core and NiO shell,
the 1.8TC sample showing a relatively larger peak intensity at lower binding energy indicating a
larger Ni core, but a quantitative discussion would be too speculative. As a result of the complicate
nanoparticle mixture in the study it is, however, very difficult to identify the morphology of the
deposited NiOy particles. But real-space transmission electron microscopy (TEM) observation of
nanoscale double-layered NiOy (Ni core/NiO shell) on well-dispersed SrTiO; nanoparticles had
been initially performed by Osterloh ef al.'*> And a clearly visible double-layer structure of NiO,
nanoparticles was further proven by our group from lattice-solved high-resolution TEM imaging
on nanorod-shaped Sr,KTasO;s photocatalyst.'* Based on the strong contrast between the nanorods
and the NiOy co-catalyst nanoparticles on top, a clear observation of different lattice fringes was
possible. The formation of Ni metal at the surface of calcium tantalate nanocomposites results in the
formation of Schottky contacts at the interface, which shift the calcium tantalate conduction band
position to its maximum potential level and thus offer an opportunity to facilitate electron transport
from the calcium tantalate to the NiO shell and, thus, effectively suppress the backward reaction
between H, and O, as will be discussed below. !>

Figure 4(a) shows the photocatalytic activity for OWS of composite photocatalysts with opti-
mized phase compositions after loading with different amounts of NiOy (between 0.2 and 2.0 wt. %).
All the measurements were reproducibly conducted at least two or three times with different samples,
and the same photocatalytic trend was obtained; deviations in the measured photocatalytic activities
were below 5%. In general, all the catalysts show almost constant activities in subsequent runs.
Without the deposition of NiOy co-catalysts (i.e., 0 wt. % NiOy), the composites exhibit low ability
for OWS into stoichiometric amount of H, and O,, probably due to the fast recombination of
photogenerated electron-hole pairs but also the back-reaction of formed H, with O,. With increasing
amount of NiOy as co-catalyst, their OWS activity is markedly enhanced reaching a maximum for a
loading of 0.5 wt. % NiOy. The results indicate that the NiOy as co-catalysts not only greatly promotes
the transfer of electrons enhancing the separation efficiency for photogenerated electron-hole pairs
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FIG. 4. (a) Effect of the NiOy loading amount on photocatalytic activity of the composites for OWS into approximately
stoichiometric amounts of H, and O;. (b) Steady photocatalytic overall water splitting into stoichiometric amounts of H, and
O, over these 0.5 wt. % NiOy loaded composite photocatalysts (a) 1.2TC, (b) 1.6TC, and (c) 1.8TC. (Conditions: 500 W Hg
mid-pressure immersion lamp, 0.5 g of photocatalyst, and 500 ml of water).

but also effectively suppresses the backward reaction between H, and O,. This can be explained
by cooperative effects between the formation of Schottky barriers at the metallic Ni/calcium tanta-
late contact regions and the existing heterojunctions between nanoparticles of the different phases
in these calcium tantalate nanocomposites. However, NiOy loading above 0.5 wt. % lowered the
photocatalytic activity, because with higher loading the light masking by NiO particles might have
a considerable detrimental effect on the photoreactivity. The number of surface sites responsive for
light absorption is reduced if more NiOy is present.

Figure 4(b) illustrates the simultaneous evolution of H, and O, over the optimum phase-
composition composite photocatalysts with optimum loading of 0.5 wt. % NiOy as a function of
irradiation time. The production of hydrogen started with the lamp being turned on and the amount
of the evolved gases increased linearly with UV irradiation time. After around 15 min, the steady
evolution of H, and O, in an approximately stoichiometric amount can be observed, which can
be attributed to the stabilization of the suspended particle systems and lamp radiation, and the
saturation of water with evolved gases.'® Figure 5 shows that for the photocatalyst composites
with optimum phase-composition and optimum loading of 0.5 wt. % NiOy, only small losses were
observed in the typically performed three runs. Each run includes irradiation for 60-75 min. The
results indicate a high stability of the photocatalytic OWS reaction, which is in accordance with the
XRD results showing no degradation after the three runs.

Furthermore, the OWS activities of the as-synthesized calcium tantalate composite samples
were compared with those reported in the literature (Table I). The single CaTa,O¢ phase with
perovskite-like orthorhombic (orth.) crystal structure, which was prepared by solid state reaction
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FIG. 5. Hydrogen and oxygen formation rates (taken after 60 min) in repeated photocatalytic OWS runs with the composites
loaded with 0.5 wt. % NiOy. (Conditions: 500 W Hg mid-pressure immersion lamp, 0.5 g of photocatalyst, and 500 ml of
water).

method at 1450 K for 120 h,'” shows low activity even after loading of 0.3 wt. % NiO as co-
catalysts. Later, Ikeda et al.'® claimed to have synthesized a single cubic pyrochlore Ca,Ta,O; phase
using hydrothermal reaction method. However, the activity of 0.2 wt. % NiO loaded Ca;Ta,0;
was still poor with the H,/O, evolution rates of 0.17/0.08 mmol/h, while in the present work
the as-synthesized calcium tantalate nanocomposites with optimum phase-composition obviously
exhibited higher activity than these reported single phases. Undoubtedly, it benefited from the
formation of the phase junctions and the improved charge transfer among the calcium tantalate
composites. With optimum loading of 0.5 wt. % NiOx on the 1.2TC, 1.6TC, 1.8TC composites,
respectively, the significant enhancement in activity was found with the H,/O, evolution rates of
0.39/0.19, 0.86/0.40, and 1.10/0.51 mmol/h, corresponding to the calculated photonic efficiencies
of 0.135%, 0.297%, and 0.380%, respectively. For the NiOx loaded composites at higher Ta/Ca
ratio with the enhanced photocatalytic activity, the narrower band gap of the composites can be
also considered to be a rational reason. Thus, more photons can be absorbed and consequently

TABLE I. Comparison of activities of calcium tantalate photocatalysts with different phase compositions for OWS.

Activity
(mmol/h)
Photocatalyst Crystal structure Mass (g)  Mercury lamp (W)  Co-catalyst/wt. % H, (02}
CaTay04!7 Orthorhombic 1.0 400 None 0.02  ~0.01
Ni0O/0.3 0.07 0.03
CayTay0;'8  Cubic 0.5 450 None
Ni0O/0.2 0.17 0.08
1.2TC Cubic/hexagonal® 0.5 500 None 0.09 0.04
NiOy/0.5 0.39 0.19
1.6TC Cubic/hexagonal/orthorhombicb 0.5 500 None 0.16 0.07
NiOy/0.5 0.86 0.40
1.8TC Cubic/orthorhombic® 0.5 500 None 0.17 0.06
NiOy/0.5 1.10 0.51

4Phase composed of cubic a-CaTa;Og and hexagonal Ca;TayO1.
bPhase composed of cubic CaTayOg, hexagonal Ca;TayO7 and orthorhombic -CaTayOg.
“Phase composed of cubic a-CaTa;Og and orthorhombic $-CaTaOg.
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more electrons were excited to the conduction band, which is in good agreement with our previous
work, where we discussed photocatalytic methanol reforming.® The results also demonstrate that the
modification of double-layered NiOy (Ni/NiO) as co-catalysts further facilitates electron transport
and suppresses the backward reaction between H; and O,.

OWS with NiOy is already a quite green approach since it works without noble metals as
co-catalyst but even better would be an efficient photocatalyst active without any co-catalysts. It was
reported before that the calcium tantalate nanocomposites form hydrogen from methanol reforming
without co-catalyst.® In order to confirm and generalize this finding, we tested our most active
nanocomposite 1.8TC in pristine form for H, production by photocatalytic reforming of different
alcohols, including methanol (MeOH), ethanol (EtOH), isopropyl alcohol (IPOH), and ethylene
glycol (EG), as presented in Figure 6. Alcohols are known to show the current-doubling effect, and
the reaction sequence is highly irreversible, and are hence greatly favorable for H, production.!'”
The hydrogen production rates with the 1.8TC nanocomposite decreased in the following order:
MeOH > EtOH > IPOH > EG, and by means of the standard potassium ferrioxalate actinometer as
initially proposed by Hatchard and Parker,?” their photonic efficiencies were calculated to be 3.45%,
2.52%, 2.28%, and 1.28%, respectively. The same order of photonic efficiencies was also observed
over 1.2TC and 1.6TC nanocomposites (not shown). In summary, the use of MeOH always provides
the best photocatalytic ability for H, production, due to its highest ability to donate electrons and
to scavenge the valence band holes preventing photogenerated charge recombination. This agrees
well with the reported order of hydrogen production efficiency over prototypical photocatalyst of
Pt-loaded KCasz3010.2"22

The use of by-products from biomass conversion for hydrogen production could be a useful
intermediate step between the current fossil fuel energy structure and efficient water splitting.>* The
pioneering work of Kawai and Sakata in 1980 showed that hydrogen can be produced from carbo-
hydrates over RuO,/TiO/Pt photocatalyst under light irradiation.>* Subsequently, they claimed that
hydrogen can also be acquired from some other kinds of biomasses, such as cellulose, starch,
dead insects, and waste materials.>>>’ In the present work, the 1.8TC nanocomposite photocat-
alyst (i.e., cubic a-CaTa;Og/orthorhombic [3-CaTayOg phases) was thus further employed toward
H; production by reforming of typical biomass derivatives. As shown in Figure 6, continuous H;
evolution was observed from reforming of glycerol (GL, 50 ml), which is a by-product in biodiesel
production formed in high amounts without existing market for such high quantities, and glucose
(Glu, 0.1M) as a representative for carbohydrates. After irradiation for 180 min, the yield of evolved
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FIG. 6. Hydrogen evolution from aqueous solutions of different alcohols and biomass derivatives over 1.8TC nanocomposite
photocatalyst without using any co-catalyst. (Conditions: 500 W Hg mid-pressure immersion lamp, 0.5 g of photocatalyst,
500 ml of water, and 50 ml of liquid alcohols or 0.1M of Glu).
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H; was measured to be ca. 7.3 mmol and 5.6 mmol from aqueous GL and Glu solutions, respec-
tively. Due to the electrochemical potential of glycerol the H, yield is lower than with the other
alcohols, but a significant amount can be formed over time with only low deactivation. If compared
to the photocatalytic activity of the 1.8 TC sample for H, production from OWS with the Ni/NiO
co-catalyst (Fig. 4), the H, production from glycerol is almost doubled although no co-catalyst is
present. This shows some potential; however, if cheap co-catalysts as the Ni/NiO system can be
used, the OWS is more prospective.

In conclusion, the stoichiometric photocatalytic decomposition of water by calcium tantalate
composites can be significantly enhanced by loading of NiOy as co-catalysts. Nanocomposites
consisting of cubic a-CaTa,Og and f-orthorhombic CaTa,O¢ phases loaded with 0.5 wt. % NiOx
showed the highest activity. We suggest that the enhanced photocatalytic activities can be attributed
to the excellent catalytic properties of NiO and the cooperative effect between a Schottky barrier
formed at the metallic Ni/calcium tantalate contact region with the interfacial heterostructure junc-
tions in these calcium tantalate composites. This together promotes the interfacial charge separation
and transfer and suppresses the backward reaction. Thus, the generation of the true “solar fuel”
can be achieved by overall water splitting reaction, that is, photocatalytically split water into H,
and O in a stoichiometric ratio, thus converting the net solar energy into chemical energy. Without
using any co-catalysts hydrogen from photocatalytic reforming of alcohols and biomass derivatives
can also be achieved with these nanocomposites, the highest activity being observed for MeOH,
the most effective electron donating species. These results reveal an efficient and noble metal-free
photocatalytic reforming system for H, production. In case of glycerol, photocatalytic H, formation
might help to improve the sustainability and economic benefit of the bio-refining industry. More-
over, the development of further advanced composite materials might be a route to cheaper, more
efficient, and environmental-friendly photocatalysts for solar energy conversion.
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