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A scalable solvothermal technique is reported for the synthesis of a photocatalytic composite material
consisting of orthorhombicTa;N; nanoparticles and WO, ; nanowires. Through X-ray diffraction and
X-ray photoelectron spectroscopy, the as-grown tungsten(VI) sub-oxide was identified as monoclinic
W150,s. The composite material catalysed the degradation of Rhodamine B at over double the rate

of the Ta;N; nanoparticles alone under illumination by white light, and continued to exhibit superior
catalytic properties following recycling of the catalysts. Moreover, strong molecular adsorption of

the dye to the W,;,0,, component of the composite resulted in near-complete decolourisation of the
solution prior to light exposure. The radical species involved within the photocatalytic mechanisms were
also explored through use of scavenger reagents. Our research demonstrates the exciting potential of
this novel photocatalyst for the degradation of organic contaminants, and to the authors’ knowledge
the material has not been investigated previously. In addition, the simplicity of the synthesis process
indicates that the material is a viable candidate for the scale-up and removal of dye pollutants on a
wider scale.

With almost 300,000 tonnes of synthetic dye released into the world’s water each year?, the environmental dam-
age resulting from such pollutants is a matter of utmost concern. Many of these dyes have been identified as
toxic to both aquatic life* and humans®, while they also inhibit photosynthetic activity in marine systems due to
their strong light absorbance?, leading to concerns for global oxygen production. It is reported that more than
two billion people across the globe have limited access to clean drinking water®, so the need to develop effective,
low-cost purification techniques is of increasing importance. Unfortunately, the inherent chemical stability of
synthetic dyes typically hinders their degradation by traditional biological treatment methods®”, while alternative
techniques such as coagulation/flocculation®? or adsorption on activated carbon'®-!? are beset by factors such as
the production of secondary waste and high material costs. To overcome these shortcomings and to reduce the
energy demand of water cleaning relative to conventional energy-intensive techniques, a plethora of novel materi-
als have been developed which act to photocatalyse the oxidation of such recalcitrant waste dyes, and a significant
body of research is devoted to increasing the efficiency of these catalysts.

Despite the effectiveness of archetypal TiO, nanopowders in utilising ultraviolet light for dye oxidation??,
much of the energy from white light remains unused, as the wide band gap of TiO, precludes its absorption of
visible light'*. For this reason, much contemporary research is focussed on the development of narrow band gap
photocatalysts such as TaON and Ta;Ns, which possess band gaps of 2.5eV and 2.1 eV, respectively’, as well
as WO; and its related Magnéli phase sub-oxides'®, with corresponding band gaps in the range 2.6-2.8eV'7-2,
Indeed, in many studies TiO, is used in conjunction with a semiconductor of narrower band gap to yield a com-
posite capable of utilising a much wider range of light wavelengths?*-%%, or alternatively the material may be
doped®-*? or employed in different phases®"**-% in an effort to expand the usable portion of the electromagnetic
spectrum.
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Although both TaON and Ta;N; have been shown to degrade organic dyes such as Rhodamine B and methyl-
ene blue**-*® under exposure to white light, recent work on photocatalysis by Ta;N; in the literature suggests that
higher degradation rates might be achieved by combining the material with a second, strategically-chosen pho-
tocatalyst™ 4. By adopting such a two-photon photocatalytic mechanism, the quantum efficiency of the catalyst
may be enhanced due to improved separation of electrons and holes within the system*! 5% one common example
of this effect is known as a “Z-scheme”, wherein electron-hole recombination within each material is suppressed
due to preferential recombination between the conduction electrons of one component and valence holes of the
other**->2, In the present investigation, a solvothermal approach?*>? is adapted to grow tungsten(VI) sub-oxide
nanostructures on the surface of Ta;N; nanoparticles, thereby forming a nanocomposite of the two materials. The
photocatalytic properties of the composite are subsequently explored by examining its effect on the oxidation of
an aqueous solution of Rhodamine B under illumination by white light.

Tungsten(VI) sub-oxides, most notably W 30,4, have received significant attention in recent years due to
their strong absorption of light of visible and even near-infrared wavelengths** >, high electron mobility*>* and
propensity to form as crystalline nanostructures during solvothermal syntheses®®. The high conductivity of the
material may be partially attributed to the high density of oxygen vacancies, which act as shallow donor states™.
Moreover, these defects provide adsorption sites for surface species' ¢!, thereby increasing the rates of surface
reactions and improving catalytic activity.

Inspired by similar systems discussed elsewhere®*%, the combination of Ta;N; and W0, is proposed as
an effective system for the oxidation of dye pollutants. As in these previous works, it is demonstrated herein that
charge transfer between the two materials successfully enhances the photocatalytic degradation of Rhodamine
B relative to the original nanoparticle precursor, both by augmenting the formation of superoxide and hydroxyl
radicals and by increasing the rate of direct oxidation of the dye molecules through interaction with valence band
holes.

By adopting a solvothermal procedure to grow the W 30,5 heterogeneously from the surface of Ta;N; nan-
oparticles, it is hoped that the present work provides a significant contribution in the quest for photocatalysts
that are not only able to degrade dye pollutants in an effective manner, but are also economically viable to pro-
duce. Building on previous studies by our group into Janus-like composites® 3, the investigation succeeds in this
respect whilst also exploring the synergistic behaviour of two extremely promising photocatalysts which, to the
authors’ knowledge, have not been combined for this purpose previously.

Results

Nanomaterial characterisation. In order to maximise the surface area of the Ta;N;/W,;0,, nanocom-
posite, the thermal decomposition of TaCls; to Ta;N; was undertaken inside a eutectic mixture of NaCl and KCl:
as this salt mixture melts at a temperature below the annealing temperature of 800 °C, it provided an ionic liquid
medium within which the TaCl; could decompose in a controlled manner to form small nanoparticles of Ta;N;
rather than larger aggregates®. As shown by Fig. 1a, which depicts an SEM image of the as-formed Ta;Ns, the
nanoparticles typically possessed diameters of ca. 20-40 nm and were approximately spherical in form. Following
synthesis of the Ta;N;/W 0, nanocomposite, distinct nanoparticles were more difficult to discern within the
structure, possibly due to the presence of a W30, over-layer. By employing TEM to image the Ta;N; nanopar-
ticles at atomic resolution, an example of which is displayed in Fig. 1c, the high crystallinity of the nanoparticles
became evident; the TEM image shows that the nanoparticles consisted of well-ordered atomic planes, and the
measured lattice spacing of 0.356 nm is consistent with the spacing of {110} planes in Ta;Nj, as indexed by JCPDS
card number 79-1533.

As typified by the SEM image in Fig. 1b, bundles of W 30,4 nanowires were identified throughout the Ta;Ns/
W50, powder, with a mean diameter of 32 &9 nm measured over more than forty independent measurements
from SEM images. In contrast to similar experiments reported by other groups®>>?, the nanowires did not appear
to grow uniformly over the Ta;N; surface following the formation of a W3O, core-shell, but rather there were
isolated regions of W 30,, bundles amongst the Ta;N; clusters. It is worth noting, however, that the nanoparticles
of Ta;N; were significantly smaller than the seeding spheres employed in previous studies, and it is therefore
possible that the expected composite morphology was rendered energetically unfavourable as a result of this size
disparity. As in Fig. 1c, the TEM image of the composite depicted in Fig. 1d shows a characteristic lattice spacing
of 0.351 nm, which again corresponds to the {110} lattice spacing in Ta;Ns. Lattice planes of W 30,4 were much
harder to identify, although this may be attributable to the practical difficulty of locating the W ;0,9 nanowires
due to the abundance of Ta;N; nanoparticles.

To ascertain the phases of the Ta;Nj starting precursor and the W0, nanostructures within the Ta;Ns/
W 50,9 nanocomposite, an XRD diffractogram was measured for each material. The diffractograms correspond-
ing to Ta;N; and Ta;N5/W 40, are displayed in Fig. 2a and b, respectively; it is evident from the plots that while
additional peaks exist in the diffractograms of the composite, the majority of the peaks are common to both
diffractograms. By comparing the diffractograms to the relevant JCPDS reference cards, the phases of the Ta;Nj
and W30, may be identified as orthorhombic and monoclinic, respectively. Use of the Scherrer equation in
conjunction with the Ta;N; precursor diffractogram (Fig. 2a) yields an estimate of 22 + 3 nm for the mean Ta;Nj
nanoparticle diameter, while similar consideration of the Ta;N5/W 30,4 diffractogram (Fig. 2b) produces a con-
sistent value of 22 + 4 nm; the shape factor has been allocated a value of 0.9 for these calculations, which is typical
for spherical particles®, and peaks attributed to the W,30,, phase have been ignored. The similarity of the two
values suggests that the nanoparticle size was not significantly altered during synthesis of the composite.

The compositions of the Ta;N; precursor and the Ta;Ns/W 30,9 nanocomposite were verified using XPS.
Figure 3a shows the binding energy spectrum of Ta;N; over the range 0-1200 eV, where the energies have been
“carbon-corrected” as described in the Methods section. The primary peaks of Ta, N, O, C and Na are displayed
in Fig. 3b-f. The presence of a small Nals peak at 1071 eV, shown in Fig. 3f, suggests that whilst the majority of

SCIENTIFICREPORTS|7:4090 | DOI:10.1038/541598-017-04240-4 2



www.nature.com/scientificreports/

10 nm

0.351 nm \/
(110)

Figure 1. SEM and TEM images showing the Ta;N; precursor nanoparticles (a and ¢, respectively) and the
Ta;Ns/W 30,4 composite (b and d, respectively). The precursor was shown to contain crystalline nanoparticles

of diameter ca. 20-40 nm, while the composite contained both Ta;N; nanoparticles and W30 4 nanowires of
mean diameter 32+ 9nm.
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Figure 2. XRD diffractograms of the Ta;N; precursor (a) and Ta;Ns/W 30, nanocomposite (b). The peaks

corresponding to orthorhombic Ta;N; and monoclinic W30, have been indexed using JCPDS card numbers
79-1533 and 71-2450, respectively.

the NaCl precursor was removed during the annealing and centrifuging steps, some of the Na may have become
incorporated into the product, possibly in the form of NaTaO;%. Such Na-containing species were scarce, how-
ever: quantification of the Nals and Ta4f peaks suggests that the Na to Ta ratio was 1:24. Indeed, all of the peaks
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Figure 3. XPS measurements of the Ta;N; binding energy spectrum over the range 0-1200eV (a), in addition
to higher resolution measurements of the Ta4f (b), N1s (c), Ols (d), C1s (e) and Nals (f) peaks. Shirley fits to
secondary electron backgrounds are shown as black dashed lines, while fitted peak components are plotted as
solid, coloured lines; fitted peaks contained within the same doublet have been assigned the same colour.

in the XRD diffractogram of the precursor in Fig. 2a may be indexed to Ta;NGs, so it is likely that any residual Na
compounds were present only on the nanoparticle surface, as opposed to existing in the bulk material. Despite the
presence of Na from the eutectic precursor mixture of NaCl and KCl, the absence of a K2p signal suggests that all
of the KCI was removed by centrifugation.

The asymmetry of the Ta4f doublet in Fig. 3b indicates that it was contributed to by Ta atoms from several
chemical environments; through peak-fitting, it is possible to identify three distinct chemical environments with
4f,,, peaks at binding energies of 24.7 eV, 25.5eV and 26.2 eV. For each fitting component, it has been ensured that
the 4f;;, and 4f;, peaks have the requisite spin-orbit splitting of 1.9 eV®’". Comparing to previous literature, one
may identify the contribution at 24.7 eV as the Ta;N; environment, whereas those at 25.5eV and 26.2 eV likely
correspond to TaON and Ta,O;, respectively®®-7!. Using these identifications, the proportion of Ta contained
within Ta;Ns is estimated as ca. 74%, with 15% in TaON and 11% in Ta,Os. As in the case of the Na-containing
contaminants, however, the absence of TaON or Ta,O; peaks in the XRD diffractogram of the precursor implies
that these compounds were present at the surface alone, with the bulk containing negligible quantities of either.

Unlike the Ta4f signal, the N1s peak shown in Fig. 3¢ is sharp and symmetric and may therefore be fitted ade-
quately by a single component. Unfortunately, there is a slight overlap between this peak and the broad Ta4ps,
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Figure 4. XPS measurements of the Ta;N5/W 3,0, binding energy spectrum over the range 0-1200¢V (a),
in addition to higher resolution measurements of the W4f (b), O1s (c), Cls (d), Ta4f (e) and N1s (f) peaks.
Shirley fits to secondary electron backgrounds are shown as black dashed lines, while fitted peak components

are plotted as solid, coloured lines; fitted peaks contained within the same doublet have been assigned the same
colour.

peak centred at 403.5 eV, which has a detrimental effect on the precision with which the N1s peak area may be
estimated. Recognising this source of error, the area of the N1s peak may be compared to the Ta;N; and TaON
components of the Ta4f peak in order to evaluate the stoichiometry of the two elements; accounting for the rela-
tive proportions of the two nitride species, one anticipates a Ta to N ratio of 0.64, which is fractionally lower than
the measured value of 0.70.

After forming the Ta;N;/W 30,49 composite, the presence of nanostructured W 30,4 on the Ta;Nj surface
was expected to diminish the intensity of the Ta4f and N1s signals due to the high surface-sensitivity of the XPS
technique. The XPS spectra corresponding to the composite are shown in Fig. 4, and it is clear that the predicted
suppression of the Ta4f and N1s peaks, displayed in Fig. 4e and {, respectively, was indeed observed, although the
existence of the signals suggests that either the surface coverage by W 304 was incomplete or the layer was of
sub-10 nm thickness.

To more quantitatively evaluate the composition of the W sub-oxide component of the composite, one must
compare the peaks of W and O in a similar manner to those of Ta and N in Fig. 3. In general, sub-oxides of W are
mixed-valency compounds containing W, W>* and W** species, and it has been demonstrated previously that
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Figure 5. XPS measurements of the valence band edge of Ta;N; (a), W30, (b) and Ta;Ns/W 30, (c), and UPS
measurements corresponding to the same materials (d-f). Linear fits to the valence band edge and the baseline
are depicted as dashed lines in (a-c), the intersection of which may be interpreted as the energy of the valence
band maximum, Ey, relative to the Fermi level, Ey. In (b,c), a similar procedure has been carried out to calculate
the position of the conduction band minimum, E¢. The estimated positions of Ey and the secondary electron
onset, Eggo, from UPS are shown in plots (d-f) as solid vertical lines.

W 504 contains the highest proportion of oxygen vacancies and is the only sub-oxide of W that can be isolated
in a chemically-pure form’.

By fitting the Ols peak in Fig. 4c with four components, it is possible to identify the relative proportions of
the different oxygen environments; in accordance with previous work, one may attribute the component at lowest
binding energy to oxygen contained within the sub-oxide lattice, while the adjacent component is thought to
correspond to surface hydroxyl groups™ 7. The final two contributions to the Ols peak are typically assigned
to adsorbed water and adventitious organic compounds® 7>-7¢, It should be noted that the O1s peak may also
contain contributions from TaON and Ta,O; species at the Ta;Nj surface, although these components are likely
insignificant due to the near-complete coverage by W30 .

The different oxidation states of W are represented by independent doublets within the W4f signal, as depicted
in Fig. 4b; for each component, the separation between the 4f;/, and 4f;, spin states has been assigned the char-
acteristic value of 2.17eV”’. According to previous literature, the 4f,, peak attributed to the W" ion is centred at
a binding energy of between 35.4eV and 36.7 eV, while those of W>* and W** appear in the ranges 34.0-35.0eV
and 32.2-34.1 eV, respectively>* > 60-73-76.78-81 Tp the present case, it is demonstrated in Fig. 4b that the W4f signal
may be fitted adequately by two sets of doublets, with the two 4f;, peaks appearing at binding energies of 35.9eV
and 34.6 eV; from the previous identifications, these peaks may be attributed to W+ and W> ions, respectively.
By comparing the total area of the W4f signal to the combined area of the sub-oxide components within the Ols
peak, accounting for both oxygen contained within the bulk lattice and surface oxygen bound to atoms of hydro-
gen to form hydroxyl groups, one obtains an O to W atomic ratio of 2.69, which is in close agreement with the
anticipated value of 2.72.

In addition to verifying the elemental compositions of the catalysts, XPS is also useful for determining the
band structures of the two materials. In Fig. 5, measurements of the XPS spectrum of each sample are shown for
binding energies close to zero, which coincides with the Fermi level, Ej, of the system. In each case, the intensity
of the spectrum decreased sharply upon approaching the Fermi level; this feature of the spectrum corresponds to
the edge of the valence band, and the position of the valence band maximum, Ey; relative to E; may be estimated
from the intersection of a line-of-best-fit through the points corresponding to the valence band edge and a sec-
ond linear fit through the baseline of the scan®5. From the linear fits depicted as dashed lines in Fig. 5a—c, one
obtains estimated E-Ey values of 1.3 eV for Ta;N;, 3.4 eV for W 30,9 and 3.1 eV for Ta;N5/W 30,. The similarity
between the valence band scans of W30, and the composite provides further evidence that W30, existed as a
shell on the Ta;N; surface.

In the cases of W30, and the composite, occupied states were measured just below the Fermi level in the XPS
valence band measurements, suggesting that the conduction band of W30, extended below Ej; this property
is characteristic of a degenerate semiconductor, wherein the concentration of donor states is sufficiently high
to fully-occupy states close to the conduction band edge. Such behaviour has been observed previously in XPS
spectra of W sub-oxides and attributed to the high concentration of oxygen vacancies, and the signal is therefore
absent in similar measurements acquired from pristine WO; films®*~%”. By applying a linear fit to the conduction
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band edge in a similar manner to the valence band, the conduction band minimum of W 30,9, Ec(W50,), is
estimated at ca. 1.9 eV below Ej, while a value of 1.8V is obtained for Ta;N;/W,30,; these energy values are
commonly known as the Moss-Burstein shift®®. The difference between Ey and E. yields an estimated electronic
band gap of 1.6eV for W 30,9 and 1.4 eV for Ta;Ns/W 30,0, and the measured positions of the bands are consist-
ent with those predicted from ab initio DFT calculations reported in the literature'® . It should be noted that the
optical band gap of the material is equal to the difference between Ey and Ey, as photoexcited valence electrons
cannot be promoted to occupied states at the base of the conduction band.

Since the XPS measurements in Fig. 5a—c have been carbon-corrected to account for any electric potential
at the sample surface, Ey is located at ca. 0eV in each case and it is therefore possible to calculate the difference
between Ey, estimates of two different samples. One cannot, however, deduce the ionisation potentials, Erp, of the
three materials from these measurements, as they provide no information about the energy of the vacuum level,
Eyac. To estimate the jonisation potential, it is therefore necessary to employ UPS: the energy difference between
Ey and the energy of the secondary electron onset, Eggp, corresponds to the difference between the energy of
incident photons and the ionisation potential of the material. The UPS measurements from the three samples are
shown in Fig. 5d-f, along with the positions of Ey and Eg(, estimated from linear fits to the valence band edge
and the edge of the secondary electron peak, respectively; these fits are shown in Supplementary Fig. S1, and Ey,
and Egp have been estimated from the intersection between each linear fit and a further fits through the baseline.
From the Ey and Eggq positions shown, one obtains an Ejp value of 6.2 eV for Ta;N;, 8.0eV for W ;0,5 and 7.9eV
for Ta;N5/W 40,0, which are consistent with values reported in the literature!® 2% 7% it is also worth noting that
the differences between these three E;, values are in close agreement with the differences between the Ey estimates
from Fig. 5a-c.

In addition to the ionisation potential, it is possible to use UPS measurements to calculate the work function,
¢, of a metallic or semiconducting material. This is achieved by first approximating the Fermi energy of the
system, which for suitably conducting samples may be assumed equal to the Fermi energy of the spectrometer,
as the centre-point of the Fermi edge in UPS measurements of the metallic sample holder itself (as shown in
Supplementary Fig. S2). One may then estimate ¢ by calculating the difference between the photon energy and
Eggo-Ep Due to the semi-metallic nature of W30, and the composite, the assumption of electronic equilibrium
between spectrometer and sample is appropriate, and ¢ estimates of 4.8 eV and 4.7 eV are obtained for the two
materials, respectively. Subtracting these values from the previous estimates of Ep yields an Ep-Ey, value of 3.2eV
for both materials, which is consistent with the corresponding estimates from Fig. 5b and c. In the case of Ta;NG,
however, the ¢ estimate of 3.0eV from Fig. 5d is considerably smaller than the value of 4.9eV expected from
E;p(Ta;N;) and the Eg-Ey(Ta;N;) estimate from Fig. 5a; this disparity is likely due to the electrically insulating
nature of Ta;N;, with the resulting surface charging leading to a difference in the Fermi level between sample and
spectrometer.

Further information regarding the electronic band structure of a material is provided by UV-Vis diffuse reflec-
tance spectroscopy. By constructing Tauc plots from the UV-Vis diffuse reflectance measurements depicted in
Fig. 6a and b, as shown in Fig. 6¢ and d, it is possible to estimate the optical band gaps of Ta;Ns, W 30,9 and the
Ta;Ns/W 30,49 composite. In this way, a band gap estimate of 2.11 4 0.03 eV is obtained from the Tauc plot of the
Ta;N; precursor, which is consistent with the accepted value for Ta;N;, while a similar value of 2.06 £0.03 eV is
yielded by measurements from the Ta;Ns/W 30, composite. The band gap of W30, estimated from the Tauc
plot in Fig. 6d, has a much higher value of 3.09 & 0.05 eV, which is comparable to the values obtained from the
XPS and UPS measurements in Fig. 5b and e, respectively; it should be recognised that it is not strictly appropriate
to compare the band gap estimates from the different experimental techniques, as the Fermi level of the material
likely varied between instruments. In the case of Ta;Ns/W 30 ,, no step in the diffuse reflectance was measured at
wavelengths lower than 400 nm, suggesting that W30, accounted for a much lower proportion of the composite
than the Ta;N; component.

Composite band structure. By combining the deductions from Figs 5 and 6, one may visualise the relative
positions of the energy bands in Ta;Ns/W30,; as illustrated in Fig. 7, the conduction and valence band edges
of W3O,y were located at a significantly higher redox potential than the edges of the two bands in Ta;Nj. The
annotated energy values have been compiled using the optical band gap estimates from Fig. 6, estimated E;, values
from Fig. 5d and e and the electronic band gap of W 3,0, estimated from Fig. 5b. Although the value of E;. in the
isolated composite powder was likely different to the E; value that existed during XPS and UPS measurements,
the Ep-Ey estimates from Fig. 5a and b have been used to provide a semi-qualitative Ey position for the diagram
and thereby illustrate the semi-metallic behaviour of W,30,,; despite the variability of the E; position, however, it
is worth recalling the similarity between the E; estimate obtained from the UV-Vis diffuse reflectance measure-
ments of W30, and XPS valence band measurements of the same material.

The band alignments in Fig. 7 suggest the possibility of a Z-scheme of electron transfer between Ta;N; and
W50, following photo-excitation of valence electrons, electron-hole recombination within each material may
be suppressed due to preferential recombination of W3O, conduction electrons with holes from the valence
band of Ta;Ns. The resulting increase in the density of conduction electrons in Ta;Ns would be expected to
enhance the rate of reductive reaction processes at the Ta;N; surface, whereas the increased hole concentration in
W 50,0 would correspondingly promote the oxidation of surface species.

White light photocatalysis and cyclability. The application of the Ta;N;/W 30,4 composite as a photo-
catalyst for Rhodamine B oxidation was tested alongside the Ta;N; precursor and W30, control powder. Prior
to illumination of the catalyst suspensions in Rhodamine B solution (0.02 mM), the absorption of the dye was
measured after one hour of stirring in darkness; it was discovered that the Ta;N5/W 30, composite decreased
the peak absorption intensity by 91% relative to a control solution containing no catalyst, whereas the Ta;N;
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Figure 6. Diffuse reflectance spectra of Ta;N; and Ta;Ns/W 30,4 (a), as well as W30, (b), with corresponding
Tauc plots in (c,d), respectively. By plotting a line-of-best-fit through the point of maximum gradient within
each Tauc plot, an estimate of the optical band gap may be obtained; values of ca. 2.1 eV are estimated for both
Ta;N; and Ta;Ns/W 0,0, whereas the measurements from W30, yield a value of ca. 3.1eV.
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Figure 7. Proposed band structure of Ta;Ns/W 30,9, constructed using estimates of the optical band gaps of
Ta;N; and W40, from Fig. 6, as well as Ejp estimates from Fig. 5d and e, and the estimated electronic band
gap of W30, from Fig. 5b. The position of E; shown corresponds to the Fermi level estimated from the XPS
valence band measurements in Fig. 5a and b; however, the true Fermi level of the isolated composite is not
known, so the depicted position serves solely to illustrate the semi-metallic nature of the W30,y component.

precursor decreased the peak intensity by just 4%. In the W 4,0, control suspension, the absorption peak of the
dye reduced by 97% relative to the solution containing Rhodamine B alone. These measurements suggest that the
dye adsorbed strongly to the W30, shell of the Ta;N5/W 30,9 composite, likely due to surface oxygen vacancies
in W30, serving as favourable sites for molecular adsorption®®°"-%2,

During stepwise illumination of the suspensions, both Ta;Ns and Ta;Ns/W 3,0, had a catalytic effect on the
oxidation of Rhodamine B: as shown by Fig. 8a and c, in each case the UV-Vis absorption spectrum of the dye
solution diminished in intensity between successive steps more rapidly than in the control solution, for which
the corresponding measurements are displayed in Fig. 8d. Conversely, Fig. 8b indicates that W30, alone had
negligible catalytic effect on dye oxidation; indeed, the intensity of the absorption peak actually increased with
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Figure 8. UV-Vis absorption spectra of supernatant extracted from white light illuminated suspensions of
Ta;N; (a), W30, (b) and Ta;Ns/W 40,4 (¢) in Rhodamine B solution (0.02 mM), as well as a control solution
containing no catalyst (d). For Ta;Nj, Ta;N5/W 3,0, and the control solution, the progression of absorption at
554nm, C, is plotted as a function of white light illumination time in (e), normalised with respect to the value
of C prior to illumination, C,. The ratio Cy/C is also plotted logarithmically for these samples in (f). The plots
show that while W 30,4 had no observable catalytic effect on dye oxidation, Ta;N5/W30,, photocatalysed
the reaction at over double the rate of Ta;N; on its own. The composite also yielded the highest rate of
N-deethylation, as shown by the pronounced hypsochromic shift of the absorption peak in (c).

successive illumination steps, possibly due to gradual desorption of adsorbed dye from the catalyst surface. It
should be noted that in all four spectra the absorption has been normalised with respect to the absorption at
554 nm of the same sample prior to illumination but after stirring in darkness, denoted C,. The unusual shape of
the spectra in Fig. 8b, corresponding to the W30, suspension, may be attributed to the low concentration of dye
molecules in solution following adsorption on the catalyst: the absolute absorption intensity was consequently
significantly lower than in the other samples, and the form of the spectrum was therefore likely altered by back-
ground noise within the signal.

The difference in the rate of photolysis between the two active catalysts, Ta;N5 and Ta;N5/W 30, is illustrated
more explicitly by Fig. 8e, which depicts the variation of absorption at 554 nm, C, normalised with respect to
Cy» as a function of illumination time; after 150 minutes of white light exposure there was a 63% decrease in the
Rhodamine B peak intensity in the presence of Ta;N5/W 30,4, compared to just 28% for the suspension contain-
ing Ta;N; only. Due to the disparate illumination setups used by different research groups, it is unfortunately
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difficult to compare the measured rates of decolourisation to those attributed to other catalysts in the literature.
It is informative, however to consider a previous study by our group in which the same light box was used, and it
is evident that the Ta;N;/W 40,5 nanocomposite is indeed competitive with the anatase/rutile TiO, composites
explored therein: employing 1 mgmL™" of suspended catalyst in 0.01 mM Rhodamine B solution, the anatase/
rutile TiO, catalyst yielded a 70% decrease in the Rhodamine B peak intensity after 150 minutes, which is only
fractionally higher than the decolourisation achieved in the present study by 0.5 mgmL™! of Ta;Ns/W 50, in
0.02mM Rhodamine B solution®.

By further displaying the natural logarithm of Cy/C as a function of time, Fig. 8f allows quantitative estimation
of the oxidation rate in each suspension. Although the intensity at 554 nm decreased linearly as a function of time
in the case of Ta;N;, the corresponding plot for Ta;N;/W 30, is comprised of two distinct regimes with different
rate constants. Through linear fitting of these two regions of the plot, one obtains an estimated decolourisation
rate constant of 1.0 x 10~2min~! for times of up to one hour and a value of 4.5 x 10> min~! for longer times; it
is probable that the transiently high rate of decolourisation at short times may be attributed to adsorption of the
dye at the catalyst surface. Notably, the rate constant for longer durations of illumination is more than double the
corresponding estimate of 2.0 x 107> min~" for the Ta;N; precursor; this result, in conjunction with the observed
inactivity of the W ,30,, control sample, suggests that synergistic effects between Ta;N; and W 30,9 within the
composite acted to enhance the efficiency of photocatalysis relative to Ta;N; alone. As mentioned previously,
comparison of the measured rate constants to previous works is problematic due to the different apparatus used,
but it is nevertheless instructive to note that similar values of 1.0 x 107°-4.0 X 10~>min " are typically reported
for Rhodamine B degradation under visible light irradiation®*-1.

Another important factor affecting the commercial viability of a photocatalyst is its cyclability. To this end,
the three sample catalysts were recovered from their respective dye solutions through repeated centrifugation
into deionised water, before the entire sequence of illumination cycles and UV-Vis absorption experiments was
repeated using fresh solutions of Rhodamine B; the results from this sequence of experiments are plotted in
Supplementary Fig. S3a-d, wherein the UV-Vis absorption spectra following different periods of illumination
have again been normalised with respect to C, and overlaid, while Supplementary Fig. S3e shows the time varia-
tions of the normalised Rhodamine B absorption at wavelength 554 nm. To determine rate constant estimates for
dye oxidation in the presence of each catalyst, Cy/C has also been plotted logarithmically as a function of illumi-
nation time in Supplementary Fig. S3f.

During the initial hour of stirring in darkness, the quantity of dye adsorbed by recycled Ta;N;/W 30,9 and
W 5049 was significantly lower than for the as-synthesised powders; however, relative to the solution containing
no catalyst, the two materials still decreased the peak absorption intensity of the dye by 24% and 95%, respectively,
compared to a smaller decrease of 11% in the case of recycled Ta;N5. Once again, it is clear from Supplementary
Fig. S3e,f that the Ta;N;/W 30,4 nanocomposite oxidised the dye at a superior rate to the Ta;N; precursor alone,
while W30, continued to have no apparent catalytic effect on the rate of dye photolysis. Moreover, Fig. S3f
indicates that both Ta;N; and Ta;N5/W 30,4 again catalysed the decolourisation of Rhodamine B solution at
an approximately exponential rate, albeit more slowly than during the first illumination sequence. In the case
of Ta;Nj, the absorption peak was found to decrease at a transiently low rate during the first hour of illumina-
tion, so the corresponding linear fit in Supplementary Fig. S3f has been applied only to points associated with
illumination times of one hour or more. As before, the Ta;N;/W 30,4 composite catalysed the rate of dye oxi-
dation at approximately double the rate of Ta;Ns on its own: from the linear fits depicted in Supplementary
Fig. S3f, one obtains estimated rate constants of 3.8 x 10> min~" and 2.2 x 10> min~"' for Ta;N;/W 40, and
Ta; N, respectively.

From the variation of the Rhodamine B absorption spectra during each set of illumination sequences, both
before and after recycling of the catalysts, it is possible to make qualitative deductions regarding photocatalytic
mechanisms within the Ta;N;/W40,, system. For instance, both the as-synthesised and recycled Ta;N5/W 50,9
composite led to a pronounced “hypsochromic” shift of the absorption maximum after prolonged illumination.
For the as-synthesised material (Fig. 8c), the peak was found to shift from a wavelength of 554nm to 532 nm
after 120 minutes of illumination, followed by the emergence of a distinct absorption component at ca. 500 nm
after 330 minutes of white light exposure. Supplementary Fig. S3¢ shows that recycled Ta;Ns/W 40, resulted in
a much slower rate of hypsochromic shifting, with negligible variation in peak position after 150 minutes of illu-
mination; the absorption spectrum after 1110 minutes, however, exhibits the same shift of the absorption peak to
500 nm. This behaviour is typically attributed to the formation of photoactive intermediates following stepwise
N-deethylation of the Rhodamine B molecules; more specifically, four ethyl groups are removed sequentially
from each molecule in the form of acetaldehyde, thereby generating three successive intermediates followed by
Rhodamine 110 as the final product'®'-1%, The position of the 500 nm absorption component after extensive illu-
mination is consistent with the reported absorption maximum of Rhodamine 110.

In contrast to the composite, the as-synthesised Ta;N; precursor (Fig. 8a) did not produce a significant shift
in the wavelength of peak dye absorption after 330 minutes of illumination, although a shift to 535 nm occurred
after 1110 minutes in the presence of recycled Ta;N; (Supplementary Fig. S3a); it is apparent, therefore, that
while N-deethylation of Rhodamine B was possible at the Ta;Nj surface, the catalysis mechanism predominantly
involved cleavage of the Rhodamine B chromophore to non-photoactive products. Similarly, the W,30,9 control
powder yielded negligible hypsochromic shift over the timeframe of the first set of illumination steps (Fig. 8b),
although a small, but significant, shift was produced following stepwise illumination of the dye in the presence of
recycled W3O, for 1110 minutes (Supplementary Fig. S3b). Combined with the results from the Ta;N5/W 50,4
measurements, these observations suggest that the reactive species responsible for N-deethylation of the dye were
generated at both Ta;N; and W30, surfaces, but the rate of their generation was enhanced by electron transfer
between Ta;N; and W O,, within the composite.
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To further elucidate the species involved in the photocatalytic mechanisms and their specific roles within
them, stepwise illumination of Rhodamine B solution was performed with suspended Ta;N; or Ta;Ns/W 50,4
and the addition of either tert-butanol or p-benzoquinone as scavengers of hydroxyl and superoxide radicals,
respectively®® 197-110, Both of these species may form due to redox processes at a catalyst surface, subject to the
energies of the conduction and valence bands of the material relative to the redox potentials of the radical for-
mation reactions; it is worth noting, for instance, that the oxidation of water molecules to hydroxyl radicals and
protons has an associated redox potential of 6.81 eV relative to vacuum!!* 2, 50 could not have occurred at the
Ta;N; surface as the valence band edge was located at higher energy, as shown by Fig. 7. By contrast, the reduction
of dissolved molecular oxygen by Ta;N; to form superoxide radicals was thermodynamically feasible: following
photo-excitation, electrons at the conduction band edge, which Fig. 7 suggests had an energy of ca. 4.1eV below
Eyac» could partake in the formation of these radicals, as the reaction possesses a higher redox potential of 4.32eV
relative to vacuum''2. Similar reasoning suggests that W,30,, could successfully generate hydroxyl radicals, while
it may have also produced superoxide radicals by first coordinating with hydroxyl radicals to form sites at which
the reduction of molecular oxygen was energetically favourable!'®. Both Ta;N; and W30, were ostensibly able to
photocatalyse chromophore cleavage through oxidation of Rhodamine B molecules in either their photo-excited
or relaxed state!'® %, It is worth noting that if, as proposed previously, electron-hole recombination was sup-
pressed by a Z-scheme of electron transfer in the composite, the resulting enhancement of hole concentration
in W30, possibly acted to augment production of hydroxyl radicals through water oxidation, while the corre-
sponding increase in the number of conduction electrons in Ta;N; may similarly have increased the formation
rate of superoxide radicals from the reduction of dissolved oxygen.

The effects of stepwise illumination on the Ta;Ns and Ta;Ns/W 30,9 suspensions in the presence of scavengers
are shown in Supplementary Figs S4 and S5, respectively. Despite the expected hypsochromic shift occurring
within the Ta;N5/W 30,4, suspensions containing either no scavenger reagent or tert-butanol (Supplementary
Fig. S5a,c, respectively), the phenomenon was completely suppressed by p-benzoquinone (Supplementary
Fig. S5b); it is probable, therefore, that the N-deethylation of Rhodamine B was dependent on the presence of
superoxide radicals within the system. Over the 150 minute timeframe of the experiment, negligible hypsoch-
romic shifting was observed in suspensions containing the Ta;N5 precursor catalyst, indicative of a much lower
formation rate of superoxide radicals.

To analyse the influence of each scavenger reagent on the rate of chromophore cleavage, Supplementary
Fig. S6 plots the absorption intensity of the dye at 554 nm as a function of illumination time for both the Ta;Nj
suspensions (Supplementary Fig. S6a) and those containing Ta;sNs/W 30,9 (Supplementary Fig. S6b). In contrast
to studies elsewhere in the literature, in which fert-butanol and p-benzoquinone acted to diminish the rate of dye
oxidation®" 197-11% no such decrease was witnessed in the present experiment; indeed, Supplementary Fig. S6a
shows that p-benzoquinone actually increased the rate of degradation in the Ta;N; suspension, whereas both
reagents enhanced the decolourisation rate by a similar factor when employed alongside Ta;Ns/W30,0.

It is unclear how the removal of superoxide radicals from the Ta;N; system served to enhance cleavage of the
Rhodamine B chromophore, but one possibility is that their continuous removal resulted in a lower concentra-
tion of conduction band electrons, thereby decreasing electron-hole recombination and yielding an increased
density of valence holes for the oxidation of Rhodamine B molecules. The use of tert-butanol, a scavenger of
hydroxyl radicals, had no significant influence on the rate of Rhodamine B decolourisation in this system, which
is consistent with the predicted infeasibility of water oxidation by Ta;N;. By contrast, the pronounced effects
of tert-butanol and p-benzoquinone on decolourisation rate in Ta;N5/W 30,9 suspension suggest that not only
were hydroxyl and superoxide radicals readily formed within this system, but that they were both active species
in the cleavage mechanism of the Rhodamine B chromophore. The poor catalytic activity of W 30,4 on its own is
therefore suggestive of an inability to generate either radical species at an appreciable rate in the absence of Ta;NG,
so the presence of these radicals in the composite system may be directly attributed to the influence of electronic
transfer between the two materials.

Conclusions

By employing a facile and potentially scalable solvothermal procedure, a highly effective Ta;N5/W 3,04 nanocom-
posite has been synthesised for the photodegradation of dye pollutants in wastewater. In comparison to the Ta;N;
precursor alone, the composite material achieved over double the rate of Rhodamine B oxidation under white
light illumination, while also removing over 90% of the dissolved dye through molecular adsorption, in a man-
ner analogous to activated carbon used commercially. The cyclability of the composite was also demonstrated:
following cleaning of the materials in deionised water, suspended Ta;N;/W 50, continued to photocatalyse the
decomposition of Rhodamine B at approximately twice the rate of Ta;Ns.

In addition to evaluating the practical capabilities of the Ta;Ns/W 30, catalyst, the catalytic mechanisms
responsible for dye oxidation were also investigated. By employing tert-butanol and p-benzoquinone as scav-
enger reagents, it was shown that whilst both hydroxyl and superoxide radicals contributed to cleavage of the
Rhodamine B chromophore, the superoxide species alone were involved in N-deethylation of the dye molecules.
Moreover, from the observed catalytic inactivity of W40, on its own and the marked influence of the scavenger
reagents on decolourisation rate in the composite system, it was deduced that generation of both radical species
at the W30, surface was permitted solely as a consequence of electronic transfer between W 30,9 and Ta;N5
within the composite.

It is hoped that by building on the work presented herein, future studies will improve the Ta;N5/W 30,9 com-
posite still further by optimising the coverage of the Ta;N; by nanostructured W 3O,,. In this way, and through
scale-up of the synthesis techniques, it is the authors’ belief that Ta;N;/W 50,4 composites hold significant prom-
ise as photocatalysts for dye degradation, and could provide an important contribution to the treatment of waste-
water on a global scale.
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Methods

Ta;N; nanoparticles. A nanoparticulate powder of Ta;N; was produced through thermal decomposition
of TaCl; under flow of ammonia gas at a rate of approximately 100 mL min~'. Guided by a protocol reported
elsewhere®, TaCl; (2.0 mmol), NaCl (2.8 mmol) and KCI (1.2 mmol) were ground to a fine powder using a mor-
tar and pestle, then mixed inside a dry argon glove box by shaking together in a sealed glass vial. Once removed
from the glove box, the mixed powder was quickly transferred to an alumina heating boat and heated at a rate of
10°C min~"! to 800°C inside a tube furnace, maintaining this temperature for ten hours under continuous flow of
ammonia at a rate of approximately 100 mL min~".

After cooling naturally to room temperature, the resultant red powder was reground and mixed with a further
NaCl (11.2 mmol) and KCI (4.8 mmol), before being returned to the tube furnace for a second, identical 800°C
annealing step. This intermediate addition of NaCl and KCl flux was carried out to compensate for the loss of salt
through evaporation, thereby ensuring that the forming Ta;N; remained suspended in the molten salt mixture for
the whole combined annealing time of 20 hours. The final product was centrifuged into deionised water six times
to dissolve any residual NaCl, and then reground to a fine powder.

Ta3N;/W,30,0 nanocomposite. Nanowires of W0, were grown heterogeneously on 1 using a solvo-
thermal approach. After grinding WCl, into a fine powder inside a dry argon glove box, a solution of WCl,
(22.8 mmol dm ) was prepared in a 4:1 volume mixture of ethanol and ethylene glycol (60 mL total volume);
more specifically, the WCl; powder was first dissolved in ethanol (5mL) to generate a yellow solution, which was
subsequently added to the remaining mixture of ethanol and ethylene glycol under rapid stirring. The ground
powder of 1 (140 mg, 228 umol) was added to this solution to obtain a 2:1 molar ratio of W to Ta in the reaction
mixture, and the resulting red-orange suspension was stirred rapidly for several minutes. The suspension was
transferred to a 125 mL PTFE cup which was in turn enclosed within a Parr acid digestion bomb and secured.

The sealed bomb was heated to 180°C at a rate of 10°C min ™', and was maintained at this temperature for
24 hours. After cooling naturally to room temperature, the flocculent blue precipitate was centrifuged in ethanol
and then deionised water several times, before drying at 80 °C overnight. The brown solid obtained upon drying
was collected and ground into a fine powder using a mortar and pestle.

W50, control powder. A control powder of W30, was grown solvothermally as reported elsewhere®.
An ethanolic solution of WClg (12.6 mmoldm ™, 70 mL) was prepared, transferred to a 125mL PTFE cup and
secured inside a Parr acid digestion bomb.

The sealed bomb was heated using the same temperature, heating rate and annealing time as in the prepara-
tion of 2, and the resulting flocculent blue precipitate was centrifuged in ethanol and then deionised water, before
drying at 80 °C overnight. The dried blue solid was collected and ground into a fine powder using a mortar and
pestle.

SEM and TEM characterisation. For SEM analysis, powders of 1 and 2 were deposited onto adhesive
carbon tabs and examined using a Hitachi S4800 FE-SEM, operating at an accelerating voltage of 10kV and an
emission current of 10 pA.

Transmission electron microscopy (TEM) images were obtained using a TEM Jeol 2100 with a LaB, source
operating at an acceleration voltage of 200 kV. Micrographs were recorded on a Gatan Orius Charge-coupled
device (CCD). The powders were sonicated in n-hexane (creating a turbid suspension) and drop-cast onto a 400
Cu mesh lacey carbon film grid (Agar Scientific Ltd) for TEM analysis.

Identification of material phases. The crystal structures of 1 and 2 were investigated by transferring a
small quantity of each powder into a 0.5 mm diameter glass capillary for measurement of the XRD diffractograms
by a Bruker D8 Advance X-ray diffractometer. Diffractograms were measured using Cu-K, radiation in conjunc-
tion with a Ni filter, employing steps of 0.015° at 10s per step between 26 angles of 10° and 70°.

Band gap analysis using UV-Vis diffuse reflectance spectroscopy. For the determination of
the optical band gaps of 1, 2 and 3, diffuse reflectance measurements of the powders were conducted using a
spring-loaded powder cell loaded into an Agilent Cary 100 UV-Vis spectrophotometer, referencing the spectra
to a Lapshere Spectralon diftuse reflectance standard. The spectra were recorded between wavelengths of 400 nm
and 800 nm in the case of 1 and 2, and 250 nm to 500 nm for 3 and an additional scan for 2, using a step size of
1 nm and an integration time of 100 ms; spectra were measured using a visible quartz-iodide lamp for the sam-
ples of 1 and 2, whereas for 3 and the second set of measurements for 2 a deuterium UV lamp was employed.
Conversion of each diffuse reflectance spectrum to a Tauc plot was conducted using a Matlab program, and
the band gap was calculated by extrapolating a line-of-best-fit through the point of steepest gradient within the
absorption cut-off curve, as determined by the program.

Chemical and electronic characterisation via XPS and UPS.  To examine the stoichiometry of 1 and
2, XPS spectra were recorded using a Kratos Axis Supra system utilising a monochromated Al K, source. Each
sample powder was compressed into a pellet using a custom-built press and mounted on an adhesive carbon tab,
thereby preventing the underlying substrate from contributing to the spectra. Survey spectra were measured over
binding energies in the range 0-1200 eV using pass energy 160 eV, dwell time 100 ms and step size 1eV. Core level
peaks of interest were measured more precisely using pass energy 20 eV, dwell time 250 ms and step size 100 meV,
and the spectra were averaged over up to five scans until a signal-to-noise ratio of 100 or greater was attained.
For each XPS core peak spectrum, a Shirley function was assumed for the secondary electron background and
peaks were fitted using Gaussian-Lorentzian components. Within a given peak, the full widths at half maximum
of the constituent fitting components were set equal. In the case of a doublet, spin population statistics were
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considered to set the requisite relative area ratios of the two states within each pair of doublet fitting components.
The atomic ratios of different elements were compared by dividing the area of each peak by its corresponding
relative sensitivity factor.

The position of the valence band edges of 1, 2 and 3 relative to the Fermi level were investigated by performing
further XPS scans at binding energies close to 0 eV; these measurements again employed a pass energy of 20eV,
but the step size was reduced to 50 meV, dwell time was increased to 3's, and the counts were averaged over five
scans, regardless of the signal-to-noise ratio. To ensure electrical contact between the samples and the metallic
sample holder, copper clips were screwed onto the holder in contact with the powder and the top of the carbon
tab.

To compensate for differential surface charging, an electronic charge neutraliser was employed using a
charge balance potential of 3.3V, filament bias 1.0 V and filament current 0.4 A. The spectra were subsequently
“carbon-corrected”: after referencing the Cls peak to its generally-accepted binding energy value of 284.8 eV, the
same shift was applied to the binding energies of all associated spectra (spectra corresponding to the same sample
location) to account for the surface potential resulting from charge compensation.

UPS measurements were performed using the same carbon tab-mounted powder samples as for the XPS
valence band measurements, again with copper clips to provide electrical contact to the instrument. Surface con-
taminants were removed by bombarding a 2 mm x 2 mm square with 1000+ atom argon clusters of energy 10keV
for 60 s. Within the subsequent etch-crater, measurements over electron kinetic energies in the range 0.4-26.0 eV
were undertaken using a He I source (21.22 eV photon energy), with 5eV pass energy, 50 meV step size, 60 ms
dwell time and a microscope aperture of diameter of 55 um, while additional measurements between kinetic
energies of 10.0eV and 26.0 eV were performed using the same source, pass energy and step size, but 200 ms dwell
time and an aperture of diameter 110 um. All measurements employed a —9 V sample bias potential.

Dye degradation experiments. The photocatalytic properties of 1, 2 and 3 were gauged by suspending the
powder (5mg) in an aqueous solution of Rhodamine B (0.02mM, 10 mL) and measuring the absorption by the
solution over UV and visible wavelengths following different durations of stirring under white light illumination. A
control solution of Rhodamine B (0.02mM, 10mL) was also prepared which contained no suspended catalyst. The
white light illumination was provided by a custom-built mirror-walled light box containing ten white light fluores-
cent tubes, each of power 18 W and a colour temperature rating of 6500K, as well as a fan to provide cooling®"*.

Prior to illumination, each suspension was stirred rapidly for one hour in darkness to allow for adsorption of
the dye. After each illumination step, the suspensions were centrifuged to precipitate the solid component, and an
aliquot of the supernatant was transferred to a 2.5mL plastic cuvette and loaded into an Agilent Cary 100 UV-Vis
spectrophotometer. Using a cuvette containing de-ionised water as a reference, the absorption by each dye sample
was measured over wavelengths in the range 400-650 nm, with a step size of 1 nm and integration time 100 ms.
The solution was subsequently returned to its corresponding suspension. For each absorption spectrum, a base-
line was subtracted from the measurements by using a Matlab program to plot a straight line tangentially between
points close to the absorption minimum on either side of the absorption peak.

To assess the cyclability of each catalyst, the suspensions were exposed to white light for an additional 17hours
(yielding a total illumination time of 22.5 hours) before being centrifuged several times into deionised water then
re-suspended in a fresh aqueous Rhodamine B solution (0.02 mM, 10 mL). Decolourisation of the dye was sub-
sequently investigated using the same sequence of illumination and absorption testing as for the as-synthesised
catalysts.

The mechanisms of photocatalysis were investigated through use of scavenger reagents. A sequence of step-
wise illumination and UV-Vis absorption measurements was carried out as previously for suspensions of 1 and
2 (10mg) in Rhodamine B solution (0.02mM, 10 mL), containing either no scavenger reagent, p-benzoquinone
(1mM) or tert-butanol (10 mM).

References
1. Maas, R. & Chaudhari, S. Adsorption and biological decolourization of azo dye Reactive Red 2 in semicontinuous anaerobic
reactors. Process Biochem. 40, 699-705 (2005).
2. Sumathi, M., Kalaiselvi, K., Palanivel, M. & Rajaguru, P. Genotoxicity of Textile Dye Effluent on Fish (Cyprinus carpio) Measured
Using the Comet Assay. Bull. Environ. Contam. Toxicol. 66, 407-414 (2001).
3. Plaztek, T, Lang, C., Grohmann, G., Gi, U.-S. & Baltes, W. Formation of a carcinogenic aromatic amine from an azo dye by human
skin bacteria in vitro. Hum. Exp. Toxicol. 18, 552-559 (1999).
4. Gulnaz, O. Sorption of basic dyes from aqueous solution by activated sludge. J. Hazard. Mater. 108, 183-188 (2004).
5. Zaman, S., Yeasmin, S., Inatsu, Y., Ananchaipattana, C. & Bari, M. L. Low-Cost Sustainable Technologies for the Production of
Clean Drinking Water-A Review. J. Environ. Prot 5, 42-53 (2014).
6. Srinivasan, A. & Viraraghavan, T. Decolorization of dye wastewaters by biosorbents: A review. J. Environ. Manage. 91, 1915-1929
(2010).
7. Robinson, T., McMullan, G., Marchant, R. & Nigam, P. Remediation of dyes in textile efflluent: a critical review on current
treatment technologies with a proposed alternative. Bioresour. Technol 77, 247-255 (2001).
8. Nourmoradi, H., Zabihollahi, S. & Pourzamani, H. R. Removal of a common textile dye, navy blue (NB), from aqueous solutions
by combined process of coagulation-flocculation followed by adsorption. Desalin. Water Treat 57, 5200-5211 (2015).
9. Verma, A. K,, Dash, R. R. & Bhunia, P. A review on chemical coagulation/flocculation technologies for removal of colour from
textile wastewaters. J. Environ. Manage. 93, 154-168 (2012).
10. Al-Degs, Y., Elbarghouthi, M., Elsheikh, A. & Walker, G. Effect of solution pH, ionic strength, and temperature on adsorption
behavior of reactive dyes on activated carbon. Dyes Pigments 77, 16-23 (2008).
11. Li, Y. et al. Comparative study of methylene blue dye adsorption onto activated carbon, graphene oxide, and carbon nanotubes.
Chem. Eng. Res. Des. 91, 361-368 (2013).
12. Mezohegyi, G., van der Zee, E. P, Font, ]., Fortuny, A. & Fabregat, A. Towards advanced aqueous dye removal processes: A short
review on the versatile role of activated carbon. J. Environ. Manage. 102, 148-164 (2012).

SCIENTIFICREPORTS|7:4090 | DOI:10.1038/541598-017-04240-4 13



www.nature.com/scientificreports/

13.
14.

15.
16.

17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.

29.

30.
31.
32.
33.

34.
. Liu, H. et al. Crystallinity control of TiO2 hollow shells through resin-protected calcination for enhanced photocatalytic activity.

36.
37.
38.
39.
40.
41.
42.
43.
44,

45.
46.

47.
48.
49.
50.
51.
52.

53.

Ajmal, A., Majeed, I., Malik, R. N., Idriss, H. & Nadeem, M. A. Principles and mechanisms of photocatalytic dye degradation on
TiO2 based photocatalysts: a comparative overview. RSC Adv 4, 37003-37026 (2014).

Wang, C.-C,, Li, J.-R,, Lv, X.-L., Zhang, Y.-Q. & Guo, G. Photocatalytic organic pollutants degradation in metal-organic
frameworks. Energy Environ. Sci. 7, 2831-2867 (2014).

Hara, M. et al. TaON and Ta3N5 as new visible light driven photocatalysts. Catal. Today 78, 555-560 (2003).

Migas, D. B., Shaposhnikov, V. L. & Borisenko, V. E. Tungsten oxides. II. The metallic nature of Magnéli phases. J. Appl. Phys. 108,
093714 (2010).

Gonzalez-Borrero, P. P. et al. Optical band-gap determination of nanostructured WO[sub 3] film. Appl. Phys. Lett 96, 061909
(2010).

Chen, D. & Ye, ]. Hierarchical WO3 Hollow Shells: Dendrite, Sphere, Dumbbell, and Their Photocatalytic Properties. Adv. Funct.
Mater. 18, 1922-1928 (2008).

Cong, S. et al. Noble metal-comparable SERS enhancement from semiconducting metal oxides by making oxygen vacancies. Nat.
Commun. 6,7800 (2015).

Rawal, S. B., Bera, S. & Lee, W. 1. Visible-Light Photocatalytic Properties of W18049/TiO2 and WO3/TiO2 Heterocomposites.
Catal. Lett. 142, 1482-1488 (2012).

Cabrera, R. Q. et al. Photocatalytic activity of needle-like TiO2/WO3—x thin films prepared by chemical vapour deposition. J.
Photoch. Photobiol. A 239, 60-64 (2012).

Liu, J., Yu, S., Zhu, W. & Yan, X. Oxygen Vacancy-Enhanced Visible Light-driven Photocatalytic Activity of TiO2 Sphere-W18049
Nanowire Bundle Heterojunction. Appl. Catal. A: Gen 500, 30-39 (2015).

Dunnill, C. W,, Noimark, S. & Parkin, I. P. Silver loaded WO3—x/TiO2 composite multifunctional thin films. Thin Solid Films 520,
5516-5520 (2012).

Lin, H.-C,, Su, C.-Y. & Lin, C.-K. High-yield fabrication of W18049@TiO2 core-shell nanoparticles: microstructures and optical-
thermal properties. . Nanopart. Res. 13, 4549-4555 (2011).

Wang, M., Ioccozia, J., Sun, L., Lin, C. & Lin, Z. Inorganic-Modified Semiconductor TiO2 Nanotube Arrays for Photocatalysis.
Energy Environ. Sci. 7, 2182-2202 (2014).

Dunnill, C. W,, Aiken, Z. A, Pratten, J., Wilson, M. & Parkin, L. P. Sulfur- and Nitrogen-Doped Titania Biomaterials via APCVD.
Chem. Vap. Depos 16, 50-54 (2010).

Powell, M. ], Dunnill, C. W. & Parkin, I. P. N-doped TiO2 visible light photocatalyst films via a sol-gel route using TMEDA as the
nitrogen source. J. Photoch. Photobiol. A 281, 27-34 (2014).

Powell, M. ], Palgrave, R. G., Dunnill, C. W. & Parkin, I. P. A fast and effective method for N-doping TiO2 by post treatment with
liquid ammonia: visible light photocatalysis. Thin Solid Films 562, 223-228 (2014).

Dunnill, C. W. H. et al. Enhanced photocatalytic activity under visible light in N-doped TiO2 thin films produced by APCVD
preparations using t-butylamine as a nitrogen source and their potential for antibacterial films. J. Photoch. Photobiol. A 207,
244-253 (2009).

Shi, N. et al. Biogenic N-I-codoped TiO2photocatalyst derived from kelp for efficient dye degradation. Energy Environ. Sci. 4,
172-180 (2011).

Gomez, V. et al. Bi-phasic titanium dioxide nanoparticles doped with nitrogen and neodymium for enhanced photocatalysis.
Nanoscale 7,17735-17744 (2015).

Dunnill, C. W. et al. Visible light photocatalysts—N-doped TiO2 by sol-gel, enhanced with surface bound silver nanoparticle
islands. J. Mater. Chem. 21, 11854 (2011).

Bear, J. C. et al. Anatase/rutile bi-phasic titanium dioxide nanoparticles for photocatalytic applications enhanced by nitrogen
doping and platinum nano-islands. J. Colloid Interf. Sci 460, 29-35 (2015).

Scanlon, D. O. et al. Band alignment of rutile and anatase TiO2. Nat. Mater. 12, 798-801 (2013).

Energy Environ. Sci. 8, 286-296 (2015).

Wang, Z., Hou, J,, Jiao, S., Huang, K. & Zhu, H. In situ chemical reduction of the Ta3N5 quantum dots coupled TaON hollow
spheres heterojunction photocatalyst for water oxidation. J. Mater. Chem. 22, 21972 (2012).

Lin, D.-H. & Chang, K.-S. Photocatalytic and photoelectrochemical performance of Ta3N5 microcolumn films fabricated using
facile reactive sputtering. J. Appl. Phys. 120, 075303 (2016).

Bae, S.-T. et al. Visible-light photocatalytic activity of NH3-heat-treated Ta205 to decompose rhodamine B in aqueous solution.
React. Kinet. Mech. Cat 106, 67-81 (2011).

Narkeviciute, I. et al. Tandem Core-Shell Si-Ta3N5 Photoanodes for Photoelectrochemical Water Splitting. Nano Lett. 16,
7565-7572 (2016).

Zhong, M. et al. Highly Active GaN-Stabilized Ta3N5 Thin-Film Photoanode for Solar Water Oxidation. Angew. Chem. Int. Ed. 56,
4739-4743 (2017).

Wang, S. et al. Synthesis and characterization of g-C3N4/Ag3VO4 composites with significantly enhanced visible-light
photocatalytic activity for triphenylmethane dye degradation. Appl. Catal. B: Environ 144, 885-892 (2014).

Odling, G. & Robertson, N. BiVO4-TiO2 Composite Photocatalysts for Dye Degradation Formed Using the SILAR Method.
ChemPhysChem 17, 1-10 (2016).

Saleh, T. A. & Gupta, V. K. Photo-catalyzed degradation of hazardous dye methyl orange by use of a composite catalyst consisting
of multi-walled carbon nanotubes and titanium dioxide. J. Colloid Interf. Sci 371, 101-106 (2012).

Kuo, C.-Y. Prevenient dye-degradation mechanisms using UV/TiO2/carbon nanotubes process. . Hazard. Mater. 163, 239-244
(2009).

Woan, K., Pyrgiotakis, G. & Sigmund, W. Photocatalytic Carbon-Nanotube-TiO2 Composites. Adv. Mater. 21, 2233-2239 (2009).
He, Y. et al. Z-scheme SnO2—x/g-C3N4 composite as an efficient photocatalyst for dye degradation and photocatalytic CO2
reduction. Sol. Energ. Mat. Sol. C. 137, 175-184 (2015).

Ma, S. S. K. et al. A Redox-Mediator-Free Solar-Driven Z-Scheme Water-Splitting System Consisting of Modified Ta3N5as an
Oxygen-Evolution Photocatalyst. Chem. Eur. ] 19, 7480-7486 (2013).

Sekizawa, K., Maeda, K., Domen, K., Koike, K. & Ishitani, O. Artificial Z-Scheme Constructed with a Supramolecular Metal
Complex and Semiconductor for the Photocatalytic Reduction of CO2. J. Am. Chem. Soc. 135, 4596-4599 (2013).

Tabata, M. et al. Modified Ta3N5 Powder as a Photocatalyst for O2 Evolution in a Two-Step Water Splitting System with an Iodate/
Iodide Shuttle Redox Mediator under Visible Light. Langmuir 26, 9161-9165 (2010).

Wang, Q., Hisatomi, T., Ma, S. S. K,, Li, Y. & Domen, K. Core/Shell Structured La- and Rh-Codoped SrTiO3as a Hydrogen
Evolution Photocatalyst in Z-Scheme Overall Water Splitting under Visible Light Irradiation. Chem. Mater. 26, 4144-4150 (2014).
Maeda, K., Lu, D. & Domen, K. Solar-Driven Z-scheme Water Splitting Using Modified BaZrO3-BaTaO2N Solid Solutions as
Photocatalysts. ACS Catalysis 3,1026-1033 (2013).

Kailasam, K. et al. Mesoporous Carbon Nitride-Tungsten Oxide Composites for Enhanced Photocatalytic Hydrogen Evolution.
ChemSusChem 8, 1404-1410 (2015).

Xi, G, Yue, B., Cao, J. & Ye, ]. Fe304/WO3 Hierarchical Core-Shell Structure: High-Performance and Recyclable Visible-Light
Photocatalysis. Chem. Eur. J. 17, 5145-5154 (2011).

SCIENTIFICREPORTS|7:4090 | DOI:10.1038/541598-017-04240-4 14



www.nature.com/scientificreports/

54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.

66.
67.

68.
69.
70.
71.

72.
73.

74.
75.
76.

77.
78.

79.
80.
81.

82.

83.
84.
85.
. Khyzhun, O. Y. XPS, XES and XAS studies of the electronic structure of tungsten oxides. J. Alloys Compd. 305, 1-6 (2000).
87.
88.
89.
90.
91
92.
93.
94.

95.

Guo, C. et al. Morphology-Controlled Synthesis of W18049 Nanostructures and Their Near-Infrared Absorption Properties. Inorg.
Chem. 51, 4763-4771 (2012).

Xi, G. et al. Ultrathin W18049 Nanowires with Diameters below 1 nm: Synthesis, Near-Infrared Absorption, Photoluminescence,
and Photochemical Reduction of Carbon Dioxide. Angew. Chem. Int. Ed. 51, 2395-2399 (2012).

Wang, K. et al. Low-Temperature and Solution-Processed Amorphous WOXas Electron-Selective Layer for Perovskite Solar Cells.
J. Phys. Chem. Lett. 6,755-759 (2015).

Shi, S. et al. Low-temperature synthesis and electrical transport properties of W18049 nanowires. J. Cryst. Growth 310, 462-466
(2008).

Zheng, H. et al. Nanostructured Tungsten Oxide - Properties, Synthesis, and Applications. Adv. Funct. Mater. 21, 2175-2196
(2011).

Wang, G., Ling, Y. & Li, Y. Oxygen-deficient metal oxide nanostructures for photoelectrochemical water oxidation and other
applications. Nanoscale 4, 6682 (2012).

Zhou, H. et al. Surface Oxygen Vacancy-Dependent Electrocatalytic Activity of W18049 Nanowires. J. Phys. Chem. C 118,
20100-20106 (2014).

Epifani, M. et al. Solvothermal, Chloroalkoxide-based Synthesis of Monoclinic WO3 Quantum Dots and Gas-Sensing
Enhancement by Surface Oxygen Vacancies. ACS Appl. Mater. Interfaces 6, 16808-16816 (2014).

Lu, Y. et al. Fabrication of a monoclinic/hexagonal junction in WO3 and its enhanced photocatalytic degradation of rhodamine B.
Chinese J. Catal. 37,349-358 (2016).

Bai, S. et al. Improvement of TiO2 photocatalytic properties under visible light by WO3/TiO2 and MoO3/TiO2 composites. Appl.
Surf. Sci. 338, 61-68 (2015).

Huang, Z.-F. et al. Synergetic promotion on photoactivity and stability of W18049/TiO2 hybrid. Appl. Catal. B: Environ 147,
167-174 (2014).

Takata, T., Lu, D. & Domen, K. Synthesis of Structurally Defined Ta3N5 Particles by Flux-Assisted Nitridation. Cryst. Growth Des.
11,33-38 (2011).

Holzwarth, U. & Gibson, N. The Scherrer equation versus the ‘Debye-Scherrer equation. Nat. Nanotechnol 6, 534-534 (2011).
Arranz, A. & Palacio, C. Composition of tantalum nitride thin films grown by low-energy nitrogen implantation: a factor analysis
study of the Ta 4f XPS core level. Appl. Phys. A 81, 1405-1410 (2005).

Hara, M. et al. Ta3N5 and TaON Thin Films on Ta Foil: Surface Composition and Stability. J. Phys. Chem. B 107, 13441-13445
(2003).

Mozalev, A. et al. Growth of multioxide planar film with the nanoscale inner structure via anodizing Al/Ta layers on Si. Electrochim.
Acta 54, 935-945 (2009).

Wilks, J. A., Magtoto, N. P, Kelber, J. A. & Arunachalam, V. Interfacial reactions during sputter deposition of Ta and TaN films on
organosilicate glass: XPS and TEM results. Appl. Surf. Sci. 253, 6176-6184 (2007).

Chun, W.-J. et al. Conduction and Valence Band Positions of Ta205, TaON, and Ta3N5 by UPS and Electrochemical Methods. J.
Phys. Chem. B 107, 1798-1803 (2003).

Remskar, M. et al. W5014 Nanowires. Adv. Funct. Mater. 17, 1974-1978 (2007).

Saleem, M. et al. Influence of hydrogen annealing on the optoelectronic properties of WO3 thin films. Int. . Hydrogen Energ. 40,
12343-12351 (2015).

Bertus, L. M. et al. Synthesis and characterization of WO3 thin films by surfactant assisted spray pyrolysis for electrochromic
applications. Mater. Chem. Phys. 140, 49-59 (2013).

Lu, D. Y. et al. Raman spectroscopic study of oxidation and phase transition in W18049 nanowires. J. Raman Spectrosc. 38,
176-180 (2007).

Jeon, S. & Yong, K. Direct synthesis of W18049 nanorods from W2N film by thermal annealing. Nanotechnology 18, 245602
(2007).

Linsmeier, C. et al. Binary beryllium-tungsten mixed materials. J. Nucl. Mater. 363-365, 1129-1137 (2007).

Park, J.-e., Vo, V., Hoan, N. T. V,, Hoang, L. H. & Kim, S. J. Synthesis of hollow carbon-W18049 composite and its photocatalytic
properties. J. Mater. Sci.: Mater. E1 27, 2662-2669 (2015).

Zhang, Q., Chakraborty, A. K. & Lee, W. 1. W18049 and WO3 Nanorod Arrays Prepared by AAO-templated Electrodeposition
Method. Bull. Korean Chem. Soc 30, 227-229 (2009).

Xiao, L., Zhang, S. & Huang, J. Effective removal of organic dyes by tungstate oxide nanourchins. Powder Technol. 258, 297-303
(2014).

Hai, G. et al. Influence of oxygen deficiency on the synthesis of tungsten oxide and the photocatalytic activity for the removal of
organic dye. J. Alloys Compd. 690, 239-248 (2017).

Peng, R. et al. Insight into band positions and inter-particle electron transfer dynamics between CdS nanoclusters and spatially
isolated TiO2dispersed in cubic MCM-48 mesoporous materials: a highly efficient system for photocatalytic hydrogen evolution
under visible light illumination. Phys. Chem. Chem. Phys. 16,2048-2061 (2014).

Khan, M. M. et al. Band gap engineered TiO2nanoparticles for visible light induced photoelectrochemical and photocatalytic
studies. J. Mater. Chem. A 2, 637-644 (2014).

Lv, Y., Yao, W, Zong, R. & Zhu, Y. Fabrication of Wide-Range-Visible Photocatalyst Bi2WO6—x nanoplates via Surface Oxygen
Vacancies. Sci. Rep 6, 19347 (2016).

Hashimoto, S. & Matsuoka, H. Mechanism of electrochromism for amorphous WO3 thin films. J. Appl. Phys. 69, 933 (1991).

Solonin, Y. M., Khyzhun, O. Y. & Graivoronskaya, E. A. Nonstoichiometric Tungsten Oxide Based on Hexagonal WO3. Cryst.
Growth Des. 1,473-477 (2001).

Sernelius, B. E., Berggren, K. E, Jin, Z. C., Hamberg, I. & Granqyvist, C. G. Band-gap tailoring of ZnO by means of heavy Al doping.
Phys. Rev. B 37,10244-10248 (1988).

Qin, Y., Hua, D. & Liu, M. First-principles study on NO2-adsorbed tungsten oxide nanowires for sensing application. J. Alloys
Compd. 587,227-233 (2014).

Watanabe, E., Ushiyama, H. & Yamashita, K. First-Principles Study of the Band Diagrams and Schottky-Type Barrier Heights of
Aqueous Ta3N5 Interfaces. ACS Appl. Mater. Interfaces 9, 9559-9566 (2017).

Gao, X, Xiao, F, Yang, C., Wang, J. & Su, X. Hydrothermal fabrication of W18049 nanowire networks with superior performance
for water treatment. J. Mater. Chem. A 1, 5831 (2013).

Liu, J. et al. Gram-Scale Synthesis of Ultrathin Tungsten Oxide Nanowires and their Aspect Ratio-Dependent Photocatalytic
Activity. Adv. Funct. Mater. 24, 6029-6037 (2014).

Sacco, O. et al. Photocatalytic Degradation of Organic Dyes under Visible Light on N-Doped TiO2 Photocatalysts. Int. J.
Photoenergy 2012, 1-8 (2012).

Wu, J.-M. & Zhang, T.-W. Photodegradation of rhodamine B in water assisted by titania films prepared through a novel procedure.
J. Photoch. Photobiol. A 162, 171-177 (2004).

Song, C., Feng, Y., Shi, W. & Liu, C. Fabrication and mechanism of a novel direct solid-state Z-scheme photocatalyst CdS/BiOI
under visible light. CrystEngComm 18, 7796-7804 (2016).

SCIENTIFICREPORTS|7:4090 | DOI:10.1038/541598-017-04240-4 15



www.nature.com/scientificreports/

96. Zhang, X. et al. Fabrication of BiOBrxI1—x photocatalysts with tunable visible light catalytic activity by modulating band
structures. Sci. Rep 6, 22800 (2016).

97. Chengjie, S. et al. Synthesis of a g-C3N4-sensitized and NaNbO3-substrated II-type heterojunction with enhanced photocatalytic
degradation activity. CrystEngComm 17, 4575-4583 (2015).

98. Du, M. et al. Preparation of a Microspherical Silver-Reduced Graphene Oxide-Bismuth Vanadate Composite and Evaluation of Its
Photocatalytic Activity. Materials 9, 160 (2016).

99. Hou, J., Jiao, S., Zhu, H. & Kumar, R. V. Carbon-modified bismuth titanate nanorods with enhanced visible-light-driven
photocatalytic property. CrystEngComm 13, 4735 (2011).

100. Zhao, X., Liu, X., Zhang, Z., Liu, X. & Zhang, W. Facile preparation of a novel SnO2@UiO-66/rGO hybrid with enhanced
photocatalytic activity under visible light irradiation. RSC Adv 6, 92011-92019 (2016).

101. Watanabe, T., Takizawa, T. & Honda, K. Photocatalysis through Excitation of Adsorbates. 1. Highly Efficient N-Deethylation of
Rhodamine B Adsorbed to CdS. J. Phys. Chem. 81, 1845-1851 (1977).

102. Chen, E, Zhao, J. & Hidaka, H. Highly selective deethylation of rhodamine B: Adsorption and photooxidation pathways. Int. /.
Photoenergy 5,209-217 (2003).

103. He, Z. et al. Photocatalytic degradation of rhodamine B by Bi2WO6 with electron accepting agent under microwave irradiation:
Mechanism and pathway. J. Hazard. Mater. 162, 1477-1486 (2009).

104. He, Z., Yang, S., Ju, Y. & Sun, C. Microwave photocatalytic degradation of Rhodamine B using TiO2 supported on activated carbon:
Mechanism implication. J. Environ. Sci. 21, 268-272 (2009).

105. Yu, K. et al. Visible Light-Driven Photocatalytic Degradation of Rhodamine B over NaBiO3: Pathways and Mechanism. J. Phys.
Chem. A 113, 10024-10032 (2009).

106. Chen, C., Zhao, W,, Lei, P, Zhao, J. & Serpone, N. Photosensitized Degradation of Dyes in Polyoxometalate Solutions Versus TiO2
Dispersions under Visible-Light Irradiation: Mechanistic Implications. Chem. Eur. ] 10, 1956-1965 (2004).

107. Zhang, Y., Chen, Z., Liu, S. & Xu, Y.-J. Size effect induced activity enhancement and anti-photocorrosion of reduced graphene
oxide/ZnO composites for degradation of organic dyes and reduction of Cr(VI) in water. Appl. Catal. B: Environ 140-141, 598-607
(2013).

108. Tang, J., Li, D., Feng, Z. & Long, C. HglI2: A novel photocatalyst with high performance in degradation of rhodamine B dyes under
visible-light irradiation. J. Alloys Compd. 653, 310-314 (2015).

109. Silva, I. M. P, Byzynski, G., Ribeiro, C. & Longo, E. Different dye degradation mechanisms for ZnO and ZnO doped with N
(ZnO:N). J. Mol. Catal. A: Chem 417, 89-100 (2016).

110. Yin, M., Li, Z., Kou, J. & Zou, Z. Mechanism Investigation of Visible Light-Induced Degradation in a Heterogeneous TiO2/Eosin
Y/Rhodamine B System. Environ. Sci. Technol. 43, 8361-8366 (2009).

111. Buettner, G. R. The Pecking Order of Free Radicals and Antioxidants: Lipid Peroxidation, a-Tocopherol, and Ascorbate. Arch.
Biochem. Biophys. 300, 535-543 (1993).

112. Koppenol, W. H., Stanbury, D. M. & Bounds, P. L. Electrode potentials of partially reduced oxygen species, from dioxygen to water.
Free Radic. Biol. Med. 49, 317-322 (2010).

113. Kohler, H. & Gopel, W. Catalysis of the Oxygen Reduction on W18049 Electrodes. J. Electrochem. Soc. 139, 3035-3042 (1992).

114. Xiong, Z., Zhang, L. L., Ma, ]. & Zhao, X. S. Photocatalytic degradation of dyes over graphene-gold nanocomposites under visible
light irradiation. Chem. Commun. 46, 6099 (2010).

Acknowledgements

Financial support was provided by the Welsh Government Sér Cymru Programme and the Flexis project, which
is part-funded by the European Regional Development Fund (ERDF) through the Welsh Government, as well as
through collaboration with King Saud University. ].C.B. and C.W.D. thank the Ramsay Memorial Trust for past
and present Ramsay Fellowships.

Author Contributions

All material synthesis was undertaken by D.R.J.; SEM images were acquired by D.R.].; TEM was carried out by
J.C.B.; XRD was performed by D.R.J., EM. and S.M.; XPS spectra were recorded by D.R.J., JD.M. and A.R.L;
UV-Vis diffuse reflectance measurements were taken by D.R.J. and B.R., and all UV-Vis absorption experiments
were performed by D.R.J. and V.G.; CWD led the study and was responsible for the conception and design of the
experiments, in collaboration with WAA.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-04240-4

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7:4090 | DOI:10.1038/541598-017-04240-4 16


http://dx.doi.org/10.1038/s41598-017-04240-4
http://creativecommons.org/licenses/by/4.0/

	Active removal of waste dye pollutants using Ta3N5/W18O49 nanocomposite fibres

	Results

	Nanomaterial characterisation. 
	Composite band structure. 
	White light photocatalysis and cyclability. 

	Conclusions

	Methods

	Ta3N5 nanoparticles. 
	Ta3N5/W18O49 nanocomposite. 
	W18O49 control powder. 
	SEM and TEM characterisation. 
	Identification of material phases. 
	Band gap analysis using UV-Vis diffuse reflectance spectroscopy. 
	Chemical and electronic characterisation via XPS and UPS. 
	Dye degradation experiments. 

	Acknowledgements

	Figure 1 SEM and TEM images showing the Ta3N5 precursor nanoparticles (a and c, respectively) and the Ta3N5/W18O49 composite (b and d, respectively).
	Figure 2 XRD diffractograms of the Ta3N5 precursor (a) and Ta3N5/W18O49 nanocomposite (b).
	Figure 3 XPS measurements of the Ta3N5 binding energy spectrum over the range 0–1200 eV (a), in addition to higher resolution measurements of the Ta4f (b), N1s (c), O1s (d), C1s (e) and Na1s (f) peaks.
	Figure 4 XPS measurements of the Ta3N5/W18O49 binding energy spectrum over the range 0–1200 eV (a), in addition to higher resolution measurements of the W4f (b), O1s (c), C1s (d), Ta4f (e) and N1s (f) peaks.
	Figure 5 XPS measurements of the valence band edge of Ta3N5 (a), W18O49 (b) and Ta3N5/W18O49 (c), and UPS measurements corresponding to the same materials (d–f).
	Figure 6 Diffuse reflectance spectra of Ta3N5 and Ta3N5/W18O49 (a), as well as W18O49 (b), with corresponding Tauc plots in (c,d), respectively.
	Figure 7 Proposed band structure of Ta3N5/W18O49, constructed using estimates of the optical band gaps of Ta3N5 and W18O49 from Fig.
	Figure 8 UV-Vis absorption spectra of supernatant extracted from white light illuminated suspensions of Ta3N5 (a), W18O49 (b) and Ta3N5/W18O49 (c) in Rhodamine B solution (0.




