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oration of high concentrations of
W6+ and Zn2+ into TiO2-anatase crystal to form
quaternary mixed-metal oxides: effect on the
a lattice parameter and photodegradation
efficiency†

Lerato Hlekelele, *abc Shane H. Durbach,ab Vongani P. Chauke, c Farai Dziikeab

and Paul J. Franklyna

The search for a viable photocatalyst for water remediation is ongoing and in recent times the efforts have

predominantly focused on improving the limitations of the TiO2 photocatalyst. This paper reports a dual

strategy for improving the photocatalytic properties of TiO2. The first strategy is to dope up to 30% of

W6+ and Zn2+ into the crystal lattice of TiO2 using the resin gel technique to synthesize quaternary

mixed metal oxides (QMMOs). It was demonstrated by laser Raman spectroscopy, PXRD and various

other strategies, including dislodging the dopants from the crystal lattice of TiO2, that these materials

were successfully synthesized. More importantly, UV-DRS showed that these materials could absorb

visible light. TiO2 and the QMMOs were also supported on 10% NCNTs synthesized from coal fly ash, by

slightly modifying the resin gel technique. It was observed from TEM images that the NCNTs were

uniformly coated with TiO2 and QMMO nanoparticles. These composites were observed to have lower

photoluminescence emission spectra when compared to neat TiO2 and unsupported QMMOs. The two-

part strategy employed in this project worked as the QMMOs supported on 10% NCNTs had higher

visible light photodegradation efficiencies compared to neat TiO2 and the unsupported QMMOs.
Introduction

Nanoscale applications of TiO2 are principally derived from its
semiconductor properties, the oldest example of this is that of
light aided H2 production on a TiO2 anode.1 Research on
nanoscale TiO2 has also been expanded to areas such as
photovoltaics, photo-electrochemical sensors, medical and
biomedical applications and photocatalysis for environmental
conservation and water splitting.

The photoactivity of TiO2 has been shown to be reliant on its
surface and crystal properties; these include morphology,
surface area, polymorphic phase, lattice defects, the extent of
crystallinity, particle size, the presence of uncoordinated
surface sites and exposed crystal facets among other things.2–7

For instance, Thuy-Duong and co-workers demonstrated the
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photodegradation of methylene blue had a strong dependency
on the TiO2 morphology; TiO2 in the shape of a ower con-
taining rutile nano-prisms adhered by anatase nanoparticles
showed the best photodegradation efficiency whereas the
material with a hierarchical cauliower morphology had the
least photoactivity.8 In another study, He et al. demonstrated
how the morphology of TiO2, its crystal size, and calcination
progress affected the photodegradation of gaseous benzene.9

Another strategy of improving the photocatalytic properties
of TiO2 is by compositing it with other materials like zeolites
(molecular sieves), carbon nanomaterials, y ash, stainless
steel, glass, silica, polymers, and zeolites among other mate-
rials.10–16 In instances where TiO2 is supported on steel and
glass, the aim is usually for just immobilizing the TiO2 nano-
particles to ensure it is easy to separate them from treated
water.10,17,18 On the other hand, materials such as zeolites and
carbon nanomaterials (CNMs) (including nitrogen-doped
carbon nanotubes (NCNTs)) are used as functional materials;
they improve the photocatalytic activity of TiO2 by trapping the
photo-induced electrons thus separating the active charge
carriers.12,14,19,20

Surface doping of TiO2 with metal nanoparticles has also
been shown to be an effective way of improving the photo-
catalytic efficiency of TiO2. Zero-valent transition metals have
RSC Adv., 2019, 9, 36875–36883 | 36875
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View Article Online
been loaded onto TiO2 in attempts to improve its photocatalytic
efficiencies.21,22 Dziike et al. reported that the photocatalytic
activity of TiO2 was increased by loading Ni nanoparticles onto
it and attributed the increase in activity to the separation of the
active charge carriers.3 This occurs because the Fermi level of
TiO2 is higher than that of most of the metal nanoparticles
commonly used for this purpose, so the electrons migrate from
TiO2 to the metal nanoparticles resulting in a space charge layer
at the boundaries between TiO2 and the metal nanoparticles.
The electric eld created drives the electrons to the inside and
the holes are drawn to the interfacial region of TiO2.22 There-
fore, in setups like this, metal nanoparticles act as electron
sinks thus resulting in the efficacy of the charge carrier sepa-
ration and subsequent inhibition of recombination.21–23 This is
also applicable for noble metal nanoparticles.3,16,24–27 Addition-
ally, when noble metals are dispersed on the surface of TiO2

a plasmonic composite can be formed that allows the material
to be able to absorb visible light by surface plasmon resonance
(SPR).3,16,28–30

Other scientists have investigated compositing TiO2 with
other photocatalytic (semiconductors) materials such as ZnO,
NiO, WO3, and Fe2O3.31,32WO3 is one of the semiconductors that
have attracted much attention for compositing with TiO2. Both
Do et al. and Know et al. have tested the photoactivity of TiO2/
WO3 for the photodegradation of dichlorobenzene under UV-
light, and reported superior activities for these composites
compared to that of TiO2 alone.33,34 Here, the enhanced activity
was due to the electron band positions of WO3 and TiO2 having
been favorably positioned for charge separation. The photo-
activity of TiO2/WO3 composites have also been measured
under visible radiation, as the bandgap of WO3 is narrower (2.8
eV), and was shown to be superior to that of individual WO3 and
TiO2 under visible light.25,31,35 ZnO is another semiconductor
that has UV-light photoactivity that has rivaled that of TiO2,
however, it has been shown to suffer from photocorrosion
which signicantly reduced its activity and stability.36,37 Fang-
Xing Xiao synthesized ZnO–TiO2 nanotubes (TNTs) that were
highly ordered and had photoactivity that was higher than that
of ZnO and TiO2 separately.38 Here the increased activity was
attributed to better charge separation. It was suggested that
holes accumulated at the valence band of ZnO and electrons
accumulated at the conduction band of TiO2 so that migration
could occur with minimal recombination.31,37–39

The abovementioned examples have focused on the formation
of mixtures of metal oxides, where a great deal of research has
been performed. On the contrary, less research has been focused
on the synthesis and use of TiO2-based mixed metal oxides by
introducing foreign metal ions into its crystal lattice structure for
use in photocatalysis. In order to achieve this, it is important that
the crystal structure of TiO2 be understood in order to system-
atically introduce foreignmetal ions into its crystal lattice. One of
the important crystal structural properties of anatase is that the
atoms are comparatively loosely packed with fairly large vacan-
cies thus the anatase phase has the ability to holdmultiple cation
oxidation states and environments.40–43 This makes it possible to
introduce other metal ions into the anatase crystal, through
replacement of Ti ions and/or vacancy occupation.
36876 | RSC Adv., 2019, 9, 36875–36883
In this research, the incorporation of Zn2+ and W6+ into the
crystal lattice of TiO2 using a novel resin gel method to form
quaternary mixed metal oxides (QMMOs) is reported. Franklyn
and Narrandes have demonstrated the applicability of the resin
gel synthesis technique for the synthesis of TiO2.44
Experimental
Synthesis of QMMOs

The principles of the resin gel technique are described by
Franklyn and Narrandes.44 An appropriate volume of TiCl4
(Fluka) was measured and dissolved in 10 ml ethanol (Sigma
Aldrich) kept at 0 �C using ice whilst stirring magnetically. An
appropriate mass of Zn(NO3)2$4H20 (Merck) was weighed and
dissolved in 10 ml ethanol by stirring. Having made the etha-
noic Zn2+ solution, 50 g of polyethylene glycol,Mw 8.000 g mol�1

(Sigma Aldrich) was added to it, heated to 150 �C whilst stirring
until all the polymer had dissolved. The W6+ solution was
prepared by dissolving an appropriate mass of H2WO4 (Sigma
Aldrich) in 10 ml NH4OH (Sigma Aldrich). The Ti4+ solution was
added to theW6+ solution and stirred for 5 min and the solution
consisting of Zn2+ and PEG was added to themixture and stirred
for a further 60 min. The white viscous homogenous solution
that formed was then placed under a 200 W incandescent lamp
until it was completely desolvated and a hard wax had formed.
The samples were then transferred into ceramic crucibles,
placed on a sand bath and heated to 300 �C. Here, the sample
liqueed. The temperature of the sand bath was then increased
to 400 �C, where some of the samples ignited. The samples that
had not ignited were burned from above with a Bunsen burner
to induce ignition. The burning of the samples was allowed to
go on until the ames ceased by themselves at which point the
samples were now in the form of black granular powder.

The samples were then calcined at 400 �C for 12 h in the air
to crystallize the particles and remove the soot. The calcination
conditions were optimized where it was realized that 400 �C for
12 h was optimal; calcining at higher temperatures resulted in
undesirable phase transformation, whereas lower temperatures
were not suitable for the complete removal of soot.

The metal ion ratios (Ti4+ : W6+ : Zn2+) of the samples
prepared were: (9 : 1 : 0), (9 : 0 : 1), (8 : 2 : 0), (8 : 1 : 1),
(8 : 0 : 2), (7 : 3 : 0), (7 : 2 : 1), (7 : 1 : 2) and (7 : 0 : 3). The pure
metal oxides were prepared following the same procedure as for
the mixed metal oxides except that the solvents were added
without the other metal precursor(s), i.e. TiO2 was synthesized
in exactly the same way as QMMOs except for that H2WO3 and
Zn(NO3)2$4H2O were not added to the mixture. Such was the
case for the synthesis of WO3 and ZnO. The pure metal oxides
and QMMOs that were calcined at 400 �C for 12 h in the air were
labeled as described in Table S1.†
Synthesis and purication of NCNTs

The description of the synthesis and purication processes of
the NCNTs that were used in this study have been described in
our previous reports.19,45 Concisely, a two-stage quartz tube
furnace with independent thermocouples and controllers was
This journal is © The Royal Society of Chemistry 2019
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used for the synthesis of NCNTs. A gram of the carbon and
nitrogen source, melamine (Sigma Aldrich), was placed in
a quartz boat and placed in the middle of the rst-stage furnace.
The coal y ash catalyst (0.5 g, from Eskom) in a quartz boat was
then placed in the middle of a second-stage furnace.

The second-stage furnace containing CFA was heated to
900 �C (ramped at 10 �C min�1) whilst N2(g) (AFROX) was
owing (ow rate of 50 ml min�1) into the quartz tube reactor,
in through the rst furnace and out the second furnace. Once
the second stage furnace had reached 900 �C, the temperature
of the 2nd stage was heated to 350 �C in 10 min (35 �Cmin�1). At
this temperature, melamine was vaporized and its fumes were
carried into the second stage furnace by nitrogen gas for the
growth of the NCNTs.

The as-prepared NCNTs were stirred in 20 ml of 5% HF (HF
Chemicals) aqueous solution for 24 h at room temperature. The
mixture was diluted with 150 ml of distilled water, centrifuged
and washed several times with water. The wet mud was trans-
ferred into a round bottom ask that contained 30 ml HNO3,
10 ml H2SO4 (both Sigma-Aldrich) and 60 ml water and heated
at 60 �C for 12 h.

This was followed by compositing the various QMMOs with
NCNTs. Here, the resins were synthesized as described above
except that in this instance they were prepared in the presence
of NCNTs and were not ignited. An amount of NCNTs corre-
sponding to 10% (m/m) of NCNTs relative to that of the various
QMMOs or TiO2, was added to the white homogeneous solution
of QMMOs or TiO2 and stirred magnetically for 2 h until a grey
homogeneous mixture was formed. The mixtures were then
transferred into pressure sealed autoclaves lined with Teon to
complete the reactions at 150 �C for 12 h. Grey precipitates were
collected, centrifuged and washed with distilled water. The
resulting materials were then calcined at 400 �C for 12 h to
remove the soot.
Materials characterization

The materials, i.e. pure metal oxides and the various QMMOs
and NCNTs based composites were characterized using several
characterization techniques. The crystallization of the materials
was characterized by powder X-ray diffraction (PXRD) at 2q
position ranging between 10 and 90� using a Bruker D2 phaser
(Bruker AXS, Karlsruhe, Germany) in Bragg–Brenton geometry
with a Lynexe detector using Co-Ka radiation at 30 kV and 10
mA. The crystallization of the materials was also studied by
laser Raman spectroscopy at an excitation wavelength of 517 nm
recorded by means of a Jobin-Yvon T64000 Raman spectrometer
equipped with an Olympus BX40 microscope. Transmission
electronmicroscopy (TEM) was used to study the morphological
properties of the materials. The TEM used is called an FEI
Tecnai G2 Spirit electron microscope (FEICo., Hillsboro, OR,
USA) at an accelerating voltage of 120 kV. The TEM is also
coupled to an energy-dispersive X-ray spectrometer (EDS) which
was used for elemental analysis. UV-vis diffuse reectance
spectroscopy (DRS) was used to study the optical properties. The
measurements were done on a commercial Praying Mantis DRS
Cary 500. The presence of NCNTs in the composites was also
This journal is © The Royal Society of Chemistry 2019
studied using thermogravimetric analysis (PerkinElmer Pyris).
The samples were heated from ambient temperature to 900 �C
at 10 �C min�1 in air. Photoluminescence spectroscopy studies
were done on the same instrument as laser Raman spectroscopy
measurements, at an excitation wavelength of 290 nm. Scan-
ning electron microscopy (SEM) coupled to EDS analyses were
carried out on a Zeiss Crossbeam 540 FEG. Photocurrent
measurements were done on a potentiostat/galvanostat using
a three-electrode system comprising of an Ag/AgCl reference
electrode, a platinum wire counter electrode and a uoride
doped titanium glass working electrode in a 0.1 M K2SO4

(Merck) supporting electrolyte solution. The working electrode
was prepared by mixing 10 parts polyvinylidene diuoride
(Sigma-Aldrich) with 1 part TWZ721/10%NCNTs to form a paste
which was then applied to the working electrode. The electrode
was then allowed to dry in an oven for 5 h at 120 �C at which
point a copper wire was attached to it using a silver paste. The
electrode was kept at room temperature overnight to allow the
paste to dry before it was used.

Photocatalytic testing

The photoactivities of these materials were evaluated by the
photodegradation of BPA. This was done as reported in our
previous reports.16,19 The process is described in the ESI (S2†).

Results and discussion
Characterization of pure metal oxides

The pure metal oxides, WO3, ZnO and TiO2-anatase were
studied and conrmed by PXRD (Fig. S1†), TEM (Fig. S2a, S3a
and S4a†), EDS (Fig. S2c, S3c and S4c†) and laser Raman spec-
troscopy. Here it was concluded that the resin gel technique
yielded desirable and uncontaminated materials, although
trace amounts of carbon attributed to the unburned soot were
detected.

Characterization of QMMOs

PXRD analyses of QMMOs. PXRD analyses were conducted
on the QMMOs and their patterns were compared to the pattern
of TiO2. The PXRD patterns of the various QMMOs were similar
to that of the TiO2-anatase phase, indicating that Zn2+ and W6+

were incorporated into the TiO2 crystal lattice without any phase
change (Fig. 1a). This was justied on the basis of the argument
put forward by Franklyn.46 The crystal radii of Ti4+, W6+, and
Zn2+ are similar when in a six coordination geometry. Therefore,
the three metal ions should be entirely harmonious with each
other when in one crystal structure. Franklyn went on to suggest
that it was likely that the incorporation of W6+ and Zn2+ with
different charges to that of Ti4+ should change the crystal radius
of oxygen ions because of basic electronic effects. This then led
to the assumption that, in our work, the incorporation of these
metal ions into the TiO2 (anatase) should bring about changes
in the unit cell i.e. the local lattice should be distorted. Indeed,
this is true in this work as it was observed that the (101)
reection of the QMMOs appeared at higher 2q values relative to
that of TiO2 (Fig. 1b).
RSC Adv., 2019, 9, 36875–36883 | 36877
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Fig. 2 (a) Laser Raman spectra of TiO2 and QMMOs and (b) inset
showing the Eg peak.

Fig. 1 (a) PXRD patterns of TiO2 and various QMMOs and (b) inset
showing the (101) and (004) reflections of TiO2 and various QMMOs.
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In addition to the variations in the 2q position of the (101)
reection of QMMOs relative to that of TiO2, similar variations
were also observed amongst the different QMMOs (Fig. 1 and
Table 1). It was observed that the 2q value of the (101) reection
of the QMMOs increased with an increasing percentage of
dopants. The (101) reections of QMMOs containing 90% Ti4+

appeared at 2q values closer to that of TiO2 whereas those that
contained 70% Ti4+ were observed at considerably higher 2q
values relative to that of TiO2.

Furthermore, it was observed that the (101) reection of
QMMOs containing more W6+ relative to Zn2+ appeared at
higher 2q values. This indicated that W6+ ions distorted the TiO2

lattice at a higher degree than Zn2+.
The degree of distortions that occurred on the crystal lattice

of TiO2 as a result of incorporating W6+ and Zn2+ was estimated
by means of calculating the lattice parameters. The lattice
parameters were calculated by measuring accurately the 2q
positions of the (004) and (001) peaks. The a lattice parameter of
the QMMOs are different from that of TiO2. The a lattice
parameter of the QMMOs also varies amongst the different
QMMOs. The QMMOs that contained 90% Ti4+ had lattice
parameters that were closer to that of TiO2, followed by those
that contained 80% Ti4+ and those that contained 70% Ti4+

differed the most to that of TiO2. Furthermore, the a lattice
parameters of the QMMOs were observed to vary with varying
amounts of W6+ and Zn2+ when comparing a series of QMMOs
with the same Ti4+ concentration, e.g. the a lattice parameter of
TWZ730 was lower than that of TWZ721 which was in turn lower
than that of TWZ712 (Table 1).
Table 1 Summary of the particle sizes, (004) and (101) reflection
positions and lattice parameters of TiO2 and the various QMMOs

Sample 2q (004)/� 2q (101)/�
Particle size
(nm) a (pm) c (pm)

TiO2 44.732 29.275 10.5 490.077 808.121
TWZ910 44.416 29.338 11.7 485.644 815.854
TWZ901 44.479 29.316 11.2 486.603 814.757
TWZ820 44.469 29.465 12.3 483.547 812.555
TWZ811 44.606 29.461 12.8 482.811 814.930
TWZ802 44.484 29.405 12.6 484.694 813.663
TWZ730 44.479 29.576 13.3 481.053 815.087
TWZ721 44.479 29.546 13.4 480.983 815.070
TWZ712 44.460 29.531 13.2 480.713 814.757
TWZ703 44.461 29.528 13.2 479.955 814.757

36878 | RSC Adv., 2019, 9, 36875–36883
The PXRD patterns of TiO2 and the various QMMOs were
used to calculate their particle size. The Scherer's equation
using the (101) reection was used for this purpose where it was
found that TiO2 nanoparticles are smaller than all the QMMOs
particles. Additionally, the size of the QMMOs metal oxide
particles increased with decreasing amount of Ti4+.

Laser Raman analyses of QMMOs. It was observed from
PXRDmeasurements that variations between TiO2 and QMMOs
are more pronounced in the case of QMMOs that contained
70% Ti4+. For this reason, it was determined that further char-
acterization of these materials was necessary.

The laser Raman signatures of TiO2 and the QMMOs con-
sisting of 70% Ti4+ were studied. It was observed that the laser
Raman signatures of the QMMOs were similar to that of TiO2

(Fig. 2a). This was consistent with what was observed from
PXRD measurements. Furthermore, closer investigations of the
Eg peaks of the QMMOs and TiO2 showed that the Eg peaks of
the QMMOs had shied to shorter wavelengths relative to that
of TiO2, a phenomenon that was observed in PXRD measure-
ments, where the (101) PXRD reections of the QMMOs were at
higher 2q values relative to that of TiO2. This also indicates that
the incorporation of W6+ and Zn2+ ions into the lattice of TiO2

resulted in lattice distortions (Fig. 2b).
TEM and EDS of QMMOs. TEM and EDS analyses were also

conducted on QMMOs consisting of 70% Ti4+ as shown in
Fig. 3. The QMMOs were found to all have similar morphologies
(Fig. 3a–d) which was similar to that of TiO2 (Fig. S4a†). This was
consistent with laser Raman and PXRD data where it was found
that TiO2 and the QMMOs had similar laser Raman spectral and
diffraction features. This further conrmed that W6+ and Zn2+

ions were incorporated into the lattice of TiO2 as opposed to
forming a mixture of metal oxides. This conclusion was also
reached in part because the morphological properties of ZnO
and WO3 vary from those of TiO2 and QMMOs (see Fig. S2a and
S3a†).

On the other hand, the EDS spectra of the various QMMOs
were found to differ amongst themselves (Fig. 3e and f) and
were different from that of TiO2 (Fig. 4c). The EDS spectrum of
TWZ730 consisted of elemental Ti, W, and O (Fig. 3e). The same
case was observed with the other QMMOs; in the case of
TWZ703 no peaks associated with W were present but those of
Zn were observed. The other two QMMOs, TWZ712 and TWZ721
had similar EDS spectra showing the presence of elemental
Ti, W, Zn, and O.
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 TEM images of (a) TWZ703, (b) TWZ712, (c) TWZ721 and (d)
TWZ730. EDS spectrum of (e) TWZ703, (f) TWZ712, (g) TWZ721 and (h)
TWZ730.
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In order to further investigate the presence of tungsten and
zinc atoms in the TiO2 crystals SEM and EDS mapping analyses
were conducted on TWZ721 (Fig. 4). Here, it was observed that
Fig. 4 (a) SEM image of TWZ721, EDS elemental maps of (b) oxygen,
(c) titanium, (d) tungsten, (e) zinc, (f) EDS layered image of Ti, Zn, O
and W, and (g) EDS spectra of TWZ721.

This journal is © The Royal Society of Chemistry 2019
the various elements, Ti, W, Zn, and O were uniformly distrib-
uted throughout the sample, in all the crystals even though they
differed in amount. This observation also proved that Zn and W
ions were incorporated into the crystal lattice of TiO2. The
elemental ratio of the 3 cations was calculated from the EDS
spectrum of sample TWZ721 and was found to be T(73-
%) : W(19%) : Zn(8%). This was adjudged to be a fair approxi-
mation of the sample composition given the quantitative
shortcomings of EDS.

Characterization of pure metal oxides and QMMOs calcined
at 800 �C. Calcining the pure metal oxides at 800 �C induced
a phase change for TiO2 and WO3 whereas no such phase
change was observed in the case of ZnO (Section S6 and
Fig. S8a–c†). This is useful as it was used to test the hypothesis
that converting TiO2 from anatase to rutile will result in the
removal of the W6+ and Zn2+ ions from the TiO2 lattice. There-
fore, this could potentially further demonstrate that the
QMMOs were formed.

In order to investigate this hypothesis, PXRD analyses were
performed on the QMMOs consisting of 70% TiO2 that were
calcined at 800 �C to induce phase transformation of the TiO2-
anatase phase to the rutile phase (Fig. 5). The PXRD patterns of
the calcined QMMOs were different from those of the un-
calcined materials. Furthermore, when compared to that of
TiO2 calcined at 800 �C, their patterns consisted of matching
rutile peaks but also consisting of several other peaks which
were those of W, Zn oxides and probably other alloys, further
demonstrating the QMMOs were formed and that the more
thermodynamically stable rutile phase of TiO2 cannot accom-
modate high levels of W6+ and Zn2+ dopants.

UV-vis DRS TiO2 and QMMOs. The preceding discussed data
gave a strong indication that the incorporation of W6+ and Zn2+

had been achieved. In order to ascertain if this had any effect on
the optical properties of TiO2, UV-DRS analyses were conducted
(Fig. 6). It was observed from the UV-DRS spectra of TiO2 and
the QMMOs that all the materials had sharp absorption edges
in the 400–450 nm region. The bandgap of TiO2 was approxi-
mated to be lower than those of the QMMOs whereas the band
gaps of the various QMMOs were found to decrease with
Fig. 5 PXRD patterns of TiO2 and the various QMMOs calcined at
800 �C.
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Fig. 6 UV-DRS spectra of TiO2 and QMMOs. Fig. 7 TEM images of (a) TiO2/10% NCNTs, (b) TWZ730/10% NCNTs,
(c) TWZ721/10% NCNTs, (d) TWZ712/10% NCNTs and (e) TWZ703/10%
NCNTs.

Fig. 8 Photoluminescence emission spectra of TiO2, QMMO, and
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increasing amounts of zinc ions incorporated. Furthermore, it
was observed that the UV-DRS spectrum of TiO2 was at from
400 nm whereas those of the QMMOs had a wide absorption
band extending up to 600 nm. This indicated that the presence
of W6+ and Zn2+ in the lattice of TiO2 inuenced its electronic
structure such that a new conduction band was created. This is
desirable as it meant that it was possible that the materials
could harvest visible light and as such could be used for visible
light-driven photocatalysis.

Characterization of TiO2 and QMMOs loaded on 10%
NCNTs. TEM analyses were conducted on the composites in
order to ascertain if the coating of the NCNTs with TiO2 or
QMMOs nanoparticles was achieved. Indeed, it was observed on
the TEM images of these composites as shown in Fig. 7 that the
NCNTs were coated uniformly with nanoparticles. This was
deemed to be desirable as it increased the likelihood of forming
a heterojunction between the NCNTs and QMMOs/TiO2 that
could possibly reduce the recombination of electrons and holes
thus increasing the photocatalytic efficiency of the materials.47

PXRD analyses were performed on these composites to
ensure that the process of compositing TiO2 and the various
QMMOs with NCNTs did not change the crystallographic
structure of the nanoparticles (Section S7, Fig. S9a and b†).
Here, it was observed and conrmed that TiO2 and the QMMOs
loaded onto had the crystal structure of TiO2-anatase.

The composites were studied by TGA in order to ascertain if
indeed the composites consisted of both inorganic metal oxides
and carbonaceous materials. Here, it was observed that ca. 10%
of the various materials were combusted in air at temperatures
below 700 �C. This showed that the materials contained
approximately 10% NCNTs (Section S8 and Fig. S10†) and 90%
metal oxide.

Having established that TiO2 and QMMOs were successfully
loaded onto NCNTs, photoluminescence analyses were con-
ducted in order to ascertain if they had any effect on the
recombination of the photo-induced charge carriers. The pho-
toluminescence emission peaks of TiO2, QMMOs, and
composites were compared against each other (Fig. 8). The
emission peaks were observed upon exciting the materials with
36880 | RSC Adv., 2019, 9, 36875–36883
radiation with a wavelength of 290 nm. The emission intensity
of TiO2 was the highest observed indicating the lifetime of its
electrons and holes was short. The intensities of the QMMOs
were lower than that of TiO2 indicating that the incorporation of
W6+ and Zn2+ decreased the recombination rate of the photo-
induced charge carriers.

Furthermore, it was observed that the emission intensity of
QMMOs decreased with the decreasing amount of W6+

(decreasing the amount of Zn2+) such that the emission inten-
sity of the QMMO without W6+ TWZ703 was signicantly lower
than that of the QMMO with 30% W6+ TWZ730. This indicated
that the incorporation of Zn2+ wasmore effective at reducing the
charge carriers' recombination rate. The materials composited
with 10% NCNTs had signicantly lower than those of QMMOs
and TiO2. This was attributed to the NCNTs which are able to
quench photoinduced electrons thus reducing the possibility of
these electron recombining with holes.15,48–50

Photocatalytic testing

Prior to all photodegradation experiments, two control experi-
ments were conducted: (i) BPA (80 ppm, 50 ml) was stirred in
the presence of the various photocatalysts in the dark for 6 h.
Here, it was observed that the adsorption equilibrium of BPA
onto the various photocatalysts was 2 h and very low amounts of
composites.

This journal is © The Royal Society of Chemistry 2019
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BPA were adsorbed by the various photocatalysts (maximum
1.5%). (ii) The second control experiment was conducted in
order to investigate the photolysis of BPA, i.e. the photo-
degradation of BPA in the absence of a catalyst. Here, BPA was
irradiated with visible light from a solar simulator for 2 hours
and it was found that there was essentially no reduction in BPA
concentration (less than 0.5% reduction).

In the case of photocatalytic degradation studies, adsorption
equilibrium of the test sample (80 ppm, 50 ml BPA) onto the
various materials was rst established in 2 h (Table 2) before
irradiating. The photocatalytic activity (aer radiating) of neat
TiO2 was found to be the lowest when compared to those of the
QMMOs and the carbon-based composites (Table 2, Section S9
and Fig. S11†). The low photoactivity was attributed to the fact
that unmodied TiO2 does not absorb visible light.

In the case of QMMOs, it was observed that their photo-
catalytic activities (ranged between 32 and 46%) were higher
than that of TiO2. The increased photocatalytic activities were
attributed to that the QMMOs absorbed visible light (Fig. 6) and
they had somewhat lower photoluminescence emission peaks
(Fig. 8). Furthermore, it was observed that the photocatalytic
activities of the QMMOs increased with increasing amounts of
Zn2+ incorporated (decreasing amount of W6+ incorporated).

Regarding the NCNTs-based composites, it was observed
that supporting TiO2 onto NCNTs did not increase photo-
catalytic degradation in a signicant way, only by 6% (X60 min ¼
30%). This is because loading TiO2 onto NCNTs did not affect
the bandgap of TiO2 in any substantial way, as we had previ-
ously reported.19 Nevertheless, compositing TiO2 with NCNTs
increased the lifetime of the few active charge carriers that were
created, evidence being that the photoluminescence emission
peak of TiO2/10% NCNTs was lower than that of TiO2 (Fig. 8).
On the other hand, the QMMOs supported onto NCNTs had the
highest photocatalytic activities ranging between 89–91%. This
is as a result of the combined effect of that incorporating Zn2+

and W6+ introduced mid-band gap energies thus making it
possible for the materials to absorb visible light and the
increased lifetime of the active charge carriers (Fig. 6).
Table 2 Photocatalytic efficiency of the various materials

Photocatalyst

% removal
(2 h adsorption
equilibrium)

% removal
(aer 60 min
photocatalysis)

TiO2 0.9 26.51
TWZ730 0.7 32.535
TWZ721 0.8 37.535
TWZ712 0.8 39.535
TWZ703 0.9 42.535
TiO2/10% NCNTs 1.4 29.51
TWZ730/10%
NCNTs

1.5 88.558

TWZ721/10%
NCNTs

1.4 89.998

TWZ712/10%
NCNTs

1.4 90.92

TWZ703/10%
NCNTs

1.5 90.42

This journal is © The Royal Society of Chemistry 2019
The reported method of synthesis has not been used to
incorporate large amounts of dopants into TiO2-anatase and
supporting the nanoparticles onto NCNTs. Nevertheless, there
are several other reports that are benecial for putting this
current work into context, particularly for drawing up a mecha-
nism. First, in the case of incorporating W6+ and Zn2+ into TiO2-
anatase or similar work, Garćıa et al. reported the incorporation
of up to 3% W6+ (and Mo6+) using the evaporation induced self
assembly method.51 They showed by PXRD that the (101) TiO2-
anatase had shied and that the crystal lattice of TiO2-anatase
had been distorted, proving the incorporation of these metal
ions as it is shown in this work. Perhaps, more importantly, they
reported that incorporatingW6+ did not signicantly narrow the
absorption edge of TiO2-anatase. This is similar to what is
observed in this work that the band gaps of QMMOs with higher
amounts of W6+ were closer to that of pure TiO2-anatase (Fig. 6).
They attributed this to that the 5d levels of tungsten ions were
probably inside (or just below) the conduction band of Ti 3d
conduction band.51,52 Nevertheless, there was an observable
reduction in bandgap (TiO2 3.06 and TWZ 2.87 eV, Fig. 6) and
this is attributable to new states created just below the
conduction band of TiO2 (Fig. 9). This transition is labeled hn2
in Fig. 9.

In the case of doping Zn2+ into TiO2-anatase, Benjwal et al.
used the sol–gel method to dope up to 2% Zn2+ into TiO2-
anatase and proved it by XRD, XPS, and TEM.53 They observed
that this exercise yielded materials with a bandgap narrower
than that of pure TiO2 just as it was observed in this work
(Fig. 6). In this case, also, the reduction in band gap was
attributed to the creation of new states below the conduction
band of TiO2 and probably slightly below the position of the 5d
level of tungsten (labeled as hn3 on Fig. 9) as the bandgap was
visibly narrower for QMMOs that contained more zinc than
tungsten ions (Fig. 6).

In addition to the slight shis in the bandgap of the QMMOs
relative to pure TiO2, there are obvious broad peaks on between
400 and 600 nm on the spectra of the QMMOs that are not
present on the TiO2 spectrum (Fig. 6). These were attributed to
the possible transitions between the conduction band of TiO2

and the various states below it. The transitions are labeled as
hn4 and hn5 on Fig. 9.
Fig. 9 Proposed BPA photocatalytic mechanism using TWZ721/10%
NCNTs.
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Nitrogen-doped carbon nanotubes play a well-documented
role in the BPA degradation process. It serves as a sink for
electron to aid the separation of charge carrier thus improving
the photocatalytic efficiency (Fig. 9), of the material, one of
many useful functions of nanocarbon materials.19,47,54,55 The
evidence for this was observed from photoluminescence studies
where it was observed that the electron/hole recombination rate
was signicantly shortened by compositing the QMMOs/TiO2

with NCNTs (Fig. 8).

Conclusion

W6+ and Zn2+ ions were successfully incorporated into the
crystal lattice of TiO2 (anatase phase) using the resin gel tech-
nique to form QMMOs. This was conrmed using various
characterization techniques, including PXRD, EDX, TEM, and
laser Raman spectroscopy. The calcination of the QMMOs at
800 �C in air resulted in the material decomposing into tung-
sten trioxide, zinc oxide and the rutile phase of TiO2, further
conrming that mixed metal oxides were formed. The incor-
poration of these metal ions into the lattice of TiO2 did not alter
the band edge of TiO2 as was shown by UV-DRS but a wide
absorption band was observed in the case of the QMMOs which
wasn't there for TiO2. Composites consisting of QMMOs/TiO2

and NCNTs (10% loading) were successfully synthesized by
modied resin gel synthesis. It was observed that the NCNTs
were completely and homogeneously coated with QMMOs/TiO2

nanoparticles. The photoluminescence emission peaks of
NCNTs containing NCNTs were lower than that of the QMMOs
and TiO2, indicating retardation of the recombination of the
electrons and holes. The photocatalytic efficiencies of the
materials were tested by monitoring the efficiency at which they
photodegraded BPA under visible-light irradiation (l > 400 nm).
The QMMOs had higher photocatalytic efficiency relative to that
of TiO2. The photocatalytic efficiency of QMMOs increased with
decreasing amounts of W6+ incorporated into TiO2. The pho-
tocatalytic efficiency of TiO2 was not improved by much when
was loaded onto NCNTs (TiO2/10% NCNTs) but that of the
QMMOs loaded on NCNTs was signicantly increased. These
remarks ratify that incorporation of W6+ and Zn2+ and
compositing the materials with TiO2 resulted in unique mate-
rials with the potential of being viable photocatalysis.
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