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The  “build-up”  methodology,  the  importance  of  the  order  of  the semiconductor  layers  in  WO3-
TiO2/MWCNT  composite  materials  was  studied  in terms  of  the  applied  synthesis  pathway,
morpho-structural  parameters  (mean  crystallite  size,  crystal  phase  composition,  morphology)  and  pho-
tocatalytic  efficiency  (using  oxalic  acid  as  model  pollutant).  The  appearance  of TiWOx phase  in the
composites  contributed  to  the  enhancement  of the  photocatalytic  efficiencies,  as different  synthesis
approaches  led  to different  crystal  phase  compositions.  Although,  it was  proven  that  a  beneficial  phase’s
O3 nanocrystallites
O3-TiO2 nanocomposites

hotocatalytic activity
arbon nanotubes

presence  can  be  hindered  if an excess  of  MWCNT  or WO3 was  applied.  As the  ratio  of  the  mentioned
materials was reduced,  active  composites  were  obtained,  but  the  previously  noticed  TiWOx disappeared.
Therefore,  it  was  proven,  that  in  the  case  of WO3-TiO2/MWCNT  nanocomposite  system  several  photo-
catalytic  activity  enhancement  factors  can  be introduced,  but not  simultaneously  (the  disappearance  of

d WO
hotocatalysis TiWOx at  low  MWCNT  an

. Introduction

Catalysts are of great importance in the synthesis of petro-
hemicals, plastics, medical agents or fuel cell materials. Their
pplicability extends also for environmental applications, for
xample the reduction of emissions and degradation of various
rganic pollutants [1]. The catalytic activity and selectivity depend
trongly on several parameters, such as crystal phase and stoi-
hiometric composition, particle size and morphology, crystallinity
rade of the catalyst or the shape of the catalyst nanocrystals [2,3].
mong the catalytic processes, photocatalysis is a very important
lternative in the degradation of organic pollutants, and it is based
n the irradiation of a semiconductor with photons of greater or
qual energy than its band gap. Titanium dioxide (TiO2) is a semi-
onductor metal oxide, which has many advantageous properties

hat makes it almost ideal for photocatalytic applications [4,5], it is
hotostable, biocompatible, non-toxic, relatively cheap and avail-
ble in large quantity [6]. Under UV irradiation, it is an excellent

∗ Corresponding author.
E-mail address: hernadi@chem.u-szeged.hu (K. Hernádi).

ttp://dx.doi.org/10.1016/j.cattod.2017.03.019
920-5861/© 2017 Elsevier B.V. All rights reserved.
3 contents  and  the  appearance  of  highly  crystalline  anatase).
©  2017  Elsevier  B.V.  All  rights  reserved.

material for the degradation of various inorganic and organic com-
pounds [7]. However, because of its large band gap energy, TiO2
absorbs light only in the UV-A, near visible region. This is the main
drawback of its wider application since only 4–5% of the solar emis-
sion spectrum falls in this range [8,9]. To overcome this problem
there are many different approaches in the scientific literature.
The most important methods to increase the photocatalytic activity
contain catalyst modification by doping, metal decoration, surface
sensitization, or by designing more efficient composites (e.g. mixed
semiconductor oxides) [10], the latter possibility seems to be rather
promising. Efficient charge separation can be obtained by the com-
bination of two  semiconductor particles that have different energy
levels [11]. By properly tailoring the properties of the compos-
ite components, metal oxide heterojunctions can certainly be an
interesting approach to modify the photocatalytic performances of
individual oxides [12]. Every oxide component can display different
chemical interaction with the contaminant to decompose. Surpris-
ingly, in many cases oxide systems used for catalysis show many

similarities with the ones investigated for sensing [13].

In the last few years, tungsten trioxide − titanium dioxide
(WO3/TiO2) composite photocatalysts have drawn researchers’
attention since they possess interesting and unique photocat-

dx.doi.org/10.1016/j.cattod.2017.03.019
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cattod.2017.03.019&domain=pdf
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lytic features [14–16]. WO3 shows a moderately small band gap
nergy, strong absorption within the visible spectrum, long-term
erformance and high chemical stability in a wide pH range of
queous solutions under oxidative circumstances [17,18]. It is well-
nown in the literature that the connection between WO3 and
iO2 enables improved charge separation and visible light response
14–16,18–22]. Furthermore, WO3 based composites possess a
trong absorption in visible light, but their photocatalytic activities
re very low.

Comparing band gaps of the two components (while relatively
mall − 2.4–2.8 eV − for WO3 and high − 3.0–3.2 eV − for TiO2) it is
bvious that the transfer of electrons from bulk TiO2 to WO3 might
urther minimize the recombination losses.

Besides the above-mentioned composite formation of semi-
onductor oxides, the addition of carbon nanotubes (CNT) can be
lso a feasible method to elongate the lifetime of photogener-
ted e−/h+ pairs and prevent their recombination [23]. Because
f their unique chemical, physical and electronic properties, CNTs
re widely investigated [24,25] in order to promote applications
n the field of composite materials and photocatalysts [23]. Since
NTs can act as an electron reservoir to store temporarily and
ransfer the photogenerated electrons from TiO2 [25], with adding
NTs to the oxide, the photocatalytic activity of TiO2 can be fur-
her improved [26–28] and possibly confer visible light activity
29]. The combination of the beneficial properties of WO3 with
he advantages of multiwalled carbon nanotubes (MWCNTs) can
lso result in a synergic effect to create materials with differ-
nt properties for targeted applications. Thus, researchers have
tudied WO3/MWCNT composites in previous works in order to
nvestigate their gas sensing [30,31] and electrochromic perfor-

ances [32]. Different impregnation methods were also presented
o prepare WO3/MWCNT composites: either a simple one-step fab-
ication method or combined with precipitation based synthesis
echniques [33]. According to our knowledge, just a few publi-
ations can be found regarding the photocatalytic properties of
ernary composites containing titanium and tungsten oxides with

WCNT. Literature data are rather inconsistent concerning the
uild-up methodology (synthesis approaches and oxide layer com-
osition) of the above-discussed nanocomposites.

More synthesis approaches were already developed in order
o investigate the available possibilities to obtain different con-
act order of the composite components. Two potential methods
ere identified: modified/slow hydrolysis (MSH) by Réti et al. [26],

nd impregnation (I) method which was investigated by Vass et al.
33]. These two approaches (combined a MSHI) provided reliable
esults concerning the uniform coverage of MWCNTs with different
emiconductor oxides (In2O3, SnO2, Al2O3, ZnO, SnO2-In2O3). The
dvantages and drawbacks of these synthesis methods are summa-

ized in Fig. 1.

In this paper, our interest is to clarify the effect of the heat treat-
ent on the crystallinity and morphology of composite materials

hat were obtained by the methods listed above, while varying

ig. 1. The different preparation method advantages and disadvantages (slow
ydrolysis and impregnation (SHI), a modified slow hydrolysis and impregnation,
MSHI) and a simultaneous synthesis (SS)).
ay 300 (2018) 28–38 29

the order of the different semiconductor layers and attempting to
deposit simultaneously the two oxides (simultaneous slow hydrol-
ysis and impregnation − denoted as SS method).

2. Materials and methods

2.1. Chemicals

All chemicals used were of analytical grade. The MWCNTs from
Nanothinx (NTX1 type) titanium isopropoxide Ti(iPrO)4 and tung-
sten(VI) hexachloride (WCl6) from Sigma-Aldrich, P25 from Evonik
Aeroxide (Germany) were used without further purification for the
preparation of the composite materials (secondary composites, for
details please consult Sections 2.2 and 2.3)

2.2. Characterization methods

For measuring the DRS (Diffuse Reflectance Spectroscopy) spec-
tra of the samples, a JASCO-V650 spectrophotometer with an
integration sphere (ILV-724) was  used (� = 250–800 nm).

The oxide layer thickness and coverage ratio of the oxides on the
MWCNT were verified with FEI Technai G2 X-TWIN TEM (200 kV).
The samples were prepared as follows: a small amount of the exam-
ined composite was sonicated in 1.25 cm3 of ethanol. A few drops
from this suspension were deposited and dried onto the surface of
the grid (CF 200 Cu TEM grid).

The SEM micrographs were recorded on a Hitachi S-4700 Type
II FE-SEM scanning electron microscope equipped with a cold field
emission source operating in the range of 5–15 kV. The samples
were mounted on a conductive carbon tape.

Powder XRD analysis was carried out on a Rigaku Mini-flex-
II Diffractometer (angle-range: 2� = 20–80◦, � = 0,15418 nm) using
characteristic X-ray (CuK�) radiation.

The Raman spectroscopy measurements were carried out on
a Thermo Scientific DXR Raman microscope with a 532 nm laser
(5 mW).

A photoreactor system with 2 LighTech 40 W fluorescent
lamps (�max ≈ 365 nm,  irradiation distance = 5 cm, irradiation
time = 2 h) was  used to measure the photocatalytic activities.
The nanocomposites were grinded together with P25 (secondary
composites) in order to differentiate their impact on the photo-
catalytic activity. The photocatalyst suspension containing oxalic-
acid (initial concentration of oxalic-acid c0,oxalic-acid = 0.5 mM;
csuspension = 20 mg/20 cm3 = 1.0 g L−1; total volume of the suspen-
sion Vsuspension = 20 cm3) was  continuously stirred during the
experiments. The concentration decrease of the oxalic acid was
followed using a Merck-Hitachi L-4250 system with Merck-
Hitachi L-7100 pump. The eluent was H2SO4 (concentration of
H2SO4 = 19.3 mM),  the applied flow rate was  0.8 cm3 min−1 and the
detection wavelength was 205 nm.

2.3. Preparation of nanocomposites

The TiO2-WO3/MWCNT composites were prepared by slow
hydrolysis and impregnation (SHI), a modified slow hydrolysis and
impregnation, (MSHI) and a simultaneous synthesis (SS) method.
The nomenclature of the composites contains the used method
abbreviation (listed above) − first oxide − calcination tempera-
ture − second oxide − calcination temperature weight ratio of
the components (just for those samples in which the ratio of the
components was changed). If no heat treatment was  applied for

the specific oxide, the calcination temperature is denoted with
0. Examples: MSHI-TiO2-400-WO3-450, MSHI-TiO2-0-WO3-450.
In the case of SS series the joint heat treatment temperature is
included in the nomenclature − e.g. SS-TiO2-WO3-700.
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Fig. 2. The XRD patterns of the obtained composite materials (

The addition of carbon nanotubes was decided as in the pho-
ocatalytic degradation process is presumably responsible for
nhanced charge separation, as carbon nanotubes are efficient elec-
ron conducting materials, which can separate the electrons from
he semiconductor, minimizing the chance of recombination. The
omposites made by SHI were prepared using an alkoxide precur-
or, titanium isopropoxide Ti(iPrO)4 and ethanol as solvent. The
eight ratio of the reactants was 1:10:15 (MWCNT/TiO2/WO3).

he dispersion of 100 mg  MWCNTs and 150 cm3 ethanol was
tirred vigorously under inert atmosphere (Ar) while the precur-
or (3.71 cm3) was added followed by a homogenization period of

 h. The samples were kept at room temperature for a week until
he solvent evaporated completely. The samples were separated
nto two parts: the first part was annealed at 400 ◦C for 3 h in air

nd grinded into fine powder in an agate mortar. The second part
as not heat treated. For the impregnation method, TiO2/MWCNT
as applied as the raw material (both in annealed and not annealed

orms) and WCl6 as the precursor. Initially, 160 mg  TiO2/MWCNT
iWOx, �- monoclinic WO3, � − Anatase TiO2, � − Rutile TiO2).

was added in 200 cm3 acetone and a suspension was prepared via
sonication for 45 min. During this time, the calculated amount of
precursor (257 mg)  was dissolved in another portion of acetone
(20 cm3). Finally, the solution of the precursor was added drop-
wise into the TiO2/MWCNT-suspension and then the mixture was
heated to 55–60 ◦C to evaporate the solvent on a heated magnetic
stirrer. When the solvent was  completely removed, a black powder
was obtained. This powder was dried further at 90 ◦C for 24 h. The
samples were annealed at 450 ◦C for 3 h in air. Composites were also
prepared when the deposition order of the oxides was reversed.

The other TiO2-WO3/MWCNT composites were prepared by
MSHI method. The weight ratio for the preparation was  1:10:15.
2.65 cm3 Ti(EtO)4 was  added into 14.74 cm3 ethanol and homog-
enized using ultrasonication for 15 min  to form the precursor

solution. The dispersion of MWCNTs was stirred vigorously while
the precursor solution was  added dropwise. The molar ratios were
n(TiO2): n(H2O): n (ethanol) = 1:3:30. After the addition of the pre-
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ursor solution, the beaker was covered with plastic paraffin film
nd was stirred for an additional 1 h. After stirring, the samples
ere kept at 80 ◦C until all the solvent evaporated. Samples were

nnealed at 400 ◦C for 4 h in air and grinded into fine powder in an
gate mortar. The impregnation process was the same like in the
ase of SHI method, but the samples were annealed at 700 ◦C for

 h in inert atmosphere (Ar).
The composites were prepared also by the SS method: 100 mg

WCNT was added into 150 cm3 acetone homogenized by ultra-
onication for 45 min. The dispersion of MWCNTs was stirred
igorously under inert atmosphere (Ar) while the Ti(iPrO)4 precur-
or (3.71 cm3) was added. WCl6 precursor (257 mg)  was dissolved
n another portion of acetone (20 cm3) and was added dropwise to
he MWCNT dispersion. Then, the suspension was left to be stirred
or 1 h. After stirring, the samples were kept at 23 ◦C for a week
ntil all the solvent evaporated. Samples were annealed at 700 ◦C
or 3 h in inert atmosphere.

For the photodegradation of oxalic acid, the previously
escribed MWCNT-based composites and Evonik Aeroxide P25
ere used for the preparation of the photocatalyst (secondary com-
osites). In each case, a specific ratio was established between the
omposite components, 30% MWCNT-based composite and 70%
iO2 (Evonik Aeroxide P25). The nanocomposites were prepared
ia mechanical mixing in an agate mortar for 3 × 5 min.

. Results and discussion

.1. Crystalline structure of nanocomposites

The XRD analysis of the obtained composite materials started
ith the samples SHI-TiO2-400-WO3-0 and SHI-TiO2-400-WO3-

50. Both of them were obtained starting from heat treated
iO2/MWCNT, which can be observed by the presence of the main
natase (JCPDS 21-1272) peak at 25 (2�◦). In the case of SHI-TiO2-
00-WO3-0, besides the anatase peak, only a baseline distorting
as observed, behavior that indicates that WO3 is clearly present

s amorphous phase. When a supplementary heat treatment was
pplied at 450 ◦C the signals of monoclinic WO3 emerged (JCPDS
3-1035, the mean crystallite size was of 20.2 nm). By applying this
upplementary heat treatment, a slight increase of the mean crys-
allites size of anatase TiO2, from 25 nm to 27 nm,  was  observed
Fig. 2).

The above-mentioned observations changed drastically, when
he obtained TiO2/MWCNT was not calcinated. Therefore, after
mpregnation with WO3 precursor no sign of any crystalline mate-
ial was detected (the case of sample SHI-TiO2-0-WO3-0). However,
f a post calcination was applied, both signatures of anatase TiO2 and

onoclinic WO3 appeared in the XRD pattern (SHI-TiO2-0-WO3-
50), although a smaller amount of amorphous material remained
s the pattern shows a slight increase in the main baseline. The
ean crystallite size of TiO2 and WO3 was 29.9 nm and 74.0 nm,

espectively.
Reversing the deposition order, another interesting aspect of

hese materials is revealed. If the WO3/MWCNT initial composite
as not calcined (composite SHI-WO3-0-TiO2-0) and the precur-

or of TiO2 was deposited, a completely amorphous material was
btained (although there are signs of really small amounts of
rystalline material). When a post heat treatment (composite SHI-

O3-0-TiO2-400) was applied, a small anatase signal appeared,
hile the rest of the material remained amorphous. No crystallite

ize calculation was possible in the case of these two samples.

To investigate the behavior of TiO2, which was subsequently

eposited, a prior heat-treatment to the WO3/MWCNT composite
as applied. After the impregnation process, the material con-

ained only crystalline monoclinic WO3, while no sign of any TiO2
Fig. 3. The Raman spectra of the composite materials (* − WO3 related bands, � −
Anatase TiO2, � − Rutile TiO2).

diffraction peaks was  detected (sample SHI-WO3-450-TiO2-0). The
mean crystal size of WO3 was 28.4 nm.  When the supplemen-
tary heat treatment was applied (sample SHI-WO3-450-TiO2-400),
the anatase peak emerged, and the mean crystallite size of WO3
increased slightly to 33.4 nm and the newly formed anatase crys-
tals’ size was 34.6 nm.

When TiO2 was the first oxide deposited on the surface of MWC-
NTs, crystalline materials were obtained in three cases. When WO3
was the first one, the final material was  crystalline only in two cases.
It seems like the pre-deposition of WO3 inhibits the crystallization
of the second oxide. This phenomenon was previously observed in
literature [34,35]. Hence, the first strategy was further developed.
As it was already detailed in the section focusing on the synthe-
sis of these materials, the modified sol-gel and the simultaneous
precursor hydrolysis strategies were applied.

The composite denoted as MSHI-TiO2-400-WO3-0 possess the
same crystalline properties as the sample SHI-TiO2-400-WO3-0,
namely they contain anatase phase with the same mean crys-
tallite size. However, if a supplementary heat treatment was
applied (this time at 700 ◦C, in order to further increase the crys-
tallinity of the sample), new diffraction peaks appeared at 23.4 and
33.1 (2�◦). These peaks reappeared in the case of the composite
(SS-TiO2-WO3-700, while SS-TiO2-WO3-0 was  completely amor-
phous), together with the already mentioned anatase reflections
and the new ones attributed to rutile phase (the main diffraction
peak at 27 (2�◦), JCPDS 21-1276). Neither TiO2 nor WO3 crystal
phases were identifiable by the peaks mentioned earlier. A possible
explanation could be found in the work of Qureshi et al. [36], who
shown the possible formation of TiWOx, a rather surprising com-
pound observed rarely in the last decade. TiWOx appeared only in

the 1:10:15 weight ratio samples. This means that a relatively high
amount of WO3 and MWCNT is needed to favor the formation of
TiWOx, Where the amount of the mentioned two  components was
lowered TiWOx was  not present at all. It should be also noted that
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Fig. 4. Scanning (a,c) and transmission (b,d) EMs  of TiO2/MWCNT-based composites (SHI-TiO2-0-WO3-450) and SHI-TiO2-400-WO3-450 (c,d)).

Fig. 5. Scanning (a,c) and transmission (b, d) EMs  of WO3/MWCNT-based composites SHI-WO3-0-TiO2-400 (a,b) and SHI-WO3-450-TiO2-400 (c,d)).
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Fig. 6. Scanning (a,c) and transmission (b, d) EMs  of compo

he heat treatment was also crucial to obtain the above mentioned
ompound as it was obtained only when a calcination was applied
t 700 ◦C.

The photocatalytic tests did not show any promising results
s it will be detailed in Section 2.4, although two  methods were
nvolved (SS and SHI methods), which after further optimization
ould lead to photoactive composites. The strategy adopted was
ased on the fact that the CNT and the WO3 ‘s relative content
as rather high compared to TiO2. Thus, the WO3 and CNT con-

ents were lowered (new component weight ratios 1:18:1, 1:16:3).
hen the XRD patterns were analyzed for these composites it was

ound that just anatase crystallized from the two oxides, while the
on-heat treated samples were completely amorphous.

By comparing the mean crystallite size of these composites two
mportant aspects can be pointed out. Thus, when the ratio of WO3
ecreased (relative to TiO2) it was found that the crystallite size of
he formed anatase slightly increased (from 16.3 to 17.4 nm − sam-
les SHI-TiO2-0-WO3-450 1:16:3 vs. SHI-TiO2-0-WO3-450 1:18:1),

n the case of sample series SHI and more intensively (from 22.4 nm
o 47.5 nm − samples SS-TiO2-WO3-700 1:16:3 vs. SS-TiO2-WO3-
00 1:18:1) when the SS method was applied. This observation
mphasizes again that the presence of WO3 inhibits the crystalliza-
ion of TiO2. Furthermore, at this ratio values, WO3 does not appear
t all in the XRD patterns indicating its potential dopant role.

It should be mentioned that in all the cases where WO3 was  not
bservable in the XRD, amorphous W(OH)x is most probably the
rimary hydrolysis product, therefore no XRD peaks were expected
nd subsequently obtained.
The FT-Raman spectra reveal the presence of bands character-
stic for TiO2 anatase located around 144, 197 (these two were
ot included in the Figure), 394, 512, 638 and rutile phase at 445,
10 cm−1 (both of them overlapped with anatase), respectively. The
SHI-TiO2-400-WO3-700 (a, b) and SS-TiO2-WO3-700 (c,d).

D and G bands of the MWCNT did not suffer any modification, and
therefore they were not included in Fig. 3.

The WO3 crystalline structures (including tungstates) give rise
to characteristic Raman bands around 710 and 800 cm−1, while
O W O bending modes are located at ≈ 260 cm−1 and W O
stretching modes at 950–960 cm−1 [34,35]. Most of the identifi-
cations made above coincide with the findings determined from
the XRD results, therefore the observations made for samples
SHI-TiO2-400-WO3-0, SHI-TiO2-400-WO3-450 and those with sim-
ilar structures can be considered valid. However, it is interesting
that the band associated with the presence of W O units does
not appear in the spectra of the investigated samples meaning
that complete hydration (during hydrolysis) or non-stoichiometric
species were formed. The band at 330 cm−1, which corresponds to
W-OH2 stretching vibrations, suggested the previously enounced
possibility, as these species appear when defective WOx species are
present [34,35]. This was also confirmed by the formation of TiWOx

identified by XRD.
Furthermore, if the ratio of the composite components is shifted

in the favor of titania (while lowering the MWCNT and WO3
content − sample SS-TiO2-WO3-700 1:18:1) the previously men-
tioned Raman bands, specific to WO3, are missing, while the ones
attributed to the presence of anatase TiO2 intensified significantly.
This information points out increased crystallinity, higher mean
crystallite size and possible doping of anatase/amorphous WO3.

3.2. Morphological investigations using scanning and
transmission electron microscopy
Both SEM and TEM investigations revealed that carbon nano-
tubes were homogeneously covered by the binary oxide and the
thickness of the layer was approximately 20–40 nm (Fig. 4a,b −
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anged weight ratio composites SS-TiO2-WO3-700 1:18:1.
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Fig. 7. Scanning (a) and transmission (b) EMs  of ch

ample SHI-TiO2-0-WO3-450). When TiO2 was heat treated prior
O3 deposition (Fig. 4c,d), the SEM and TEM micrographs showed

hat titanium dioxide and tungsten oxide evenly covered the sur-
ace of MWCNT, however, in many regions both oxides formed
eparate aggregates as well. From the micrographs it can be seen
hat the thickness of the layer was about 20–40 nm again and the
ize of detached oxide particles were in the range of 50–200 nm.

Changing the deposition order of the oxides on the MWCNT,
t can be clearly seen from SEM and TEM micrographs that carbon
anotubes were not covered homogeneously with titanium dioxide
nd tungsten oxide (Fig. 5a,b), as mentioned previously, but larger
ggregates of 100–500 nm size were formed and attached to the
urface of MWCNT. However, when WO3 received a heat treatment
t 450 ◦C both SEM and TEM micrographs confirmed that carbon
anotubes were homogeneously and thickly covered by the binary
xide layer of approximately 100 nm (Fig. 5c,d).

In the case of the composites synthesized by modified slow
ydrolysis and impregnation (MSHI), SEM and TEM measurements
roved the coverage on the surface of carbon nanotubes (Fig. 6a,b)
hile the homogeneous region of the layer was composed of tung-

ten oxide, the titanium dioxide forms crystalline nanoparticles
nside the coverage. The average thickness of the layer was  of about
0 nm.

When the samples were prepared with simultaneous synthesis
SS) method Fig. 6(c,d) it cannot be seen homogeneous layer on the
urface of MWCNT. SEM and TEM images show larger oxide parti-
les of approximately 100 nm,  randomly attached onto the carbon
anotubes. When the weight ratio was changed, the surface of car-
on nanotube was covered homogeneously with titanium dioxide
nd tungsten trioxide. The average thickness of the layer was  of
0–100 nm (Fig. 7a,b).

.3. Optical properties of the individual WO3 and composites

In order to evaluate the optical properties of the nanomaterials,
iffuse reflectance measurements were performed on the compos-

tes with the best photocatalytic efficiencies. It can be seen in Fig. 8,
hat the materials absorb visible light in relatively high ratio (more
han 80%). This behavior can be attributed to the higher MWCNT
ontent in the composites (5%).

Due to the small light absorption edge, the band-gap values
annot be evaluated in the typical way, namely by the Kubelka-
unk equation, because the values obtained do not reflect the
eality (values 4.0–5.0 eV). Therefore, the first order derivative of
he DRS spectra (Fig. 9) was calculated in order to gain information
bout the electron transitions occurring during the irradiation of
he nanomaterials, resulting realistic band-gap values.
Fig. 8. The reflectance spectra of selected WO3-TiO2/MWCNT composites.

Analyzing the first order derivative of the reflectance data,
mainly three electron transition bands can be seen, both respon-
sible for the UV light absorption of the catalysts, at ≈362, 392
and ≈ 400 nm, respectively. These peaks, in terms of energy, are cor-
responding to the band-gap values of anatase, in the first case, to
TiWOx at 392 nm,  and to monoclinic WO3 for 400 nm. In addition to
the qualitative presence of these transitions it is clearly visible that
the differently synthetized composites have a change in the ratio of
these peaks. Another aspect, which can be observed when WO3 is
deposited on the surface of the non-calcinated TiO2/MWCNT sam-
ples, consists in that the peak of WO3 cannot be observed on the
first order derivative of the DRS spectra. This absence of the signal
is most probably due to the presence of non-crystalline/amorphous
WO3, which “delays” the crystallization process of both semicon-
ductors in the nanocomposites and may  suggest a possible doping.
When WO3 was  deposited on the thermally threated TiO2-based
material, the characteristic derivative peak of WO3 appears around
400 nm,  which means that the crystallization process is success-
ful in this case, the semiconductor-oxide is “transformed” into its
monoclinic form (results were proven also by XRD and Raman mea-
surements, as discussed in Section 3.1).

As the ratio of the components was  changed to 1:18:1 (sam-
ple SS-TiO2-WO3-700 1:18:1) anatase crystallized (a clear light

absorption edge was  visible in the DRS spectrum − Fig. 8), while
no signs of WO3 was  detected in the XRD patterns and Raman
spectra. As it can be seen in Fig. 9 the derivative spectrum does
not show any additional bands, except the characteristic band of
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Fig. 9. First order derivative spectr

natase at 365 nm.  This explicitly points out that the WO3 present
n that sample must be amorphous [35].

.4. Photocatalytic activity of WO3-TiO2/MWCNT-based
anocomposites

The initial composites were not active under UV irradiation.
his result can be attributed to the relatively high amount of WO3
resent in the composite, and, as it is known from the literature,
O3 has low photocatalytic activity under UV irradiation [37]. In

rder to gain further information about the photocatalytic potential

f the composites a well-known commercial photocatalyst (P25) in

 ratio of 70% P25 − 30% composite was prepared.
After two  hours of photodegradation (Fig. 10) of oxalic acid,

t can be concluded that the best performing composite was  the
e WO3-TiO2/MWCNT composites.

SHI-TiO2-0-WO3–450 + P25, with a degradation yield of 83.3% and
the composite made by simultaneous synthesis (+P25) (75.1%).
The SHI-WO3-450-TiO2-400 and SHI-WO3-0-TiO2-400 composites
had a similar photocatalytic efficiency toward oxalic acid, both
degrading less than 60% of the model contaminant (58.4 and 59.2%,
respectively). The lowest efficiency was shown by the composite
made by modified sol-gel synthesis, having a yield less than 40%.
The commercial catalyst (P25) had the highest efficiency, decom-
posing 96.8% of the oxalic acid. This experiment pointed out clearly
which of the involved synthesis methods could lead to the com-
posite materials that may  possess photocatalytic activity. Although
the obtained composites deteriorated the activity of P25, the per-

formed research pointed out which of the methods has potential to
yield photoactive nanocomposites. The two most promising meth-
ods were chosen, SHI-TiO2-0-WO3-450 and SS − TiO2 − WO3-700



36 E. Bárdos et al. / Catalysis Today 300 (2018) 28–38

F osites
c (For in
t

a
(

w
c
T
S
s

3
W

i
r
w
a
t
d
r

p
t
m
s
f
r
(
h
a
s
d
(
h
T
p
s
i
d

t

ig. 10. Photocatalytic activities of various TiO2-WO3/MWCNT composites (comp
omposites obtained in the second optimization stage without P25–red columns). 

o  the web version of this article.)

nd their component contents further optimized: from 1:10:15
MWCNT:TiO2:WO3) to 1:16:3 an 1:18:1.

The most efficient sample was the SS-TiO2-WO3–700 ◦C 1:18:1
eight ratio with a degradation yield of 67.3%. The other

omposites showed low photocatalytic performances, the SHI-
iO2-0-WO3–450 ◦C 1:16:3 degraded 19.7%, while the sample
HI-TiO2-0-WO3–450 ◦C 1:18:1 removed only 11.9%, and finally the
ample TiO2-WO3–700 ◦C 1:16:3 was nearly inefficient (Fig. 10).

.4.1. Searching for the origin of the photocatalytic activity of
O3-TiO2/MWCNT-based nanocomposites
Most of the samples showed very low photocatalytic activity,

n which a crucial role was assigned to the composite components
atio. One of the chosen weight ratios of the composite components
as 1:10:15 (MWCNT:TiO2:WO3), which showed a relatively high

mount of WO3 and MWCNT. As WO3 has very low individual pho-
ocatalytic activity under UV irradiation [37], therefore, the activity
eterioration could be ascribed with the highest possibility to the
elatively high carbon content.

In order to enlighten the possible reasons for the obtained
hotocatalytic activity trend it was necessary to carry out addi-
ional investigations. One of the key structural features which

ight be responsible for the activity is the size of the specific
urface area. We  expected that a high value of the specific sur-
ace area results high photocatalytic activity, but the obtained
esults did not support this statement. The SHI-TiO2-0-WO3-450
1:16:3) sample had a relatively high surface area (112.0 m2 g−1)
owever, the mentioned sample degraded only 19.7% of the oxalic
cid compared to sample SS-TiO2-WO3-700 (1:18:1) which pos-
essed 88.5 m2 g−1surface area and showed a significantly higher
egradation efficiency of 67.3%. Also sample SHI-WO3-0-TiO2-400
1:10:15) should be pointed out, as it was the sample with the
ighest specific surface area, but no photocatalytic activity at all.
herefore, we concluded that, the photocatalytic activity was inde-
endent from the specific surface area in our case. The specific
urface area values of all samples can be found in the supporting

nformation (not all the values were introduced and discussed in
etail as most of them showed low photocatalytic activity).

The four key samples were examined with XPS in order to inves-
igate the source of the photocatalytic activity, as it was evident that
 obtained by the first synthesis approach and mixed with P25 − blue columns;
terpretation of the references to colour in this figure legend, the reader is referred

the surface quality was the key feature in our case. The XPS spectra
of the samples revealed the same species in each of the composites.
The main difference was  in their concentration.

The X-ray photoelectron spectra (Ti2p, O1s, W4f) of sample SS-
TiO2-WO3-700 1:18:1 are presented in Fig. 11. In the Ti2p XPS
spectrum Ti4+ and a very small amount of Ti3+ (0.96 at.% − peaks
at 457.3 eV and 463.4 eV) along with Ti4+ (90.04 at.% − peaks at
459.1 eV and 464.8 eV) [38] was detected, while in the O1 s spec-
trum, the usual components in usual ratio were identified: oxide
oxygen from TiO2 (530.3 eV − 74.82 at.%), surface OH  group oxy-
gen (531.3 eV − 21.78 at.%), and oxygen from H2O (532.8 eV −
3.40 at.%). Furthermore, in the O1 s spectrum of the materials no
low binding energy oxygen species (528.8 eV) appeared. Based
on our recent publications [38,39] this interesting oxygen type
could be attributed to the presence of oxygen defects, or to oxy-
gen atoms which are neighbouring to reduced Ti sites (i.e. Ti3+).
In the samples SHI-TiO2-0-WO3-450 1:16:3, SHI-TiO2-0-WO3-450
1:18:1, SS-TiO2-WO3-700 1:16:3 the amount of Ti3+ increased
gradually from 0.96 at.% (SS-TiO2-WO3-700 1:18:1) to 3.21 at.% (SS-
TiO2-WO3-700 1:16:3), while the oxygen forms showed the same
ratio. This means that the Ti3+ acted as recombination centers, con-
suming most probably the available holes, inhibiting the oxalic acid
degradation by direct hole oxidation.

The W4f  XPS spectrum of sample SS-TiO2-WO3-700 1:18:1
revealed two  significant W species (W6+ and W4+ − 36.0/38.2 eV
and 35.8/37.8 eV). W4+ presence conferred our materials a pale
bluish color, as it was  present in 21.2 at.% from the total amount of
W. As WO3 was not present in the XRD patterns of these samples,
the most possible form of this oxide is amorphous with dangling,
reduced W4+ sites, similar with the structure reported by Akurati
et al. [40]. As the ratio of these species were unchanged in the other
samples, emphasizing that in the case of these composites Ti3+ plays
the activity defining role.

4. Conclusions
It is well known that due to its complexity photocatalysis can be
influenced by many different parameters. Our investigation with
a ternary composite system (WO3-TiO2/MWCNT) described here
demonstrated this statement exemplarily. It was proved that not
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nly the synthesis method but also the sequence of depositing the
omponents (TiO2 followed by WO3), affect significantly the final
roperties of the nanocomposites. We  have learnt that the proper-
ies of the oxide deposited in the first instance has a strong influence
n the crystallinity of the second phase (e.g. different crystallite
ize of the individual oxide particles). At the same time, the higher
egree of crystallinity does not necessarily coincides with the high
hotocatalytic activity (the example of SHI-TiO2-0-WO3-450). The
ppearance of TiWOx crystal phase at higher temperature is also
n interesting and somewhat unusual phenomenon and might be
orth considering, since sample SS-TiO2-WO3-700 also showed
romising photocatalytic activity. However, it cannot be stated that
his new phase is exclusively responsible for the observed photo-
atalytic performances (see MSHI samples). This was  proven, when

he ratio of the composite components was changed, because in
hose samples TiWOx disappeared and anatase crystallized with a
igh crystallite size, making it the main determining factor for the
f sample SS-TiO2-WO3-700 1:18:1.

photoactivity. Also, it is important that at low WO3 and MWCNT
content WO3 does not appear at all suggesting a possible presence
only as amorphous WO3. Concerning the sequence of depositing
the oxides it can be concluded that the existence of MWCNT-TiO2-
WO3 junction is more advantageous. The photocatalyst showing
the highest activity showed the lowest amount of Ti3+, emphasizing
the role of recombination center of this species in these compos-
ites. Based on literature data [26] it cannot be excluded that the
morphology of the composite components is also important.
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11] S. Malato, P. Fernández-Ibáñez, M.I. Maldonado, J. Blanco, W.  Gernjak, Catal.
Today 147 (2009) 1–59.

12] K. Zakrzewska, Thin Solid Films 391 (2001) 229–238.
13] M. Epifani, E. Comini, R. Díaz, T. Andreu, A. Genç , J. Arbiol, P. Siciliano, G.
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