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Abstract

TiO,—Zn0O nanocomposites with a constant Ti:Zn molar ratio of 1:0.1 were prepared via sol-gel process followed by calci-
nation at 300, 400, 500, 600, and 700 °C. The structural and compositional characterizations of these nanocomposites were
performed through XRD, FTIR, SEM, and EDAX. Bandgap was measured using DRS. Photocatalytic performance of the
nanocomposites was evaluated by decolorization of methyl orange dye under UV and visible irradiation with and without
aeration. The results showed that increase in calcination temperature resulted in nanocomposites with well-defined mor-
phology. Although the particle size increased with increase in calcination temperature, the crystallinity of the particles also
increased, resulting in enhanced photocatalytic activity. A temperature-dependent anatase-to-rutile phase transformation
was observed in TiO,—ZnO nanocomposite beyond 600 °C. The calcination temperature influenced both dye adsorption on
the nanocomposites and also dye decolorization by photocatalysis. Even when present at low molar concentration, ZnO in
the nanocomposite caused sufficient decrease in bandgap (2.6 eV) at temperatures as low as 400 °C, such that visible irra-
diation could cause dye decolorization. However, the best decolorization performance was observed in the presence of the
nanocomposite calcined at 600 °C. Aerated systems showed better performance in all cases. Desorption of the dye remaining
adsorbed on the nanocomposite at the end of the photocatalytic reaction, confirmed that adsorption accounted for only 6.6
and 3% of dye removal in the nanocomposites calcined at 600 °C with UV and visible irradiation, respectively. However,
in other systems, ignoring adsorption may cause significant overestimation in photocatalytic loss of dye from the system.

Keywords TiO,—ZnO nanocomposite - Photodecolorization - Methyl orange dye - Calcination temperature - Visible
irradiation

Introduction

Heterogeneous photocatalysis, with a primary focus on TiO,
nanoparticles, has been widely applied for water purification
(Das et al. 2014; Liang et al. 2013; Araifa et al. 2010; Rizzo
Electronic supplementary material The online version of this et al. 2009 and; Méndez-Arriaga et al. 2008) and disinfection
article (https://doi.org/10.1007/513204-018-0783-z) contains processes (Rodriguez-Méndez et al. 2017; Cai et al. 2014;
supplementary material, which is available to authorized users. . .
Tsuang et al. 2008). The photocatalytic property of TiO,
D4 Suparna Mukherji is attributed to the generation of holes and electrons upon
mitras @iitb.ac.in photoactivation (Schneider et al. 2014). TiO, exists in three
main phases viz. anatase, brookite, and rutile. Rutile is sta-
ble, while anatase and brookite are metastable at ambient
pressures and temperatures (De Angelis et al. 2014). How-
ever, isolation of the brookite phase is difficult, and hence,
it is not widely used for photocatalytic applications (Zhang
et al. 2014). The energy bandgaps of rutile and anatase are
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et al. 2013). High degree of recombination of photogen-
erated electrons and holes is a major limiting factor control-
ling its photocatalytic efficiency. This limitation impedes
its application for degradation of contaminants in water and
air (Devi and Kavitha 2013; Mo and Ching 1995). Thus, a
major challenge in heterogeneous photocatalysis using TiO,
nanoparticles is the need to facilitate the use of visible light
for generation of electrons and holes (Pelaez et al. 2012).
Coupled semiconductor photocatalysts are gaining popular-
ity as they are able to achieve more efficient charge separa-
tion, increased lifetime of the charge carriers, and enhanced
interfacial charge transfer to adsorbed substrates (Janitabar-
DarziAli and Mahjoub 2009; Shahram et al. 2016). ZnO
has been chosen for the current study as it has a larger band-
gap than TiO, and, hence, would be instrumental in effi-
cient charge separation and extending the excitation range
of the nanocomposite (Pei and Leung 2013). In this regard,
coupling with zinc oxide (ZnO) is advantageous due to its
non-toxic nature and low cost. The TiO,—ZnO system has
been reported to show enhanced photodegradation efficiency
(Cheng et al. 2014; Wang et al. 2013).

The main attributes of a nanocomposite which deter-
mine its photocatalytic activity are morphology, crystal-
linity, crystallite size, and phases present (Bojinova et al.
2007). These attributes may get affected while doping TiO,
with ZnO. Liao et al. (2008) showed that both Zn concen-
tration in the system and the surfactant used can affect the
various attributes of the nanocomposites, such as photocat-
alytic activity, morphology, and particle size distribution.
The addition of dopants such as Zn in TiO, nanoparticles
can significantly affect its photocatalytic activity by alter-
ing its electrochemical and optical attributes, such as, band-
gap, recombination of electron-hole pairs, and visible light
activity (Liao et al. 2008; Rajbongshi et al. 2015; Athauda
et al. 2012). The addition of surfactants during synthesis
can affect both the electrochemical and optical proper-
ties of nanocomposites and nanoparticles in general (Jing
et al. 2014). In addition, certain surfactants, due to their
branched structure and chemical bonding to the precursor or
the nanocrystal formed, can determine the shape and size of
the nanoparticles and/or nanocomposites (Liao et al. 2008;
Mozafarri et al. 2017). For instance, the addition of sur-
factants can help in oriented attachment and directed growth
of nanocrystals, which can help in manipulation of shape
and/or size control. Mozafarri et al. (2017), on the other
hand, found that surfactant or capping agents can also con-
trol the shape and size of the nanoparticles by associating or
binding with both precursor and nanocrystal surface, thereby
controlling both nucleation and growth. These properties of
nanocomposites may further be tuned by choosing appropri-
ate synthesis conditions. Calcination temperature is one of
the most important synthesis conditions that determines the
various characteristics of photocatalysts (Wang et al. 2013;
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Yu and Wang 2010). Earlier studies were conducted at rela-
tively higher calcination temperatures of 600 °C and above
at various Zn concentration. Wang et al. (2013) showed that
the calcination temperature and duration played an important
role in determining the various phases and the crystallinity
of the nanocomposite. However, since a high Zn:Ti molar
ratio of 1:1 was used for the synthesis, additional N-doping
had to be employed to suppress formation of zinc titanates.
The current study explored the effect of calcination tem-
perature in determining these attributes when TiO,—ZnO
nanocomposites were sythesized via a previously reported
route (Liao et al. 2008). The Ti:Zn molar ratio was kept con-
stant at a lower value as compared to those reported in the
literature (1:0.1) and the calcination temperature was varied
between 300 and 700 °C to study its effect on microstructure
and photocatalytic activity under UV and visible irradiation.
The main aim of the present study was to deduce if visible
light activity, and hence, enhanced photocatalytic activity
could be achieved at lower Ti:Zn ratios and lower calcina-
tion temperatures. Aeration is one of the critical operational
parameter that can affect the photocatalytic efficiency of
nanocomposites (Nguyen et al. 2013; Arafia et al. 2010;
Fox and Dulay 1993). By comparing air, pure oxygen, and
nitrogen purging, Nguyen et al. (2013) showed that air and
oxygen purging had a beneficial effect on the production
of hydroxyl radicals necessary for the degradation of target
compounds during photocatalysis. Oxygen purging facili-
tates in suppressing the electron hole recombination effect
as it acts as an efficient conduction band “electron-trap”
(Fox and Dulay 1993). This electron, trapped by oxygen in
the air, is essential for generating superoxide radical, which
can further increase photocatalytic degradation efficiency
by mediating reactions in the bulk (Nishio et al. 2006; Fox
and Dulay 1993). While pure oxygen may render better effi-
ciency, purging air is employed more commonly as it is more
cost effective. Moreover, aeration may also improve mixing
in the system (Arafia et al. 2010).

In this paper, the role of the photocatalytic process on
decolorization was examined along with sorption of the dye
molecules on the photocatalyst. This aspect is important as
there is still a lot of debate as to whether photocatalysis is
truly a surface mediated reaction or a combination of surface
and bulk mediated reactions (Odling and Robertson 2015;
Minero et al. 1992). In most publications, the extent of pho-
tocatalytic removal is quantified as the cumulative effect of
adsorption of the target pollutant and the redox reaction,
both of which occur on the surface of the photocatalyst. If
this hypothesis is true, then the photocatalytic efficiency
would depend on the initial adsorption on the photocatalyst.
Another aspect that is often overlooked is that this would
lead to overestimation of the amount of the pollutant that is
actually removed through photocatalytic degradation. Some
of the pollutant may remain adsorbed even after the reaction
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is completed. This aspect of photocatalysis needs to be eval-
uated further. In addition to probing the effects of calcination
temperature on the microstructure of the nanocomposite,
attempts were also made to quantify the residual pollutant
associated with the photocatalyst at the end of the process
SO as to obtain more accurate estimates on decolorization
efficiency due to photocatalysis.

Materials and methods
Materials

Reagent-grade Titanium (I'V) isopropoxide (C;,H,30,Ti,
TIP) and zinc nitrate hexahydrate (Zn(NO;),-6H,0, ZN),
respectively, were chosen as the Ti and Zn precursors. Etha-
nol (EtOH) (> 98% pure), the surfactant sodium dodecyl sul-
phate (SDS), and methyl orange dye used in decolorization
experiments were obtained from Sigma Aldrich. Reagent-
grade HCI, HNO; and HF were obtained from Merck. Dis-
tilled (DI) water was used in all experiments and synthesis
procedures.

Synthesis of the TiO,-ZnO nanocomposites

A simple non-aqueous sol-gel process reported by Liao
et al. (2008) was used for synthesis of the nanocomposites.
Briefly, a transparent TiO, solution was prepared initially by
adding the Ti precursor, TIP, dropwise into ethanol under
vigorous stirring, so as to attain a TIP:EtOH molar ratio of
1:10. The pH of the solution was adjusted to 2 with HCI.
The surfactant, SDS, was then introduced into the system,
such that TIP:SDS molar ratio was 1:0.02. For the synthesis
of TiO,—ZnO nanocomposites, an aqueous solution of ZN
(1 mol/L) was added to the TiO, solution to achieve ZN:TIP
molar ratio of 0.1:1, after the addition of SDS. A mixture of
ethanol and distilled water was separately prepared and the
above solution was added dropwise into the ethanol-water
mixture under constant stirring so as to achieve a molar ratio
of 1:4:10 for TIP:H,O:EtOH. This solution was kept under
static condition to facilitate gelation overnight. The gel was
dried at 70 °C to yield yellow crystals which were subse-
quently powdered with a mortar and pestle and calcined for
1 h. To study the effect of calcination temperature on the
microstructure and properties of the nanocomposite, calcina-
tion was performed at 300, 400, 500, 600, and 700 °C. The
powder obtained after calcination was washed by centrifuga-
tion initially with EtOH and later with distilled water, until
the supernatant attained a neutral pH. A set of TiO, nano-
particles (without any Zn addition) calcined over the same
temperature range were also prepared to serve as controls.

Characterization of the nanocomposites

Field Emission Gun—-Scanning Electron Microscopy
(FEG-SEM) (JSM 7600F, JEOL, Japan) was used to
study the morphology of the particles. Furthermore, the
FEG-SEM images were analyzed using ImageJ 1.410 for
determination of particle size and aspect ratio of the vari-
ous samples. Particle size distribution was derived from
histograms considering more than 300 particles measured
using multiple SEM micrographs. Powder XRD (Philips
X'pert PRO, The Netherlands) with Cu-ka radiation (1.54 10\)
revealed the various phases present. The weight % of anatase
and rutile phase was estimated by Spurr—Myers equations
(Egs. 1, 2) (Spurr and Myers 1957):

‘- 100
AT 1+ 1.265Ig/1,) 1

~ 100
R= 05080/l 2

where I, is anatase phase intensity at 20=25.25° and I
is intensity of rutile peak at 20=27.7°, and Xy and X, are
weight percentages of anatase and rutile in the sample,
respectively. The various bonds and their frequencies were
studied using Fourier Transform Infrared Spectroscope
(FTIR) (Vertex 80 FTIR, Bruker, Germany) in the fre-
quency range of 400—4000 cm™'. Diffuse reflectance absorp-
tion spectra (DRS) of the samples were recorded using a
spectrometer (3600F, Shimadzu, Japan) equipped with an
integrating sphere assembly. From the DRS spectra of the
nanocomposites, the transformed reflectance (K) as defined
by the Kubelka—Munk function (Eq. 3) was obtained from
the % reflectance (R) values (Yakuphanoglu et al. 2007,
Derikvandi and Nezamzadeh-Ejhieh 2017):

2
k= U=R

2R ©)

The Tauc plots of (ahv)" versus hv (a: absorption coef-
ficient, @ = K, when the effect of scattering is assumed to
be negligible) were plotted for calculation of bandgap of
the nanocomposites. The “n” value was taken as %2 for
the TiO,—ZnO nanocomposites (indirect bandgap) and 2
for direct bandgap (TiO, nanoparticles) (Derikvandi and
Nezamzadeh-Ejhieh 2017; Little and Kordesch 2001).

Estimation of photocatalytic activity

Photocatalytic activity was estimated through the extent
of decolorization of the anionic methyl orange (MO) dye
solution in the presence of UV and visible light sources
of 125 W. MO depicts absorbance maxima at 465 nm.
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Decolorization in the presence of a photocatalyst was esti-
mated as decrease in intensity at 465 nm. The reactions were
carried out in a custom-made quartz reactor system equipped
with a reaction vessel of 200 mL working volume in which
the contents were stirred using a magnetic stirrer. The pho-
tocatalyst (5 g/L) was added to the reaction vessel contain-
ing MO solution (10 mg/L) and stirred in the dark until
adsorption—desorption equilibrium was attained. Adsorption
kinetics was studied by measuring concentration of dye over
time after the nanocomposite was added to the dye solution.
Adsorption equilibrium is reached when no further change
in dye concentration is observed over time. Subsequently,
the light was turned on and samples were taken out inter-
mittently up to 240 min. The photocatalyst was separated
by centrifugation at high speed and absorbance at 465 nm
was recorded. The normalized dye residual was expressed
as C/C,, where C and C, denote the dye concentration at any
time (#) and the initial dye concentration, respectively. Both
TiO,—ZnO nanocomposites and TiO, nanoparticles prepared
without Zn were used for the decolorization experiments.
When samples were extracted at intermediate timepoints,
pH was adjusted to 7 with 0.1 M NaOH, since absorption
spectra of MO are a function of pH. The C/C, profiles were
plotted with respect to time. The effect of aeration (at a flow-
rate of 3.3 L/min) on both adsorption and photocatalysis was
also evaluated by purging air through the system.

In addition, residual dye adsorbed on the nanocompos-
ites and nanoparticles was quantified to evaluate the real
amount of dye that was photocatalytically removed from
the system and a simple mass balance was performed at the
end of the photocatalytic reaction to distinguish between
residual dye adsorption and decolorization by photocataly-
sis. This was done by collecting the particles after the end
of the photocatalysis study at 240 min by filtration through a
0.2 ym membrane filter. The absorbance of this solution was
used to quantify the mass of dye remaining in the aqueous
phase after the reaction had been carried out for the stipu-
lated time of 240 min. Furthermore, the collected particles
were resuspended in 10 mL distilled water and centrifuged
at 10,000 rpm for 10 min. The absorbance of the superna-
tant at 465 nm was noted. The pellet was then collected and
dried overnight at 105 °C. Weight of the dried pellet was
noted. This was then dispersed in 10 mL distilled water and
stirred for 30 min, the absorbance at 465 nm was noted,
and the weight of the particles were recorded at each step.
These steps were repeated thrice to desorb most of the dye
adsorbed onto the particles. Cumulative mass quantified dur-
ing each step of desorption represents the mass of dye that
remained adsorbed onto the nanocomposite/nanoparticle
after 240 min. The mass of dye remaining in the solution and
the mass of dye recovered via desorption from the catalyst
helped achieve realistic estimates for photodecolorization.
This was compared to the apparent value of the mass lost
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during the entire reaction. Recovery efficiency was deter-
mined by repeating the experiment for recovery of adsorbed
dye soon after adsorption equilibrium was achieved over
90 min in the dark. These studies free of interference from
photocatalytic decolorization could provide estimates of
recovery efficiency for the protocol discussed above. These
experiments were conducted in stirred and aerated systems.
All experiments were conducted in duplicate.

Results and discussion

Synthesis and characterization
of the nanocomposites

The morphology of nanocomposites synthesized via the
non-aqueous sol—gel process was studied using FEG-SEM
imaging (Fig. 1). The size distribution of the particles, plot-
ted using the ImageJ 1.410 software, is shown in Fig. 2.
At lower calcination temperatures of 300 and 400 °C, the
particles were agglomerated and the particle size and aspect
ratios were determined for agglomerates (considering each
agglomerate as single particle) rather than for individual
particles. This was done, because the individual particles
were difficult to distinguish and mark in the software. For
particles calcined at 500 °C and above, the particle bounda-
ries were distinct, and hence, particle diameters and aspect
ratios could be determined. Highly clustered and agglomer-
ated fine particles were observed at the lower calcination
temperatures of 300 and 400 °C. At such lower calcination
temperatures, the supplied thermal energy was not sufficient
to cleave the agglomerates into finer entities. Therefore, at
lower temperatures, agglomeration is predominant (Fig. 1a,
b). The particle sizes increased with an increase in calci-
nation temperature from 300 to 600 °C. At temperatures
500 and 600 °C, the particles were well-defined, smooth-
surfaced, and nearly cubical in morphology with mean
aspect ratio close to 1 (Fig. 2c, d). At calcination tempera-
ture of 700 °C, a slight change in the particle morphology
was observed (Fig. 2e) compared to that at 500 and 600 °C.
This attribute was also visible in the bimodal particle size
distribution shown in Fig. 2e, a dual mean aspect ratio of
0.9+ 0.3 (cubical particles or equiaxed morphology) and
1.4 +0.1(elongated stacked morphology). At higher calcina-
tion temperatures, the agglomerates cleave into smaller ver-
sions and/or individual particles. These particles possessed
higher surface energy resulting from their larger surface
area (and curvature). Thus, they grew in size to decrease
the surface energy and surface curvature. The presence of
smaller versions of agglomerates and/or individual particles
was evident from the reduced seam around the agglomerates/
particles at higher calcination temperatures (Fig. lc—e).
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100nm SAIFIITB  9/8/2015 — 100nm SAIFIITB 9/8/2015
75,000 10.0kV SEI SEM WD 7.9mm 12:00:21 X 75,000 10.0kV SEI SEM WD 7.9mm 12:25:41

— 100nm SAIFIITB 9/8/2015 — 100nm SAIFIITB 5/22/2015
10.0kV SEI SEM WD 8.0mm 12:30:48 10.0kV SEI SEM WD 6.1mm 2:35:17

A
— 100nm SAIFIITB 5/22/2015
10.0kV SEI SEM WD 6.0mm 2:54:14

Fig. 1 FEG-SEM images of nanocomposites calcined at a 300 °C, b 400 °C, ¢ 500 °C, d 600 °C, and e 700 °C
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Fig.2 Particle size distribution 60 60
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The various phases in the nanocomposites were analyzed
using XRD. The XRD profiles, the major phases present,
and their corresponding Miller indices for all the samples
are shown in Fig. 3. With increase in calcination temperature
from 300 to 700 °C, increase in crystallinity was observed
from the XRD results. Zhang et al. (2000) suggested that
the transformation of TiO, from amorphous to anatase was
complete beyond 450 °C. This was in consensus with the
observations in the current study, wherein the crystallinity
of the particles increased significantly at 500 °C and above
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as is evident from the increased sharpness of the diffraction
peaks. Another interesting observation was that only anatase
phase (JPCDS 21-1272) of TiO, was present in particles cal-
cined at temperatures up to 600 °C (denoted by A in Fig. 3).
Peaks at 2-theta values 25.3° (0 1 1), 38.02° (0 0 4), 48.01°
(020),53.87°(015),55.33°(121),63.06° (02 4),68.91°
(116),69.98° (22 0),and 75.38° (0 3 1) corresponded well
with the anatase phase of TiO, (Fig. 3). Peaks for ZnO were
not visible in XRD (Fig. 3), since its mass fraction in the
nanocomposite was low (Ti:Zn=1:0.1). Hence, for ZnO,
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Fig.3 XRD pattern of the nanocomposites calcined at various tem-
perature. Miller indices of the various anatase (A) and rutile (R)
peaks are shown in red and blue text, respectively

the Miller indices cannot be determined. However, zinc was
present in the nanocomposites as is evident from the EDAX
spectra, where peaks corresponding to Zn were observed at
1, 8.6, and 9.7 keV (Online resource, ESM 1). Moreover,
when the synthesized nanocomposites (after several wash-
ing steps) were subjected to microwave digestion using aqua
regia and HF and the filtered solution was analyzed in ICP-
AES, the presence of Zn in the nanocomposite was con-
firmed (Online resource, ESM 2). Calculated values of Zn/Ti
in the system varied from 0.14 to 0.16 when nanocomposites
were synthesized using Zn/Ti design value of 0.1 (ESM 2).
At higher Zn:Ti design ratios of 0.2 and above, the presence
of zinc oxide was confirmed in the XRD and the miller indi-
ces were determined as (01 0), (01 1),(012),and (01 3)
(unpublished results). The presence of anatase is beneficial,
since it is reported to be the most photocatalytically active
phase of TiO, (Luttrell et al. 2014). However, at 700 °C
calcination temperature, a small rutile peak was formed at
27.7° (1 1 0) due to phase transformation from anatase to
rutile (Fig. 3, JCPDS 76-1940). Phase transformation from
anatase to rutile is widely reported in the literature (Yu and
Wang 2010, Su et al. 2008). However, in TiO, alone, such

a phase transformation was reported at temperature beyond
550 °C based on XRD spectra (Araiia et al. 2010; Yu and
Wang 2010, Su et al. 2008; Zhang et al. 2000; Gallardo
et al. 1995). The phase transformation was attributed to the
metastable nature of anatase at high temperature (> 550 °C)
and particle size greater than 32-42 nm (Li et al. 2005). It
has been reported that rutile particles grow in size at the
expense of anatase particles (Li et al. 2005). In the current
study, the presence of both anatase and rutile at 700 °C (but
not at 600 °C and lower temperatures) was evident from the
XRD spectra and also from FEG-SEM images that revealed
bimodal particle size distribution only at 700 °C calcination
temperature (Figs. le, 2e). However, studies by Gribb and
Banfield (1997) showed that in pure TiO, nanoparticles syn-
thesized by sol—gel or hydrothermal routes using TIP as pre-
cursor, anatase-to-rutile phase transformation commenced at
particle sizes > 10 nm and calcination temperature > 525 °C.
In the present study, although similar synthesis conditions
were adopted, the anatase-to-rutile phase transformation was
initiated at a higher calcination temperature (> 600 °C). The
mean particle size at 600 °C where only anatase phase was
present was 50 nm (Fig. 2d). The difference observed is pos-
sibly due to the presence of zinc, which may have altered the
stability of anatase and/or retarded the phase transforma-
tion. With increasing calcination temperature from 300 to
700 °C, peak intensities of anatase phase in the XRD spectra
steadily increased and the width of XRD diffraction peaks
became narrower, indicating the formation of larger TiO,
crystallites and increased crystallinity (Wang et al. 2013).
This observation is in consensus with Comakli et al. (2016),
who noticed that anatase TiO, was stable on Ti plates up to a
calcination temperature of 700 °C. The weight percentage of
rutile phase in the sample calcined at 700 °C was quantified
using the empirical Spurr—-Meyers equation. It was seen that
the samples calcined at 700 °C contained 83% anatase and
17% rutile TiO,, while all other samples consisted solely of
anatase TiO,. Anatase-to-rutile phase transformation was
manifested as clustering in the morphology of the sample
calcined at 700 °C (Fig. le) and the corresponding bimodal
distribution in the particle size (Fig. 2e).

The bond frequencies of various bonds in the samples are
recorded using FTIR spectroscopy and are shown in Fig. 4.
In all the spectra, peaks appeared predominantly at three
wavenumber ranges: ~ 3400 and ~ 1600 cm™! in the high-
energy range and between 400 and 800 cm™! in the low-
energy range. The broad peaks at 3346 cm™' correspond
to OH-stretching vibrations (Athauda et al. 2012). These
peaks were due to the presence of moisture in the samples.
As the calcination temperature increased, the intensity of
these peaks decreased as expected. Peaks observed in the
range of 1700~1500 cm™! were due to the H-O—H-bending
vibrations of physisorbed water. This particular peak was
seen to steadily increase in intensity up to the calcination
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700°C

Table 1 Bandgaps of the various nanocomposites determined from
Tauc plots

Calcination Temperature (°C) Bandgap (eV)

TiO, TiO,/ZnO

600°C

Arbitrary Units (A.U)

500°C

T
N

400°C

300°C

500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm™)

Fig.4 FTIR spectra of the nanocomposites calcined at various tem-
perature

temperature of 600 °C and then decrease at 700 °C. The
decrease in peak intensity was consistent with the forma-
tion of rutile phase (Fig. 3). Amount of water physisorbed
on the surface of the catalyst is usually estimated using this
peak. Nanoparticles with high specific surface area can
adsorb many molecules of water on specific surface active
sites and can form Ti*'~OH, (Choudhury and Choudhury
2013). Therefore, increase in the intensity of this peak may
provide an indirect measure of increase in surface area of
the catalyst. It is reported that upon increase in calcination
temperature beyond 700 °C, the water molecules on the sur-
face attached to Ti** are dissociated. Concomitant formation
of new Ti—O bonds facilitates the formation of rutile phase
(Choudhury and Choudhury 2013). Thus, intensity of this
peak was decreased beyond 600 °C when formation of rutile
phase was observed (Fig. 3). In addition, in case of particles
calcined at 600 and 700 °C, there were peaks at ~ 1200 cm~
This could be attributed to Ti—-O—-H-stretching vibrations or
remnants of organic species such as C=0 or C-O bending
vibrations (Cheng et al. 2014).

In the low-energy interval, the stretching vibration band
of Ti—O-Ti was observed at approximately 600 cm~!. The
presence of this band indicated the hydrolysis (Ti-OR —
Ti—OH) and condensation (Ti—OH + Ti—OR (or Ti—-OH)
— Ti—O-Ti) reactions of TIP that is necessary for the
formation of TiO, nanoparticles (Athauda et al. 2012).
This band was also seen to intensify with increase in cal-
cination temperature. This phenomenon may be attrib-
uted to the increased crystallization of TiO, particles at
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300 2.9 29
400 2.8 2.6
500 3.0 2.7
600 32 2.8
700 32 2.7

higher calcination temperatures. The band at 440 cm™' is

attributed to the Zn—-O vibration (Athauda et al. 2012).
This band was clearly visible only in samples calcined at
600 °C and above, although a slight shoulder is visible in
the sample calcined at 500 °C. It was also observed that
the band at 600 cm™! broadened with increase in calcina-
tion temperature. Peaks around 800 cm™! may represent
both symmetric stretching vibration of the Ti—O-Ti and
vibration mode of Zn—O-Ti groups (Wang et al. 2013).
The presence of Zn—O-Ti vibration may, therefore, indi-
cate that ZnO nanoparticles are present in close proximity
to TiO, nanoparticles.

Optical bandgaps were estimated for the various nano-
composites by converting the diffuse reflectance values into
the Kubelka—Munk function and then plotting them against
the energy value corresponding to the excitation wavelength
(Derikvandi and Nezamzadeh-Ejhieh 2017; Yakuphanoglu
et al. 2007). Tauc plots for all the samples are given in online
resource (ESM 3). The bandgap values obtained from the
Tauc plots are summarized in Table 1. It was assumed that
the nanocomposite particles would contain mostly indirect
bandgaps (hence, n = 2). At each of the calcination tem-
perature above 300 °C, the bandgap reduced with the addi-
tion of Zn in the nanocomposites compared to undoped TiO,
nanoparticles with no Zn, although the reduction was only
marginal. The minimum bandgap (2.6 eV) was obtained for
particles calcined at 400 °C. A possible reason could be
due to the relative positioning of the bandgaps of the vari-
ous phases, i.e., anatase, amorphous TiO, and ZnO. This
may lead to a favorable placement of the various energy
levels, which may decrease the effective bandgap of the
nanocomposite (Conesa 2012). This effect was seen to be
enhanced in particles calcined at 700 °C, where, in addi-
tion to anatase TiO, and ZnO, the presence of rutile TiO,
was also observed (Fig. 3). Therefore, it can be clearly seen
that the addition of Zn in the nanocomposite system had
a clear effect on phase crystallization and this in turn also
decreased its bandgap. However, it was seen that as the
calcination temperature increased, a marginal increase in
bandgap was observed. This may be attributed to a decrease
in the amorphous content. The sufficiently low bandgap in
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the TiO,—ZnO nanocomposites may lead to photocatalytic
activity under visible light.

Evaluation of photocatalytic activity

Decolorization of methyl orange (MO) dye (10 mg/L) was
studied in the presence of various catalysts (5 g/L) to evalu-
ate the effect of calcination temperature on photocatalysis.
MO is an anionic azo dye which is also used as a pH indica-
tor. In acidic and basic media, the color of the dye is red and
orange, respectively. The pH was observed to drop sponta-
neously over the course of the photocatalytic reaction. This
change is expected to cause a shift in the absorbance spectra
of the dye such that the absorbance maxima would shift due
to ionization of the dye. The absorbance at 465 nm may fall
simply due to the pH effect (ionization) and not due to trans-
formation of the parent molecule causing decolorization.
Thus, decrease in absorbance at 465 nm would not correlate
with true color removal. To avoid artifacts due to ionization,
pH of the sample drawn was always corrected to 7 using
0.1 M NaOH solution before absorbance was recorded at
465 nm. This protocol has been used by several researchers
(Lei et al. 2013; Al-Qaradawi and Salman 2002). Light con-
trols were conducted to rule out the possibility of photolysis
of the dye. This was done in the presence of both UV and
visible light. The results obtained are depicted in Online
Resource (ESM 4). Negligible degradation of the dye was
observed in the presence of UV and visible light alone.

It was inferred that dye removal that occurred under dark
conditions in presence of the nanocomposite was entirely
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0.3

80 100 120 140 160 180

Time (Min)
—{—300°C —O— 400°C —&— 500°C —v— 600°C —O— 700°C
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due to adsorption. The dye solution was stirred with par-
ticles in the dark to attain adsorption—desorption equilib-
rium, characterized by constant dye concentration. Sub-
sequently, the lamp was switched on after sufficient time
was provided for attaining equilibrium. It can be inferred
from Fig. 5a, b that the extent of adsorption varied with
the calcination temperature of the nanocomposite and aera-
tion. The maximum time required for achieving adsorption
equilibrium was determined as 90 min in aerated systems
(Fig. 5a). However, in systems without aeration, there was
a marked decrease in the extent of dye adsorbed on to the
nanocomposites (Fig. 5b). In non-aerated system, the time
required to attain equilibrium was found to depend on the
calcination temperature of the nanocomposite, as depicted
in Fig. 5b. Equilibrium was attained at 60 min for particles
calcined at 300 and 500 °C, at 90 min for particles calcined
at 400 °C and at 120 min for particles calcined at 600 and
700 °C (Fig. 5b). Figure 5b depicting adsorptive removal of
dye in non-aerated system showed a trend with temperature
while no clear trend with temperature was observed for aer-
ated system (Fig. 5a). However, it may be noted that both
in Fig. 5a, b, adsorption was least at the lowest calcination
temperature, intermediate at calcination temperature of 400
and 500 °C and highest at temperatures of 600 and 700 °C.
While the maximum extent of adsorption was seen for par-
ticles calcined at 600 °C in the aerated system (Fig. 5a), in
non-aerated system the particles calcined at 700 °C showed
the highest adsorption. The extent of adsorption at 600 and
700 °C was almost comparable in the non-aerated system
(Fig. 5b). However, maximum adsorption in systems without
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aeration was significantly lower than in the aerated system.
Thus, aeration caused greater rate and extent of dye adsorp-
tion possibly by enhancing mixing, preventing agglom-
eration and settling of particles, reducing boundary layer
thickness and increasing film diffusion and enhancing dif-
fusive transport within the particles. Increased crystallinity
probably facilitated greater adsorption on nanocomposites
calcined at temperature > 600 °C compared to those calcined
at lower temperature where amorphisity was higher (Fig. 3).
Possibly inadequate mixing, agglomeration and rate-limited
adsorption may have adversely affected adsorption in non-
aerated systems. In aerated systems, adsorption in nano-
composites calcined at 400 and 500 °C was comparable
and adsorption on nanocomposite calcined at 600 °C was
significantly higher than those calcined at 500 °C and also
at 700 °C. Lower adsorption at calcination temperature of
700 °C compared to that at 600 °C in aerated system may be
due to phase transformation to rutile that is characterized by
larger crystallite size compared to anatase as evidenced from
the XRD spectra (Fig. 3). This transformation is expected to
decrease the surface area and reduce adsorption. The highest
extent of dye removal from aqueous phase by adsorption was
~45% and this value was observed for the nanocomposite
calcined at 600 °C in aerated system. Higher calcination
temperatures of 500 °C and above is reported to increase
the surface area and porosity of TiO,~ZnO particles (Liao
et al. 2008). This observation was also consistent from the
FTIR spectra where the intensity of the peak due to phys-
isorbed water attained maximum value for samples calcined
at 600 °C (Fig. 4). This indicates an increase in surface area
of the nanocomposites up to a temperature of 600 °C.

Fig.6 Extent of decoloriza-

tion of MO dye after 240 min 1004

of exposure to UV and visible
irradiation in systems contain-
ing TiO,—ZnO nanocomposites

calcined at various temperature

in the presence and the absence =

of aeration 3
£
(]
x
4
>
a
xX

20

% Under UV Irradiation with Aeration

Photocatalytic decolorization

Effect of aeration, irradiation source and calcination
temperature on extent of decolorization

A comparison of photocatalytic decolorization of MO dye
followed by the various nanocomposites under UV and
visible irradiation with and without aeration is depicted in
Fig. 6. Equal time period of irradiation was given for all
systems and the % removal of dye from the aqueous system
was computed at the end of 240 min. It was observed that the
extent of decolorization reduced markedly when the system
was not aerated irrespective of the light source and the cal-
cination temperature of the nanocomposite. This phenom-
enon may be attributed to two factors. First, aeration greatly
improves mixing and its absence may have led to incomplete
mixing and hence reduced adsorption and reduced reactivity
(Nishio et al. 2006). Second, several authors have postulated
the contribution of dissolved oxygen in the air increases the
generation of superoxide radicals by electron scavenging
from the conduction band (Nishio et al. 2006; Fox and Dulay
1993). Electron scavenging can be beneficial as it suppresses
the electron—hole recombination, leading to improved pho-
tocatalytic activity.

For UV irradiation with aeration, the extent of removal
was almost comparable for the calcination temperature range
400-700 °C. This result is possibly due to the increased
energy of electrons generated under UV irradiation. For
visible irradiation with aeration, the extent of removal
was significantly affected by calcination temperature and
removal was highest at 600 °C. The two temperatures that
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showed the highest overall removal also showed the high-
est adsorption (600 and 700 °C) (ESM 3). However, there
appears to be no correlation between bandgap lowering and
dye removal. Bandgap lowering was much higher at 400 °C
than at 600 °C. The results indicate that bandgap lowering in
samples calcined at 400 °C is due to presence of amorphous
TiO,. Amorphousness in these samples is evident from
the XRD spectra (Fig. 3). As crystallinity improved with
increase in calcination temperature, the bandgap increased
(i.e., for samples calcined at 600 and 700 °C) (Table 1, ESM
3), adsorption increased, and photocatalytic activity was also
enhanced. However, while samples calcined at 600 °C have
a wider bandgap compared to those calcined at 400 °C, its
bandgap is lower than that of pure anatase phase TiO, (band-
gap=3.2eV) (Table 1). This effect is due to the presence of
Zn in the nanocomposite. Thus, Zn addition coupled with
improved crystallinity imparted better photocatalytic activity
under visible irradiation.

It was found that in the absence of aeration, the nanocom-
posite calcined at 600 and 700 °C showed almost compara-
ble extent of decolorization at the end of 240 min under both
UV and visible irradiation. In the absence of aeration, the
nanocomposite calcined at 700 °C was able to achieve total
dye removal of 70+3 and 80+ 5% under UV and visible
irradiation, respectively. Under similar conditions, the nano-
composite calcined at 600 °C achieved removal of 66 + 1%
under UV irradiation and 77 +2% under visible irradiation.
Thus, in absence of aeration, adsorption and photocatalytic
activity were both comparable for the nanocomposites cal-
cined at 600 and 700 °C. For the crystalline nanocomposite
calcined at 700 °C containing both rutile and anatase, the
increase in adsorption as a result of aeration was relatively
lower and increase in photocatalytic removal as a result of
aeration was also lower. It was reported that rutile phase
is unable to absorb oxygen (Fox and Dulay 1993). Hence,
although aeration improved decolorization in all the sys-
tems (Fig. 6), the effect of aeration was not as pronounced
on the nanocomposite containing rutile phase together with
anatase (calcined at 700 °C) in comparison with the other
nanocomposites (calcined at 600 °C and lower) comprising
solely of the anatase phase (Figs. 5b, 6). The beneficial effect
of aeration is possibly due to a combination of improved
mixing, improved adsorption, and improved photocatalysis.

Effect of calcination temperature on rate and extent
of decolorization in aerated system

The pattern of photocatalytic decolourization of MO dye
followed by the various nanocomposites under UV and vis-
ible irradiation in aerated systems is shown in Fig. 7a, b,
respectively. In Fig. 7, time =0 min indicates time at which
the lamp was turned on, after adsorption equilibrium was
attained. It was seen that in all cases, irrespective of the

C/Co

0 30 60 90 120 150 180 210 240
Time ( Min)
—O— 300°C —O— 400°C —A— 500°C —7— 600°C —C— 700°C

1.0 b

CiCo

o 30 60 90 120 150 180 210 240
Time ( Min)
—{— 300°C —O— 400°C —A— 500°C —7— 600°C —>— 700°C

Fig.7 Decolorization kinetics of MO dye using the nanocomposites
exposed to a UV and b visible irradiation in aerated systems

calcination temperature, these nanocomposites demonstrated
photocatalytic activity under both UV as well as visible
irradiation. However, increase in calcination temperature
increased the photodecolorization potential significantly.
The photocatalytic behavior of the TiO,~ZnO nanocom-
posite powder is reported to be related to the crystallinity,
phases present, and particle morphology (Wang et al. 2013).
In this study, with increase in calcination temperature from
300 to 600 °C, the crystallinity of the composite powder
was seen to increase, as revealed in Fig. 3. Hence, there was
an increase in adsorption and photocatalytic decolorization
of the dye with increase in calcination temperature from
300 to 600 °C. At all the calcination conditions, the anatase
phase of TiO,, which is also the most photocatalytically
active phase, was present. Thus, the enhanced photocatalytic
activity can be attributed to increased crystallinity alone.
Interestingly, however, for samples calcined at 700 °C, it
was observed that the decolorization attained under both UV
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and visible irradiation was close to that achieved for samples
calcined at 600 °C. A UV light-induced removal of 90 + 5%
and 85 + 5% was attained in case of samples calcined at 600
and 700 °C, respectively. In case of visible light irradiation,
the particles calcined at 700 °C showed comparable activ-
ity (91 £4%) as compared to samples calcined at 600 °C
(99 +4%). Contrary to the current study, Gao et al. (2011)
reported that maximum adsorption and photocatalytic decol-
orization of a dye were attained at a relatively lower tem-
perature of 400 °C. They attributed the decreased adsorption
and photocatalysis at higher temperatures to formation of
rutile TiO, in the otherwise anatase TiO,~ZnO nanocom-
posite. In the present study, it was observed that the presence
of rutile phase decreased the adsorptive capability of the
nanocomposite (Fig. 6); however, high photocatalytic activ-
ity was retained. It was observed that visible light activity
was retarded for particles calcined at 300 and 400 °C. This
may be attributed to the amorphous nature of the samples
(Wang et al. 2013).

The decolorization results for each nanocomposite were
compared with the activity of TiO, nanoparticles prepared at
the corresponding calcination temperature (Fig. 8). Overall
removal of the dye from the aqueous phase due to adsorp-
tion at 90 min (Fig. 8a) and decolorization after 240 min
is depicted in Fig. 8b. At any calcination temperature, the
TiO, nanoparticles achieved removal comparable to that of
the TiO,—ZnO nanocomposite in the presence of UV light.
However, in the presence of visible light, MO removal by
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TiO, NPs was significantly lower than that of TiO,—ZnO
nanocomposite. The removal reported for TiO, NPs cal-
cined at 300 and 400 °C under visible irradiation was almost
entirely due to adsorption. However, even at these tempera-
tures, some dye decolorization was observed for the nano-
composite under visible irradiation.

Evaluation of residual adsorption
on nanocomposites

The residual adsorption of the dye on the nanocomposites
was quantified after centrifugation followed by three cycles
of desorption. Recovery efficiency of dye was computed
after adsorption on the nanoparticles/nanocomposites (in
the dark) for 90 min (Online resource, ESM 5). Across all
the calcination temperatures, a high recovery efficiency of
MO adsorbed on TiO,—ZnO nanocomposites and TiO, nano-
particles in the range of 81 +7 to 96 +9 was observed using
the protocol followed. Thus, the error due to incomplete
recovery is relatively low and was ignored while estimating
mass distribution at the end of photocatalytic reaction. Mass
balance of MO dye in the various systems at the end of the
photocatalytic reaction using UV and visible irradiation is
summarized in Fig. 9 (data provided in Online resource,
ESM 6). The observed loss from aqueous solution is a cumu-
lative effect of photodecolorization as well as adsorption
on to the catalyst. Thus, apparent loss due to photocatalysis
may be overestimated as a result of sorption on the catalyst.

o[ B I
7. O &]NL

801 &{_ ]

60+ /

% Dye Removal
N
)—'—l

40-

AMANNNN

ST THR=

20 /

[T TH:

7,

S I

300 4

(3]
(=3
o
[=2]
(=]

7

s e

Calcination Temperature (°C
/7] TiO, under UV Irradiation []Ti0,/Zn0 under LV Irradiation
E=Ti0, under Visible Irradiation [__] TiO,/ZnO under Visible Irradiation

Fig.8 Comparison of % dye removal at 240 min by TiO, particles and TiO,—ZnO nanocomposites calcined at various temperatures through a

adsorption and b photocatalysis

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer



Applied Nanoscience (2018) 8:915-930

927

1004

80+

2}
o
n

% Mass of Dye

H
o
n

204

400 500 700

Calcination Temperature (°C)

300

100+

80

60

% Mass of Dye

40+

20

400 500 600 700

Calcination Temperature (°C)

V/A Removed by photocatalysis

@ Remianing in aqueous phase

300
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Three major observations were made from this study.
First, at all calcination temperatures, some amount of dye
remained adsorbed on the catalyst even after the reaction
was assumed to be complete (indicated by the disappear-
ance of color from the solution). This indicates that in most
cases, the actual amount of dye removed from the system
through photodecolorization may be overestimated due to
the contribution of adsorption. This also shows that photo-
catalysis is primarily a surface phenomenon. Second, with
increase in calcination temperature of the TiO,—ZnO nano-
composite, the fraction of dye that remained adsorbed to the
nanocomposite at the end of the study (240 min) decreased,
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nanoparticles under UV irradiation, and d TiO, nanoparticles under
visible irradiation

especially for the study employing visible light irradia-
tion. Thus, the difference between the real and apparent
values of dye decolorization may be expected to decrease
with increase in calcination temperature, and hence, with
increase in crystallinity. Two possible reasons were proposed
to explain this phenomenon. As the rate of decolorization
was enhanced at higher calcination temperatures (Fig. 7),
the residual adsorption may have reduced due to decrease
in the number of dye molecules in the system. Moreover,
some by-products may have formed during the reaction and
sorption of the by-products may have hindered sorption of
the parent dye molecules. Further experiments are needed
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to substantiate the above hypotheses. However, if it were
true, it would indicate that with increased crystallinity, the
efficiency of the nanocomposite to decolorize the parent
compound increased, which in turn led to rapid decoloriza-
tion and hence reduced residual sorption (Fig. 9). The rea-
sons for the same may be many, such as increased surface
area, decreased amorphousness and variation in porosity.
These assumptions need further validation. Finally, and most
importantly, in almost all cases, the % dye recovered by des-
orption was seen to be higher in case of TiO, nanoparticles,
as opposed to the nanocomposites. This again suggests that
while TiO, nanoparticles without ZnO showed % removal
comparable to the nanocomposites, these were overestimated
and in reality, even under UV irradiation, the nanocompos-
ites showed better activity. Efficient charge separation due to
incorporation of ZnO may be responsible for this phenom-
enon. The increased residual adsorption of dye by the TiO,
nanoparticles under visible irradiation can be explained by
their inferior activity under visible light. Therefore, while
TiO, nanoparticles may have adsorptive capabilities com-
parable to their nanocomposite counterparts, the ability to
produce electron—hole pairs (stemming from their inherent
electronic properties such as bandgap) is poorer. Thus, the
adsorbed molecules are unable to undergo degradation as
effectively as in the nanocomposites.

Conclusions

The TiO,—ZnO nanocomposite powder with an atomic molar
ratio of Ti:Zn of 1:0.1 was produced through a sol-gel pro-
cess. With increase in calcining temperature from 300 to
700 °C, the crystallinity of the composite powder was sig-
nificantly improved. During this process, TiO, remained in
its photocatalytically active anatase phase, except for parti-
cles calcined at 700 °C, which showed the initiation of phase
transformation of anatase TiO, to rutile. The derived powder
showed rough particle surfaces at lower calcination tem-
peratures, which then evolved into equiaxed, almost cubi-
cal, smooth-surfaced particles with increase in calcination
temperature. Bandgap of the nanocomposites was measured
and it was observed that the addition of ZnO even at low
molar concentration to the system enabled decrease in the
bandgap, irrespective of the calcination temperature. The
efficiency of the nanocomposites to utilize visible light was
demonstrated by the photodecolorization of MO dye under
UV and visible light sources. It was seen that, irrespective
of the calcination temperature, the nanocomposites showed
better visible light response as compared to their TiO, (with-
out ZnO) counterparts. In addition, higher dye removal was
obtained in particles calcined at higher temperatures, owing
to increased crystallinity. An important finding was that in
most cases, the photocatalytic activity of the catalysts may
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be overestimated, since residual adsorption of the dye is
rarely quantified at the end of the study. In the present study,
it was found that while the TiO, nanoparticles (without ZnO)
showed comparable or even slightly higher activity as com-
pared to TiO,—ZnO nanocomposites under UV irradiation,
this was an apparent value, and in absolute terms, the nano-
composites showed superior activity.
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