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Abstract

The photocatalytic activity of single transition metal-doped TiO, nanoparticles is well established. This article reports the synthesis
of Fe and Cu co-doped TiO, nanoparticles with varying Fe and Cu concentrations by the sol-gel method and their photocatalytic
activity towards photodegradation of methylene blue under visible light. Nanoparticles were characterized by X-ray diffractometry
(XRD), Raman spectroscopy, Transmission electron microscopy (TEM), Scanning electron microscopy (SEM), X-ray
photoelectron spectroscopy (XPS), X-ray fluorescence spectroscopy (XRF), and Diffuse reflectance UV—Visible spectroscopy.
XRD patterns revealed the existence of both anatase and rutile phases which was confirmed by Raman and TEM analysis. Both
XRD and Raman analysis confirmed the successful doping of Fe and Cu without causing any significant lattice distortions.
Nanoparticles were aggregated as shown in TEM and SEM images. XPS analysis revealed the presence of the only Ti*" in pure
TiO, while both Ti** and Ti*" were present in doped TiO, in addition to Fe**, Cu™ and Cu®>". XRF analysis showed the presence
of only Ti, Fe, and Cu in the co-doped nanoparticles. According to the diffuse reflectance spectroscopic analysis, the visible light
sensitivity of TiO, has increased upon doping with Fe and Cu. Single metal-doped nanoparticles were efficient than the co-doped
nanoparticles for the degradation of methylene blue under visible light. Among the single doped nanoparticles, 0.05 Cu/TiO,
showed the highest rate constant (0.0195 min~") while the maximum activity from the co-doped nanoparticles resulted in 0.05 Cu
+ 0.05 Fe/TiO, (0.0098 min ). The photocatalytic activity was decreased upon increasing the dopant (Fe/Cu) concentration due
to the recombination of photogenerated electron-hole pairs, while due to the shielding effect, low photocatalytic activity resulted in
co-doped nanoparticles with varying Fe and Cu loadings.
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Highlights

e Cu and Fe co-doped TiO, nanoparticles with varying dopant concentrations were synthesized by the sol-gel method.
¢ Single doped TiO, nanoparticles are efficient in photodegrading methylene blue than co-doped TiO, nanoparticles under

visible light.

e Photocatalytic activity of single doped TiO, nanoparticles is affected by electron-hole pair recombination and that of co-
doped TiO, nanoparticles is influenced by both recombination and shielding effect.

1 Introduction

Dyes are abundantly released to normal water reservoirs from
various industries including textile, rubber, carpet, food,
plastics, and cosmetics, etc. [1-4]. They cause severe adverse
effects such as increase chemical oxygen demand of the
effluent and toxicity, reduce light penetration and hence limit
photosynthesis. Further, the accumulation of dyes in water
damage the aesthetic nature of the environment. Most of the
dyes are stable for a long time being stable to light and oxi-
dation and being resistant to aerobic degradation. Therefore, it
is mandatory to remove these dyes from the effluents before
they discharge to the water reservoirs. Hence, there is a need
for a dye removal technique that could be used for larger
scales and cost-effective [5]. Various methods are available to
remove dyes from wastewater including membrane separation
[6], adsorption [7], filtration [8], flotation [9], chemical oxi-
dation [10], reverse osmosis [11] etc. Although these methods
have been extensively studied they possess different dis-
advantages including high initial capital cost, the requirement
of different chemicals, ineffective in removing all the pollu-
tants, non-destruction of the pollutants, etc. [12].

Advanced oxidation processes (AOP) are highly active
towards the degradation of organic and inorganic compounds
that are resistant to conventional treatment methods. AOP
produces reactive species, mainly hydroxyl radicals which help
in degrading the target molecules to produce CO,, H,O, and
mineral acids if the pollutants contain halogens [13]. AOP has
gained interest in the treatment of wastewater due to its high
efficiency, low toxicity, low cost, and tunable properties that
can be modified such as doping, size reduction [14]. Semi-
conductors are being used as the photocatalysts to generate the
reactive species and hence to catalyze the degradation process.
Many semiconductors are photocatalytically active, such as
titanium dioxide, tungsten oxide, molybdenum oxide, cerium
oxide [14]. Among them, TiO, is considered the most pro-
mising candidate due to its high photocatalytic activity, che-
mical stability, low toxicity, and low cost [15]. However, TiO,
possesses several disadvantages including inefficient exploita-
tion of visible light, low adsorption capacity for hydrophobic
contaminants, difficulty in post-treatment recovery, etc. [16].
TiO, exists in three main polymorphs as rutile (tetragonal),
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anatase (tetragonal), brookite (thombohedral). Experimentally
observed band gaps (E,) of the polymorphs vary as E, (rutile)
<E, (anatase) < E, (brookite) where E, of rutile is generally
3.0eV. Therefore, it is evident that all the polymorphs of TiO,
are active in the UV region being inefficient in visible light
harvesting. Further, the rate of recombination of photo-
generated species electron-hole pairs is also high in TiO,.
Hence, to improve visible light sensitivity many approaches
have been implemented. Mainly doping TiO, with metals and/
or non-metals has shown to improve the photocatalytic activity
of TiO, by increasing the visible light sensitivity and impeding
the electron-hole pair recombination. Many transition metals
such as Fe [17-19], Cu [20, 21], Mo [22, 23], V [24, 25], Co
[26, 27] non-metals including N [28, 29], S [30, 31], C [32],
doped TiO, have shown promising photocatalytic activity in
the visible region.

In the present study, the effect of doping TiO, with two
transition metals, Fe and Cu which get doped via two
mechanisms have been studied. Fe** is supposed to dope via
substitution as the cationic radii of Fe** (0.745 A) and Ti**
(0.785 10\) are quite similar. But as Cu** (0.870 10\) ions are
much larger than Ti*" they may get incorporated into inter-
stitial positions of the lattice. Further, Cu is in the same group
of gold and silver in the periodic table and has similar prop-
erties due to its electronic configuration and the face centered
cubic structure of the atom’s location. Moreover, Cu can exist
as copper oxides Cu,O and CuO creating heterojunctions with
TiO,. Hence as Cu has different means of enhancing the
photocatalytic activity of TiO,, the effect of co-doping Fe and
Cu on photocatalytic activity has been studied. Doped nano-
particles were synthesized by the sol-gel synthesis method and
their photocatalytic activity was evaluated on the degradation
of methylene blue under visible light exposure.

2 Materials and methods

2.1 Materials

Titanium isopropoxide (99%), Fe(NOs),. 9H,O (99%), Cu
(NO3),.5H,0 (98%), ethanol, and nitric acid (70%), methylene
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Table 1 Molar percentages of dopants (Fe and Cu) relative to TiO,

Catalyst %Fe %Cu
TiO, 0 0
0.05 Fe/TiO, 0.05 0

0.1 Fe/TiO, 0.1 0
0.05 Cu/TiO, 0 0.05
0.1 Cu/TiO, 0 0.1
0.025 Fe + 0.075 Cu/TiO, 0.025 0.075
0.05 Fe 4 0.05 Cu/TiO, 0.05 0.05
0.075 Fe + 0.025 Cu/TiO, 0.075 0.025
0.1 Fe 4 0.1 Cu/TiO, 0.1 0.1

blue were procured from Sisco Research Laboratories (Pvt)
Ltd, India, and used as such.

2.2 Methods
2.2.1 Sol-gel synthesis of TiO, catalysts

Solution A containing deionized water acidified by nitric
acid was added drop-wise to solution B containing
ethanol and titanium isopropoxide in a volume ratio of
(3:1) and stirred for 24 h. The resultant wet product
was dried at 80 °C for about 24 h and calcined at 450 °C
for 2 h.

2.2.2 Synthesis of iron and copper doped TiO, catalysts

Iron and copper were doped in different molar percentages
relative to TiO, as shown in Table 1.

Appropriate amounts of Fe/Cu/Fe and Cu were dissolved
in ethanol before TTIP was added to prepare solution B. All
the other steps were exactly similar to the synthesis of
undoped TiO,.

2.2.3 Photocatalytic activity

The photocatalytic activity of the synthesized catalysts
was evaluated towards the degradation of methylene
blue using visible light generated by S0 W LED. The
light intensity at the sample was maintained at
90,000-100,000. The photocatalytic activity experiments
were carried out by taking 200 mg of photocatalyst and
100 ml of 3mg/L MB solution. The photodegradation
studies were done for 2 h excluding the first 30 min during
which the samples were kept under dark conditions to
reach the adsorption-desorption equilibrium. Samples
were constantly shaken during the period of analysis.
Samples of 3 ml were withdrawn from the solutions and
the absorbance spectrum was collected by using a
UV-visible spectrophotometer.

3 Characterization

X-ray diffraction (XRD) analysis was carried out using an
Advance Bruker system using CuKa (A = 0.154 nm) radiation
and 20 varying from 5°-80° at a scan speed of 2°/min. Raman
analysis was performed by a Bruker Senterra Raman micro-
scope spectrophotometer. The morphology of the samples
was observed by a High-Resolution Transmission Electron
Microscope operating at 200kV (JEOL - JEM-2100) and
energy dispersive spectra (EDS) were collected by the same
instrument with TEAM EDX software. The sample (1 ul) was
mounted on a holey carbon copper grid and allowed to dry at
room temperature before TEM analysis. SEM images and
EDS spectra were collected by Hitachi SU6600 Analytical
Variable Pressure FE-SEM (Field Emission Scanning Electron
Microscope) and Oxford Instruments EDX with AZtec soft-
ware. Samples were mounted onto the sample stub using
carbon tapes and the images were taken after gold sputter
coating for 15s. XPS spectra were acquired by Thermo Sci-
entific™ ESCALAB Xi* X-ray Photoelectron Spectrometer.
The chemical composition of the samples was analyzed by X-
ray fluorescence (XRF) using a HORIBA Scientific XGT
—5200 X-ray analytical microscope equipped with a Rh anode
X-ray tube operated at a maximum voltage of 50kV. Shi-
madzu 1800 UV/Visible spectrophotometer utilizing a preci-
sion Czerny-Turner optical system was used to analyze diffuse
reflectance spectra of the prepared powder samples. The
measurements were carried out through the range of
190-1100 nm with a bandwidth of 1.0 nm (wavelength accu-
racy +/—0.1 nm). The absorbance of MB samples was mea-
sured by a Shimadzu UV-1990 double beam UV-Visible
spectrophotometer. Raman analysis was performed by a Bru-
ker Senterra Raman microscope spectrophotometer.

4 Results and discussion
4.1 XRD analysis

XRD patterns were collected to determine the crystal-
lographic orientation of the synthesized photocatalysts. XRD
patterns of the catalysts are shown in Fig. la. The main
diffraction peaks at 25.3° and 27.4° of the XRD patterns
shown in Fig. 1a can be indexed to the (101) plane of anatase
and (110) plane of rutile phase, respectively indicating that
both anatase and rutile phases are present in the catalysts.
Furthermore, no Fe or Cu-related oxides or other impurities
can be observed. This signifies that the dopants are suc-
cessfully doped into the lattice of TiO, or Fe and Cu ions are
uniformly distributed on the surface of TiO, with quantities
too low to be detected by XRD. Figure 1b shows the
enlarged XRD peaks of the (101) plane of the anatase phase
and the (110) of rutile. The XRD peak positions have shifted
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Fig. 1 a XRD patterns of (a) TiO,, (b) 0.05 Fe/ TiO,, (c) 0.05 Cu/
TiO,, (d) 0.1 Fe/ TiO,, (e) 0.1 Cu/ TiO,, (f) 0.025 Fe + 0.075 Cu/
TiO,, (g) 0.05 Fe + 0.05 Cu/ TiO,, (h) 0.075 Fe + 0.025 Cu/ TiO,, and

towards a lower angle after doping with Fe’™ and Cu®**
slightly. The XRD peaks of crystal planes (101) and (200) in
anatase were selected to determine the lattice parameters a, b
and ¢, with Bragg’s law employing tetragonal formula,

1/d* =1 /a* + K*/b* + I* ]

Where d is the distance between adjacent lattice planes, a, b,
and c are lattice constants and A, k, [ are lattice vectors in
Miller index notation. Calculated lattice parameters are
tabulated in Table 1. Both a (a = b) and c lattice parameters
of the doped nanomaterials are different from the pure TiO,.
Based on these observations, Fe’™ and Cu’' have
successfully doped into the lattice of TiO,. These two
modes of doping of metals into metal oxides as interstitial
and substitution doping. The doping mode is determined by
the electronegativity and the ionic radius of the doping ions.
If the electronegativity and the ionic radius of doping ions
match with those of the lattice ions, the dopant can
substitute the lattice ions. Electronegativity of Ti*", Fe’*
and Cu?* are 1.5, 1.8 and 1.9, respectively. Ionic radius of
those are 0.745, 0.785A (high spin) and 0.870 A,

respectively [33]. Electronegativity values of Ti*", Fe’™,
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(1) 0.1 Fe 4 0.1 Cu/ TiO;. b Enlarged region of 24°-28.5° showing the
(101) plane of anatase phase and the (110) of rutile

and Cu®" are compatible, however, when ionic radii are
considered only the ionic radius of Fe*" is quite similar to
that of Ti*". Hence Fe’" dopes to TiO, lattice substituting
Ti*". However, the ionic radius of Cu?" is higher than that
of Ti**. Therefore, Cu®>* ions are most likely located in the
interstitial positions in the lattice rather than directly in Ti*"
sites due to the relatively large size of the Cu’" ions
[33, 34]. Therefore, the doping mechanism of Fe*" and
Cu”" could be summarized as substitution and interstitial
doping, respectively. The d spacing between the atomic
planes of each catalyst was calculated by considering (101)
plane of anatase using the following equation,

A = 2d sinf

where A is the wavelength of the X-ray in nm (0.154 nm for
Cu source). No significant influence on the d spacing value
upon doping of TiO, was observed.

The crystallite sizes of the undoped and doped catalysts
were calculated by using Scherrer’s equation,

7= (0.92)/(f cosb),

where f is the full width at half maximum (FWHM) in
radians. (101) plane of anatase plane was selected for the
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Fig. 2 Raman spectra of (a) TiO,, (b) 0.1 Fe/TiO,, (¢) 0.1 Cu/TiO,,
and (d) 0.1 Fe + 0.1 Cu/TiO,

calculation of crystallite size. As can be seen in the values
tabulated in Table 1, no significant trend of the crystallite
size was observed on doping TiO, by Fe** and Cu®* with
different doping concentrations.

4.2 Raman analysis

The Raman spectra were acquired to confirm the crystal
structure of the catalysts suggested by XRD analysis
(Fig. 2). Five characteristic Raman modes of anatase TiO,
with symmetries 144.5 (E,), 197 (E,), 396.5 (By,), 516
(Ayp), 637.5 (Ey) cm~! were observed in the Raman spec-
trum of undoped TiO, [35]. Additional peaks at 244, 444
(Ep) and 612 (A,) cm ™! correspond to a vibrational mode
of rutile being consistent with the XRD pattern indicating
the presence of both anatase and rutile phases [36]. Similar
Raman modes were observed in the Raman spectra of
0.1 Fe/TiO,, 0.1 Cu/TiO,, and 0.1 Fe + 0.1 Cu/TiO,, and
additional peaks corresponding to the oxides of Fe and Cu
were absent indicating the proper doping of Fe** and Cu**
without creating significant lattice distortions. However, the
peak intensity ratio of the main peak at 144.5cm™! to the
others has shown a reduction when dopants are present
compared to the undoped TiO,. Further, peaks at 444 and
612 cm™! correspond to the rutile phase is clearly visible

especially in 0.1 Fe/TiO,, 0.1 Cu/TiO, and its presence is
comparatively less prominent in pure TiO, and 0.1 Fe +- 0.1
Cu/TiO,. Dopants, Fe**, and Cu** should be successfully
doped in other catalysts of which the dopant concentrations
are lower than 0.1% with no lattice distortions as suggested
by the Raman spectroscopic data obtained with the analyzed
catalysts.

4.3 TEM analysis

TEM analysis was performed to study morphology at the
nanoscale and to confirm the crystallographic orientation of
the prepared catalysts resulted from XRD patterns. TEM
images of TiO, are shown in Fig. 3. Bright-field image (Fig.
3a) shows spherical and irregular-shaped nanoparticles and
they are aggregated. This could be due to the rapid hydro-
lysis of titanium isopropoxide catalyzed by diluted nitric
acid. Further, the absence of a surfactant during the synth-
esis may have contributed to particle aggregation. High-
resolution TEM image (Fig. 3b) shows the arrangement of
the atomic planes and the d spacing calculated from the
generated histogram is 0.3598 nm. The obtained d spacing
value matches with the d spacing value calculated for (101)
plane (0.3515 nm) of the anatase phase. Interplanar spacing
calculated from the HRTEM image is different from that
calculated from the XRD data. This is because that TEM
imaging is a localized effect where a particular location of
the sample is selected for imaging at the nanoscale, while at
acquiring XRD pattern, a comparatively large area is
selected. The selected area diffraction pattern (Fig. 3c)
shows a diffused ring pattern. Rings correspond to the (101)
and (211) planes of anatase and the (101) plane of rutile
could be observed. Phase identification performed by XRD,
Raman spectroscopy, and TEM do well agree with each
other. Electron map collected (Fig. 3d) show the elemental
distribution of nanoparticles consisting of Ti, O, and C
where C represents the carbon grid and the electron maps of
Ti and O (Fig. 3e and f, respectively) show the individual
elemental distribution on nanoparticles. EDS spectrum (Fig.
3g) also supports that the nanoparticles consist only of Ti
and O and no other impurities are present.

4.4 SEM analysis

SEM images were collected to study the morphology of the
synthesized catalysts at the macroscale. As can be seen in
the SEM images are shown in Fig. 4 and basically, nano-
particles have been aggregated during the sol-gel synthesis
being consistent with the TEM images as discussed.
Incorporation of metal ions during the synthesis have not
affected the morphology of the catalysts because the mor-
phology shown by the SEM image of the undoped TiO,
(Fig. 4a) are similar to the SEM images of the metal-doped
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Fig. 4 SEM images of (a) TiOs, (b) 0.05 Fe/TiOs, (c) 0.05 Cu/TiO,, and (d) 0.05 Fe + 0.05 Cu/TiO,

nanoparticles, 0.05 Fe/TiO,, 0.05 Cu/TiO,, 0.05 Fe + 0.05
Cu/TiO, (Fig. 4b, c, d, respectively).

4.5 XPS analysis

To analyze the surface chemistry of the synthesized catalysts
XPS analysis was performed (Fig. 5). The survey spectrum of
pure TiO, (Fig. 5a) shows the presence of Ti, O, and C. The
high resolution spectrum of Ti 2p is shown in Fig. 5a. In this
spectrum doublet, Ti 2ps;, (binding energy 459.8eV) and
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Ti2py,, (binding energy 465.58 eV) arise from the spin-orbital
coupling. These peaks are consistent with the Ti*"™ of TiO,
lattice [37]. The high-resolution spectrum of O 1 s of the same
sample was deconvoluted into two peaks centered at 531 and
532.85eV (Fig. 5b). The peak at 531 eV shows the presence
of OH group with oxygen at the bridging oxygen site and the
peak at 532.85eV could be attributed to the OH group as a
terminal group with oxygen attached to the five-coordinated
Ti** with an O-Ti** covalent bond [38]. The high resolution
spectrum of C 1 s (Fig. 5d) is deconvoluted into four peaks.
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Fig. 5 a Survey spectrum, High resolution spectra of (b) Ti, (¢) O, and (d) C of TiO,. e Survey spectrum, High resolution spectra of (f) Ti, (g) Cu,

(h) Fe, and (i) C of 0.1 Fe 4 0.1 Cu/TiO,

Peaks at 284.8, 286.35, 287.72, and 289.52eV could be
assigned to C-C, C-0, C=0, and O—C=O0 bonds [39]. The
C/Ti ratio of pure TiO, is 0.13.

The survey spectrum of 0.1 Fe+0.1 Cu/TiO, (Fig. 5e)
shows the presence of Cu, Ti, O, and C. The high resolution
spectrum of Ti of 0.1 Fe 4- 0.1 Cu/TiO, is shown in Fig. 5f.
2ps» peak was deconvoluted into two peaks centered at
459.8 eV and 458.45 eV and they correspond to the Ti*" and
Ti** oxidation states, respectively. The ratio between the Ti*"
to Ti°* is approximately 2.17:1 calculated by the area under
the curves. The high resolution spectrum of Cu (Fig. 5g) also
shows the spin-orbital coupling, where, 2ps, and 2p;, peaks
occurred at 932.87 and 952.46 eV, respectively, indicate the
presence of Cu™, while the peaks at 936.53 and 956.37 eV,
show the presence of Cu®" [40]. The ratio between the Cu™/
Cu*" obtained from the area under the curves is 3.60. A
similar observation was also reported by Akhaven et al. [41].
The high signal-to-noise ratio of the high-resolution spectrum

of Fe (Fig. 5e) makes it difficult to identify the peaks. How-
ever, 2psp and 2p;, have appeared at 711 and 724.57 eV,
respectively revealing the presence of Fe’™ [42]. The high
resolution spectrum of C 1 s (Fig. 5i) has been deconvoluted to
four peaks. Peaks at 284.8, 286.35, 287.65, and 289.02 eV
could be attributed to C-C, C-O, C=0, and O—-C=0 bonds
[39]. Further, the Ti-C bond expected to appear at 283.7 eV
[39, 43, 44] was not observed revealing that impurity C has
not been doped to TiO, during the synthesis. It has been
reported that carbon can form a Ti-C bond when treated the
samples at 400 °C by Akhavan et al. [39, 43, 44]. The Cu/Ti
and C/Ti ratios of the synthesized 0.1 Fe+ 0.1 Cu/TiO,
nanomaterial are 0.09 and 0.056, respectively.

4.6 X-ray fluorescence spectroscopic analysis

XRF analysis was performed on 0.1Cu+ 0.1Fe/TiO, to
identify the elemental distribution. Data tabulated in Table 2
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Table 2 XRF analysis of 0.1Cu

. Element Spot Spot Spot Spot Spot Spot
+0.1Fe/TiO, 1 Mass % 2 Mass % 3 Mass % 4 Mass % 5 Mass % 6 Mass %

22 Ti 99.57 99.71 99.45 99.68 99.60 99.69

26 Fe 0.15 0.16 0.17 0.15 0.16 0.16

29 Cu 0.17 0.13 0.17 0.17 0.14 0.15

Absorbance

(9)

3.5

3.0

25

L
200 400 600 800 1000 200 400

L I L L L
600 800 1000 200 400 600 800 1000

Wavelength (nm)

Fig. 6 Diffuse reflectance UV—-Visible spectra of (a) TiO, (b) 0.05 Fe/ TiO,, () 0.05 Cu/ TiO,, (d) 0.1 Fe/ TiO», (e) 0.1 Cu/ TiO, (f) 0.025 Fe +
0.075 Cu/ TiO,, (g) 0.05 Fe +0.05 Cu/ TiO,, (h) 0.075 Fe + 0.025 Cu/ TiO,, and (i) 0.1 Fe + 0.1 Cu/ TiO,

were collected from six different spots of the sample. The
nanomaterials consist of Ti, Fe, and Cu only. The Fe: Cu ratio
at all the analyzed spots is 1:1 showing the homogeneous
distribution of the metal ions on the TiO, matrix.

4.7 Diffuse reflectance UV-Visible spectroscopic
analysis

The electronic band structures of the prepared samples were

analyzed by UV-Visible absorption spectroscopy (Fig. 6).
Compared with the undoped TiO,, doped TiO, show a
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higher light harvest performance reflected by the enhance-
ment of light absorbance covering the visible range. To
determine the band gap energies of the synthesized mate-
rials cutoff wavelengths were determined by drawing a
tangent to the absorption curves. The band gap energy is
calculated by the following equation,

Ej, = 1240/4

Calculated band gap values are tabulated in Table 3. The
band gap of pure TiO, (2.98 eV) is lesser than the reported
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Table 3 d spacing, crystallite

size, and lattice parameters Compound d spacing (nm) stzilillt)e Lattice parameters (nm) Bandgap (eV)

calculated by the XRD patterns a b c

and the band gap energy

calculated by diffuse reflectance TiO, 0.3515 18.0 0.3784 0.3784 0.9492 298

spectroscopy 0.05 Fe/TiO, 0.3495 15.9 0.3774 03774 0.9262 2.98
0.05 Cu/TiO, 0.3507 19.3 0.3776 03776 0.9460 2.95
0.1 Fe/TiO, 0.3506 20.3 0.3780 0.378 0.9379 2.98
0.1 Cu/TiO, 0.3522 17.9 0.3786 0.3786 0.9599 2.85
0.025 Fe 4-0.075 Cu/ 0.3522 23.2 0.3790 0379 09535 2.75
TiO,
0.05 Fe 4 0.05 Cu/TiO, 0.3524 17.6 0.3780 0.378 09741 2.96
0.075 Fe +0.025 Cu/ 0.3517 18.0 0.3780 0.378 0.9596 2.88
TiO,
0.1 Fe 4+ 0.1 Cu/TiO, 0.3524 18.4 0.3784 0.3784 0.9673 2.78

band gap energy for anatase (3.2eV). As revealed by the
XRD patterns, both anatase and rutile phases are present in
pure TiO,. Both Ti**and Ti*" were identified in the high
resolution XPS spectrum of Ti 2p of 0.1 Fe + 0.1 Cu/TiO,.
The decrease of the band gap can be due to the localized
gap states induced by Ti’" and to the oxygen vacancies
[45-47]. Missing an oxygen atom from the surface or bulk
of TiO, results in one or two electrons localized in an
oxygen vacancy state. These electrons localized on the
oxygen vacancy state form a donor level below the con-
duction band of TiO, [46]. In general transition metals like
Fe doped TiO, show, relatively a lower band gap compared
to the undoped TiO, due to the formation of a new energy
level below the conduction band of TiO, due to the doping
of Fe*" and formation of Ti**. Moreover, transition metals
like Cu and rare-earth metals like La, lead to the lattice
deformation and the formation of oxygen vacancies,
resulting in impurity states in the TiO, band gap, and hence
narrow the band gap [48]. However, calculated band gap
energies do not show a clear significant reduction in band
gap upon doping increasing dopant (Fe and Cu) con-
centrations. It is reported that the band gap of semi-
conductors is affected by many factors including particle
size, shape, surface area, etc. The band gap energy increases
with decreasing particle size because of the confinement of
electrons and holes. Volume to surface area ratio varies with
the size and the shape of the materials that alter the number
of surface atoms at the nanoscale and cohesive energy.
Therefore the band gap energy changes at the nanoscale.
When the particle size reaches the nanoscale, the number of
overlapping orbitals or energy levels decreases, and the
thickness of the band reduces. Then the energy gap between
the valence band and the conduction band increases [49]. A
clear relationship between the crystallite size calculated by
XRD patterns and the band gap energies was not observed.
According to the SEM images collected it could be seen that
the particle size varies from one sample to the other. Hence,

there cannot be a clear trend in the surface area as well.
Therefore, as many factors collectively contribute to the
band gap energy, resulted in variation cannot be exactly
explained.

4.8 Photocatalytic activity

The photocatalytic activity of the prepared photocatalysts was
evaluated on the degradation of MB under visible light. MB
was selected as the model pollutant as it is extensively used in
the industry. The degradation kinetics was computed by the
change in MB concentration measured by UV—Visible spec-
trophotometer as a function of irradiation time (Fig. 7). The
rate constants tabulated in Table 4 reveal that the photo-
degradation efficiency of the 0.05 Cu/TiO, (0.0195 min™") is
higher than all the nanomaterials followed by 0.1 Cu/TiO,
(0.0120 min ). As revealed by the XPS analysis, catalysts
contain both Cu™ and Cu®*. Cu™ is quite unstable during both
the atmospheric and photocatalytic reaction conditions.
Therefore, during the photocatalysis existing Cu™ would
probably oxidize to Cu>". Rate constant for the degradation of
TiO, (0.0062 min~?) is greater than that of 0.025 Fe + 0.075
Cu/TiO, (0.0044 min~') and similar to that of 0.075 Fe+
0.025 Cu/TiO, (0.0060 min~"). The photodegradation effi-
ciency of other photocatalysts was greater than that of TiO, as
shown in Table 4. Therefore it is evident that the visible light
sensitivity of TiO, has been enhanced by doping with Fe and
Cu. Cu/TiO, has shown higher photocatalytic activity than Fe/
TiO,. Cu contributes to photocatalytic activity in several ways.
Cu”" dope to the interstitial positions of TiO, due to the dif-
ference of the valence state and the cationic radii [50, 51]. Cu
can exist in a wide range of accessible oxidation states as Cu’,
Cu® and Cu", and hence the active species in TiO, are Cu,
Cu,0, and CuO [34]. Metallic Cu exists in the same group of
gold and silver of the periodic table has similar properties due
to the electronic configuration and the face centered cubic
(FCC) structure. Metallic Cu nanoparticles can activate TiO,
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Fig. 7 Photocatalytic activity of the synthesized photocatalysts. a Change in absorbance as a function of irradiation time. b Plot of In A/A( as a
function of irradiation time for the degradation of MB under visible light

Table 4 Rate constants of the prepared photocatalysts

Photocatalyst Rate Constant (min~ ')
TiO, 0.0062
0.05 Fe/TiO, 0.0097
0.05 Cu/TiO, 0.0195
0.1 Fe/TiO, 0.0088
0.1 Cu/TiO, 0.0120
0.025 Fe + 0.075 Cu/TiO, 0.0044
0.05 Fe 4 0.05 Cu/TiO, 0.0098
0.075 Fe + 0.025 Cu/TiO, 0.0060
0.1 Fe 4+ 0.1 Cu/TiO, 0.0077

towards visible light due to the localized surface plasmon
resonance (LSPR) effect. LSPR is excited when light interacts
with the free electrons of the metallic nanostructure, which
results in collective excitations that lead to significant
improvement of the local electromagnetic fields surrounding
the nanoparticles [52]. Once the visible light is absorbed by the
Cu nanoparticle modified TiO,, electrons are transferred to the
conduction band of TiO,, which creates an electron-deficient
metal and rich TiO,, where direct photocatalytic oxidation
occurs on the metal surface. However, metallic Cu does not
exist under normal atmospheric conditions because it gets
oxidized in the presence of oxygen. The presence of metallic
Cu was not evident even from the XPS analysis and hence it is
clear that the LSPR effect has not contributed to the photo-
catalytic activity tested in the study. Copper oxides can form
heterojunction systems with TiO,. There are several advan-
tages associated with heterojunctions including improvement
of the charge carriers’ separation, increase in the lifetime of the
charge carrier, and enhancement of the interfacial charge

@ Springer

transfer efficiency [53, 54]. Cu,O and CuO are p-type semi-
conductors with band gap energies of 2.1 and 1.7eV,
respectively [34]. The most probable type of heterostructure
for the Cu,O/TiO, system would be probably type II, where
photoexcited electrons are transferred from CB of Cu,O to the
CB of TiO, and photogenerated holes transferred simulta-
neously from the VB of TiO, to VB of Cu,O. As a result,
photogenerated electrons and holes are separated reducing the
recombination and increasing the lifetimes of the charge car-
riers [55]. The presence of Cu™ at the surface of the catalyst is
confirmed by the XPS analysis. Therefore, both Cu,O and
CuO could be present in the prepared catalysts. As revealed by
the XPS analysis Fe and Cu co-doped TiO,, Ti*" was present
in addition to Ti**. The Ti*" defects can form a shallow donor
level just below the conduction band which enhances the
visible light sensitivity [46]. Under visible light irradiation,
induced electrons on an isolated Ti*" band could be trans-
ferred to the surface of CuO nanoclusters efficiently, in addi-
tion to the direct charge transfer from the VB of TiO,
improving the photocatalytic activity [56]. Further, photo-
generated electrons from Cu,O would be captured by Ti*"
jons in TiO, and get reduced to Ti*', increasing the Ti*"
concentration triggering the effect from Ti*". Whereas, left
holes at the VB of Cu,O hamper the charge recombination
resulting in an improved photocatalytic activity [57]. Though
an enhanced photocatalytic activity was observed with low Cu
loading (0.05%), photocatalytic activity decreased with
increasing the Cu loading (0.1%). This could be due to the
shielding effect caused by the dispersed CuO nanoparticles
covering the surface of TiO, reducing the photon adsorption.
Moreover, a higher concentration of CuO could promote the
photogenerated electron-hole pair recombination resulting in a
decrease in available holes for redox reactions [58]. Fe is
considered as a successful dopant because they dope via



Journal of Sol-Gel Science and Technology (2021) 99:109-121

19

substitution due to the quite similar cationic radii (Fe—0.745 A,
Ti—0.785 A) and Fe** has a stable half-filled d° configuration.
Rate constant of 0.05 Fe/ TiO, (0.0097 min~") is greater than
that of 0.1 Fe/ TiO, (0.088S™"). With higher Fe loading
comparatively low photocatalytic activity was observed due to
the recombination of photogenerated electron and hole pairs.
The main hypothesis of this study is to determine the effect of
co-doping of Fe and Cu on photocatalytic activity. Fe and Cu
have been doped in different proportions to study in detail the
effect of co-doping on photocatalytic activity. The obtained
rate constants for co-doped TiO, are lesser than single metal-
doped TiO,. Among the co-doped TiO, catalysts, TiO, doped
with equal proportions of Fe and Cu showed comparatively
higher photocatalytic activity for the degradation of MB (0.05
Fe 4 0.05 Cu/ TiO, - 0.0098 min ! and 0.1 Fe + 0.1 Cu/ TiO,
is 0.0077 min~") and of these two higher Fe and Cu loading
showed low activity due to the recombination of photo-
generated electron-hole pairs. Catalysts prepared with unequal
Fe and Cu proportions showed lower photocatalytic activity.
0.075 Fe + 0.025 Cu/ TiO, showed a similar activity to the
pure TiO, (0.0060 min~") while the photocatalytic activity of
0.025 Fe +0.075 Cu/ TiO, (0.0044 min~') was lower than
pure TiO,. This could be due to the masking effect of one
metal by the other as well as the shielding effect of TiO, by
both metals. Moreover, the lowest photocatalytic activity has
resulted with the photocatalyst with higher Cu loading because
though Cu,O is present as the TiO, is shielded proper charge
migration and separation at the heterojunction would have not
taken place.

5 Conclusion

Fe and Cu co-doped TiO, nanopatrticles with varying Fe and
Cu were synthesized by the sol-gel method. The crystal
structure of TiO, has not deteriorated by doping of Fe and Cu.
The doping of Fe is confirmed to be mainly +3, which pro-
vides extra electronic states in the band gap of TiO,. Doped
Cu form heterojunction of Cu,O/TiO, that facilitate the charge
separation. The absorption edge of TiO, is shifted to the
visible region by doping with Fe and Cu. Single doping of Fe
and Cu has significantly improved the photocatalytic activity
while co-doping has resulted in comparatively low photo-
catalytic activity on photodegradation of methylene blue under
visible light irradiation. 0.05 Cu/ TiO, showed the highest
photocatalytic activity among the single doped systems while
the highest photocatalytic activity of the co-doped systems was
obtained from 0.05 Cu+ 0.05 Fe/ TiO,. Low photocatalytic
activity with higher metal loading at single doping was
resulted due to the electron-hole pair recombination while the
low activity of co-doping systems has caused by the shielding
effect of each dopant and TiO, by the doped metals.
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