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Abstract: A highly crystalline ordered Cu-TiO, nanostructure was synthesized using a simple paper
template method using cupric nitrate and titanium isopropoxide as precursors. The structural study
by XRD confirmed the formation of highly crystalline anatase phase of Cu-TiO,. The broad diffraction
peaks of Cu-TiO; exhibit the nanocrystalline nature of the product. The optical study by UV-DRS
indicated the red shift in absorption wavelength with an increase in Cu doping, i.e., towards the visible
region. The FE-SEM and FE-TEM study validated the formation of spherical shaped nanoparticles
of Cu-TiO; having sizes in the range of 20-30 nm. Considering the absorption in the visible region,
the photocatalytic study was performed for water splitting and rhodamine-B (RhB) dye degradation
under natural sunlight. The 2% Cu-doped TiO; showed the highest photocatalytic hydrogen evolution,
i.e., 1400 umol-g~1-h~! from water, among the prepared compositions. The photocatalytic performance
of Cu-TiO, conferred complete degradation of RhB dye within 40 min. The higher activity in both
cases was attributed to the formation of highly crystalline ordered nanostructure of Cu-doped TiO;.
This synthesis approach has potential to prepare other highly crystalline ordered nanostructured
semiconductors for different applications.

Keywords: template synthesis; photocatalysis; H, generation; dye degradation

1. Introduction

Visible light heterogeneous photocatalysis over semiconductor nanostructures has received
enormous attention in the last couple of decades. The major applications of this technique are inenergy
generation and environmental remediation [1]. Photocatalytic H, generation via water splitting
under solar light can provide an alternative source for hydrocarbon fuel. Further, this technique
is treated as an advanced oxidative process and has capability to degrade many organic as well as
inorganic compounds [2,3]. The effluents from the textile industries are the main source of water
pollution containing hazardous dye molecules [4].There is a need to develop cost effective techniques
for the removal of these dyes from water. [5]. Hence, the development of semiconductor oxide catalysts
for photocatalytic H, production and dye degradation has importance.

The discovery of photoelectrochemical water splitting, using TiO, as an anode, by Fujishima and
Honda in 1972, opened a new path for research [6]. Since then, enormous efforts have been taken
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to enhance the photocatalytic efficacy of H, generation via water splitting. Among all the studied
semiconductor materials, titanium dioxide (TiOy) is widely used owing to its low cost, excellent
chemical and biological stability and an environmentally sound nature. However, it has a wide band
gap (3.0-3.2eV)and isa UV active catalyst [7-9]. Hence bandgap tuning to the visible region is necessary.
In view of this, researchers have triednoble metal loading [10], (viz., Pt [11], Pd [12], and Au [13],)
on semiconductor oxides/sulfides as a co-catalyst to improve the hydrogen production [14].

Further, to utilize the visible spectrum of solar light, band gap tuning has also been carried out
by doping different anions and cations in the existing semiconductors [15-17]. Anions such as B [18],
C-N [19], P [20], S [21], and I [22] have been doped in the semiconductors. The effect of anion doping
results in the narrowing of semiconductor band gap due to overlapping of 2p states of anion being
slightly higher than the O, states. This allows low energy photons to be absorbed and easily promotes
the electrons from valence band (VB) to conduction band (CB) [23].

Furthermore, for improving catalytic activity, transition metal doping with Cr, Fe, Cu, Co, and Ni
is inexpensive [24], effective, and thermally stable [25,26]. Transition metal doping is a simple and
effective way for broadening of absorption spectra towards visible light. As compared to other metal
cation doping, copper (Cu) is a promising dopant due to its availability with variable valence oxidation
states (+1, +2), as shown in Equation (1) [27] resulting in higher photocatalytic H, production.

CuO & Cup0 & Cu 1)

Copper, being cheap, is considered to be a good selection for TiO, band gap modification [28,29].
Researchers have reported the photocatalytic Hy generation via water splitting using Cu,O and
CuO nanosystems [30]. Xi et al. reported that the presence of Cu,O is effective for photocatalytic
productionof H; [31]. It is also reported that the use of CuO is responsible for better separation
of photogenerated electrons and holes [9]. Overall, researchers have found that the Cu-doped
TiO, system shows higher performance for photocatalytic hydrogen production [32,33]. Moreover,
the structural, morphological, and chemical features of copper strongly affect the H, generation by
photocatalysis. Additionally, different doping methods such as sol-gel [19,32,34,35], hydrothermal [36],
impregnation [9], and photodeposition [37] also affect the photoactivity of Cu-doped TiO;.

In this regard, we have reported a novel paper templated method for synthesis of Cu-doped
TiO, nanostructures and investigated its photocatalytic performance towards H, generation via
water splitting and rhodamine-B dye degradation [38]. The synthesized Cu-doped TiO,photocatalyst
conferred higher photocatalytic H, generation in natural solar light as compared to other reported
Cu-TiO, nanostructures.

2. Experimental Section

2.1. Materials

Chemicals and raw materials were used as received without further purification: titanium (IV)
tetra isopropoxide (Ti (OCH(CH3)z)4) (ACROS Organics, Thermo Fisher Scientific, Waltham, MA,
USA); cupric nitrate (Cu(NO3),) (Fisher Scientific, Pittsburgh, PA, USA); isopropyl alcohol, (S. D.Fine
Chemicals Ltd., Maharashtra, India); and Whatman filter paper 42.

2.2. Synthesis of TiO, and Cu-TiO,

For the preparation of TiO, and Cu-TiO; nanostructures, the paper template method was used.
For this purpose, titanium tetra isopropoxide (TTIP) and cupric nitrate (0, 1, 2, and 3 mol% of cupric
nitrate with respect to TTIP) were dissolved in isopropyl alcohol separately. After obtaining the clear
solution, cupric nitrate was added drop wise totitanium isopropoxide solution till aclear homogeneous
mixture was obtained. While stirring, required nitric acid was added to maintain the acidic pH.
The same solution was taken into apetri dish andpieces of Whatman filter paper were soaked
in the solution. Further, these filter papers were annealed at 500 °C at the rate of 5 °C/min for 6 h.
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After annealing, the powder was collected and groundin a mortar-pestle. A similar procedure was
followed for preparing other Cu-doped TiO,. The Cu-doped with 1, 2, and 3 mol% were labeled as
G-1, G-2, G-3 and without Cu as G-0, respectively. Additionally, pure TiO; and Cu-doped TiO, were
also synthesized without template under similar conditions. The synthesized Cu-TiO, nanostructures
were characterized by various characterization techniques such as XRD, UV-visible-DRS, XPS, FE-SEM,
and FE-TEM. The photocatalytic water splitting, for H, generation and dye degradation were performed
using this catalyst.

2.3. Characterization

The properties of the TiO, and Cu-TiO; nanostructures were analyzed with X-ray powder
diffractometer (XRD, Bruker Advanced D8 system, Karlsruhe, Germany) using Cu Ko radiation
in the range of 20-80°. The crystallite size was calculated using Scherrer’sformula

_09A
~ PBcos

Crystalline size (D)

where A is the incident wavelength, {3 is full width at half maxima (FWHM), and 6 is the angle of
reflection [38,39]. The UV-visible absorbance (for liquid) and diffuse reflectance (for solid sample)
spectra were recorded using a UV-Visible-NIR spectrophotometer (Shimadzu, model UV-3600, Kyoto,
Japan) over a spectral range of 200-800 nm. Photoluminescence (PL) spectroscopy was carried out
with a Shimadzu spectrofluorophotometer (RF-5301 PC), with an excitation wavelength of 350 nm.
The surface chemical composition along with oxidation states was studied with X-ray photoelectron
spectroscopy (XPS, Thermo Fisher Scientific Co., Theta Probe, Waltham, MA, USA). The morphology
and microstructure analyses of the prepared TiO, and Cu-TiO, nanostructures were studied using field
emission scanning electron microscopy (FE-SEM, HITACHI, S-4800, Kyoto, Japan). The microstructural
study was carried out using field emission transmission electron microscopy (FE-TEM by JEOL, FS
2200, Kyoto, Japan). Hydrogen evolution was determined using gas chromatography (Shimadzu
GC-2014, Shimadzu, Kyoto, Japan).

2.4. PhotocatalyticActivity

2.4.1. Rhodamine B (RhB) Degradation

The photocatalytic performance of TiO; and Cu-TiO,was investigated by observingthe degradation
of rhodamine-B as a model dye. For this purpose, 100 mL of 10 ppm aqueous dye solution was taken
in a 250 mL conical flask containing 100 mg of catalyst and stirred under solar light. In order to achieve
the adsorption—desorption equilibrium between photocatalyst and dye, the suspension was stirred
in dark for 30 min. After keeping the suspension under solar light an appropriate amount of sample
was taken at fixed intervals of time and centrifuged, for removal of solid catalyst particles. The sample
was analyzed with a UV-visible spectrophotometer. The absorbance value at 555 nm was considered
for the calculation of percent RhB dye degradation with irradiation time. The % dye degradation was
calculated using the following formula

Co -G
0

Dye degradation% = ( ) %100

Where Cj is the initial concentration of the dye solution before the adsorption-desorption
equilibrium and C; is the concentration at time t. The rate constant of the reaction was calculated
using the formula In(Co/Ct) = kapp, where Cy is the initial concentration, C; is the concentration after
exposure to light at time t, and kapyp, is the apparent rate constant at time t. The slope of the graph of
In(Cp/Ct) vs. irradiation time was used for calculating the rate constant (Kypp).
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2.4.2. Photocatalytic HyProduction

The photocatalytic activity of TiO, and Cu-TiO, was studied for Hygeneration via water splitting,
containing methanol as a scavenger. The reaction was carried out in an airtight quartz reactor with
water circulation for cooling purpose. For H, generation reaction, a distilled water (DW) and methanol
(CH30H) solution were stirred; under natural solar light during the month of March-April between
10 am to 3 pm. Solar light intensity was measured by digital lux meter. For examination of photocatalytic
activity, 15 mg of photocatalyst was suspended in 20 mL distilled water and5 mL of methanol and
1 wt% Pt was used as a co-catalystfor hydrogen generation.The reaction mixture in quartz reactor was
sonicated for 5 min and then stirred for 30 min. The air tight reactor was then purged with N gas for
30 min. Before keeping the quartz vessel in natural sunlight, the gas inside the reactor was analyzed
using GC. The reactor was kept under natural sun light with a continuous circulation of cold water
through the jacket for maintaining a constant temperature. After a regular interval of time, activity of
the catalyst was checked by taking a sample from the reactor using an airtight syringe. The sample
was analyzed using GC to quantify the amount of H, generated.

3. Results and Discussion

3.1. Structural Study

Phase formation and crystallite size were confirmed by X-ray analysis (Figure 1). The diffraction
peaks for pure TiO, and Cu-doped TiOpshow the formation of a highly crystalline anatase phase
(JCPDS No. 01-021-1272). The 20 value at 25.27°, 37.69°, 47.98°, 53.76°, 54.99°, and 62.57°were indexed
to (101), (004), (200), (105), (211), and (204) planes of anatase TiO,respectively. The diffraction peaks
of copper (Cu) were not observed in XRD patterns, which might be due to low concentrations of Cu
doping or Cuinducedin TiO, lattice. The crystallite size was measured by Scherrer’s equation and was
observed to be 21.6, 19.43, 22.35, and 23.98 nm, for G-0, G-1, G-2, and G-3 samples, respectively.
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Figure 1. XRD Patterns of pure TiO; (G-0) and Cu-doped TiO, (G-1, G-2, and G-3).

3.2. Optical Study

Diffuse reflectance spectra of TiO; and Cu-doped TiOare shown in Figure 2. The absorption edge
for pure TiO, (G-0) and Cu-TiO; (G-1, G-2 and G-3) were observed around 393, 413, 442, and 426 nm,
respectively. The band gap values calculated using the Kubelka-Munkfunction were found to be 3.15,
3.00, 2.80, and 2.94 eV, respectively [40]. Figure 2b depicts the Tauc’s plot for band gap calculations.
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It is observed that G-2 sample (2% Cu-TiO;) hasa band gap of 2.80 eV. Doping of Cu atom substitutes
some of the Ti site in the TiO,lattice, which leads to a strong d—p coupling between Cu and O. This leads
to an upward movement of O 2p orbital, resulting in reduction of the band gap. Further, Cu 3d orbital
forms an impurity band above theTiO, valence band and causes a reduction in the overall bandgap.
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Figure 2. (a) UV-DRS spectrum of pure (G-0) and Cu-doped TiO, (G-1, G-2, and G-3), (b) Tauc’s plot
for pure (G-0, 3.15 eV) and Cu-doped TiO; (G-1, G-2, and G-3).

The prepared nanoparticles were analyzed using PL spectroscopy for identification of surface
defects which may act as a recombination center for photogenerated electron-hole pairs shown
in Figure 3. For PL measurements, 1 mg of sample was dispersed in 10 mL of double distilled water and
excition wavelength used was350 nm. The prepared TiO,and Cu-TiO; nanostructures show a strong
emission peak at 391 nm corresponding to band edge emission. A single peak at 391 nm indicates
that the material is free from impurities. With a further increase in Cu percentage, the recombination
of charge carriers decreased, due to their trapping in the dopant sites [41]. The Cu-doped TiO, with
2 mol% (G-2) shows the lowest peak intensity indicating a lower recombination rate. The optimum
concentration of Cu in TiO; exhibits the vacancy state and hence decreases the rate of recombination.
At a higher concentration of Cu, the recombination rate is increased due to the formation of defect
clusters [42].
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Figure 3. Photoluminescence spectra of pure TiO, (G-0), Cu-TiO, (G-1, G-2, and G-3).

The elemental chemical composition and electronic state of the elements in the samples were
confirmed by X-ray photoelectron spectroscopic analysis. The XPS spectrum ofG-2 sample is shown
in Figure 4. Figure 4A shows high-resolution survey spectra for elements C (1s), Ti (2p), O (1s) and Cu
(2p). All the peaks are calibrated with carbon correction, i.e., 284.5 eV binding energy was used as
a reference.
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Figure 4. XPS spectra for G-2. (A) High resolution spectra, (B) resolution spectra for Ti, (C) resolution
spectra for O, and (D)resolution spectra for Cu.

In Figure 4B, the two peaks observed for Tiyorbital at binding energy 458.4 and 464.4 eV indicate
the presence of Tixp32 and Tipp1yn, respectively. Typically, FWHM of both Tipp (12) and Tipp (32) peaks
calculated are nearly the same for each spin orbit component, i.e., 2.36eV. The Tiy, (1/2) orbit is broader
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than Tipp, (32) and therefore Tiyp, (12) is shorter than Ti2p (32) [43]. The binding energy at 458.4 eV indicates
Ti present in Ti** oxidation state [44,45].The binding energy peaks at 530.3 eV confirms the presence
of Ols, binding energy at 530.3 eV corresponds to lattice oxygen in TiO,(Orj.0) [27,46]. The binding
energy at 932.9 eV and 953.2 eV correspond to Cuppspand Cuppipsuggests incorporation of copper
in Cu*? oxidation state into the titanium dioxide lattice matrix [47]. With doping of Cu in TiO, the Tit+
of TiO, was substituted by Cu?* ions, There is a formation of a Cu-TiO, bond instead of O-Ti-O [48].

3.3. Morphological Study

The surface and morphologicalcharacterization of TiO, and Cu-doped TiO; nanostructures by
FE-SEMis shown in Figure 5. FE-SEM images show homogeneous distribution of uniform-sized highly
crystalline nanoparticles having a size in the range of 20-30 nm. For pure TiO,, i.e., G-0 (Figure 5a,b)
the particles are well connected with each other.

SAR00C-MET 1500 6 ermutock " L 1" " doges

(h)

Figure 5. FE-SEM images for pure TiO, G-0 (a,b), Cu-doped TiO; G-1 (¢,d), G-2 (e,f), and G-3 (g,h).
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With increasing Cu doping, marginal changes were observed in morphologies of sample G-1,
G-2, and G-3. The same kind of morphology was observed for all the prepared compositions.
The nanostructure assembly of submicron-sized is made up of tiny ordered spherical nanoparticles
of size 20-30 nm. Interestingly, the nanoparticles are interconnected and self-aligned to each other.
The nanostructure with very tiny particles was not very clear in FE-SEM. Hence, FE-TEM has been
used for investigation of clear morphology and nanoparticles size. Figure S1 shows the FE-SEM
images of pure TiO, and Cu-doped TiO; synthesized without use of template under similar conditions.
The nanostructures without template have particle size is in the range of 2 um with random growth.

Further, the surface microstructure of the pure (G-0) and 2% Cu-doped TiO, (G-2) was investigated
using field emission transmission electron microscope (FE-TEM).

The low and high resolution FE-TEM images of G-0 (Figure 6a—) and G-2 (Figure 7a—c)
nanostructures, along with selected area electron diffraction pattern (Figures 6d and 7d) shows
a highly crystalline interconnected nanoparticle network. The SAED image validates the formation
of anatase TiO, and supports the XRD analysis. The pristine sample depicts formation of spherical
shaped (20-30 nm) particles aligned with each other, forming a wavy structure. This dense particulate
wavy monolayer structure looks like a graphene sheet (Figure 6a). The FE-TEM of G-0 and G-2 samples
(Figures 6d and 7d with insets) depict an inter-planar distance of about 0.352 nm, corresponding to [101]
plane. This confirms the existence of anatase TiO,. Overall, the TEM analysis confirms the formation
of nano-sized Cu-TiO, particles having good linkage with adjacent particles.

0J52 gm’

Qw :

Figure 6. (a,b) FE-TEM images of pure TiO;, insets of (c) and (d) are the SAED and high-resolution TEM.
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Figure 7. (a,b) FE-TEM images of Cu-TiO, (2%), insets of (c) and (d) are the SAED and high-resolution TEM.

3.4. Photocatalytic Study

3.4.1. RhB Degradation

Photocatalytic degradation was performed using RhB as a model dye. For the photocatalytic
performance study as per our earlier report, we took 100 mg of the catalyst and 100 mL of 10 ppm
aqueous dye solution. The photocatalytic activity was studied during the months of April-May
between 11 am to 3 pm under solar light.

The plot of %RhB vs. irradiation time is shown in Figure 8a. Pure TiO,(G-0) shows 80% of RhB
degradation within 40 min, whereas the G-2 (2% Cu-doped TiO;) sample shows complete degradation
of the RhB solution under the identical experimental parameters. The UV-visible absorbance spectra of
RhB with time using G-2 sample is depicted in Figure 8b. From these spectra, the %RhB recovered
was calculated with respect to irradiation time. The G-2 sample shows the highest photocatalytic
performance as compared to other prepared compositions. It is reported that the photocatalytic
dye degradation reaction shows pseudo-first order reaction kinetics. The chemical kinetics of RhB
degradation was studied using the Langmuir-Hinshelwood model. The slope of the graph of In(Cy/C;)
vs. irradiation time gives the value of apparent rate constant (Kapp). The graph of In(Co/Ct) vs.
irradiation time is shown in Figure 8c. The reaction rates of photocatalytic RhB degradation using
TiO; and Cu-TiO, catalysts are tabulated in Table 1. The G-2 sample shows an apparent rate constant
(app) Of 12.28 x 1072 min~! for RhB dye degradation which is almost three times higher than that of
pure TiO,.
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Figure 8. (a) Degradation (%) of RhB vs.irradiation time (min), (b) UV-visible absorption spectra of
RhB exposed to natural sunlight for different time intervals, and (c) In(Cy/C¢)vs. irradiation time (min).

Table 1. Band gap and photocatalytic activity of TiO, and Cu-TiO,photocatalyst.

Sr. No Catalyst Band Gap (eV)  Rate Constant (min~1) H; Production (umol/g/h)

1 G-0 (Pure) 3.15 0.03664 90

2 G-1 (1%) 3.00 0.04767 450
3 G-2 (2%) 2.80 0.1228 1400
4 G-3 (3%) 294 0.06597 509

3.4.2. Photocatalytic Hydrogen Production

Photocatalytic activity of the synthesized photocatalystwas quantitatively examined for Hj
generation from aqueous methanol under solar light. Here, we used methanol as a sacrificial agent,
and Pt as co-catalyst to avoid fast recombination of photo-generated electrons and holes. Figure 9 shows
the effect of different percentages of Cu doping on photocatalytic activity under solar light irradiation.

The amount of Cu was varied from 1% to3 % with respect to TiO, prepared by paper template
method. As the Cu percentage increases from 1% to 2%, hydrogen production increases gradually,
i.e., 450 and 1400 pmol/g/h, respectively. Afterward, at higher concentration of Cu doping, i.e., at 3%
the rate of Hy generation decreases to 509 umol/g/h, this may be due to the increase in band gap. Higher
band gap, leads to an increase in electron-hole recombination due to the occupancy of active site by
the Cu atoms. This results in a decrease of photocatalytic activity for 3% Cu-doped TiO,. The pure
TiO,, showed less activity as compared to Cu-doped samples, i.e., 90 pmol/g/h. Among the prepared
samples, the 2% Cu-doped sample showed the highest H, generation, i.e., 1400 umol/g/h. The higher
activity was due to narrowing of band gap, i.e., 2.80 eV. It showed the maximum absorption of sunlight
and generation of utmost number of electrons-holes pairs. Additionally, PL study indicated the lowest
intensity emission peak for 2% TiO, showing suppression in electron-hole recombination and hence
responsible for higher photocatalytic activity. Reusability of the G-2 photocatalyst was performed for
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photocatalytic RhB dye degradation and H, production via water splitting. From the reusability study,
it has been observed that, there is not much decrease in the photoactivity as shown in supporting
information (Figures S2 and S3), which supports the stability of the photocatalyst.

400 -

Amount of Hy (umol/g/h)

o
I

0 1 2 3
Cu doping (%)

Figure 9. Effect of Cu doping on Hj evolution under natural solar light.

4. Conclusions

Wedeveloped a new method for synthesis of TiO; and Cu-TiO;. The use of Whatman filter
as a template provides uniformly distributed Cu-TiO; nanostructures having good linkage among
the adjacent particles. The photocatalytic study shows the increase in activity up to 2% Cu doping
and further decrease for 3%. In both cases H, generation and dye degradation showed the same
trend. It was suggested that 2% Cu doping is optimum in TiO; lattice to show enhanced photoactivity.
The reusability study clearly shows the stability of the photocatalyst. The present synthesis approachmay
be very useful to develop a highly stable photocatalyst under visible light irradiation.

Supplementary Materials: The following are available online at http://www.mdpi.com/2504-477X/4/2/48/s1,
Figure S1: FE-SEM images without template for pure TiO2 (a,b) and Cu doped TiO2 (c,d), Figure S2: Reusability
study of G-2 (2%) for RhB dye degradation under similar condition, FigureS3: Reusability study of G-2 (2%) for
photocatalytic water splitting under similar condition.
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