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Abstract: Cu-modified immobilized nanoporous TiO, photocatalysts, prepared by electrochemical
anodization of titanium foils, were obtained via four different synthesis methods: hydrothermal
synthesis, anodization with Cu source, electrodeposition, and spin-coating, using two different copper
sources, Cu(NO3); and Cu(acac),. The objective of this research was to investigate how copper
modifications can improve the photocatalytic activity of immobilized nanoporous TiO, under the
UV/solar light irradiation. The best photocatalytic performances were obtained for Cu-modifications
using spin-coating. Therefore, the effect of irradiated catalyst surface areas on the adsorption of
model pollutants, methylene blue (MB) and 1H-benzotriazole (BT), was examined for samples
with Cu-modification by the spin-coating technique. The mechanisms responsible for increased
degradation of MB and BT at high Cu concentrations (0.25 M and 0.5 M) and decreased degradation
at low Cu loadings (0.0625 M and 0.125 M) were explained. 1H-benzotriazole was used to study the
photocatalytic activity of the given samples because it is highly toxic and present in most water systems.
The characterization of the synthesized Cu-modified photocatalysts in terms of phase composition,
crystal structure, and morphology were investigated using X-ray Diffraction, Raman Spectroscopy,
Scanning Electron Microscopy, and Energy Dispersive X-ray spectroscopy.

Keywords: immobilized nanoporous TiO;; electrochemical anodization; Cu-modification;
photocatalytic activity; spin-coating; 1H-benzotriazole

1. Introduction

Titanium dioxide is chemically stable, non-toxic, commercially available, and it has excellent
photocatalytic properties [1-5]. Due to these facts, it has been widely used for the removal of residual
pesticides, water purification, degradation of air pollutants, hydrogen production, sensing, etc. [6-11].

When the light is absorbed by the photocatalyst, an electron from the valence band promotes to
the conduction band, leaving an electron deficiency or hole (h*) in the valence band and an excess of
negative charge in the conduction band (e™) which are participating in redox reactions responsible for
organics pollutant degradation. Oxidative degradation using TiO, can be obtained with two different
photocatalytic systems: immobilized TiO, and particle suspension [12]. The reuse of photocatalysts
presents an important role in the industrial application of the technology; therefore, efficient separation
of TiO, particles from the treated solution is an essential objective. That is the reason why a great focus
has been put to immobilization of TiO,—to avoid the need for the separation of the photocatalysts
from the treated solution.
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Synthesis of immobilized nanoporous TiO; is a relatively inexpensive, simple, and fast process
that can be applied on a large-scale. These vertically aligned TiO, nanostructures are grown by
electrochemical anodization from a metallic Ti substrate. Dimensions and physical or chemical
behavior can easily be controlled by electrochemical parameters [13,14]. Nanoporous TiO; has a high
specific surface area, large electron mobility, and beneficial charge separation properties that improve
photocatalytic activity [13,15].

Despite of the abovementioned advantages, TiO, has one major disadvantage: the inability to
absorb the visible part of solar spectrum due to its wide bandgap (3.0-3.2 eV); therefore, modifications
of TiO, photocatalysts that would allow visible light absorption could significantly improve its
photocatalytic activity. Moreover, to improve photocatalytic activity under UV/Vis light irradiation,
a high recombination rate between photogenerated electrons and holes in TiO, needs to be reduced,
meaning that more photogenerated electrons and holes could move to the surface of the semiconductor
particles before they recombine. Surface modification (decoration of the TiO, nanostructures with noble
metal particles or metal oxides), metal and non-metal doping, dye sensitization, and semiconductor
coupling have been used to improve TiO; photocatalytic activity under UV/Vis light irradiation [16-24].

The addition of small amounts of metal cations can reduce high rate recombination between
electrons and holes. Modifying or doping TiO, with different metals can introduce new electron
capture centers or generate additional electronic states in the TiO, band gap above the valence band,
capturing the photo-formed holes [18,25]. Modification of TiO, with noble metal nanoparticles (Pt, Pd,
Au, and Ag) restricts the recombination of electron-hole pairs, which leads to enhanced photocatalytic
activity. The Fermi level of noble metals is lower than the conduction band (CB) of TiO,, so when the
electrons at the valence band (VB) of TiO; are excited by the light irradiation, electrons transfer from
the VB of TiO; to the CB of TiO;, and then to the noble metal nanoparticles. Since the Schottky barrier
is formed at the junction due to the existence of an internal electric field between TiO, and metal
nanoparticles, it leads to efficient charge separation and nanoparticle acts as a trap for the generated
charge carriers. Simultaneously, the photogenerated holes remain and are involved in the oxidation
reactions [15,26-29]. Because noble metals are rare and expensive, copper is a good candidate to replace
them. The improved photocatalytic activity was found particularly for TiO, modifications with low Cu
concentrations [30-32]. Copper nanoparticles (NP), similar to noble metal nanoparticles, are promising
surface modifiers of TiO, because they restrict the recombination of electron-hole pairs, which leads to
enhanced photocatalytic activity both under UV and visible light irradiation. Furthermore, when light
interacts with the free electrons of Cu NP, surface plasmon resonance (SPR) is activated. That leads
to the collective excitations of the free electrons of Cu metallic nanoparticles, improving the local
electromagnetic field surrounding them [33]. Activation towards visible light photocatalytic activity
occurs due to the SPR band that absorbs light in the visible region [34-36].

Theoretical simulations [37] indicate that Cu is the most stable when highly dispersed at anatase
(101) surface and in a 2+ oxidation state. Electronic interactions facilitated via the mechanism of charge
transfer (metal-to-metal charge transfer; Cu—O-Ti connections) increase the lifetime of surface holes
and increase the photocatalytic activity through charge carrier separation [38].

A promising way to achieve visible light activation of TiO, is surface modification with metal
oxide clusters, particularly Cu(II) ions and CuO [19,39-43]. When Cu(acac); is used as a precursor in
the synthesis, it forms small CuO clusters on the surface of TiO, particles in a highly dispersed state.
Cu(acac), complex could be chemisorbed on TiO, via surface Ti—OH groups without the elimination
of the acac-ligand. Furthermore, part of the Cu(ll) cations may retain bonding to acac-groups as in the
crystalline Cu(acac), or in the liquid precursor [42].

In this work, the idea is to find simple, low-cost method to improve the photocatalytic activity
of TiO, nanostructures by broadening the operational conditions of the photocatalyst to work in the
visible part of the spectrum. Since it is known from the literature that Cu-based modification of the TiO,
can improve the photocatalytic activity of TiO,, we studied four different synthesis methods of TiO,
modification: hydrothermal synthesis, anodization with Cu source, electrodeposition, and spin-coating.
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Therefore, the objective of this research is to study how modification with copper-based compounds
can improve the photocatalytic activity of nanoporous TiO,, and to explain the correlation between
different synthesis paths and Cu concentration with the photocatalytic activity under the UV/solar
light irradiation. It was shown that samples synthesized with spin-coating and hydrothermal synthesis
have similar photocatalytic activity, but spin-coating is faster, cheaper, and more suitable for scale-up
and possible commercialization.

1H-benzotriazole was used as a model pollutant since it is a broad applicative but highly toxic
compound. It is a complexing agent used as an anticorrosive in fire retardant, antifreeze, and airplane
de-icing/anti-icing fluid [44]. Benzotriazoles are well-known environmental contaminants whose
presence is detected in most water systems: river streams and even in the groundwater. Used products,
which contain benzotriazoles, may leak or be poured down the drain entering the environment.
Furthermore, there is a large number of benzotriazoles, even in the sewage system. On the other hand,
approximately 80% of aircraft de-icing/anti-icing fluids, which are deposited on the ground due to
spray drift, jet blast, and wind shear during taxiing and take-off [45], infiltrate the groundwater.

Recent findings indicated a higher concentration of benzotriazole compounds in the groundwater
in comparison to the surface water; therefore, this research was based on studying benzotriazole
photocatalytic degradation [46]. Benzotriazoles are prone to photolysis under sunlight, but the reaction
is rather slow. In our work, we showed full degradation of 1H-benzotriazole (BT) under the artificial
full-spectra solar light irradiation. Results are compared with those obtained for photocatalytic
degradation of methylene blue (MB), which was used as a referent model pollutant.

2. Results and Discussion

2.1. Photocatalytic Activity

In the current study, 15 different samples of photocatalytic films were prepared to find an optimal
preparation method and the Cu content for the photocatalytic degradation of 1H-benzotriazole (BT).
Methylene blue dye (MB) was used as a referent model pollutant. The preparation method for each
film and its modification with the Cu-based compounds are given in Table 1, while the details of
preparation and explanation of the samples’ full names are given in section Materials and methods
(see Section 3.1). Sets of samples A-E and sample F3s had a uniform circular surface area of 0.5 cm? (D
= 0.8 cm), while set F had a larger circular surface area of 2 cm? (D = 1.6 cm). The sample A2 was
taken as a reference sample (annealed nanoporous TiO;), and that particular sample was prepared in
two surface area sizes, both 0.5 cm? (D = 0.8 cm) and 2 cm? (D = 1.6 cm) to study the effects of the
irradiated area on photocatalytic degradation of pollutants. Sample F3 was also prepared in both
surface area sizes. Th first sample (denoted as F3s) is a smaller sample (circular surface area of 0.5 cm?)
used in comparison with samples A-E. Furthermore, the series of samples with the larger surface areas
were prepared (F1-F4) to study the influence of different Cu concentration and irradiated areas on
the photocatalytic activity. The numerical comparison of photocatalytic activity of TiO, nanoparticles
prepared by anodization (A2 sample) and commercial TiO; (TiO, P25) was elaborated in our previous
study [29]. Having in mind the specific form of prepared photocatalyst and the inability to produce the
film having only pure TiO, P25 with similar characteristics, the comparative quantification was done
using the numerical method according to the presented algorithm. That way, a comparison was made
numerically, using the detailed kinetic model, referent constants for P25 (adsorption and scattering
coefficient), and the intrinsic kinetic rates [29]. The study demonstrated the similar photocatalytic
activity of TiO, NP in each spectral range (UV and visible) as the one expected for commercial TiO,
P25. The similar is expected here, so the A2 sample was used as a reference for estimation of Cu
contribution on the photocatalytic activity. The expected increase of the photocatalytic activity of
Cu-based compounds can be considered as an absolute enhancement of degradation rates normally
achieved by the commercial catalyst.
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Given photocatalytic samples were used in a specially designed photoreactor SPC
(see Section 3.2.1.1) to study the photocatalytic degradation of BT and MB under artificial solar
irradiation. The degradation kinetics was shown as pseudo-first-order kinetics (Equation (1)).

Ci(t) =C; (0) ekt (1)

As shown in Figure 1, observed first-order reaction rate constants range from 0.047 to 0.556 h~! for
MB degradation and from 0.031 to 0.48 h~! for BT degradation. This result confirmed the importance
of the preparation method and the amount of Cu concentration deposited on the surface of the
nanoporous TiO; on the observed photocatalytic activity. Sample F3s (0.250 M) showed the highest
activity for the degradation of both MB and BT; therefore, we decided to use spin-coating technique and
prepare a full set of catalyst samples with different concentrations of Cu-based compounds (0, 0.0625,
0.125, 0.25, and 0.5 M), denoted as A2 (NP TiO,), F1 (0.0625 M), F2 (0.125 M), E3 (0.250 M), and F4
(0.500 M), respectively, so these films had four times larger surface (2 cm?; D = 1.6 cm). One must note
that a larger surface is directly connected to the higher amount of catalysts in the system in case of
evenly distributed films with the uniform depth, as herein. The objective of this research was (i) to
study the effect of the irradiated surface size on the adsorption of pollutants on the film surface and
increased photocatalytic activity due to higher amount of the catalyst, (ii) to determine appropriate
Cu concentration and (iii) to clarify mechanisms responsible for the increased activity of MB and BT
degradation at high Cu concentrations, and decreased activity at low Cu loadings.

Adsorption experiments were performed in the dark, using different initial BT and MB
concentration (Cy = 5, 15, 25, 30 mg dm™3). Results were expressed in the form of a modified
Langmuir isotherm (Equation (2)).

1 1 1

= + 2)
S S S .
qz’ qi, max KL/’qi, muxcerl

In the equation, g°; represents the surface-related adsorbed amount, i.e., the amount of adsorbed
pollutant i per surface area of the photocatalytic film (mg cm~2). The ¢°; ;4 is the maximum surface
coverage that can be easily extrapolated from a linear model. The K} ; is the binding constant (dm?
mg~1), and the C,; is the concentration on BT or MB at equilibrium. Langmuir isotherms are shown
in Figure 2.
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Figure 1. Comparison of the observed first-order reaction rate constants (k, min_l) obtained for
photocatalytic degradation of Methylene blue (MB) and 1H-benzotriazole (BT) in small photocatalytic
cell reactor over a variety of photocatalysts (Table 1) with different film surface: (a) 0.5 cm? and
(b) 2 cm?.
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Figure 2. Langmuir isotherms for BT (a) and MB (b) adsorption on photocatalytic films A2 (R? values
were 0.9140 and 0.9761, respectively) and F4 (R? values were 0.8522 and 0.9683, respectively); tentative
binding and adsorption parameters are embedded in the graph (T =23 + 3 °C).

Table 1. Photocatalyst overview.

Mark Full Sample Name Preparation Method Copper Source k (BT)/h1 k (MB)/h~1
Al NEA TiO, Anodization / 0.079 0.113
A2 NP TiO, Anodization and annealing / 0.141 0.198
Bl HT_NP_TiO;_oCu_0.025 M Hydrothermal synthesis Cu(acac), 0.130 0.161
B2 HT_NP_TiO,_Cu_0.025 M Hydrothermal synthesis Cu(NO3), 0.248 0.365
C1 ED_NP_TiO;_oCu_0.05M_5 min Electrodeposition Cu(acac), 0.194 0.302
C2 ED_NP_TiO,_Cu_0.05M_5 min Electrodeposition Cu(NO3), 0.185 0.276
D1 NP_TiO,_sCu_g_10V_20 min Anodization with Cu source Cu(acac), 0.031 0.047
D2 NP_TiO,_sCu_g_20V_20 min Anodization with Cu source Cu(NO3), 0.185 0.272
D3 NP_TiO;_sCu_g 30V_20min Anodization with Cu source Cu(NO3), 0.164 0.225

E SC_NP_TiO,_Cu_0.250 M Spin coating Cu(NO3), 0.094 0.140
F1 0.0625 M Spin coating Cu(acac); 0.150 0.198
F2 0.125 M Spin coating Cu(acac), 0.275 0.375
F3s 0.250 M Spin coating Cu(acac), 0.273 0.379
E3 0.250 M Spin coating Cu(acac), 0.316 0.510
F4 0.500 M Spin coating Cu(acac), 0.480 0.556
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Results are given for both referent photocatalysts and for the Cu-modified photocatalyst. In the
case of BT, adsorption isotherms followed the same trend, and the obtained 7°prand K} pr are almost the
same (values embedded in Figure 2). On the other hand, isotherm for MB adsorption on referent catalyst
with nanoporous TiO, differed from the one obtained for the adsorption on Cu-modified catalyst.
The surface coverage increased rapidly with the increase of the film surface and the concentration of
dissolved MB. The explanation for the observed phenomenon can be described by the model pollutant
structure. Namely, BT structure consists of a five-membered ring with three nitrogen atoms directly
bonded to one another as substituents on a benzene ring (Figure 2). This compound presumably
attaches to the film surface via hydrogen bond between H atom in the BT structure and O atom in
the lattice, i.e., on the nanoporous TiO, surface. Cu had no significant effect on the binding of BT on
the film. However, lower g°pr and Ky gt in the case of Cu-modified catalysts, can be explained by the
coverage of the surface by Cu-based compound, causing the decreased availability of O centers on
the surface.

The MB molecule is different; MB is a thiazine dye with a dimethyl amide auxiliary group. MB
exists as the chloride salt, and the presence of chlorine in the molecule can account for an additional
binding via Cu on the surface.

Due to the difference in the adsorption mechanism, more detailed kinetics of photocatalytic
degradation of BT and MB was studied using Langmuir-Hinshelwood model (Equations (3) and (4)).

d|BT k K
. [BT] _ ko BrKy Br BT] 3)
dt 1+ KL’ BT [BT]O
dMB k K
o IMB]  ka, MBKL, MB IMB] @)

a1+ Kr, mB [MB]O

Note that the binding constant used in the kinetics model was the same as the one calculated from
the adsorption isotherm, K ;. The k,; stands for the apparent reaction rate constant. This constant
highly depends on the concentration of the pollutants on the surface and in the boundary layer, surface
coverage (¢), catalysts optical properties such as specific absorption and scattering of the incident
irradiation, and the intensity of the applied irradiation. The introduction of the term g°; in Equation (2)
allowed the interpretation of the results independent from the irradiated surface, i.e., it allowed a
more in-depth analysis. The idea of surface-related amounts instead of the adsorbed amount per mass
of catalyst proven beneficial for a surface phenomenon such as thin-layer photocatalysis since given
constants in applied Langmuir-Hinshelwood (LH) model is more significant. Kinetic parameters form
LH (Langmuir-Hinshelwood) models are summarized in Table 2.

Table 2. Kinetic parameters from the LH model (photocatalytic film surface 2 cm?, otherwise stated).

Mark Sample Pollutant (7) k, i, mg dm=3 min~1 Average R?
BT 1.05 = 0.02 (0.17 £ 0.00 *)
A2 NP TiO, MB 0.60 + 0.01 0.9805
MB (low Cy) 5.00 + 0.03
F1 0.0625 M BT 0.55 + 0.00 0.9645
F2 0.125M BT 1.32 £ 0.02 0.9913
F3s 0.250 M BT 0.35 £ 0.00 0.9543
F3 0.250 M BT 1.45 £ 0.02 0.9778
BT 1.70 + 0.04 (0.36 + 0.00 *)
F4 0.500 M MB 0.61 £0.01 0.9861
MB (low Co) 2.40 +0.01

* for the film surface of 0.5 cm?

The determined apparent reaction rate constant revealed that the film F4 contained the optimal
Cu loading for the enhancement of the activity under solar irradiation despite the lower binding of the
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BT on the surface of the photocatalyst. The ratios of the k, ; determined for larger (2 cm?), and small
samples (0.5 cm?), are around 4-5 for the films prepared in both sizes (A2 and F3/F3s). This revealed
the effect of the surface coverage (¢) on the apparent rate constant. The surface ratio between samples
was exactly four and the observed results indicate the uniform distribution of pollutants on the film
surface, as the straightforward increase in apparent reaction rate constant, was expected.

As shown in Figure 3, BT photocatalytic degradation can be well described by the
Langmuir-Hinshelwood model. However, degradation strongly depends on the film’s surface
area. Four times higher surface lead to a notably higher degree of degradation. Results for MB are
somewhat different. The use of films with the larger surface will influence the initial adsorption
equilibrium (achieved in the dark), but the higher degree of degradation was not observed during the
photocatalytic process. The MB molecule binds to the film surface rapidly in the first 15 min forming a
layer of adsorbed molecules that act as a filter for incident irradiation. The observed effect is more
evident in the case of Cu-modified catalysts since the existence of chlorine in the dye structure leads
to electrostatic interactions with Cu centers on the film surface. There are two different degradation
pathways reported for MB [47]: first one related to the degradation of thiazine chromophore and
the second dominated by the auxochome group degradation. In the current study, a slight shift in
the absorption maximum for MB was observed by the end of experiments, which is a confirmation
of the changes in the auxochrome. The additional set of experiments was done using the lower
initial MB concentration. The obtained results confirmed the assumed filtering effect of the MB on
the film surface. Namely, the apparent reaction rate constant is higher in the case of low initial MB
concentrations (Table 2).

(a) Cr (mg dm3) ®A2-2cm2 A A2-0.5cm2 —LHmodel (b) | cor(mgam?) ®F4-2cm2 A F4-0Scm2  —LHmodel

5 10 -5 0 5 10 15 20 25 30 35 40 45 50 S5 60 45 -0 5 0 5 10 15 20 25 30 35 40 45 50 55 60
time (min) time (min)

3 3
(C) Cus (mg dm3) A A2-05cm2 o A2-2cm2 (d) Cus (mg dm A F4-05cm2 °Fa-2cm2
30 _ . 30
LH model ® A2-2 cm2; low CO S —LH model o F4-2cm2; low CO
25 25
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1s 'NA\ \1s 4 ry
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5 kS
° .
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Figure 3. Kinetics of the photocatalytic degradation of BT (a,b) and MB (c,d) over irradiated films
A2 and F4 in specially designed photoreactor. Grey areas denote the adsorption in the dark to
achieve equilibrium.

MB was used as a reference, but this study showed that dye typically used in the photocatalytic
test was not appropriate for the estimation of the photocatalytic activity of Cu-modified photocatalytic
films. The primary goal was to check the possibility of fast degradation of BT by new catalysts under
solar irradiation since BT is widely present in the environment. Photocatalytic films prepared by
spin-coating (F1 to F4) showed acceptable activities. To check the film stability, each film was used in
four consecutive cycles (Figure 4). The film was washed and air-dried between the cycles. Note that
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each experiment in the cycle was done in triplicates, and the four cycles actually represent twelve
1-h experiments.

< < X
#cycles—> 1 © 2 © 3 © 4
© © o
35

L] L] L] L]
\ \ \ \
\

\\
30 &
25
20

15

Cgr (mg dm?3)

10

® F1 O F2 @ F3s ® F4 ——LHmodel

45 0 15 30 45 60 75 90 105 120 135 150 165 180 195 210 225 240 255 270 285 300
time (min)

Figure 4. Kinetics of BT degradation over spin-coated films (F1, F2, F3, and F4) modified by Cu in four
consecutive cycles.

Results from the cycles were compared to the values predicted by the LH model (Equation (3)).
The good fit was obtained, proving the appropriate activity and the robustness of the new films.

Since the F series of samples, which were modified with Cu-based compounds using the
spin-coating technique, showed the best photocatalytic performances among all studied samples,
the morphology and the structure of this series (Table 2) were studied in details. Different analytical
and spectroscopic techniques were used to determine morphology and crystal structures present
in the unmodified and Cu-modified nanoporous TiO, photocatalyst were investigated by the
Grazing incidence X-ray diffraction, structural phase of the samples was examined by confocal
micro-Raman spectroscopy, and the morphology of the unmodified and Cu-modified NP TiO,
samples was investigated by high resolution scanning electron microscope with field emission gun
cathode (FEG-SEM).

2.2. Structural Properties

2.2.1. Grazing Incidence X-ray Diffraction (GIXRD) Results

GIXRD diffractograms of unmodified nanoporous TiO, and Cu-modified thin films are shown in
Figure 5 along with calculated diffractions for anatase TiO,, hexagonal «-Ti (substrate) and measured
organometallic copper compounds (Cu(acac), + 2-propoxyethanol) which were used as reference
profiles. As can be seen, GIXRD discloses anatase TiO, as the dominant phase present in all films.
Cu-modified samples with a lower concentration of Cu-based compounds (0.0625 M and 0.125 M) have
diffraction patterns similar to unmodified nanoporous TiO,, showing only peaks that can be attributed
to TiO,. For the samples with a higher Cu concentration (0.250 M and 0.500 M), peaks that appear at 20
around 24.7°, 26.1°, 27.3°, 30.4°, and 31.5°, can be attributed to an organometallic copper compound
(Cu(acac), + 2-propoxyethanol). This result indicates that the drying of the modified samples for 1 h at
150 °C did not induce degradation of the used Cu-based compounds.
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Figure 5. GIXRD diffractograms of nanoporous TiO, and Cu-modified immobilized nanoporous TiO,
samples with different concentrations of Cu-based compounds. «-Ti Bragg peaks originate from the
substrate. The diffractograms are normalized with respect to the (101) anatase Bragg reflection at
20 =25.33°.

2.2.2. Raman Spectroscopy Results

The confocal micro-Raman spectra of all samples contained five characteristic bands that are
assigned to anatase TiO; crystalline phase (144, 199, 396, 514, and 636 cm™') [48]. In Figure 6, only a
representative spectrum of the Cu-modified sample is shown (0.250 M), since the same results were
obtained for all Cu-modified samples. This result indicates that by annealing of the nanoporous
TiO, at 450 °C, only the anatase form of TiO, is obtained, which is in agreement with GIXRD results.
The spectra recorded on micro-crystals present on the surface of the samples prepared with higher
concentrations of Cu-based compounds (0.250 M and 0.500 M), showed additional Raman bands at
203 cm~! and 448 cm™!. These bands can be attributed to Cu(acac), by comparison with the Raman
spectra of the precursor (Cu(acac), in 2-propoxyethanol).

44

0.500 M c.

% B 0.250 M c,

;./ | _A Cu(acac), + 2-propoxyethanol
‘»
c
2
£

0.250 M

| ‘ NP TiO,

T T T T T T T T T T
200 400 600 800 1000 1200

Wavenumber (cm™)

Figure 6. Micro-Raman spectra of nanoporous (NP) TiO, and Cu-modified NP TiO,. The position
of the Raman active TiO, bands, as well as bands of organometallic Cu compounds (Cu(acac), +
2-propoxyethanol), are shown above spectra. The spectra denoted by c. are recorded at micro-crystals
observed on the surface of the samples.
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2.2.3. High-Resolution Scanning Electron Microscopy Results

We investigated the morphology of the unmodified and Cu-modified NP TiO, samples by a
high-resolution scanning electron microscope with field emission gun cathode (FEG-SEM). With the
aim to conclude the formation of Cu-based compounds on the surface of NP TiO,, top-view FEG-SEM
images were recorded (Figure 7a). Nanoporous TiO, obtained by a simple anodization process shows
homogenous pores that occasionally form uniform nanotube arrays with slightly varying length
(Figure 7a, NP TiO;). The inner diameters of the nanopores were in the range of 90-100 nm and
outer diameters in the range of 110-120 nm. The Cu-modified samples (0.0625 M, 0.125 M, 0.250 M,
and 0.500 M) do not show significant changes in the morphology of NP TiO, (Figure 7a), except for
the presence of few nanoparticles or nano-agglomerates on the surface of the pores. The amount of
the nano-structures formed on the surface of the pores slightly varies, indicating the formation of
different quantity of Cu-based nanostructures. To determine elemental composition of the Cu-modified
nanoporous TiO,, energy dispersive X-ray spectroscopy (EDS) was used (Figure 7b). EDS spectra of
Cu-modified samples show Cu besides Ti and O. Three peaks observed at 0.39, 4.5, and 4.9 keV in
the EDS spectra correspond to titanium and peak at 0.5 keV corresponds to oxygen. Furthermore,
copper peaks are clearly visible at 0.9 and 8.0 keV (Figure 7b).

Figure 7. Cont.
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Figure 7. (a) Micrographs of the unmodified and Cu-modified NP TiO, with various Cu concentrations
(from 0.0625 to 0.500 M) and (b) qualitative EDS spectra of the given samples.

In Figure 8, examples of the surfaces on which EDS (Energy Dispersive X-ray Spectroscopy)
spectra were recorded are shown for two Cu-modified samples (0.125 M and 0.500 M).

Figure 8. The rectangular magenta line on the sample is the area analyzed by the EDS for: (a)
Cu-modified nanoporous TiO, with 0.125 M and (b) with 0.500 M Cu-based compounds.

The EDS results obtained on the surface of all NP TiO, (without micro-crystals) are shown in
Table 3. Results confirmed that surface modification with copper was successful (0.76 to 2.25 at.%
of Cu). It was observed that the atomic percentage of Cu increased in the samples with a higher
concentration of Cu-based compounds, but the amount of Cu did not increase proportionally with the
starting Cu concentration.

Table 3. Results of EDS measurements.

Sample Ti K (at.%) OK(at.%) CuK (at.%)

NP TiO, 32.53 67.47 0

0.0625 M 32.26 66.98 0.76
0.125M 35.45 62.96 1.59
0.250 M 31.36 66.61 2.03
0.500 M 31.83 65.92 2.25

Raman bands of the Cu-based compounds (Cu(acac); in 2-propoxyethanol) were observed only
on the micro-crystal residues on the surface of the Cu-modified samples (Figure 6), while the
presence of Cu was also observed on the surface of Cu-modified nanoporous TiO, without
crystals. That finding indicates the possibility of the formation of pure Cu or Cu-based oxide
nano-agglomerates/nanostructures on the surface of the samples (Figure 7a). These results indicate
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that residual Cu(acac), complex crystals are expected at higher Cu concentrations. It is in agreement
with micro-Raman spectra and also confirmed by FEG-SEM and EDS (Figure 9). The EDS spectrum of
the micro-crystal (Figure 9) showed 9.13 at.% of Cu and 46.04 at.% of C. This additionally confirms that
micro-crystals have a composition of the residual Cu(acac), complex.
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Figure 9. FEG-SEM micrograph of the Cu-modified NP TiO, and qualitative EDS spectra of 0.500 M
acquired on the microcrystal.

3. Materials and Methods

3.1. Catalyst Preparation

The following materials were used: titanium foil (2 X 2 cm, thickness 0.25 mm, 99.7%,
Sigma-Aldrich, Co., 3050 Spruce Street, St.Louis, MO, USA), ethanol (C;HsOH, 99.8%, Riedel-de
Haen, 1953S.Harvey St., Muskegon, MI, USA), deionized water, ammonium fluoride (NH4F, 99.9%,
Sigma-Aldrich CHEMIE GmbH, Riedstr. 2, D-89555 Steinheim 49), ethylene glycol (C;HgO», 99.5%,
Riedel-de Haen, 1953S.Harvey St., Muskegon, MI, USA), cooper (II) nitrate trihydrate ((Cu(NO3),-3H;0O,
99%, Carlo Erba Reagents S.A.S., BP 616, F-27016 Val de Reuil Cedex), copper (II) acetylacetonate
((Cu(CsH705),, 98%, Acros Organics, NJ, USA), 2-propoxyethanol (CsHi20,, 98%, Acros Organics, NJ,
USA). All of the chemicals were used without further purification.

Nanoporous TiO; samples were obtained by anodizing titanium metal foil. Anodization was
carried out at the room temperature using a direct current (DC) power supply in a conventional
two-electrode cell. Ti-foil was used as the anode, and Pt foil served as the counter electrode. Ethylene
glycol containing 0.3 wt.% NH4F and 12 vol.% distilled water was used as an electrolyte. Nanoporous
amorphous TiO; samples (denoted as NEA TiO, ( not-annealed TiO,) in Table 1) that also contained
a small amount of self-organized and aligned TiO, nanotubes/nanopores, were fabricated at 60 V
for 3 h. After anodization, samples were rinsed first in ethanol then in deionized water, and dried
using nitrogen gas. Finally, anodized samples were thermally treated in a tube furnace at 450 °C
(heating/cooling rate of 2 °C/min) for 2 h to obtain pure anatase form of TiO, [29,49] (denoted as
NP TiO; in Table 1). A modified version of anodization process was also carried out with addition
of copper nitrate (samples NP_TiOp_sCu_g_20V_20min and NP_TiO,_sCu_g_30V_20min, Table 1)
or copper acetylacetonate (sample NP_TiO,_sCu_g_10V_20min, Table 1) in electrolyte as one of the
syntheses method.

Furthermore, Cu-modified nanoporous TiO, samples were prepared by an additional
three different synthesis methods: hydrothermal synthesis, electrodeposition, and spin-coating.
The hydrothermal synthesis was carried out in a Teflon autoclave reactor at 150 °C for 6 h. As-prepared
nanoporous TiO; samples were put inside autoclave reactor together with a 25 mM of an aqueous
solution of copper nitrate (sample HT_NP_TiO,_Cu_0.025M, Table 1) or copper acetylacetonate (sample
HT_NP_TiO,_oCu_0.025M, Table 1). After synthesis, samples were carefully rinsed several times with
distilled water to remove organic residuals.

For electrodeposition, the two-electrode system was used. Modification was done with 0.05 M
solution of copper nitrate (sample ED_NP_TiO,_Cu_0.05M_5min, Table 1) or copper acetylacetonate
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(sample ED_NP_TiO;_oCu_0.05M_5min, Table 1) electrolyte using nanoporous TiO, as cathode and
platinum as anode. The copper modification was done by applying 4 V voltage between anode
and cathode. Five minutes was required to achieve Cu-modified nanoporous TiO,. As-fabricated
Cu-modified samples were thermally annealed to obtain crystalline Cu-modified TO, nanostructures.

Nanoporous TiO, samples were used as the substrates for thin films prepared by spin-coating.
The films were formed from the 100 pL of coating solution: copper nitrate in ethanol (sample
SC_NP_TiO,_Cu_0.250M, Table 1) or, alternatively, copper acetylacetonate in 2-propoxyethanol (0.0625
M, 0.125 M, 0.250 M, and 0.500 M). Samples were denoted F1, F2, F3, and F4, respectively (Table 1).
Solutions were deposited on the surface of the samples by spin-coating in an ambient atmosphere at a
speed of 2000 rpm for 30 s. Cu-modified samples were dried on a hotplate at 150 °C for 1 h. Since the F
series was additionally tested, all spin-coated samples (F1, F2, F3 and F4) and reference sample A2
were synthesized in triplicates.

3.2. Catalyst Characterization
3.2.1. Photocatalytic Activity Tests

3.2.1.1. Photoreactor Setup

Experiments were performed in the specially designed photoreactor known as the small
photocatalytic cell (hereafter: SPC). The SPC setup consisted of the irradiation source, flow cell in the
form of a shallow open cylinder, and a pump (Figure 10). In a typical experiment, the photocatalytic
film is placed on the bottom of the cell, and the model solution runs through the cell in total recirculation
(Q = 120 mL min~!). The photocatalytic film is directly irradiated from above, so the catalysts were
positioned perpendicular to the light irradiation. Prior to experiments, 1H-benzotriazole (BT) (CsHsN3,
99%, Acros Organics, NJ, USA), or methylene blue (MB) (C15H13CIN3S, p.a. Kemika, Zagreb, Croatia)
solutions (Cy = 30 mg dm™3; otherwise stated) were recirculated in the dark over the plates to achieve
the sorption equilibrium. The source of irradiation was full-spectrum compact fluorescent bulb
simulating solar spectra with high UVB (Ultraviolet rays); high color rendering Ra98/Class 1A with
color temperature of 6500 K (JBL Reptil Desert UV, 15W). The lamp was placed in the special conical
housing with the reflective inner surface. Such setup ensures the isoactinic conditions in the flow
cell. The ultraviolet (UV) rays; UVB and UVA (Ultraviolet rays) intensities were measured by UVP
UVX radiometer, fitted with the corresponding UVB and UVA sensors, matching the distance of the
photocatalytic film surface. Intensities at film surface, which were accounted for the incident photon
flux at photocatalysts surface, were: Iyyp = 0.18 mWem™2 and Igya = 2.45 mWem™2. Experiments
were performed in quadruplicates to discard possible experimental error and to check the reusability
and the stability of the photocatalysts. Control experiments were performed without the catalysts to
study the photolysis of the model pollutants.

Figure 10. Schematics of the SPC: 1—irradiation source, 2—flow cell (V = 30 mL), and 3—peristaltic
pump with hosing (Vioa = 100 mL).
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3.2.1.2. Analyses

The degradation of BT and MB in the samples was evaluated in terms of respective concentrations
decrease. The concentration of BT was determined using HPLC, Knauer, with SUPELCO C18 column,
length 250 mm, internal diameter 4.6 mm, and UV detection at 275 nm. The analyses were carried out
using isocratic mode with the mobile phase consisted of methanol and water (1:1) at a flow rate of
1.0 mL min~1.

The MB concentration was determined using the spectrophotometric analysis at A = 660 nm,
using a modular spectrophotometer Ocean Optics USB2000+ with deuterium and halogen emission
source and quartz cuvette (1 X 1 cm). The concentration was calculated using the Lambert-Beer equation

whereby the light path was 1 cm, and the extinction coefficient was ey = 2.964 x 1072 dm3 mg™ cm™.

3.2.2. Grazing Incidence X-ray Diffraction (GIXRD) Analysis

The crystalline structure of the unmodified and Cu-modified nanoporous TiO, was investigated
using Siemens D5000 diffractometer in parallel beam geometry with Cu K-« radiation, a point detector
and a collimator in front of the detector. Grazing incidence X-ray diffraction (GIXRD) scans were
performed with the constant incidence angle «; = 1°, guaranteeing that the information contained in
the scattered signal covers the entire film volume, i.e., ensuring a maximum diffraction yield from
thin films.

3.2.3. Raman Spectroscopy

The structural phase of unmodified and Cu-modified nanoporous TiO, was studied by confocal
micro-Raman spectroscopy, using Jobin Yvon T64000 (Japan) with a solid-state laser operated at
532.5 nm for excitation. The objective with 50x magnification (Olympus, Tokyo, Japan) and large
working distance was used. The power of the laser was 25 mW. It was optimized to avoid heating in
the focus of the laser beam that could induce the phase transition of TiO;.

3.2.4. Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy (EDS)

Morphology and elemental composition of the surface were investigated using field emission
gun scanning electron microscopy (FEG-SEM) device JEOL model 7000F operating at 15 kV equipped
with energy dispersive X-ray analyzer (Oxford Instruments EDS/INCA 350, Japan) attached to the
above-described microscope. Spectra were recorded at 15 kV accelerating voltage and 10 mm
working distance.

4. Conclusions

In this research, we have modified nanoporous TiO, photocatalysts with Cu-based compounds.
Four different synthesis methods were used for Cu-based modification of nanoporous TiO,:
hydrothermal synthesis, anodization with Cu source, electrodeposition and spin-coating. The focus was
put on Cu-modified nanoporous TiO, samples synthesized by spin-coating technique, modified with
four different concentrations of Cu-based compounds (0.0625, 0.125, 0.25, and 0.5 M). Those samples
showed the highest photocatalytic activity under UV/Vis irradiation. This result confirmed the
importance of preparation method and the concentration of Cu-based compounds deposited on the
surface of the nanoporous TiO, on the observed photocatalytic activity.

Samples synthesized with spin-coating and hydrothermal synthesis have similar photocatalytic
activity, but spin-coating is the simplest method and therefore studied in detail. Photocatalytic activity
measurements for the most active among samples prepared by spin-coating (F4) showed a 2.8 times
increase in the MB degradation and 3.4 in BT degradation in comparison to the unmodified nanoporous
TiO, sample (A2) that have similar behavior as commercial TiO, P25 [29]. Furthermore, we confirmed
that the film surface has a large influence on the photocatalytic activity, i.e., four times larger surface
lead to the 5 to 6 times increase in the photocatalytic activity.
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Photocatalytic thin films are stable, completely attached to the nanoporous TiO; plates, and after the
photocatalytic reaction, plates can be easily removed from the solution. Since spin-coating is a low-cost,
fast, and most common technique for applying thin films on the substrates, these photocatalysts could
be used on a larger scale.
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