
Synthesis, Characterization, and Photocatalytic, Bactericidal, and
Molecular Docking Analysis of Cu−Fe/TiO2 Photocatalysts: Influence
of Metallic Impurities and Calcination Temperature on Charge
Recombination
Muhammad Saqib Khan, Marcos Fernández García,* Mehraj Javed, Anna Kubacka,
Uriel Caudillo-Flores, Sobia Ahsan Halim, Ajmal Khan,* Ahmed Al-Harrasi,* and Nadia Riaz*

Cite This: ACS Omega 2021, 6, 26108−26118 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: This research evaluated the potential photocatalytic
efficiency of synthesized Cu−Fe/TiO2 photocatalysts against organic
contaminants and biocontaminants through various synthesis methods
(Cu-to-Fe ratio, metal loading, and calcination temperature) and reaction
parameters (photocatalyst dose, irradiation time, and different initial
methyl orange (MO) concentrations). In addition, the best photocatalysts
were characterized through Brunauer−Emmett−Teller (BET), X-ray
diffraction (XRD), differential reflectance spectroscopy (DRS), and X-
ray photoelectron spectroscopy (XPS) analysis techniques. The best metal
loading was 1 wt % with 5:5 Cu/Fe ratio and 300 °C calcination
temperature (5Cu−5Fe/TiO2-300) having 97% MO decolorization.
Further analysis indicates that the metal presence does not generate
new channels for de-excitation but clearly affects the intensity and
decreases charge recombination. The behavior of the photoluminescence intensity is (inversely) proportional to the activity behavior
through the series, indicating that the main catalytic effect of Fe and Cu relates to charge recombination and that the Cu−Fe
bimetallic catalyst optimizes such function. Moreover, the best-engineered photocatalysts asserted impactful bacteriostatic efficacy
toward the tested Escherichia coli strain (in 30 min), and therefore, molecular docking studies were used to predict the inhibition
pathway against E. coli β-lactamase enzyme. The photocatalyst had a high negative docking score (−5.9 kcal mol−1) due to intense
interactions within the active site of the enzyme. The molecular docking study revealed that the ligand could inhibit β-lactamase
from producing its bactericidal activity.

1. INTRODUCTION

Environmental pollution is the principal issue chemical
scientists will face in the coming centuries on a universal
scale.1 Natural water pollution is one of the main problems of
the world, which releases harmful organic and biological
pollutants into the environment.2,3 Untreated waste produced
from the textile industry, hospitals, and other healthcare
facilities are among the leading contributors to aquatic
contamination. Such untreated wastes are characterized by
toxic organic dyes and high pathogenic load responsible for the
contamination of the food chain, disturbance of ecological
balance, and spread of deadly infectious diseases, thus posing a
threat to human health.4 Treated or untreated hospital waste
effluents are responsible for carrying and spreading pathogenic
multi-drug-resistant microorganisms like Escherichia coli
responsible for the spread of serious health infections.5

Among different treatment technologies to degrade a variety
of organic air and water pollutants, heterogeneous photo-
catalysis using the semiconductor TiO2 is extensively used.6

Titanium dioxide, among different photocatalysts, is preferred
over other materials due to its chemical stability and nontoxic
nature.7 The only limiting factor of TiO2 in photocatalytic
technology is its activation only under the UV light and its
wide band gap, thus requiring energy equal to or larger than its
band gap energy (Eg).

8 Other limiting factors restricting its
photoactivity are ineffective visible light consumption and
unrestrained electron/hole pairs recombination with a fast
backward reaction.9

To address the aforementioned limitations, many strategies
have been used, including doping semiconductors with metal
or nonmetal ions, dye sensitization, and coupling with other
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semiconductors by adding electron donors (hole scavengers)
or carbonate salts.10 Metal doping has been proved as the
active technique to improve photocatalytic activity.11 However,
since so many features affected the photoactivity of the TiO2
photocatalyst, the effects of metal doping, both negative and
positive, have been taken into account, including the synthesis
method of metal doping, metal content, type of metal, and the
experimental conditions (pH and temperature).12 Metal
cations act as a trap for the electron and/or hole on the
surface of TiO2, which inhibits the electron−hole recombina-
tion, thus improving the photocatalytic activity.13 Another
outcome from metal incorporation is shifting the absorption
region from the UV to the visible range by reducing the band
gap between the conduction band (CB) and the valence band
(VB).14,15 Representative examples of the studies using Cu- or
Fe-doped TiO2 photocatalysts are listed in Table 1.
Moreover, recent improvements in TiO2 photocatalysis have

resulted in a series of new visible light-active photocatalysts
with better characteristics, as well as a variety of fascinating
surface phenomena and reaction products. The art of
quantitatively modeling molecular structures and simulating
their behavior using quantum mechanical methods is known as
molecular modeling. For TiO2 photocatalysis, molecular
modeling approaches are critical. They employ quantum
mechanical approaches, which allow us to analyze chemical
events using computer computations rather than experi-
ments.16−18 Quantum mechanical calculations appear to be a
promising method for modeling the processes and product
distributions of photocatalytic degradation reactions of organic

contaminants in gas and aqueous phases. Because quantum
mechanical approaches are based on particle physics concepts,
they could be applied to the development of novel photo-
catalysts.
The present study aimed to synthesize the visible light-active

photocatalysts with high photocatalytic and bactericidal
activity. Moreover, methyl orange (MO) of the azo class was
selected as the model dye due to its frequent use in the textile
industry and hospitals for the determination of organic acids in
urine35 and has been reported resistant to photodegradation
and oxidation.

2. RESULTS AND DISCUSSION
2.1. Optimization of Cu and Fe Mass Composition.

Results of Cu and Fe mass composition on the decolorization
of MO are depicted in Table 2. Compared to the combination
of Cu and Fe in the bimetallic state, monometallic 10Cu−0Fe/
TiO2 and 0Cu−10Fe/TiO2 photocatalysts performed signifi-
cantly lower for the decolorization of the MO dye. These
findings are comparable to the recent reports on the use of
Cu−Fe bimetallic photocatalysts in the reduction of various
environmental pollutants like orange II dye, diisopropanol-
amine (DIPA) (alkanolamine), diclofenac, and aliphatic
halogenated contaminants.25,29,31,36−38

2.2. Impact of the Calcination Temperature. Calcina-
tion is an important factor in controlling photocatalytic
performance.39 Influence of the calcination temperature on
the performance of various synthesized photocatalysts is
depicted in Table 2. The optimum calcination temperature

Table 1. Application of Cu, Fe, and Cu−Fe/TiO2 Photocatalyst for Photocatalytic Degradation of Organic Compounds in
Industrial Wastewaters

photocatalysts preparation methods light source applications

Fe/TiO2 HTa XRG dye19

Fe/TiO2 SGa MB photocatalytic degradation20

Fe/TiO2 SG photocatalytic degradation of 1,2-dichloroethane21

Fe/TiO2 SG UV 95% E. coli removal efficiency (0.5 mol % Fe) after 120 min22

Fe/TiO2 SG UV E. coli and Staphylococcus aureus inactivation23

Cu/TiO2 SG UV E. coli24

Cu/TiO2 DP visible orange II photocatalytic degradation25

Cu−Ni/TiO2 WI visible DIPA photocatalytic degradation26

Cu−Fe/TiO2 SG-HT visible desulfurization of diesel fuel27,28

Cu−Ni/TiO2 WI, DP, and CPa visible orange II photocatalytic degradation29−31

Cu−Ni/SiO2 WI hydrogen production32

Cu−Ni/TiO2 SG-HT visible hydrogen production33

Cu−Ni/TiO2 solvent hot aminopyrine photodegradation9

Fe/Al2O3−MCM-41 SG-WI visible hydrogen production34

aHT, hydrothermal; SG, sol−gel; WI, wet impregnation; DP, deposition precipitation; CP, coprecipitation.

Table 2. Optimization of Synthesis Parameters, Metal Ratios, Metal Loading, and Calcination Temperature of Cu-Fe/TiO2
Photocatalysts for Percent Decolorization of MO

metal loading (wt %)

0.50 1.00 5.00 10.00 0.50 1.00 5.00 10.00

photocatalysts 300 °C 500 °C

10Cu−0Fe/TiO2 65.00 74.14 68.90 65.60 36.43 22.05 20.10 24.40
9Cu−1Fe/TiO2 59.00 72.06 64.00 69.40 47.86 55.39 53.00 51.80
7Cu−3Fe/TiO2 81.00 94.97 68.00 68.90 63.29 72.06 69.10 71.80
5Cu−5Fe/TiO2 79.00 97.06 88.72 78.31 66.16 84.56 72.06 50.00
3Cu−7Fe/TiO2 52.23 65.81 63.80 62.70 39.09 38.72 41.90 37.50
1Cu−9Fe/TiO2 65.80 78.31 72.90 73.30 52.59 55.39 53.80 52.20
0Cu−10Fe/TiO2 68.00 78.31 71.60 56.90 51.62 55.39 60.20 51.00
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was 300 °C with maximum MO decolorization (97.06%),
while the maximum performance of the photocatalysts calcined
at 500 °C was 84.56%. Similar findings were reported in a
previous study40 for the degradation of orange II dye using
bimetallic photocatalysts.
2.3. Impact of the Metal Loading/Composition. The

impact of different metal loadings (0.5, 1, 5, and 10 wt %) and
metal compositions of Cu/Fe (0, 1, 3, 5, 7, 9, and 10) is
discussed in this section. The results are depicted in Table 2 in
terms of MO percentage removal. Metal loading of 1 wt % and
5:5 Cu/Fe composition showed 97.06% MO decolorization;
however, the 0.5, 5, and 10 wt % showed 79, 88, and 62%
decolorization of MO. Previous studies showed that higher
impurity contents tend to block the active sites and hence
reduce the photocatalytic performance.41−43

Based on the above synthesis optimization studies, 5Cu−
5Fe/TiO2-300 with 1 wt % metal loading was selected for
further studies.
2.4. Effect of the Photocatalyst Dose. The effect of

5Cu−5Fe/TiO2-300 dose (0.5, 1, 2, and 3 g L−1) on the
decolorization of the MO dye was evaluated, as depicted in
Figure 1a. The maximum MO decolorization from 60 to 97%
was observed with increasing photocatalyst dose from 0.5 to 1
g L−1, respectively, while a further increase from 2 to 3 g L−1

resulted in a lower MO decolorization of 79 and 64%,
respectively. Higher decolorization with increasing photo-
catalyst dose is directly linked to the availability of more active
sites on the surface of the photocatalyst, which accelerates the
efficiency of the photocatalyst.44 Moreover, lower decoloriza-
tion is attributed to light dispersion by an excessive dose of the
photocatalysts.45

2.5. Effect of the Irradiation Time. The effect of the
irradiation time on the decolorization efficiency of 5Cu−5Fe/
TiO2-300 for the decolorization of MO is depicted in Figure
1b. It is apparent that with an increase in irradiation time, the
MO decolorization increases. In this study, 97% decolorization
was achieved in 60 min of irradiation. The results of this study
are well comparable to those previously obtained under UV
irradiation (50% MO decolorization in 90 min of irradi-
ation).46

2.6. Effect of the Initial MO Concentration. The effect
of the initial concentration of MO was assessed at different
initial MO concentrations (10, 20, 30, 40, 50, 60 mg L−1) and
keeping the other parameters constant, including photocatalyst
dose (1 mg mL−1), working pH, and ambient temperature 23
± 2 °C and reaction time (60 min) (Figure 1c). The MO
decolorization decreased with subsequent increment in initial
MO concentration. The reason explained in the previous
studies is the photon interruption at higher initial MO
concentrations; moreover, at higher MO concentrations, dye
molecules absorb a large amount of visible light that decreases
photocatalyst effectiveness, leading to the inhibition of percent
decolorization.41−43

2.7. Photocatalytic Kinetics for the Decolorization of
MO. The pseudo-first-order (PFO) and second-order (SO)
kinetics models were used for the quantitative evaluation, as
depicted in Figure S1 (Supporting Information). The kinetic
data best fitted into the PFO kinetic model, and Kapp was
calculated from the slope of linear regression. Similar findings
were reported in previous studies on bimetallic photocatalysts,
indicating that PFO is suitable for the entire range of the
investigated pollutants.26,31,37,42,47,48

The heterogeneous photocatalytic mechanism used here is
the Langmuir−Hinshelwood isotherm model (L−H), and it is
the most widely used one.41,42,49 The plot of 1/Kapp against
[MO]0 is depicted in the inset of Figure 2, while kc and Kads
obtained from the slope and intercept are 0.5296 mg L−1 h−1

and 1.2552 L mg−1, respectively. The higher Kads values signify
a stronger adsorption, which is the most important factor in
determining the photocatalytic performance of the photo-
catalysts.50 Figure 2 shows the impact of the initial MO
concentration on its initial photodegradation rate, which
describes the fact that initial photodegradation rates escalated
with increasing MO concentration and eventually became
steady. Similar results are reported in previous investigations,
where a strong linear fit (R2 = 0.983) was achieved employing
a Langmuir−Hinshelwood model but with a reduced rate
constant (Kc = 0.792 mg L−1), evidencing poor adsorption of
MO on the particle surface. Broadly speaking, overall results
for decaying of k1 at increasing MO concentrations can be

Figure 1. Effect of 5Cu−5Fe/TiO2-300 on the decolorization efficiency of the MO dye (a) dose, (b) irradiation time, and (c) initial MO
concentration.
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generalized by identifying multiple aspects: (1) elevated
quantities of MO molecules are adsorbed by photocatalysts
on active sites, and (2) larger numbers of photons are absorbed
by MO. For the latter reason, nanoparticles have fewer
photons accessible, reducing the number of electron−hole
pairs and thereby lowering the operational productivity of
nanoparticles.49,51

2.8. Methyl Orange Mineralization. The amount of
organic pollutant mineralization is measured by the reduction
in chemical oxygen demand (COD) and total organic carbon
(TO-carbon). For this purpose, COD and TO-carbon tests
were performed to determine the mineralization of the MO
azo dye using TiO2-300 and 5Cu−5Fe/TiO2-300 photo-
catalysts. The results are reported in % COD and TO-carbon
removal, as depicted in Figure 3. The bimetallic 5Cu−5Fe/

TiO2-300 showed better COD and TO-carbon reduction of
88.21 and 93.27%, respectively, compared to the COD and
TO-carbon reduction of TiO2-300 of 17.03 and 7.4%,
respectively. These results are comparable to previous studies,
where 53% COD removal was obtained in 120 min of
irradiation for Cu/TiO2/ZnO photocatalysts.52

2.9. Photocatalytic Bactericidal Performance Evalua-
tion and Molecular Docking Studies. Antibacterial studies
were conducted using control (without the addition of a
photocatalyst, only light), TiO2-300, 5Cu−5Fe/TiO2-300, and
5Cu−5Fe/TiO2-500 photocatalysts against the human patho-
gen, E. coli. The results depicted in Figure 4a,b show a
complete reduction (%) and inactivation (CFU mL−1) of E.
coli in 30 min of irradiation, whereas upon increasing the

calcination temperature, the photocatalytic activity decreased
to 60%. The present study observed excellent photobiocidal
efficiency with a 100% drop (in 30 min) in the growth of
bacteria when metallic ions were doped with TiO2. However,
TiO2-300 (as a positive control) showed a reduction in
bacterial growth of just 9% under visible light irradiation. The
main catalytic effect of the Fe and Cu relates to charge
recombination, and the Cu−Fe bimetallic catalyst optimizes
such function as indicated by the X-ray photoelectron
spectroscopy (XPS) study. In parallel, bioactivity can result
from photocatalyst cessations or direct association with E.
coli.53 The binding of the photocatalyst to the bacterial cell is
facilitated mainly due to the roughness of the surface and
contrasting surface charges of bacterium (negative) and
transition-metal-doped TiO2 (positively charged) and inevi-
tably resulting in cell death due to the infiltration of metallic
nanomaterials. The above findings have been further validated
by Cu−Fe/TiO2 docking studies at the active site of E. coli β-
lactamase, with ample proof of TiO2 invading the active sites,
which eventually leads to a higher photobiocidal effi-
ciency.41,47,54,55 The biochemical pathway of antimicrobial
action was clarified by molecular docking since antimicrobial
activity can be due to photocatalyst dissolution or direct
interaction with microorganisms. Our findings are comparable
to those of non-metal-doped TiO2 (N/TiO2) in a study carried
out by Khan et al., which reported deactivation of the E. coli in
120 min;41 however, Cu−Fe/TiO2 showed promising
inactivation activity in 30 min. In another study, Ag- and N-
doped TiO2 increased the antibacterial properties of TiO2
nanoparticles under fluorescent light irradiation,56 which
indicates that the combination of metal and nonmetal doped
TiO2 can be studied in the future for best performance.

Figure 2. Effect of the MO concentration on the initial decolorization
rate using 1 wt % 5Cu−5Fe/TiO2-300; inset: plot of reciprocal of
apparent rate (Kapp).

Figure 3. Effect of the synthesized photocatalyst on COD and TO-
carbon (% removal) after 60 min of irradiation.

Figure 4. Bactericidal performance of the synthesized photocatalysts:
(a) reduction (%) in 30 min of irradiation and (b) inactivation (kill
time required for complete inactivation).
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Several bacteria produce β-lactamases that break the β-
lactam ring of antibiotics, thereby inducing multiple bacterial
antibiotic resistance and deactivating antibiotic properties.
Since the Cu−Fe/TiO2 photocatalyst showed excellent
bactericidal activity against E. coli, the β-lactamase enzyme of
E. coli was picked as a possible drug target. At the active site of
β-lactamase, the Cu−Fe/TiO2 photocatalyst was identified to
be conveniently positioned in the active site and exhibited
improved binding activity with the active site residues. The Fe-
associated hydroxyl groups of the photocatalyst mediated
strong hydrogen bonds with the side chains of (−OH) Ser130
and (NH1) Arg243, while the side chain −OH of Ser70
donated a hydrogen bond to the oxygen linked between Ti and
Cu ions. Due to these strong interactions within the active site
of the enzyme, the photocatalyst exhibited a high negative
docking score (−5.9 kcal mol−1). The binding interactions of
the Cu−Fe/TiO2 photocatalyst within the E. coli β-lactamase
active site are depicted in Figure 5. These significant protein−
ligand binding interactions and high negative docking score
indicate that the ligand could inhibit β-lactamase to produce its
bactericidal activity.
2.10. Interpretation of Photoactivity. Due to the

optimum performance of the 5Cu−5Fe/TiO2-300 photo-
catalysts, we focus our characterization study on such sample
and, particularly, on understanding the promotion effect of the
binary material with respect to single metal references. For this,
we first measured the main physicochemical properties in
Table 3. In this table, we observed the constancy of the

Brunauer−Emmett−Teller (BET) surface area and band gap
energy. It is also noticeable that the titania support does not
change structurally, as evidenced by the identical X-ray
diffraction (XRD) patterns presented in Figure 6. The pattern
presented corresponds to an anatase structure. The combina-
tion of these results indicates that the deposition of the metal

onto the titania surface does not alter the main structural,
morphological, and electronic properties of the support.
Concerning the latter, the UV−visible spectra presented in
Figure 7 indicate, however, a small increase in light absorption
capability of the metal-containing materials with respect to the
TiO2-300, particularly for monometallic reference systems. So,
considering the constancy of the physicochemical properties of
the titania support through the series of samples, we would
thus dismiss any differential effect of the support properties
between the Cu and/or Fe photocatalysts and the TiO2-300
reference. This clearly shows the key role of Cu and Fe in
promoting the activity, as previously observed by others.57−60

To interpret the important catalytic enhancement presented
by 5Cu−5Fe/TiO2-300 in the bimetallic sample with respect
to the monometallic counterparts, we carried out an XPS study
of the corresponding samples. Cu and Fe 2p XPS spectra are
presented in Figure 8, and fitting results are presented in Table
S1. Rather similar spectra are observed between the
monometallic and the bimetallic samples.61 Fe shows a binding
energy characteristic of Fe(III), while the shape of the Cu XPS
spectra indicates the presence of oxidized Cu(I) and Cu(II)
species. The low shake-up intensity, as well as the energy
position of the components obtained by fitting (Figure 8),
indicates the dominance of a Cu(I) species.61 According to

Figure 5. Docked view of the ligand is shown in the active site of E. coli β-lactamase. Ligand is shown in red color. Active site residues are depicted
in tan color, and hydrogen bonds are shown as black lines. The protein−ligand binding interactions and bond length are shown on the top right
side.

Table 3. Main Physicochemical Properties of the
Photocatalystsa

photocatalysts BET area (m2 g−1) band gap (eV)

TiO2 9.0 3.1
T-300 7.6 3.1
0Cu−10Fe-300-T 8.6 3.1
5Cu−5Fe-300-T 8.9 3.1
10Cu−0Fe-300-T 8.7 3.1

aAverage standard error; BET area; 2.1 m2 g−1; band gap, 0.03 eV.

Figure 6. XRD patterns of the samples calcined at 300 °C and
references systems.
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XPS and the quantity of the Cu and Fe present in each catalyst,
differences between monometallic and bimetallic samples are

rather modest and mostly related to a decrease of Fe dispersion
in the bimetallic catalysts with respect to the reference. As
shown in Figure 8, such changes do not produce an increase in
light absorption for the bimetallic material with respect to
monometallic counterparts. However, it has a beneficial effect
on charge recombination. The Cu−Fe bimetallic catalyst
optimizes such function, as indicated by the XPS study. The
Cu+−O bond and Cu0 have been created in the TiO2 lattice,
as can be seen on the surface of TiO2, since XPS detects
species primarily on the outer surface or in a very shallow
surface layer. Cu/TiO2 exhibits two sets of peaks, one primary
peak at 932.3 eV and the other at 933.1 eV, as illustrated in
Figure 8, resulting from Cu2+ states generated by Cu oxidation
during the XPS test. The broad peak around 932.3 eV could be
due to a mixture of Cu+ and Cu0 because their binding
energies are close and difficult to distinguish.62,63

As shown in Figure 9, we have observed the presence of de-
excitation peaks at ca. 460 and 520 nm as previously observed

by others under UV excitation, and very weak contributions at
ca. 520 and 540 nm under visible excitation.64 These
contributions are characteristic of anatase and display a rather
similar shape for all of our samples. This point indicates that
the metal presence does not generate new channels for de-
excitation but affects clearly the intensity, thereby decreasing

Figure 7. UV−visible spectra of the samples calcined at 300 °C and
references systems.

Figure 8. Cu 2p (top panel) and Fe 2p (lower panel) XPS spectra of
samples calcined at 300 °C and references systems. Cu panel shows
fitting results concerning two chemical species.

Figure 9. Photoluminescence spectra of the samples: (A) 365 nm and
(B) 425 nm excitation.
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charge recombination.65 The behavior of the photolumines-
cence intensity is (inversely) proportional to the activity
behavior through the series, indicating that the main catalytic
effect of the Fe and Cu relates to charge recombination and
that the Cu−Fe bimetallic catalyst optimizes such function.
The morphology and elemental distribution of photo-

catalysts were analyzed using scanning electron microscopy-
energy-dispersive X-ray analysis (SEM−EDX). It can be seen
in Figure 10a that photocatalyst particles were spherical and
agglomerated. A clearer picture of the elemental dispersion
along with the elemental mapping can be seen in Figure 10b,c.

3. SUMMARY AND CONCLUSIONS
Cu−Fe/TiO2 photocatalysts were synthesized through the WI
method. Synthesis parameters were optimized for the Cu-to-Fe
ratio, metal loading, and calcination temperatures. Photo-
catalysts with 1 wt % 5Cu−5Fe/TiO2 showed the maximum
MO decolorization (97.1%) in 60 min. Various parameters like
photocatalyst dose, dye concentration, and irradiation time
were monitored to validate the photocatalyst performance.
Mineralization studies and COD/TO-carbon analysis clearly
demonstrated that synthesized photocatalysts were capable of
completely degrading the MO dye. The dependence of the
initial degradation rate on the MOo concentration followed the
Langmuir−Hinshelwood (L−H) model, indicating that photo-
catalysts have a high adsorption capacity, which in turn has
enhanced the photocatalytic performance. The photocatalytic
performance of Cu−Fe/TiO2 was attributed to the high
photogenerated electron−hole separation efficiency. Addi-
tional bactericidal activity testing was performed to verify the
photocatalytic disinfection capacity of the best-performing
photocatalyst against various parameters, including irradiation
time (kill time) and calcination temperatures. The 5Cu−5Fe/
TiO2-300 photocatalyst showed a much-improved efficiency
for maximum % reduction of E. coli in 30 min of irradiation
under visible light. The biocidal mechanism was explained by
docking simulation, which demonstrated that the Cu−Fe/
TiO2 photocatalyst might impact this activity by inhibiting the
β-lactamase enzymes with a high negative docking score (−5.9

kcal mol−1). Moreover, the BET surface area and band gap
energy were found to be consistent, and the XRD patterns
reported corresponded to an anatase structure. The primary
structural, morphological, and electrical features of the support
are unaffected by the metal deposition on the titania surface.
However, as compared to TiO2-300, the metal-containing
compounds showed a slight increase in light absorption
capabilities.

4. METHODOLOGY
4.1. Materials. Metal salts used as dopant metals were

copper nitrate trihydrate, Cu(NO3)2·3H2O, (Dae-Jung brand >
99.0% purity) and iron nitrate nonahydrate Fe(NO3)3·9H2O
(Dae-Jung brand > 97.0% purity). Titanium dioxide (TiO2,
Anatase) was used as the support and was purchased from
Dae-Jung with 98.0% purity. Methyl orange, the model azo
dye, was purchased from Fluka. All of the chemicals were used
without any further purification.

4.2. Photocatalyst Preparation. A range of bimetallic
photocatalysts were synthesized with varying mass composi-
tions (Cu/Fe) employing TiO2 as the support via the WI
method reported in our previous publication.48 In a typical
method, to synthesize 1 wt % Cu/Fe photocatalysts, 7.87 ×
10−4 moles of Cu(NO3)2·3H2O and 8.95 × 10−4 moles of
Fe(NO3)3·9H2O were stirred (stirring hotplate, DLAB MS7
H550-S, Riverside, CA) in 100 mL of deionized water to
obtain a homogeneous solution, where after 1.25 × 10−1 moles
of TiO2 was introduced under continuous stirring into this
homogeneous solution to form a slurry. A thick paste was
obtained upon heating the slurry. This thick paste was kept
overnight to age, followed by drying in an oven (UN 30,
Memmert-Kupfer, Dominik, Germany). The raw photocatalyst
(dried paste) was ground into powder and calcined at different
calcination temperatures. The denotation of the synthesized
photocatalyst is explained in the Supporting Information
(Scheme S1), and the flow diagram of the wet impregnation
synthesis is given in the Supporting Information (Figure S2).

4.3. Photocatalytic Degradation and Mineralization
Study. Photocatalytic decolorization efficiency of the synthe-

Figure 10. SEM−EDX of the 5Cu−5Fe/TiO2 samples calcined at 300 °C: (a) morphology, (b) elemental dispersion, and (c) elemental mapping
(resolution: 61 × 64 pixels).
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sized material was assessed through percent decolorization of
MO under visible light irradiation. An appropriate amount of
photocatalysts was ultrasonically (ultrasonicator, FSF-020S
Huanghua Faithful Instrument, Huanghua, China) dispersed in
water for 10 min, followed by the addition of the desired
amount of MO with a final concentration of 50 mg L−1. This
heterogeneous mixture was stirred for 30 min in dark and then
illuminated under visible light (500 W halogen lamp, Hi
Luminar, Bayern, Germany) at 25 cm. The samples were
drawn from the heterogeneous mixture at a predetermined
time interval to check the absorbance through UV−vis
spectrophotometer (PG instrument, T80+ series) at 465 nm
wavelength. Prior to absorbance measurement for the residual
MO concentration, the samples were centrifuged to remove
the suspended photocatalysts.
The photodecoloration efficiency of the photocatalyst was

determined using eq 1
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−
×
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where C0 is the initial MO concentration (mg L−1) and Cf is
the MO concentration (mg L−1) at different intervals of time
during the reaction.
Mineralization studies of MO after irradiation were

monitored in terms of % COD and % TO-carbon removal
using AL100, AQUALYTIC, as the chemical oxygen demand
(COD) and TOC removal according to eqs 2 and 3.
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where COD0 or TO-carbon0 is initial MO COD/TO-carbon
(mg L−1) and CODf or TO-carbonf is the MO COD/TO-
carbon concentration (mg L−1) at different intervals of time
during the reaction.
4.3.1. Optimization of Synthesis Parameters. Synthesis

parameters were optimized for the selection of best suitable
synthesis combinations for Cu−Fe/TiO2 photocatalysts. These
included (a) selection of best Cu and Fe mass composition
(10:0, 9:1, 7:3, 5:5, 3:7, 1:9, 0:10), (b) selection of metal
loading (wt %), i.e., 0.5, 1, 5, and 10, and (c) selection of a
suitable calcination temperature, i.e., 300 and 500 °C.
4.3.2. Optimization of Reaction Parameters. Optimization

of reaction parameters is crucial in terms of the economic and
energy value of the heterogeneous system. The best-optimized
photocatalyst, 5Cu−5Fe/TiO2-300 with 1% metal loading, was
further used to optimize the reaction parameters. These
reaction parameters include (a) photocatalyst dose, (b)
irradiation time, and (c) initial MO concentration.
4.4. Photocatalytic Bactericidal Performance Evalua-

tion and Molecular Docking Studies. The photocatalytic
disinfection ability of the best-performing nanomaterial was
further tested for bactericidal activity against E. coli (ATCC-
15224)66 following the bactericidal activity protocol explained
elsewhere.41,42,47 The media and glassware were autoclaved
before the experiment. For a classic photocatalytic reaction for
bacterial inactivation, known amounts of mature bacterial

culture (104 CFU mL−1) were transferred to freshly prepared
autoclaved broth cultures in a glass vessel, followed by the
addition of the desired amount of photocatalysts (1 g L−1). All
of the disinfection studies (180 min) were carried out in a
photoreaction chamber (placed inside a laminar flow hood)
under a visible light source. Specified amounts of aliquots (at
fixed time) were extracted and poured on agar plates, followed
by incubation (at 37 °C) and analysis of results (utilizing a
colony counter).
Controlled tests were also performed in dark and light using

TiO2-300 and without photocatalyst. Findings are presented as
% reduction pre- and post-photocatalytic oxidation process
(PCO) using the given eqs 4 and 5.

i
k
jjj

y
{
zzz

A B
A

percent reduction 100= − ×
(4)

where A is the count for the bacterial cells prior to PCO and B
is the count of the viable bacterial cells following PCO.
The inactivation efficiency67 of the nanomaterials was shown

by log unit reduction of E. coli (Lr)

E coli L
A
A

log unit reduction of . ( ): t
r

0
=

(5)

where At and A0 are the initial concentration and the
concentration at a particular irradiation time during photo-
catalytic inactivation experiments, respectively.
An in silico structure-based docking strategy was applied to

investigate the mechanism of the bactericidal activity of Cu−
Fe/TiO2. Molecular Operating Environment (MOE version
2014.09) was used to carry out docking on the three-
dimensional X-ray crystal structure of E. coli β-lactamase (PDB
ID: 1ERM,68 resolution = 1.70 Å). The protein file was
prepared for docking by adding hydrogen atoms and partial
charges (according to the AMBER12:EHT force field). Only
water molecules within the 3 Å vicinity of the active site were
retained, while the rest were removed. The three-dimensional
(3D) structure of Cu−Fe/TiO2 was built on MOE using the
AMBER12:EHT force field with the given parameters for Cu
(mass = 63.5460, q = 0.000, R = 1.7475, Eps = 0.0707, m = 12,
and n = 6), Fe (mass = 55.8500, q = −2.00, R = 1.200, Eps =
0.0500, m = 12, and n = 6), and Ti (mass = 47.8670, q =
−2.00, R = 1.5875, Eps = 0.1304, m = 12, and n = 6). The
docking was performed with the default docking algorithm and
scoring function (triangle matcher algorithm and London dG).
Several docked conformations of ligand were obtained that
were individually visualized. The most appropriate docked
orientation was selected based on the docking score and
binding interactions.

4.5. Photocatalytic Kinetic Studies. Kinetic studies were
conducted with different kinetic equations and the data best
fitted to the pseudo-first-order (PFO) kinetic model (eq 6)

C
C

K tln
t

0
app

[ ]
[ ]

=
(6)

The rate of decolorization of the MO dye using 5Cu−5Fe/
TiO2-300 in a heterogeneous system was assessed through the
Langmuir−Hinshelwood (LH) isotherm. The LH expression is
given in eq 7
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where dMO is the change in MO concentration, dt is the
change in time (min), kc is the rate constant, Kads is the
adsorption coefficient, and MO is the MO concentration.
4.6. Characterization Studies. The synthesized material

was characterized using different analysis tools. To understand
the surface area and pore volumes, the samples were analyzed
by nitrogen physisorption using BET analysis (Micromeritics
ASAP 2010). XRD profiles were obtained using a Ni-filtered
Cu Kα radiation with a 0.02° step (Seifert D-500
diffractometer). XRD was also used to determine crystallite
sizes of photocatalysts (Williamson−Hall formalism).69

Shimadzu UV2100 apparatus was used to determine UV−vis
diffuse-reflectance (nylon was used as a reference sample), and
the results were presented as Kubelka−Munk transform.70 The
chemical, electronic state, and elemental composition of doped
metals into the TiO2 was studied using X-ray photoelectron
spectroscopy (XPS) by recording data on 4 × 4 mm2 pellets
(0.5 mm thick). Powdered materials were slightly pressed for
the preparation of pellets. To remove chemisorbed water from
surfaces, the samples were degassed at room temperature (up
to a pressure <2 × 10−8 Torr) in the prechamber of the
instrument. The SPECS spectrometer main chamber (working
at a pressure <10−9 Torr) was furnished with a PHOIBOS 150
multichannel hemispherical electron analyzer with a dual X-ray
source working with Ag Kα (hν = 1486.2 eV) at 120 W and 20
mA using C 1s as the energy reference (284.6 eV). Surface
chemical compositions from XPS spectra were assessed by
calculating the integral of each peak after subtraction of the “S-
shaped” Shirley-type background71 using CASA-XPS (version
2.3.15) software and suitable experimental sensitivity factors.
JEOL JSM-6510LA was used to understand the surface
morphologies of the synthesized photocatalysts.
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