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performance, bactericidal
behavior and molecular docking analysis of Cu-
doped TiO2 nanoparticles

M. Ikram, †*a E. Umar,†c A. Raza,c A. Haider,b S. Naz,d A. Ul-Hamid, f J. Haider,d

I. Shahzadi,e J. Hassanc and S. Alic

Copper-doped TiO2 was prepared with a sol–gel chemical method. Various concentrations (3, 6, and

9 wt%) of Cu dopant were employed. Several techniques were implemented to assess the structural,

optical, morphological and chemical properties of the synthesized samples. Evaluation of elemental

composition using SEM-EDS and XRF techniques showed the presence of dopant element in the

prepared samples. XRD analysis confirmed the presence of anatase (TiO2) phase with interstitial doping.

Incorporation of dopant was observed to enhance the crystallinity and increase the crystallite size of the

synthesized products. SAED profiles revealed a high degree of crystallinity in the prepared specimens,

which was also evident in the XRD spectra. Optical properties studied using UV-vis spectroscopy

depicted a shift of the maximum absorption to the visible region (redshift) that signified a reduction in

the band gap energy of Cu-doped TiO2 samples. Examination of morphological features with scanning

and high-resolution transmission electron microscopes revealed the formation of spherical nanoparticles

with a tendency to agglomerate with increasing dopant concentration. Molecular vibrations and the

formation of Ti–O–Ti bonds were revealed through FTIR spectra. PL spectroscopy recorded the trapping

efficiency and migration of charge carriers, which exhibited electron–hole recombination behavior.

Doped nanostructures showed enhanced bactericidal performance and synergism against S. aureus and

E. coli. In summary, Cu-doped TiO2 nanostructures were observed to impede bacteria effectively, which

is deemed beneficial in overcoming ailments caused by pathogens such as microbial etiologies.

Furthermore, molecular docking analysis was conducted to study the interaction of Cu-doped TiO2

nanoparticles with multiple proteins namely b-lactamase (binding score: �4.91 kcal mol�1), ddlB (binding

score: �5.67 kcal mol�1) and FabI (binding score: �6.13 kcal mol�1) as possible targets with active site

residues. Dye degradation/reduction of control and Cu-doped samples were studied through absorption

spectroscopy. The obtained outcomes of the performed experiment indicated that the photocatalytic

activity of Cu-TiO2 enhanced with increasing dopant concentration, which is thought to be due to

a decreased rate of electron–hole pair recombination. Consequently, it is suggested that Cu-TiO2 can

be exploited as an effective candidate for antibacterial and dye degradation applications.
artment of Physics, Government College

. E-mail: dr.muhammadikram@gcu.edu.

ery, University of Veterinary and Animal

omputing and Applied Sciences (RICAS),

d, Lahore, Pakistan

y, Chinese Academy of Sciences, Tianjin

ab, Lahore, 54000, Pakistan

ch Institute, King Fahd University of

udi Arabia

utors.

f Chemistry 2020
1 Introduction

An increase in the world's population and rapid industrializa-
tion during the last century have contributed to environmental
pollution, thus adversely affecting the quality of air and water
that are deemed crucial for continued sustenance of life on
earth. It is no wonder then that a lot of effort is currently being
expended into nding effective means of reducing environ-
mental pollutants to provide global citizens with a clean and
wholesome ecosystem.1–4 In this regard, study of photocatalytic
materials has attracted signicant attention over the last two
decades with a large number of articles published on an annual
basis. Concurrently, there has been substantial advancement in
technology that is used to produce efficient and cost-effective
photocatalysts. An increase in the efficiency of photocatalytic
RSC Adv., 2020, 10, 24215–24233 | 24215
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materials synthesized nowadays has primarily been attributed
to the advancement in nanotechnology.2,5,6 Titanium dioxide
(TiO2) is considered to be one of the most remarkable photo-
catalysts due to its broad spectrum of applications, and its
substantial stability and non-toxicity. TiO2 has been employed
in various applications as a photocatalyst, antimicrobial agent,
and a solution to environmental problems, owing to its
environment-friendly nature and cost-effectiveness. TiO2 natu-
rally exists in three crystallographic forms namely anatase,
rutile, and brookite. Anatase phase is the most promising
candidate for photocatalytic activity, particularly nanoparticles
of anatase that are less than 14 nm in size are considered to be
an ideal contender for use in wastewater treatment owing to
their large surface area.2,5,7–9

In addition to the favorable characteristics mentioned above,
it has been possible to improve upon the properties of TiO2

through various modications. As a consequence of these
alterations, TiO2 displays absorption in the visible region and in
many cases photocatalytic activity under visible irradiation for
various reactions.2,7,10 The photocatalytic mechanism of titania
is constrained by the tendency for electron–hole pairs to
recombine, as is the case for all semiconductor photocatalysts.
As a result of recombination of electron–holes, titania exhibits
poor band gap emission, which optically allows for the irradi-
ative recombination of trap states.10–13 In general, recombina-
tion instigated by impurities and defects as well as various other
aspects lead to incorporation of bulk and surface imperfections
into crystals, which may occur either on the surface or in bulk.
Additionally, decrease in particle size usually leads to an
increase in surface recombination.10,12,14 Addition of any species
that expedite charge separation serves to reduce recombination
phenomenon in the material and enhances overall quantum
efficiency of the photocatalytic system. Charge separation in
titania supported through various modiers such as noble
metals, heterojunction coupling, and doping with transition
metal ions has been reported.10,12,15,16

Taking into account the limitations listed above, copper
incorporated in various concentrations in pure TiO2 stands out
as one of the most favorable dopant materials that compensates
for such drawbacks.17,18 The Cu-based nanocatalysts have
signicant applications in nanotechnology including photo-
catalysis, electrolysis, hydrogen production, and anti-bacterial
products. Previously reported literature has revealed that high
concentrations of Cu have been utilized to enhance photo-
catalytic and anti-bacterial efficiency.10,17,19 In comparison with
noble metals (i.e., Au, Pd, and Ag), Cu has been considered as
a highly competent co-catalyst of titania due to its ease of
availability, and cost-effectiveness in that it is 100 and 6000
times cheaper than Ag and gold, respectively.10,13,20,21 The photo-
enhancement of Cu compared to other dopants was determined
in the following order: Cu-TiO2 > Au-TiO2 > Ag-TiO2 > TiO2.22 It is
considered favorable to dope Cu ions in pristine TiO2 crystal
lattice since ionic radius of Cu2+ is 0.087 nm, which is slightly
larger than Ti4+ radius of 0.074 nm. In addition, a large differ-
ence in their valence states indicates that Cu2+ could not replace
Ti4+ at its location within the crystal lattice for substitutional
doping to take place. Therefore, the only possibility is the
24216 | RSC Adv., 2020, 10, 24215–24233
incorporation of Cu2+ ions at the interstitial sites of the crystal
lattice.10,23

Apart from the afore discussed applications of TiO2, the next
promising application of TiO2 nanoparticles is as an antimi-
crobial agent. The antimicrobial activity of TiO2 nanoparticles is
attributed to oxidative stress present due to the generation of
reactive oxygen species (ROS) containing hydroxyl radicals (e.g.
OHc) and production of hydrogen peroxide (e.g. H2O2) under
ultra-visible light. Consequently, TiO2 can be used as a potential
antibacterial agent.24–26 The produced ROS leads to a direct
contact between cells and nanoparticles, which causes cell
death due to the damage induced in the cell membrane and
DNA, ultimately resulting in cessation of cell cycle.7,24,27 It
prevents and destroys major pathogens and foodborne bacteria
such as E. coli, methicillin-resistant Staphylococcus aureus
(MRSA), Bacillus subtilis, S. aureus, and Pseudomonas. The high
level of antimicrobial activity ascribed to Cu dopant in various
studies is directly associated with the release of ions that causes
oxidative stress with the production of ROS under aerobic
circumstances.27–29 The ions are released due to the penetration
of Cu into the cell aer the membrane is degraded while an
increase in the volume of intrinsic Cu induces signicant
oxidative stress as revealed by redox cycling among various
forms of Cu i.e., native Cu, Cu(I), and Cu(II).29–31 In the current
research work, we aimed to synthesize TiO2 nanoparticles
doped with various concentrations (3, 6, and 9 wt%) of Cu
through sol–gel method. The prepared samples were charac-
terized by using various techniques such as XRD, FTIR, UV-vis,
PL, FESEM & HR-TEM. The synthesized products were
employed as photocatalysts to treat industrial wastewater and
remove synthetic dye (Methylene blue). Furthermore, the level
of its antimicrobial activity was tested against methicillin-
resistant Staphylococcus aureus (MRSA). The high antibacterial
activity of Cu-doped TiO2 against S. aureus was attributed to cell
wall rupture and/or to other biosynthetic pathways considered
vital for bacterial survival and growth. Molecular docking
analysis was conducted to provide an insight into the interac-
tion pattern of Cu-doped TiO2 nanoparticles with selected
protein targets such as b-lactamase, ddlB and FabI that belong
to peptidoglycan and fatty acids biosynthetic pathways,
respectively.
2 Experimental methods
2.1 Chemicals

Titanium(IV) butoxide (C16H36O4Ti) and copper acetate
(Cu(CH3COO)2) were obtained from “Sigma-Aldrich”. Hydro-
chloric acid (HCl, 37%), methanol (CH3OH) and ethanol
(C2H5OH) were acquired from “Analar”.
2.2 Synthesis of bare and Cu-doped TiO2

Pristine and Cu-doped TiO2 nanoparticles were synthesized
through sol–gel route, using 10 ml titanium(IV) butoxide with
50 ml methanol, 3 ml deionized water (DIW) and 2 ml HCl. The
mixture was stirred for 15 minutes (solution A). Various
concentrations of copper acetate (3, 6, 9 wt%) were vigorously
This journal is © The Royal Society of Chemistry 2020
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dissolved in DIW (solution B). Subsequently, solution B was
added dropwise into solution A under constant stirring. During
synthesis, mixture of water and ethanol was added gradually
and solution was magnetically stirred at 50 �C for 2 hours.
Finally, prepared products were annealed at 400 �C to acquire
nanoparticles of anatase as shown in Fig. 1.32
2.3 Evaluation of photocatalytic activity

The photocatalytic activity of the prepared products was evalu-
ated by assessing degradation rate of certain industrial pollut-
ants such as synthetic and toxic methylene blue (MB) dye in
aqueous solution as displayed in Fig. 2. The stock solution of
MB (1 g/1 ml) was prepared and 10mg of prepared sample (pure
TiO2, 0.03 : 1, 0.06 : 1, 0.09 : 1) was mixed with 60 ml stock
solution which was then placed in dark for 30 minutes to ach-
ieve signicant equilibrium between MB and photocatalyst
prior to illumination. Aer vigorous stirring for 15 minutes, the
solution was reassigned to a photoreactor operated with Hg
lamp (400 W with a wavelength of 400–700 nm) as a visible light
source. A distance of 15 cm was kept between the solution and
light source to prevent overheating. Aer complete exposure of
light for a xed time interval of 20 minutes, 3 ml of solution was
extracted to measure dye concentration using UV-vis spectro-
graph at lmax ¼ 665 nm of MB absorbance. Dye absorbance
decreased gradually at lmax aer ordered time intervals that
demonstrated decolorization rate and PCA efficiency of
photocatalysts.

Degradation efficiency ð%Þ ¼
�
Co � C

Co

�
� 100 (a)

where Co corresponds to initial absorbance (i.e. t ¼ 0) and C
refers to nal absorbance at time t.12,33 The collected solution
Fig. 1 Synthesis process for TiO2 and Cu-doped TiO2 nanoparticles.

This journal is © The Royal Society of Chemistry 2020
was centrifuged at 4000 rpm for 5 minutes to remove photo-
catalyst from the solution.

2.3.1 Reaction mechanism and kinetics. Reaction mecha-
nism involved in photocatalytic experimentation to assess dye
degradation of organic molecules can be described as (see
Fig. 2).

(a) Photoexcitation. The photocatalytic reaction is instigated
by photons with energy (E ¼ hn) equal to or greater than the
band gap energy while photoelectrons (e�) are shied from the
lower/valance (VB) to higher/conduction band (CB). The exci-
tation process generates a hole in VB thus resulting in one
electron–hole pair (e�–h+) as depicted in eqn (1)

TiO2 + hn / TiO2(e
�) + h+ (1)

(b) Ionization of water. Photogenerated h+ produce OHc free
radical upon reaction with water:

H2O(ads) + h+ / OHc(ads) + H+(ads) (2)

The HOc radical produced on the irradiated surface of
semiconductor is a strong oxidant agent. It selectively targets
adsorbed organic molecules or those which are very close to the
catalyst surface, which contributes to mineralization depending
on the structure and degree of stability. Not only it can quickly
target biological compounds, but microorganisms can be killed
to enhance decontamination.

(c) Oxygen ionosorption. Photogenerated electrons bind with
the surface-bonded water molecules (OH�) to generate hydroxyl
radicals while electrons are readily trapped by oxygen molecules
to produce superoxide radicals (O2

�).

O2 + e� / O2c
�(ads) (3)
RSC Adv., 2020, 10, 24215–24233 | 24217
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Fig. 2 Photocatalytic mechanism of dye degradation in the presence of Cu-TiO2 photocatalyst.
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The superoxide ion can not only take part in more oxidation
cycles, but it can also inhibit recombination of e�–h+ and thus
serves to keep TiO2 molecule neutral.

(d) Protonation of superoxide. Superoxide ions (O2
�) provide

protonated hydroperoxylate radical (H2Oc) and nally H2O2 is
dissociated into strongly reactive OHc. Generally, the degrada-
tion reaction of organic pollutants is believed to be initiated by
the cOH radical, which is formed through the oxidation of H2O
Fig. 3 3D-Structure of target proteins of S. aureus, (a) beta lactamase (P

24218 | RSC Adv., 2020, 10, 24215–24233
by h+ and can oxidize almost all organic compounds. O2, the
nal oxidant of the whole photocatalytic oxidation process, is
exclusively considered a scavenger of e�, which serves to
depress recombination of photogenerated h+/e� pairs and
regenerate photocatalyst.

O2c
�(ads) + H+ # HOOc(ads) (4)
DB 1MWU), (b) ddlB (PDB 2I80), (c) FabI (PDB 4Z8D).

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Structure of Cu-doped TiO2 nanoparticles in (a) 2D and (b) 3D view.
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2HOOc(ads) / H2O2(ads) + O2 (5)

H2O2(ads) / 2OHc(ads) (6)

Dye + OHc / CO2 + H2O (dye intermediates) (7)
Fig. 5 (a) XRD pattern (a0) zoomed area of (101) plane (b–e) SAED profile
0.09 : 1 (f) FTIR spectra.

This journal is © The Royal Society of Chemistry 2020
Dye + h+(VB) / oxidation products (8)

Dye + e�(CB) / reduction products (9)

Oxidation and reduction processes take place simulta-
neously on the surface of photo-excited photocatalyst.34,35
s of as-prepared and Cu-doped TiO2 (b) 0 : 1 (c) 0.03 : 1 (d) 0.06 : 1 (e)

RSC Adv., 2020, 10, 24215–24233 | 24219
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Table 1 Average crystallite size and Eg values with Cu concentration

Cu : TiO2 Crystallite size (nm) Eg (eV)

0 : 1 22.22 3.1
0.03 : 1 20.09 2.8
0.06 : 1 18.17 2.6
0.09 : 1 15.47 2.4
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According to this mechanism, the trapping of e� by O2 only
determines the rate of the photocatalytic reaction, but not
change the reaction pathway and mechanism. However, recent
studies have indicated that the participation of O2 in the pho-
tocatalytic reaction would greatly inuence degradation product
distribution. In the photocatalytic reaction, the h+-induced
oxidation half-reaction and e�-induced reduction half-reaction
proceed on the surface of one photocatalyst particle (usually
of a nano-size) at the same time, which makes it difficult to
distinguish them in space and time.35
2.4 Isolation and identication of S. aureus and E. coli

Sheep (ovine) milk samples designated positive for clinical
mastitis were collected from private farms of Punjab (Pakistan)
and cultured on 5% sheep blood agar (SBA). The cultured
isolates were further puried by streaking on MacConkey Agar
(MA) and mannitol salt agar (MSA) in triplets in order to isolate
E. coli and S. aureus, respectively. Morphological and
biochemical characterization of puried isolates was under-
taken through Gram's staining, catalase, and coagulase
tests.36,37
2.5 Antimicrobial activity

Antimicrobial evaluation of Cu-doped TiO2 was conducted
through agar well diffusion assay by swabbing 1.5 � 108 CFU
Fig. 6 (a) Optical absorbance spectra (b–e) band gap determination.

24220 | RSC Adv., 2020, 10, 24215–24233
ml�1 of isolated G �ve and G +ve stains on MA and MSA,
respectively. Various concentrations of Cu-doped TiO2 (0.5 and
1.0 mg/50 ml) was poured as low and high dose into 6 mm wells
on MA and MSA plates formed with sterile cork borer with
a micropipette. Ciprooxacin (0.005 mg/50 ml) and distal water
(50 ml) were employed as control positive (+ve) and negative
(�ve), respectively. Antimicrobial efficacy was assessed by
measuring inhibition zones (mm) using Vernier caliper aer
overnight incubation of Petri plates at 37 �C. The antimicrobial
efficacy of Cu-doped TiO2 was considered statistically signi-
cant using one-way analysis of variance (ANOVA).38
2.6 Molecular docking analysis

In silico or computational studies have attracted much attention
in recent decades as it has enabled scientists to understand the
behavior of biomolecules at atomic level. Keeping in view the
high antibacterial activity exhibited by Cu-doped TiO2 nano-
particles against S. aureus, their molecular docking analysis was
performed against selected protein targets belonging to cell wall
and fatty acids biosynthetic pathways that are vital for bacterial
survival.39 Molecular docking study was undertaken against two
enzyme targets namely D-alanine-D-alanine ligase B (ddlB) and
b-lactamase of cell wall biosynthetic pathway while enoyl-[acyl-
carrier-protein] reductase (FabI) was selected as a possible
target from fatty acid biosynthetic pathway.40,41

The crystal structure of target proteins were obtained from
protein data bank with PDB ID 1MWU; resolution: 2.6�A (ref. 42)
and 2I80; resolution: 2.2 �A (ref. 43) for b-lactamase and D-
alanine-D-alanine ligase B of S. aureus, respectively as shown in
Fig. 3. In addition, PDB ID 4Z8D44 was selected for enoyl-[acyl-
carrier-protein] reductase (FabI) from S. aureus.

The ICM v3.8-4a or above (Molso L.L.C., La Jolla, CA) soware
was employed for molecular docking study45 while protein struc-
ture was prepared using the receptor preparation tool of ICM
Molso that involved removal of water molecules and co-
This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Schematic representation of band gap energy reduction.
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crystallized ligand. Protein structures were optimized using default
parameters and binding pocket was specied using a grid box. The
structure of Cu-doped TiO2 nanoparticles was prepared by modi-
fying crystal structure of anatase (TiO2) retrieved from PubChem
in.cif format using Gaussian 09 soware and is shown in Fig. 4(a
and b). Finally, 10 best-docked conformations were generated for
each target protein to get an insight into interaction pattern of
nanoparticles with active site residues.

The crystal structure of Cu-doped TiO2 is composed of
repeating unit cells in a regular array. The basic monomeric
structure of Cu-doped TiO2 is used as a representative of whole
crystal structure to evaluate various possible interactions with
active site residues.46 The selected protein targets inside
bacterial cell have natural environment of solvents, ions etc.,
that need to be considered for in silico predictions. The NPs
penetrate into active pocket as monomeric units and interact
with various residues in the form of electrostatic, hydrophobic
and van der Waals interactions. The whole crystal structure
cannot be employed to represent a clear view of interaction
pattern at atomistic level.

2.7 Materials characterization

Crystal structure and phase transition of Cu-TiO2 were assessed
through XRD using Spectrum Bruker system (XRD, D2 Phaser,
USA) equipped with monochromatic Cu K-a (l ¼ 0.154 nm and
2q ¼ 5–80�) set at a scan rate of 0.05� min�1. Chemical analysis
and study of attached functional groups were undertaken using
FTIR PerkinElmer 3100 spectrometer with a spectral range of
4000–500 cm�1 in 32 scans and a resolution of 0.2 cm�1. Optical
properties were analyzed through UV-vis spectrophotometer
(Genesys 10S) ranging from 200 to 700 nm. Surface morphology
and d-spacing of synthesized specimens were observed through
FESEM coupled with EDS spectrometer, JSM-6460LV, and HR-
TEM Philips CM30 and JEOL JEM 2100F. PL spectroscopy was
carried out to study migration and recombination of electron–
hole pairs using a spectrouorometer (JASCO, FP-8300).
This journal is © The Royal Society of Chemistry 2020
3 Results and discussion

Crystallographic plane structure, phase purity, and crystallite
size of synthesized products were determined by means of XRD;
obtained results are shown in Fig. 5a. In XRD spectra, well-
dened peaks are sited at �25.37�, 37.79�, 48.18�, 53.87�,
55.17�, 62.68�, 68.74�, 70.29� and 75.05� which are allotted to
(101), (004), (200), (105), (211), (204), (116), (220), and (215)
facets, respectively. These planes belong to tetragonal anatase
phase of Cu-doped TiO2 that correlates with standard spectrum
(JCPDS card 21-1272) along with space group I41/amd (141) with
corresponding cell dimensions of a ¼ 3.758 �A and c ¼ 9.513
�A.47–57 The lattice spacing is �0.35 nm for TiO2 equivalent to
(101) facet, also validated with HR-TEM observation (see Fig. 9).
A slight shi to lower values in layer spacing (0.33 nm) upon Cu
doping is attributed to a thorough distribution of dopant
element between interlayers of host sample.24,52,53

Upon Cu doping, no distinct peak of dopant or formation of
any crystal phase of dopant species was observed in the
acquired XRD spectra. This observation does not necessarily
indicate that Cu-based planes/phases are not present in the
synthesized product. On the contrary, it may suggest that Cu
ions are uniformly dispersed within anatase crystallites in the
form of small clusters, therefore, diffraction originating from
TiO2 surface is more intense as compared to diffracted rays
from Cu oxide. As a result, the intensity ratio of dopant peak is
lower in comparison with the host material.47,54,55 Fig. 5a depicts
higher peak intensity of doped samples compared to control
sample which signies effective incorporation of Cu such that
the dopant boosts the crystallinity and enhances the structural
quality of host sample.54 In addition, in Fig. 5a0 a notable shi of
anatase reection (101) to higher angles (25.3� to 25.9�) was
observed with increasing dopant concentration. This may be
caused by modication in anatase crystalline phase, since
similarity in ionic radii of Cu2+ (0.72 �A) and Ti4+ (0.68 �A) is
appropriate for interstitial incorporation of guest species into
RSC Adv., 2020, 10, 24215–24233 | 24221
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Fig. 8 (a–d) SEM images of 0 : 1, 0.03 : 1, 0.06 : 1, and 0.09 : 1 samples, respectively (a0–d0) HR-TEMmicrographs of TiO2 and 0 : 03 : 1, 0.06 : 1,
and 0.09 : 1 samples, respectively.
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titania lattice.47,56 The Cu2+ ions are placed among Ti4+ ions at
interstitial sites owing to rTi < rCu, which produces a strain
within titania lattice, therefore resulting in an upward shi of
24222 | RSC Adv., 2020, 10, 24215–24233
the peak (101).56,57 The precise incorporation of Cu2+ associated
with lower oxidation states in TiO2 host lattice produces
a charge-correct ion vacancy and decreases electron
This journal is © The Royal Society of Chemistry 2020
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Fig. 9 (a–d) d-Spacings calculated from HR-TEM images obtained from Cu-TiO2 (a) 0 : 1 (b) 0.03 : 1 (c) 0.06 : 1 (d) 0.09 : 1 samples.
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concentration.48 Furthermore, addition of Cu causes compres-
sive stress, while a large number of dislocations are introduced
when Cu ions are dispersed at interstitial sites within Ti lattice.
Fig. 10 (a) PL spectra (b–d) EDS profiles of prepared samples (b) 0.03 :

This journal is © The Royal Society of Chemistry 2020
A decrease in crystallite size occurs with increasing dopant
proportions as calculated by the Debye–Scherer equation (eqn
(10)).47,55,57–59
1 (c) 0.06 : 1 (d) 0.09 : 1.

RSC Adv., 2020, 10, 24215–24233 | 24223
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Fig. 11 (a–d): XRF data of Cu-doped TiO2 (a) 0 : 1 (b) 0.03 : 1 (c) 0.06 : 1 (d) 0.09 : 1 samples.
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D ¼ 0:9l

b cos q
(10)

where D is the desired crystallite size and l is wavelength of the
radiation (0154 nm), b is full width at half maxima (FWHM) of
the more intense peak (101). Calculated crystallite sizes are
displayed in Table 1. SAED patterns of primeval sample and
doped products display bright and discrete rings parallel to
various planes of anatase phase of Cu-TiO2 as revealed in
Fig. 5b–e. These results are credited to well-crystallized samples
and match well with XRD data.

Fig. 5f portrays IR spectra of pure and doped samples. It can
be seen in the acquired spectrum that a sizeable absorption
band is present between 400–1000 cm�1 that is ascribed to the
vibration modes of Ti–O–Ti linkage in TiO2 nanoparticles which
signies the formation of TiO2.59,60 The small absorption band
around 1062 cm�1 in doped sample arises due to bonding of Ti–
O–N.60 Observed band between 3300–3600 cm�1 relates to
stretching vibrations of hydroxyl group (O–H) and distinct band
around 1632 cm�1 is attributed to the bending vibrations of
hydroxyl ions (–OH). This vibration band is associated with the
protons of physisorbed water in prepared samples.59,61 Accord-
ing to the literature, titanium oxide preserves adsorbed undis-
sociated water molecules owing to strong Lewis acidity of
coordinatively unsaturated Ti4+ surface sites.59

UV-vis spectroscopy was used to study optical properties of
prepared samples in terms ofmaximum absorption of ultra-visible
light, band shi, and determination of band gap energy, as shown
24224 | RSC Adv., 2020, 10, 24215–24233
in the spectra displayed (200–700 nm) in Fig. 6a. Optical electronic
excitations to conduction band from valence band are commonly
depicted by enhancement of absorbance band with a certain
wavelength in obtained absorption spectrum.59 In acquired
spectra, pristine TiO2 exhibits absorption band around 310 nm,
and Cu-doped samples also show this UV absorption band along
with absorption tail trailing towards visible region
(redshi).48,55,59,62,63 The slight shi in absorption band up to
400 nm is caused by charge transfer from O 2p to Cu d-states. At
maximumCu concentration (sample 0.09 : 1), another broad band
appears between 550–700 nm which is due to d–d electronic
transitions of Cu2+ ion that possesses 3d9 electronic conguration
with one electron in d-orbital.62 Band gap energies were evaluated
by using Tauc equation as described in eqn (11)

ahn ¼ K(hn � Eg)
n (11)

where a is absorption coefficient, h denotes Planck's constant, n
is frequency and K is absorption index. The value of exponent
(n) is associated with electronic nature of band gap and corre-
sponds to direct allowed transitions (1/2), indirect allowed
transitions (2), direct forbidden transitions (3/2), and indirect
forbidden transitions (3).64,65

Fig. 6b–e depicts calculated band gap energies. Pure TiO2,
shown in Fig. 6b, exhibits a band gap energy of 3.1 eV while
respective energies of Cu-doped samples (Fig. 6c–e) are listed in
Table 1. It can be seen that the energy decreases with an
This journal is © The Royal Society of Chemistry 2020
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Fig. 12 (a) Plot of concentration ratio (Ct/Co) versus time (b) plot of �ln(Ct/Co) versus time spectra for dye reduction (c) rate constants of all
samples (d) degradation (%) comparison of all samples.
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increase in dopant concentration which is well corroborated by
reported literature.48,59,66 Doping with a transition metal such as
Cu can induce new electronic phases in actual band gap which
suggests that e� are excited by defect state of TiO2 conduction
Table 2 Comparative study of prepared sample with previously publish

Cu-TiO2 NPs

Literature

Synthesis Phase Max. degradation

Hydrothermal22 Anatase 90% 100
Sol–gel73 Anatase 99% 180
Sol–gel5 Anatase 98% 120
Hydrothermal47 Anatase 90% 180
Microwave-assisted sol–gel11 Anatase 90% 350
Solvothermal74 Anatase 70% 120
Sol–gel55 Anatase 99% 200
Sol–gel66 Anatase 90% 180

This journal is © The Royal Society of Chemistry 2020
band with less photon energy.59 Drop in band gap energy with
an increase in Cu concentration is attributed to Cu2+ ions that
intercalated between host lattices of TiO2 and generated oxygen
vacancies due to charge compensation effect. In addition, band
ed data

Present study

Synthesis Phase Max. degradation

min Sol–gel Anatase 99% 120 min
min
min
min
min
min
min
min

RSC Adv., 2020, 10, 24215–24233 | 24225

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra04851h


Fig. 13 (a and b) Plots of Ct/Co vs. time for reusability of 0.06 : 1, and 0.09 : 1, respectively (c) stability of Cu-doped samples.
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gap energy is reduced since Cu generates several new doping
sites near the valance band of TiO2 and therefore enriches
visible absorption range by Cu 3d–Ti 3d optical transition.47,48,59

Fig. 7 is a schematic representation of the decrease in band
gap energy of doped TiO2 compared to host material. Fermi
energy levels become close to valance band and conduction
band resulting in a signicant reduction in band gap (3.1–2.4
eV) of the prepared product.
Fig. 14 (a–d) for S. aureus of all samples, name as mentioned in figure,

24226 | RSC Adv., 2020, 10, 24215–24233
SEM analysis was undertaken to observe themorphology and
microstructure of Cu-doped TiO2 as displayed in Fig. 8a–d. SEM
images of composite show that all samples were polycrystalline
and highly agglomerated. The agglomerations of doped
samples seemed to be excessive compared to pure TiO2.67

Samples were further characterized using HRTEM analysis in
order to elucidate the morphology and crystal structure as
presented in Fig. 8a0–d0. HR-TEM micrographs show that Cu-
respectively (e) graphical demonstration.

This journal is © The Royal Society of Chemistry 2020
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doped TiO2 particles were spherical in nature and were
uniformly distributed. It is reported in the literature that pure
copper appears extremely dark rather black, however, it changes
to greyish color when copper is deposited on TiO2 particles.68

HR-TEM study at edge areas is a general and direct way to
estimate the number of layers microscopically. HR-TEM
micrographs shown in Fig. 9a–d on a single grain portray
distinct atomic planes well-ordered in O–Ti–O arrangement to
form a single layer and periodic atomic arrangement at partic-
ular areas, where interplanar spacing was measured to be
�0.35 nm (Fig. 9a and b). According to the periodic arrange-
ment in lattice fringe image, this matches up with (101) facet of
anatase TiO2 phase and corresponds well with XRD results.52,53

In Fig. 9b–d with the addition of dopant, d-spacing of Cu-TiO2

nanoparticles was found to be �0.34, 0.33 nm which is
consistent with the peak shis observed in XRD spectra (see
Fig. 5a0).

Fig. 10a exhibits PL emission spectra of control and doped
sample measured from 400 to 700 nm at room temperature with
an exciting wavelength of 400 nm. PL emission spectrum was
utilized to nd out the efficacy of trapping as well as migration
of charge carriers and to analyze the status of electron–hole-
pairs. Since PL data is directly related to surface states, as
a result, oxygen sites and defects are created on TiO2 surface.69

As shown in Fig. 10a, PL emission spectrum was detected with
measurable intensities for undoped and Cu-doped TiO2 in the
range of 400–600 nm. These peaks perceived in the wavelength
ranging from 400 to 600 nm are attributed to excitonic PL and
an intense peak positioned at 431 nm indicates the presence of
surface oxygen vacancies and defects on the TiO2 sample
surface.70 With increasing concentration of Cu2+, reduction in
PL intensity was detected which can be ascribed to minor
recombination rate of excitons suggesting an increase in sepa-
ration efficiency. This could be associated with the electron-
transfer process from conduction band (CB) which is the
higher state of electrons to the new state incorporated by metal
dopants. As reported earlier, emission spectrum positioned at
431 nm is considered a part of luminescent centers, which
serves to enhance the photo-stability of TiO2.60,71 Tracing of
elemental composition was achieved by means of EDS to assess
purity of samples. According to the EDS proles shown in
Fig. 10b–d, strong peaks of Ti element at 0.9 and 4.9 keV, oxygen
Table 3 Bactericidal action of Cu doped TiO2

Sample

Inhibition zonea (mm)

0.5 mg/50 ml 1.0 mg

TiO2 0 0
Cu-TiO2 3.0% 0 0
Cu-TiO2 6.0% 0 0
Cu-TiO2 9.0% 0 0
Ciprooxacin 4.25 4.25
DIW 0 0

a Inhibition zone (mm) of Cu doped TiO2 for E. coli.
b Inhibition zone me

This journal is © The Royal Society of Chemistry 2020
peak at 1.1 keV, Cu peaks at 1 and 5.6 keV were detected, which
conrms the formation of pure anatase TiO2 as well as suggests
the successful incorporation of dopant species. A minor signal
of Cl appearing in EDS spectra may be considered to be a small
impurity picked up during sample preparation. Moreover,
carbon peak appearing below 1 keV is caused by carbon tabs
that are utilized to hold sample during SEM analysis or/and due
to background counts in SEM-EDS detector.

X-ray uorescence (XRF) technique was employed to further
investigate the elemental/chemical composition of as-prepared
product and to conrm the incorporation of dopant in the host
sample as exhibited in Fig. 11, where Ti, Cu, Pt, Cl, and Fe were
detected. The extracted data gives two main peaks of Ti and Cu
at 0.4 keV and 8 keV, respectively which provides evidence for
the presence of Ti and Cu in the synthesized sample.

Fig. 12a–d describes light-induced activity of Cu-doped TiO2

nanoparticles. According to these ndings, absorbance is pre-
sented as time-dependent function. Fig. 12a reveals photo-
catalytic response of nanoparticles and clearly shows that MB
degradation gradually increases with increasing concentration
of the dopant. Signicant degradation is shown by the
maximum doped sample (0.09 : 1) which was up to 99% in 120
minutes. Lesser extent of degradation was shown by samples in
the dark whereas in the presence of light, considerable removal
of MB was observed within 120 minutes. Only 40% degradation
occurred in case of pure TiO2, however with Cu incorporation,
photocatalysts showed remarkable degradation since Cu
reduces band gap and inhibits recombination rate. Fig. 12c
shows rate constants of all samples calculated using pseudo-
rst-order kinetic theory:

�ln(Ct/Co) ¼ kt

where k is the apparent rate constant that can be calculated and
C (x-axis) represents ratio of Ct/Co (Fig. 12c) as followed by the
order 0.0042, 0.012, 0.020, and 0.036 min�1 for pure, 0.03 : 1,
0.06 : 1, and 0.09 : 1 samples, respectively. Fig. 12d shows % of
degradation, maximum doped sample showed 99% degrada-
tion in a specic time. Cu-doped TiO2 showed signicant results
when compared with the data reported in the literature and
included in Table 2.72,73 Based on these ndings, Cu-doped TiO2

can be considered to possess an excellent potential for use
toward treatment of polluted water.
Inhibition zoneb (mm)

/50 ml 0.5 mg/50 ml 1.0 mg/50 ml

0.8 2.55
2.1 2.75
2.65 4
3.25 4.85
7.25 7.25
0 0

asurements of Cu doped TiO2 for S. aureus.
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3.1 pH value

Treatments related to water purication depend highly upon
pH values of the reaction solution. Extent of degradation of
toxic dyes is mainly inuenced by pH values as these are gov-
erned by a direct correlation. In the current study, photo-
catalysis mechanism was used to degrade MB under solar
irradiation which also depends upon pH value. A literature
survey shows that dye degradation can be successfully achieved
under basic conditions. In this experiment, pH value was
measured to be 8.9 which favorably supports the nding of the
literature.
3.2 Stability

Stability is an important factor to consider while using a pho-
tocatalyst for water treatment. Generally, catalyst should be
stable for a long time in order to achieve outstanding results. In
the present study, the stability of photocatalyst was examined by
allowing the performed activity to be retained for a minimum of
three days. Aer every 24 hours, degradation of dye was
inspected spectrophotometrically. Extracted results for 0.06 : 1
and 0.09 : 1 samples are displayed in the form of percentage
degradation which was determined by means of eqn (a). Results
displayed in Fig. 13c demonstrate outstanding stability of
photocatalyst.
3.3 Reusability

The reusability of photocatalyst for numerous cycles is highly
desirable in water treatment techniques. In this study,
Fig. 15 (a) In vitro antimicrobial efficacy of TiO2 (control), (b) 3% Cu-do
graphical presentation.

24228 | RSC Adv., 2020, 10, 24215–24233
reusability was investigated by recycling of 6 and 9 wt% doped
photocatalyst up to three cycles, and the results were compared
with the actual performance of the catalyst. As shown in Fig. 13a
and b photocatalysts show promising results under recycling
activity, which upholds outstanding reusability potential.
Reusability results were also extracted spectrophotometrically.
3.4 Load of photocatalyst

Load of a photocatalyst also possesses abundant signicance
when dye degradation is tested for more than one cycle. In the
present study, load of photocatalyst in an actually performed
experiment (before) and aer three cycles of recycling was
measured. Minor weight loss was detected for photocatalyst
ranges from 10 mg before and 9.5 mg aer three cycles
considering 5% sensing deviation.

The in vitro antimicrobial potential of Cu-doped TiO2 against
G �ve and G +ve isolates from ovine mastitic milk with graph-
ical representations are shown in Fig. 14a–e and Table 3. The
results depict enhanced bactericidal action and synergism of
Cu-doped TiO2 against S. aureus compared with E. coli, see
Fig. 14a–e. Inhibition zones were recorded as (0.8–3.25 mm)
and (2.55–4.85 mm) against S. aureus at low and high doses,
respectively were found statistically signicant (P < 0.05) while,
all concentrations showed null efficacy against E. coli at a low
and high dose. The % age efficacy increased from (11–44.8%)
and (35.1–66.8%) against S. aureus. Ciprooxacin as positive
control inhibited (7.25 mm) and (4.25 mm) S. aureus and E. coli
growth, respectively compared with DIW (0 mm). Overall Cu-
doped TiO2 showed null efficacy against G �ve bacteria while
ped TiO2 (c) 6% Cu-doped TiO2, (d) 9% Cu-doped TiO2 for E. coli (e)

This journal is © The Royal Society of Chemistry 2020
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Fig. 16 (a and b) Binding interaction pattern of Cu-doped TiO2 nanoparticle with active site residues of D-alanine-D-alanine ligase (ddlB), (c and
d) b-lactamase from S. aureus.

Fig. 17 Binding interaction pattern of Cu-doped TiO2 nanoparticles
with active site residues of enoyl-[acyl-carrier-protein] reductase
(FabI) from S. aureus.
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doped material resulted in signicant (P < 0.05) bactericidal
efficacy against G +ve compared with G �ve (Fig. 14a–e).

The oxidative stress produced by nanoparticles directly
depends on the concentration, shape, and size of NPs. Increase
in antimicrobial presentation could be associated with
more wt% doping of Cu-doped TiO2 seen in terms of inhibition
zones (mm) due to increased availability of cations. Antimi-
crobial effectiveness which depends on the concentration and
size displays inverse relation to the size of doped mate-
rial.27,36,38,75 Small-sized NPs generate more reactive oxygen
species (ROS) which halt effectively in implants of pathogenic
bacteria membrane resulting in extrusion of cytoplasmic
constituents thus killing bacteria76,77 Secondly, the strong
cationic interaction of Cu++ with negative parts of bacterial
membrane results in signicant bactericidal activity at high
concentrations by inducing collapse and cell lysis of bacteria
(Fig. 15).19,31,38

Molecular docking analysis of Cu-doped TiO2 nanoparticles
was performed to get an insight into mechanistic interactions
with target enzymes. Enzymes involved in peptidoglycan
synthesis represent well known, attractive, and viable targets for
antibiotic discovery. Both D-alanine-D-alanine ligase (ddlB) and
b-lactamase enzymes belong to biochemical machinery
involved in peptidoglycan biosynthesis and their inhibition
leads to cell wall rupture and ultimately death of bacteria. The
binding energy obtained for best-docked conformation of Cu-
doped TiO2 nanoparticle into an active pocket of D-alanine-D-
This journal is © The Royal Society of Chemistry 2020
alanine ligase (ddlB) was �5.67 kcal mol�1. The Cu-doped TiO2

interacted with Ser183 through H-bonding with a bond distance
of 3.4 �A as shown in Fig. 16(a and b). Similarly, in case of b-
lactamase, the binding score �4.91 kcal mol�1 is attributed to
H-bonding interaction with Thr600 that has a bond distance of
RSC Adv., 2020, 10, 24215–24233 | 24229
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3.1 �A and metal-contact interaction with Gln521 as depicted in
Fig. 16(c and d).

FabI has been validated as an excellent target for antibacte-
rial drug development since it has been proven as a primary
antibacterial target of the broad-spectrum antibiotics such as
biocide, triclosan.78 Therefore, specic inhibitors of FabI may
be interesting lead compounds for developing effective anti-
bacterial drugs. Molecular docking of Cu-doped TiO2 nano-
particles into an active pocket of FabI showed H-bonding
interaction with Met207 (bond distance: 2.8 �A) and Asp150
(bond distance: 2.2 �A) with docking score �6.13 kcal mol�1 as
depicted in Fig. 17.
4 Conclusion

Cu-doped TiO2 was successfully synthesized via sol–gel chem-
ical method while prepared samples were analyzed through
various characterization techniques. XRD proles show the
formation of anatase phase with a slight shi in (101) facet
towards higher angle suggesting the presence of a dopant that is
well dispersed in TiO2 crystal. Crystallite size was reduced (22.22
to 15.47 nm) upon incorporation of Cu. All functional groups
were related to the samples and characteristic absorption band
between 400–1000 cm�1 was ascribed to the vibration modes of
Ti–O–Ti linkage in TiO2 nanoparticles that indicate the forma-
tion of pure TiO2 as illustrated with FTIR. Spectrum obtained
using UV-vis unveiled an absorption tail that trailed towards
visible region (redshi) with increasing concentrations of
dopant that caused the band gap to narrow (3.1 to 2.4 eV).
Spherical morphology of nanoparticles exhibiting a high degree
of agglomeration was visualized through SEM and HR-TEM
with d-spacing of �0.35 nm measured for pure sample and
�0.33 nm for sample doped with the highest concentration. A
decrease in intensity of PL was credited to lower recombination
rate of electron–hole pairs, which increases the separation
efficiency. This may be associated with electron-transfer process
from the conduction band that is the higher state of electrons to
the new state incorporated by metal dopants. EDS and XRF
spectra showed elemental composition that revealed successful
doping of Cu. In addition, antimicrobial efficacy of Cu-doped
TiO2 against S. aureus and E. coli isolated directly from ovine
mastitic milk resulted in signicant quantitative values thereby,
opening new horizons for doped nanomaterials use as potential
antimicrobial agents. Owing to good binding scores and inter-
action patterns of Cu-doped TiO2 nanoparticles with key amino
acids of active sites unveiled by molecular docking study sug-
gested them as potential inhibitors against b-lactamase, ddlB
and FabI that could be further evaluated for its enzyme inhi-
bition potential. Photocatalytic activity corresponding to Cu-
TiO2 (0.09 : 1) degraded 99% ofMB concentration. These results
obtained from formulated nanocatalysts demonstrate no
hazardous behavior in wastewater treatment and point toward
an excellent nanocatalyst that is stable, reusable and more
importantly can be employed for the elimination of organic
pollutants from wastewater. It can be regarded as a prospective
nominee for possible antibacterial applications.
24230 | RSC Adv., 2020, 10, 24215–24233
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