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Abstract The effect of 5 MeV Cu++ ions irradiation on structural and optical properties of Ana-

tase TiO2 nanoparticles (TiO2-NPs) is investigated. For this purpose, TiO2-NPs are irradiated with

different Cu++ ions fluences, ranging from 1 � 1015 to 1 � 1016 ions/cm2 at room temperature.

XRD results confirm the Ti3O7 phase appear at the dose of 5 � 1015 ions/cm2 and peak intensity

of Ti3O7 phase gradually increases with an increase of Cu++ ions irradiation dose. At the dose

of 1 � 1016 ions/cm2 TiO2 Anatase phase were transformed to Rutile phase. Same observations

are confirmed from Raman spectroscopy. High resolution transmission electron microscopy
rsity of
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Table 1 Crystalline size against va

Sample

1 � 1015 ions/cm2

5 � 1015 ions/cm2

1 � 1016 ions/cm2
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(HRTEM) reveals that morphology converted into wavy shape and crystal structure detrioted with

increase Cu ion irradiation dose to form vacancy loops and interstitial loops. Scanning electron

microscopy (SEM) shows that TiO2-NPs have been fused to form a cluster of nanoparticles at high

Cu ion beam dose, while bandgap of TiO2-NPs reduces from 3.19 eV to 2.96 eV as a function of

Cu++ irradiation fluence. These phase transformations and crystal damage are the responsible

for optical bandgap reduction. The mechanism for the currently observed phase transformation

of TiO2 and coalescence of TiO2-NPs are discussed in term of thermal spikes model.

� 2018 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Titanium dioxide (TiO2), commonly known as titania, had
been the focus of research from past several years for various
applications such as optical coatings, solar energy conversions,

gas sensing materials, catalysis, energy storage, and medicines.
Apart from its multidimensional application, nano-crystalline
titania TiO2 is a promising candidate for the chemical and

mechanical industries(Fujishima and Honda, 1972). The mate-
rial properties of TiO2-NPsare dependent on the crystal struc-
ture, nanoparticle size, and morphology. An interesting feature
of TiO2 is its availability in three different crystal phases; broo-

kite, anatase, and rutile. Anatase and rutile are commonly
available polymorphs of TiO2, whereas brookite is observed
as a by-product along with anatase and rutile or both phases

(Li and Ishigaki, 2004). In rutile phase the opposing edges of
tetrahedron are in shearedforms that create a linear chain
along [0 0 1]. While in anatase phase there is no sharing rather

having 4 edges that are shared per octahedral Wall, 1984. The
phase changing aspects of TiO2 are strongly related to the crys-
tal structures. Therefore, any alternation in the structure or

morphology of TiO2-NPsthrough external means may result
in different characteristics of the material, which can be
exploited for various applications (see Table 1).

TiO2 falls in the category of wide bandgap materials and

has enormous potential to be exploited in developing wide
range of applications. However, due to large band gap
(3.0 eV to 3.4 eV) only UV light can be harvested which is less

than 5% in natural sunlight. Since, photo induced electrons
and holes can easily get coupled, subsequently insignificant
availability for activity results in the reduction of performance

of device. It is of great desire to utilize both UV irradiation
(290–400 nm) and visible light (400–700 nm) to improve the
device efficiency, which is possible by band gap engineering.

Therefore, by reducing the bandgap of TiO2 nanoparticles,
the performance of energy storage and conversion devices
can be enhanced Xie et al., 2018; Dette et al., 2014; Khan
and Khan, 2018.

Ion irradiation is one of technique which is utilized to
change the morphology of the material through the interaction
rious fluences of Cu ions.

Crystallite size (nm)

10.2622

20.5162

21.6627
of energetic ions with the target material (Ishaq et al., 2013;

Khan et al., 2016). It has been proved to be a method of tailor-
ing the bandgap in various materials, by defect-induced impu-
rity states Ahmad et al., 2014; Usman et al., 2015; Usman

et al., 2017; Li et al., 2012. The defects produced through
ion irradiation conduct through hoping mechanism, which
also reduce the resistivity of the material Usman et al.,
(2009). In TiO2, tailoring of the bandgap has applications in

various application areas, such as solar cells Luo et al., 2014;
Hsu et al., 2015, where reduced bandgap enables the materials
to absorb visible region of light instead of only UV region,

which is only permitted by the intrinsic bandgap. The tailoring
of the TiO2 bandgap through ion irradiation has previously
been explored to some extent using various ion species which

has been summarized in ref. Stepanov, (2012). Additionally,
ion implanted or irradiation induced defects in TiO2 have
extensively been investigated through hydrogen (Heidari
et al., 2015), Fe (Leedahl et al., 2014; Impellizzeri et al.,

2014), Hg (Khubeis et al., 1998), Xe (Hartmann et al., 1998),
O (Rukade et al., 2013), Ge and Si (Zhou et al., 2011)
irradiations.

In the present work the TiO2-NPswere irradiated by5 MeV
Cu ionsfor different fluences. The effect of Cu irradiation was
investigated through transmission electron microscopy (TEM),

x-ray diffraction (XRD) structurally whereas diffuse reflec-
tance spectroscopy (DRS) and Raman spectroscopy were
implied to see optical response. The band gap variations were

studied by interpreting the DRS data and it was observed that
the bandgap of TiO2 is reduced from 3.26 eV to 2.96 eV
because of irradiation induced structural modifications in the
nanoparticles.

2. Experimental procedure

The TiO2-NPsused in the present investigation were purchased

from Sigma Aldrich and had a diameter of 120 nm. TiO2-
NPswere dispersed in isopropanol and then spray coated on
glass substrates placed on a hot plate at 170 �C for rapid evap-

oration of isopropanol. TiO2-NPsfilm were formed on glass
substrate by and later cut into 1 � 1 cm2 pieces to ensure that
all samples have the same physical properties. The prepared

TiO2 nanoparticles’ thin films were irradiated with 5 MeV
Cu ions with different fluences ranging from 1 � 1015 to
1 � 1016 ions/cm2 at room temperature. The ion irradiation

was performed using Pelletron Tandem accelerator at National
Centre for Physics, Islamabad, Pakistan. High energy heavy
Cu ions were selected in such a way that maximum defects
are produced in nanostructures by the ions while traversing

through the films, and imparting energy to the nanoparticles

http://creativecommons.org/licenses/by-nc-nd/4.0/
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in the form of ionization and collision cascade. During irradi-
ation, the vacuum of the target chamber was kept at �10�7 Pa
and a controlled current of ions was supplied.

The morphology of un-irradiated and irradiated TiO2-
NPsthin film was observed by TEM whereas, structural prop-
erties were studied before and after irradiation of TiO2

nanoparticles thin film using HRTEM, XRD and Raman spec-
troscopy. The optical properties were measured by a diffused
reflectance spectroscopy (DRS) and the band gap was calcu-

lated afterwards.

3. Results and discussion

3.1. TEM, HRTEM, EDX and SAED study

Fig. 1(a) shows TEM image of un-irradiated TiO2-
NPsdispersed on copper grid whereas Fig. 1b is the corre-
sponding EDX, which confirms the material constituents of
the nanoparticle film. It is seen that Ti is present at two differ-

ent x-ray energies. The Ti peak at 4.5 keV correspond to Ti
(Ka) and a relatively shorter peak at about 4.9 keV (Kb). In
addition, Cu is also seen in the spectrum, which probably is

coming from the Cu grid. The presence of stronger peak of
oxygen at lower energies is from TiO2 with some carbon asso-
ciated with it, which is expected to be from surface.
Fig. 1 Un-irradiation TiO2 (a) TEM: Morphology of TiO2-NPs, (b)

image showing crystal as well as polycrystalline phases, (d) SAED imag

and polycrystalline phases.
Fig. 1c is HRTEM image showing that the nanoparticles
are not in highly quality crystalline form. Crystal planes are
visible as shown in inset of Fig. 1c. Fig. 1d is corresponding

SAED image of various hkl values of the TiO2. It can be seen
that there are few bright spots representing crystallinity with
scattered dull spots which refer polycrystallinity of the

nanoparticles. It can be concurred from these results that the
as-received form of TiO2-NPs is of mixed phase of crystalline
as well as polycrystalline with high purity.

Fig. 2 shows the effect of 5 MeV Cu++ irradiation on
TiO2-NPswith lower ion fluence of 1 � 1015 ions/cm2. The
morphology as well as structure was observed as could be
observed in Fig. 2a, and b. Morphology starts becoming undu-

lated. Points defects are created while crystal planes are exist-
ing with slightly damaged structure. Similar structural damage
of ZnO nanowires by proton beam irradiation was observed by

C. F. Dee et al (Dee et al., 2011). Ishaq et al also observed that
ion beam created defects in multi-walled carbon nanotubes
and explained that damage structure due to ion beam induced

collision cascade effect Ahmad and Yan, 2009; Ahmad et al.,
2009.

Further increase in Cu++ irradiation fluence to 5 � 1015 -

ions/cm2, the morphology, i.e. size of nanoparticles remained
unchanged (as seen in Fig. 3a) but surface is undulated and
crystalline planes are disturbed as shown in Fig. 3b. Undulated
surface morphology was observed previously on ZnO nano-
EDX spectrum indicating absence of any impurity, (c) HRTEM

e representing bright and blurry spots indicating mixed crystalline



Fig. 2 1 � 1015 ions/cm2 irradiation TiO2 (a) TEM: Morphology of TiO2-NPs, (b) HRTEM image showing crystalline quality.

Fig. 3 5 � 1015 ions/cm2 irradiation TiO2 (a) TEM: Morphology of TiO2-NPs, (b) HRTEM image showing crystalline quality.
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wires by ion beam irradiation(Ishaq et al., 2013). Fig. 3b
clearly shows that point defects such as vacancies created by

Cu ions and these vacancies agglomerated to form vacancy
loops due to increase ion dose.

Increasing the Cu++ fluence to 1 � 1016 ions/cm2 leaves

different results. Fig. 4a shows the TEM image of TiO2-NPs.
Here it can be observed that few nanoparticles have been fused
to form a cluster of nanoparticles. This fusion of particles is

the consequence of thermal spike generated by high energy
Cu atoms traversing through the nanoparticle. Coalescence
of nanowires and nanotubes were observed previously by ion
beam irradiation Honey et al., 2017; Honey et al., 2017;

Shehla et al., 2016; Shehla et al., 2016; Honey et al., 2015;
Ahmad et al., 2011. On the other hand, the crystallinity of
the material is detrioted and interstitial defects are observed

which ultimately agglomerate to forms interstitials loops as
shown in Fig. 4b.

3.2. XRD analysis

Fig. 5 shows the XRD results of un-irradiated, and Cu++ irra-
diated TiO2-NPs. It is observed that different fluences of Cu

ions induce reduction of TiO2. The spectrum in black shows
the XRD results of reference samples (Fig. 5a), which were
irradiated later. The spectrum in red shows the TiO2 at the
ion 1 � 1015 ions/cm2, blue is of the applied fluence of

5 � 1015 ions/cm2 and the spectrum in purple is radiated with
applied dose 1 � 1016 ions/cm2. The spectrum analysis gives
a hint of the partial phase transition from TiO2 anatase to

TiO2 Rutile structure, due to the appearance of new planes
in the spectrum, however, it is not clear if these planes appear
due to the defects in the material or due to phase change.

Fig. 5b shows a small shift in the xrd peak around 37.3 to
38.2 degrees, which reflects the change in lattice constant,
mainly due to defects in the material. In addition, Ti3O7 is
observed in xrd analysis of irradiated samples.

For the structural matching the XRD patterns of the sam-
ples in Fig. 5b are labelled as dose 1, dose 2 and dose 3 for dif-
ferent ion fluences in increasing order. The patterns were

matched with the standard data JCPDS file No.894921 for
all three samples having tetragonal unit cell with space group
141/amd (1 4 1) and formula unit 4 which confirmed the forma-

tion of single phase TiO2-NPsin the samples. However, some
extra peaks are observed which point out the presence of
TiO and Ti3O5 phases according to the JCDPS files numbers
85-2084 and 89-4733 respectively. Ishaq et al. observed such

kind of phase transformation of boron nitride nanotubes and
InGaN thin films by ion beam irradiation Ahmad et al.,



Fig. 4 1 � 1016 ions/cm2 irradiation TiO2 (a) TEM: Morphology of TiO2-NPs, (b) HRTEM image showing crystalline quality,

Fig. 5 (a) XRD pattern of un-irradiated, 1 � 1015 (dose 1), 5 � 1015(dose 2) and 1 � 1016 cm�2 (dose 3) irradiated TiO2-NPs, (b) Main

peak of Anatase phase of TiO2.
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2014; Ahmad et al., 2017 The mean crystallite sizes were esti-

mated for all the samples using high intensity peak (1 0 1) with
the help of Debye-Scherrer formula:

D ¼ Kk=bcosh

where D is the average crystallite size, ‘K’ is the Scherrer con-

stant (0.89), k is the wavelength of the X-ray radiation used
(1.54 nm), b is the angular line width at half- maximum inten-
sity and h is Bragg’s angle of the (1 0 1) main peak in degree

unit. The results of corresponding sizes are enlisted in the
table.

From the table it is shown that by increasing Cu++ fluence
the mean size of TiO2-NPsalso increases that can be attributed

to the fluences assisted crystal growth and/or the redistribution
of cations among the interstitial sites.

3.3. Optical measurements

Fig. 6 shows the DRS spectrum of un-irradiation and Cu++-
irradiated TiO2-NPsfilms. The reflectance for the reference is

close to 100 percent at 415 nm. After the irradiation fluences
a sharp decrease in the reflectance up to 55% at 380 nm
for1 � 1015 ions/cm2 and for 5 � 1015 ions/cm2 the reflectance
is at 58% at 390 nm. While for 1 � 1016 ions/cm2 the reflec-
tance sharply decreases to 24% at approximately 390 nm. This

shows that the ion fluence has increased the transmission of
light through the nanoparticles films leading it to be able to
absorb light. Additionally, a clear variation of reflectance

under different ion fluences reflects the engineering of the band
structure of TiO2, which predicts the phase shifts in the TiO2

under different irradiation circumstances.
From reflectance measurements, it is possible to calculate

bandgap thorough K-M Function. In order to determine the
bandgap, the spectra was fitted with K-M function.

F Rð Þ ¼ 1 � Rð Þ2=2R

where R is absolute value of reflectance. The fitted values of
bandgap are plotted in Fig. 6c. The bandgap is calculated

through curve fitting of reflectance data, and it is compared
with TiO2 reference along with the irradiated samples. For
the reference the band energy is calculated 3.21 eV, for

1 � 1015 ions/cm2 is 3.19 eV, for 5 � 1015 ions/cm2 the band
energy is 3.16 eV, while for the 1 � 1016 ions/cm2 the band
gap energy is observed to be 2.96 eV. Theseresults show that

by applying differentfluences of Cu ions onto the TiO2-NPs,
the band gap can be altered, which is dependent on the fluence
of ions. The effect is even stronger for highest fluence of ions.
With this trend of tailoring of TiO2 bandgap by ion beam irra-



Fig. 6 (a and b) DRS spectrum of TiO2 under Cu irradiationfluences and (c) corresponding band gap energy.
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Fig. 7 Raman Spectra of TiO2.
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diation, the nanoparticle material can be enabled to absorb
visible wavelengths of the electromagnetic spectrum, resulting

in the enhancement of the optical properties of TiO2 (Bin
Mo et al., 105, (2014).). These tailored nanoparticles can be
used in energy storage, energy harvesting and photocatalytic

applications (Xie et al., 2018; Dette et al., 2014; Khan and
Khan, 2018).

3.4. Raman spectroscopy

The Raman spectra for the TiO2 un-irradiated and irradiated
samples are shown in the Fig. 7. The spectra show different
crystalline phases of TiO2. The anatase and rutile crystallize

respectively in tetragonal space group where their unit cells
have 4 and 2 TiO2 formula structures. In Fig. 7 the main peak
of Eg mode for anatase is at 148 cm�1, while in B1g mode of

rutile after the irradiation it shifts towards 157.7 cm�1. Also
for anatase to rutile the clear shift can be seen in the figure
at 519 cm�1 in the reference and 505 cm�1, 503 cm�1, and

499 cm�1. This could be the reason that the Raman spectra
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of anatase phase of irradiated samples quickly changes and
sharp peaks can be seen for Cu++ fluence1 � 1015, 5 � 1015

and 1 � 1016 cm�2. The Eg mode is in anatase phase while

B1g modes show the rutile phase of TiO2.

4. Summary

TiO2 nanoparticles were deposited on glass substrate in the
form of thin film. These films were bombarded by 5 MeV Cu
ions with various fluences at room temperature. The energetic

Cu ions transferred their energy to TiO2-NPsand made
changes in the structure and optical response of the material.
It is seen that the structure of the nanoparticles changes from

crystalline to amorphous at few places, as observed through
HR-TEM. However, the crystal planes were still observable
in XRD even for higher fluences of Cu ions. It is observed that

un-irradiated XRD spectrum shows anatase nature of TiO2-
NPs, while after irradiation at the fluence of 1 � 1015 ions/
cm2, anatase structure was transform to rutile and Ti3O7

phases. As a consequence of Cu irradiation, it is clearly seen

that the bandgap of TiO2-NPschange from 3.19 eV to
2.96 eV, which has application in various fields.
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