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Abstract: In this paper, the simple mechanochemical synthesis of CuInSe2/TiO2 nanocom-

posite is described. CuInSe2/TiO2 nanocomposite was characterized from the crystal struc-

ture, microstructural, morphology, surface, optical, and optoelectrical properties viewpoints. 

X-ray diffraction has confirmed the nanocrystalline character of all components of the nano-

composite, the crystallite size for CuInSe2 (18 nm) being larger than in the case of both TiO2 

phases (5 and 8 nm for rutile and anatase, respectively). Raman spectroscopy confirmed the 

presence of both components in the synthesized nanocomposite. SEM has shown that the 

nanoparticles are agglomerated into larger grains. High-resolution XPS analysis confirmed 

the presence of all elements with their expected oxidation states. The measured optical prop-

erties using UV-Vis spectroscopy exhibit stronger absorption from the ultraviolet to visible 

region with the determined optical bandgap 1.3 eV for mechanochemically synthesized 

CuInSe2/TiO2 nanocomposite. The photocurrent increased by 57% in CuInSe2/TiO2 nano-

composite compared to CuInSe2 under illumination in comparison with that in the dark state. 

 

Keywords: mechanochemistry, CuInSe2/TiO2, nanocomposite, optical properties, optoelec-

trical properties 

 

 

1. INTRODUCTION 

Ternary chalcogenide semiconductors of I–III–VI group with promising ap-

plications in electronics, optics, and catalysis have been intensively studied in 

recent years (Klenk et al., 2011). However, the majority of the best investi-

gated sulphide-based semiconductors contain toxic heavy metals, which seri-

ously limit their potential application.  
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CuInSe2 is also one of the promising semiconductive ternary materials ap-

plicable in high-efficiency solar cells and photocatalysis due to its large ab-

sorption coefficient, suitably small bandgap, large conversion efficiency and 

radiation stability (Guo et al., 2008; Kang et al., 2009). It is beneficial to cou-

ple CuInSe2, a small bandgap semiconductor (its bulk bandgap is 1.05 eV) 

with the material with a larger bandgap, like TiO2 (its bulk bandgap is 3.2 eV). 

Coupling these two components can improve optical properties due to the 

elimination of surface non-radiative recombination defects. CuInSe2/TiO2 

nanocomposite can be an excellent alternative for solar cell applications (Yu 

et al., 2011; Das et al., 2017), as well as for the photocatalytic degradation of 

dyes in the visible light region.  

There are several synthetic procedures for the preparation of CuInSe2/TiO2 

nanomaterial, including thermal and microwave assisted hybridization 

(Kshirsagar et al., 2017), oxidative chemical polymerization method (Yu et 

al., 2011), electrodeposition technique (Valdes et al., 2011; Das et al., 2017), 

colloidal synthesis (Wu et al., 2015), electrophoretic deposition technique 

(Liao et al., 2013), simple successive ionic layer adsorption and reaction 

(SILAR) method (Wang et al., 2015), spin coating method (Zhang et al., 

2020), electrochemical anodic oxidation and solvothermal synthesis (Yang et 

al., 2022).  

Mechanochemistry as an environmentally friendly alternative to the tradi-

tional preparation methods is well-applicable in the field of materials science. 

The high-energy milling process is used either as a synthesis step to prepare 

inorganic nanomaterials applicable in advanced applications or to introduce 

defects into the crystalline structure, which can dramatically improve the ap-

plication potential (Baláž et al., 2017).  

To the best of our knowledge, the CuInSe2/TiO2 nanocomposite has not 

been prepared by mechanochemical synthesis so far. The novelty of this work 

is the simple and environmentally friendly mechanochemical method of 

CuInSe2/TiO2 nanocomposite preparation for a very short time, at ambient 

pressure and temperature as a suitable material for solar cell applications. 

 

2. MATERIALS AND METHODS 

2.1. Materials 

For the synthesis of CuInSe2/TiO2 nanocomposite were used: elemental copper 

(99.7%, Merck, Darmstadt, Germany), indium (99.99%, Aldrich, Taufkirchen, Ger-

many), selenium (99.5% Aldrich, Taufkirchen, Germany) and commercially availa-

ble TiO2 Degussa P25 (Degussa, Netherland) (75% anatase and 25% rutile). 

2.2. Methods 

CuInSe2/TiO2 nanocomposite was synthesized by a two-step process. In the first step 

(Eq. 1), CuInSe2 was prepared by milling 0.94 g of copper, 1.71 g of indium and 

2.35 g of selenium. The milling was carried out in a planetary mill Pulverisette 6 
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(Fritsch, Idar-Oberstein, Germany) at 550 rpm using a tungsten carbide milling 

chamber (250 mL in volume) and 50 balls (360 g) with 10 mm in diameter, com-

posed of the same material, during 60 min in an argon atmosphere according the 

procedure described in (Dutkova et al., 2016). The ball-to-powder ratio was 72:1. In 

the second step, 2.5 g of TiO2 was introduced into milling with 2.5 g of previously 

synthesized CuInSe2. Co-milling (eq. 2) was also performed in a planetary mill Pul-

verisette 6 (Fritsch, Idar-Oberstein, Germany) in an argon atmosphere (>99.998%, 

Linde Gas group, Bratislava, Slovakia) for 30 min without break cooling due to 

shorter milling times. The milling chamber was vented with Ar gas for 3 min provid-

ing an inert atmosphere. The 250 mL tungsten carbide milling chamber with 50 tung-

sten carbide balls with 10 mm in diameter was used. The rotational speed of the 

planet carrier was 500 rpm. The ball-to-powder ratio was 72:1.  

The synthesis of CuInSe2/TiO2 nanocomposite can be described by the following 

Eq. 1-2: 

 

𝐶𝑢 + 𝐼𝑛 + 2𝑆𝑒 → 𝐶𝑢𝐼𝑛𝑆𝑒2    (1) 

 

𝐶𝑢𝐼𝑛𝑆𝑒2 + 𝑇𝑖𝑂2 → 𝐶𝑢𝐼𝑛𝑆𝑒2/𝑇𝑖𝑂2   (2) 

 

2.3. Characterization techniques  

X-ray diffraction (XRD) measurements were performed using a D8 Advance dif-

fractometer (Bruker, Bremen, Germany) equipped with a - goniometer, CuKα ra-

diation (40 kV, 40 mA), a secondary graphite monochromator, and a scintillation 

detector. All samples were scanned from 15° to 70° with the step 0.03° and 12 s 

counting time. Diffracplus Eva software was used for phase analysis according to 

the ICDD - PDF2 database. The Rietveld refinement was performed using a TOPAS 

Academic software (Evans, 2010; Coelho, 2018). 

The micro-Raman and micro-PL measurements were performed in air at room 

temperature, with the focus of the beam of an Ar laser (514 nm) via a confocal Ra-

man Microscope (Spectroscopy & Imaging, Warstein, Germany) in backscattering 

geometry. The frequency of the Raman line of crystalline Si at 520 cm-1 was used to 

calibrate the system in the present study. 

Morphology was investigated using a field emission-scanning electron micro-

scope (FE-SEM, Mira 3, Tescan, Czech Republic) coupled with an EDX analyzer 

(Oxford Instruments). 

The values of the specific surface area were received by using a NOVA 1200e 

Surface Area & Pore Size Analyzer (Quantachrome Instruments, Boynton Beach, 

FL, USA).  

The X-ray photoelectron spectroscopy (XPS) measurements were performed in 

the XPS Kratos Axis Supra apparatus (Manchester, UK) with a monochromatic 

AlKα X-ray radiation, an emission current of 15 mA, and a hybrid lens model. XPS 

survey and high-resolution (HR) spectra were recorded using scanning steps of 1.0 

and 0.1 eV, respectively. The obtained data were calibrated by setting the C1s emis-
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sion at 284.8 eV. The deconvolution and fitting of the interesting elements were car-

ried out using the CasaXPS software (version 2.3.17) by applying a Spine Shirley 

background in the high-resolution spectra and a Gaussian/Lorentzian line shape for 

fitting the XPS peaks. 

Absorption spectra were recorded using a UV-Vis spectrophotometer Helios 

Gamma (Thermo Electron Corporation, Warwickshire, UK) in a quartz cell by dis-

persing the synthesized particles in absolute ethanol by ultrasonic stirring. The band 

gap energy (Eg) was determined by utilization of Tauc equation (3): 

 

(𝛼ℎ𝜈)1/𝑛 = 𝐴(ℎ𝜈 − 𝐸𝑔)    (3) 

 

where α is the absorption coefficient, A is a constant, h = Planck’s constant, ν = 

frequency and n is a constant associated with different kinds of electronic transitions 

(0.5 for a direct allowed, 2 for an indirect allowed, 1.5 for a direct forbidden and 3 

for an indirect forbidden). The optical band gap, Eg was estimated by plotting (αhν)2 

as a function of the photon energy hν. Extrapolating the straight line portion of the 

Tauc plot for zero absorption coefficient (α = 0) gives optical bandgap energy. 

The current-voltage (I-V) characteristics were measured using semiconductor pa-

rameter analyzer Agilent 4155C under dark and focused halogen white light illumi-

nation (illumination intensity of ~ 600 mW/cm2). The measured sample was sepa-

rated from crushing pellets to small pieces (thin stripe with dimensions ~ 200-500 

µm) and transferred onto insulating pad. The sample contacts were made by small 

droplet of silver paste and then annealed together with wiring to the socket. 

 

3. RESULTS AND DISCUSSION 

3.1. Structural characterization 

The X-ray diffraction (XRD) patterns of previously mechanochemically prepared 

CuInSe2, commercial TiO2 and mechanochemically synthesized CuInSe2/TiO2  

nanocomposite are shown in Fig. 1. The Rietveld refinement was carried out to study 

the phase composition and crystallite size of the produced nanocomposite (Fig. 2). 

The diffractions of both components of the nanocomposite can be well-seen in the 

figure. Surprisingly, the reflections corresponding to tetragonal CuInSe2, the content 

of which is same with content of TiO2, are more intensive that of TiO2. This means 

that the crystallite size of selenide seems to be larger than in the case of titanium 

dioxide. With regards to TiO2, commercial Degussa P25 with the 75% content of 

anatase and 25% of rutile has been used. However, the reflections corresponding to 

the latter are more pronounced, so it seems that the anatase-to-rutile phase transfor-

mation took place during milling, which has been previously observed (Kostova and 

Dutkova, 2016). According to Rietveld refinement, the estimated crystallite size of 

CuInSe2 is 18±5 nm and the detected microstrain is 2.1±0.4 %. CuInSe2 crystallized 

in I-42d space group with the following refined lattice parameters a=5.753±0.014 Å 

and c=11.595 ± 0.017 Å. For titanium dioxide phases, the estimated crystallite size 

is 5±1 and 8±1 nm for rutile and anatase, respectively, which confirms the presence 
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of very fine crystallites and broad diffractions with low intensity detected for TiO2 

in the XRD pattern. TiO2-anatase crystallized in I41/amd space group with the 

refined lattice parameters a = 3.764 ± 0.007 Å and c = 9.47 ± 0.023 Å. Another one 

TiO2- rutile phase crystallized in P42/mnm space group with the refined lattice 

parameters a=4.590±0.017 Å and c=2.973±0.013 Å. 
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Figure 1 

XRD patterns of CuInSe2, TiO2, and CuInSe2/TiO2 nanocomposite 

 

 

 
Figure 2 

XRD pattern and the results of Rietveld refinement of CuInSe2/TiO2 nanocomposite 
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The micro-Raman spectra of the synthesized CuInSe2, CuInSe2/TiO2 nanocomposite 

and commercially available TiO2 under laser excitation at 514 nm are shown in Fig. 

3. The results of Raman spectrum of synthesized CuInSe2 are in good agreement 

with previously published CuInSe2 measurements (Rincon and Ramirez, 1992; 

Zaretskaya et al., 2003). The CuInSe2/TiO2 nanocomposite is a mixture of both com-

ponents which are broadened upon interaction. The measured spectrum shows that 

the dominant feature of Raman spectrum of CuInSe2/TiO2 nanocomposite are the 

peaks of TiO2 showing the formation of a compound in various crystallographic 

forms – polymorphism (Tuschel, 2019). The intense peak at 146 cm-1 and a broad 

less intense peak at 250 cm-1 and near 395-440 cm-1 correspond to anatase form TiO2 

with symmetries Eg and B1g and rutile form with symmetry Eg and E (Tuschel, 2019). 

The deflection near 173 cm-1 and peak at 208 cm-1 can be assigned to CuInSe2 phase 

with symmetries A1 and E. Raman spectroscopy confirmed the crystalline nanopar-

ticles formation being in a good agreement with the results measured by XRD. 
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Figure 3 

Micro-Raman spectrum of CuInSe2, TiO2, and CuInSe2/TiO2 nanocomposite 

 

3.2. Surface and morphological characterization 

The specific surface area (SA) values belong to some of the most important charac-

teristics of milled samples (Baláž et al., 2013). The SA of pure CuInSe2, from which 

the studied nanocomposite was prepared, is 2.9 m2g-1 as was reported in (Dutkova et 

al., 2016). In the present study, the co-milling with TiO2 led to a considerable in-

crease of the specific surface area of the sample CuInSe2/TiO2 (13 m2g-1) in compar-

ison with CuInSe2 alone. However, the obtained value is significantly lower than 

that acquired after the introduction of ZnS to CuInSe2 reported in (Dutkova et al., 

2021). Further, the SA value of ZnS (108 m2g-1) is much higher than that of pure TiO2 

Р25 (28.7 m2g-1). The achieved value of SA for CuInSe2/TiO2 is far lower than in the 
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other reports on similar systems applying different synthetic approaches (Kshirsagar 

et al., 2017). 

The morphology of synthesized nanocomposite was studied by the means of 

scanning electron microscopy (SEM). SEM micrograph of the prepared 

CuInSe2/TiO2 nanocomposite is shown in Fig. 4a. SEM image displays polydis-

persed particles, where the agglomerates exhibit the size in micrometers, however, 

smaller units with the sizes in the nanometer range can be clearly distinguished. The 

results of a representative EDX analysis are presented in Fig. 4b. Several EDX anal-

yses performed at different parts of the sample revealed a relatively homogeneous 

distribution of the elements present in CuInSe2/TiO2 nanocomposite.  

The uniform distribution of all elements in the produced CuInSe2/TiO2 nanocom-

posite is well-documented utilizing the EDX mapping method. The results are shown 

in Fig. 5. The EDX layered images of all the elements are illustrated in Fig. 5a and 

the individual EDX imaging for Cu, In, Se, Ti and O, respectively are shown in Fig. 

5b-f.  

 

   
Figure 4 

a) SEM image and (b) EDX spectrum recorded in characteristic parts of 

CuInSe2/TiO2 nanocomposite 
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Figure 5 

EDX mapping of CuInSe2/TiO2 nanocomposite. (a) EDX layered image; (b) EDX 

image of Cu distribution; (c) EDX image of In distribution; (d) EDX image of Se 

distribution; (e) EDX image of Ti distribution, and (f) EDX image of O distribution 

 

The surface composition of synthesized CuInSe2/TiO2 nanocomposite was analyzed 

by X-ray photoelectron spectroscopy (XPS). XPS survey and high-resolution spectra 

of CuInSe2/TiO2 nanocomposite are shown in Figure 6. 
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Figure 6 

XPS survey spectrum (a) and high-resolution XPS spectra of CuInSe2/TiO2 nano-

composite: (b) – Cu 2p core level, (c) – In 3d core level, (d) – Se 3d core level, (e) 

Ti – 2p core level, (f) – O 1s core level 

 

Cu, In, Se, Ti, O, and C as elements of interest, appear on XPS survey spectrum of 

the CuInSe2/TiO2 nanocomposite (Fig. 6a). Regarding the high-resolution spectrum 

of Cu2p region (Fig. 6b), there are two pairs of the spin-orbit components. Two com-

ponents with higher intensity at 952.28 (Cu2p1/2) and 932.36 eV (Cu2p3/2), with a 

charge separation ΔE of 19.92 eV confirmed the monovalent nature of copper. The 

observed values are in accordance with the ones for CuInSe2 reported in the paper 

(Chen et al., 2010; Kshirsagar et al., 2017). The other two components with lower 

intensity at 955.03 eV and 933.62 eV might be related to CuO. The doublet compo-

nents of the In3d core-level region appear at 444.96 eV (In3d5/2) and at 452.46 eV 
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(In3d3/2), with a charge separation of 7.5 eV, which confirms the trivalent nature of 

indium (Fig. 6c). As displayed in Fig. 6d, the peak at 54.76 eV was indexed to 

Se3d5/2, indicating the presence of Se2- and proving the absence of oxide formation. 

Ti2p3/2 and Ti2p1/2 splitting components of Ti2p core-level region are found at 

458.46 eV and 464.36 eV, which corresponds to the presence of TiO2 compound. 

Thus, they are separated by 5.90 eV, which confirms the tetravalent nature of tita-

nium (Fig. 6e). O1s spectrum (Fig. 6f) exhibits two components with binding energy 

positions of 529.76 eV and 531.06 eV. The results also indicate the presence of tita-

nium dioxide. Binding energies showed that all the signals detected for individual 

elements Cu, In, Se, Ti and O confirmed their anticipated oxidation states. All the 

observed values for different elements match well with the reported ones in the paper 

(Kshirsagar et al., 2017). 

 

3.3. Optical properties 

The optical properties of CuInSe2, TiO2 and mechanochemically synthesized 

CuInSe2/TiO2 nanocomposite were investigated using UV-Vis (Fig. 7) and micro-

photoluminescence spectroscopy at room temperature (Fig. 8).  
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Figure 7 

UV-Vis spectra and Tauc plots (inset) for CuInSe2 (a), TiO2 (b) and CuInSe2/TiO2 

nanocomposite (c) 
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The optical band gaps were determined by plotting (αh)2 against (h) and ex-

trapolating the slope in the band edge region to zero (Eq. 3) as shown in insets of 

Fig. 7. The calculated band gap of CuInSe2, TiO2 and CuInSe2/TiO2 nanocomposite 

was determined to be 1.17, 3.34 and 1.30 eV, respectively. The optical band gap of 

TiO2 was lightly blue-shifted in comparison with the previous reports (Kostova et 

al., 2015; Kostova and Dutkova, 2016). The optical band gap of CuInSe2 was also 

blue-shifted compared to the bulk CuInSe2 with band gap of 1.05 eV (Eisener et al., 

1999). The observed band gap value of the nanocomposite is between those of pure 

CuInSe2 and TiO2 and mixing of both semiconducting materials are expected to show 

absorption patterns bearing the signature of both components. In comparison with 

pure CuInSe2, the obtained CuInSe2/TiO2 nanocomposite exhibits lightly enhanced 

absorption in the visible light region. 

Figure 8 shows the micro-photoluminescence (PL) spectrum of the mechano-

chemically synthesized CuInSe2 and CuInSe2/TiO2 nanocomposite under laser exci-

tation at 514 nm. In the spectrum of CuInSe2 the peaks at 780 nm (1.59 eV) and 905 

nm (1.37 eV) are in agreement with the peaks of nanoparticles published in the paper 

(Ghali et al., 2016). The interaction of CuInSe2 with TiO2 in the CuInSe2/TiO2 

nanocomposite causes an increase and broadening of the emission spectrum in the 

630 nm (1.96 eV) region which indicates the emission of CuInSe2 nanoparticles, as 

described in the literature (Ghali et al., 2016). Clusters with CuInSe2 quantum dots 

emanate a wide range of luminescence in the visible region depending upon their 

size and surface defects. The PL spectrum shows a gradual decrease up to the region 

of 1100 nm corresponding to the CuInSe2 band gap (~1.12 eV). 
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Figure 8 

PL spectrum of CuInSe2 and CuInSe2/TiO2 nanocomposite 
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3.4. Optoelectrical properties 

To verify the optoelectrical properties of the mechanochemically synthesized 

CuInSe2 and CuInSe2/TiO2 nanocomposite, the current-voltage (I-V) characteristics 

were measured in the dark and under illumination. The measured I-V characteristics 

in the dark in Fig. 9 show sufficient conductivity and are almost linear, which 

confirms the formation of an ohmic contact on the CuInSe2 and prepared 

CuInSe2/TiO2 nanocomposite. After illuminating the sample, the number of 

generated charge carriers in the CuInSe2/TiO2 nanocomposite increases, causing an 

increase in the photocurrent. The results showed a photosensitivity of 5% for 

CuInSe2 and 4.8% for CuInSe2/TiO2 at an applied voltage of 2 V compared to the 

current in the dark. Overall, in the nanocomposite CuInSe2/TiO2 compared to 

CuInSe2, there was an increase in the current by 57%.  

This suggests that the structure formed between CuInSe2 and TiO2 can increase 

the photoelectron transfer rate and promote the separation of photogenerated carriers 

as reported in the literature (Yu et al., 2011; Yang et al., 2022). The above-mentioned 

measurements of optoelectrical properties confirm the suitability of using this 

material for the absorber layer in solar cells. 
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Figure 9 

Current vs. Voltage (I-V) characteristics of (a) CuInSe2 and (b) CuInSe2/TiO2 

nanocomposite in the dark and under light illumination 

 

4. CONCLUSIONS 

In this work, CuInSe2/TiO2 nanocomposite was prepared by a simple, low-cost 

mechanochemical route. X-ray diffraction confirmed the nanocrystalline character 

of all the components of the nanocomposite, the crystallite size for CuInSe2 (18 nm) 

being larger than in the case of both TiO2 phases (5 and 8 nm for rutile and anatase, 

respectively). Raman spectroscopy confirmed the presence of both components in 

the nanocomposite. The morphology characterization using SEM demonstrated the 

homogeneity of the prepared nanocomposite. The surface properties investigated by 

the low-temperature nitrogen adsorption showed that the nanocrystallites are ag-

glomerated into micron-scale particles and co-milling CuInSe2 with TiO2 led to a 

considerable increase of the specific surface area of the sample CuInSe2/TiO2 (13 
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m2g-1) in comparison with alone CuInSe2. XPS analysis validated the presence of all 

elements in their expected oxidation states. Optical characterization indicated that 

the CuInSe2 could extend the visible-light response range. CuInSe2/TiO2 nanocom-

posite exhibits strong absorption from the ultraviolet to visible region with the de-

termined optical bandgap 1.3 eV. The current increased by 57% in CuInSe2/TiO2 

nanocomposite compared to CuInSe2. This investigation has shown the possibility 

to prepare nanocomposite material with potential applications in optoelectronics by 

an environmentally friendly manner. 
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