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ABSTRACT

A series of Cu0-Cu,0/TiO, nanocomposite samples were prepared by the sol-gel method. Before applying
the sol-gel method, the Cu(OH), nanostructure on Cu powders were formed by in-situ solution treatment.
The samples were characterized through some techniques and the photocatalytic performance of CuO-
Cu,0/TiO, nanocomposites for gas-phase 2-propanol photo-oxidation under UV and sunlight type
illumination was evaluated. The effect of calcination process on the synthesis and photocatalytic activity
of the samples was studied. The calcination process plays an important role in improving the properties
of nanocomposite powders. The results showed that the nanocomposite formed successfully in desirable
structure and morphology. The nanocomposite is composed by the mixture of TiO, particle with an
average particle size of about 300 nm and the copper oxide nanorods with a diameter of 50-100 nm. In this
nanocomposite, the copper oxides nanostructures and TiO, particles are the main components to form the
heterojunction structure and provide enhanced photocatalytic performance compared to the TiO, sample.
The reaction rate of the most active nanocomposite sample prepared at the optimum conditions is almost

6 times larger than the TiO, references.
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1. Introduction

Recently, heterogeneous photocatalysis with
using semiconductors has been well accepted
as a modern technology used in gas or liquid
chemical reactions for the elimination of organic
and inorganic pollutants [1,2]. Among various
semiconductor photocatalysts, cupric oxide (CuO)
and cuprous oxide (Cu,0) have been considered as
promising materials for photocatalytic applications
because of their beneficial advantages [3,4]. Copper
oxide photocatalysts display strong light absorption
ability and effective narrow band gap energy (E, )
positions of 1.2-1.7 eV and 2.0-2.2 eV for CuO
and Cu,O, respectively [3,5]. Moreover, excellent

environmental accessibility, non-toxicity, earth
abundant and low cost are the other properties of
copper oxides [4]. However, instability in reaction
conditions because of photocorrosion under
light illumination is the disadvantage of copper
oxide materials [6,7]. Researchers have stated that
fabrication the heterogeneous semiconductors
with combining photocatalysts is a beneficial
approach to overcome the shortages of copper
oxide materials [7,8]. The n-type TiO, has been
recognized as the most important photocatalyst
because of chemical stability, non-toxicity, and
low costs. However, high band gap energy (3.0-3.2
eV) and the rapid recombination of photoinduced
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electron-hole pairs of TiO, has been remarkably
limited its photocatalytic performance [9]. Hence,
control of the recombination of photogenerated
charge carriers of TiO, as well as stabilizing the
copper oxide components improvement of the
visible light photocatalytic performance are
essential for photocatalytic applications. As is well
reported, combining TiO, with narrow band gap
semiconductors has attracted attention to improve
its visible-light photocatalytic properties as well as
to overcome drawbacks of the components [7,10].
Researches have proved that the preparation of
heterojunction structure with TiO, and copper
oxidesleads to an enhancement of the photocatalytic
performance of the composite [11,12]. CuO-
Cu,0/TiO, heterojunction nanocomposite can
promote the photocatalytic performance through
photoinduced pairs of electron-hole separation
and increase of the charge carriers lifetime.
Furthermore, the generation of heterostructure
combining TiO, nanoparticles and copper oxide
components will solve photocorrosion problem
and improve the stability of the nanocomposite
structures [7,13]. On other hand, 2-propanol (IPA)
is a typical volatile organic pollutant present in
the urban atmospheres and especially at indoor
environments. The construction materials,
household products, waxes, varnishes, and many
others are the typical sources of this pollutant.
The elimination of 2-propanol is necessary for
the environment protection and human health.
Furthermore, its photo-oxidation has been used as
a model for photocatalyst materials [14].

The main aim of the present work is design
and synthesize a novel CuO-Cu,0O/TiO,
nanocomposites with desirable morphology
and properties to enhance the photocatalytic
performance. In this contribution, the CuO-Cu,0
nanostructures on pure Cu powders were fabricated
by in-situ solution treatment - thermal oxidation
and consequently decorate the TiO, nanoparticles
on the surface. The nanoparticles decorating was
accomplished by the hydrolyzation process followed
by a calcination treatment to stabilize them as well
as enhance their activity. In this study, the thermal
oxidation and calcination process have been
merged. The samples were characterized through
the techniques including X-ray diffraction (XRD),
inductively coupled plasma atomic emission
spectroscopy (ICP-AES), Brunauer-Emmett-Teller
(BET) method, Field Emission Scanning Electron
Microscopy (FESEM) and UV-vis spectroscopy.
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The gas-phase 2-propanol photo-oxidation was
employed for photocatalytic performance of CuO-
Cu,0/TiO, composites under UV and sunlight
type illumination by computing the reaction rate.
By comparison, the effect of calcination process on
the photo-oxidation performance and stability of
nanocomposites was investigated.

2. Materials and methods
2.1. Preparation and characterization of the
samples

Copper powder (99%, particle size <45 micron),
sodium hydroxide (NaOH) and persulfate
ammonium ((NH,),S,0,) were used for formation
of as-synthesized Cu(OH), nanorods. Tetrabutyl-
orthotitanate (TBOT, C, H,O,Ti) as a titanium
precursor, ethanol (EtOH, C_H,OH) as a solvent,
deionized water for hydrolysis, (BA, C H,O) as a
surfactant were employed in the sol-gel process.
The CuO-Cu,O nanostructures on Cu surface have
been synthesized via the in-situ chemical oxidation
with further thermal treatment that merged with
the calcination step in sol-gel method. The thermal
transformation of Cu(OH), nanorods templates,
which were fabricated through a chemical oxidation
process lead to the fabrication of the CuO-Cu,0
nanostructures. First, a mixed aqueous solution of
25 ml of 2.5 M NaOH and 25 ml 0.2 M (NH,),S,0,
was prepared and then the high purity Cu powders
were immersed in the solution. After 30 minutes,
a blue color appeared in the initially colorless
solution and the Cu powders were extracted
from the solution, thoroughly were rinsed with
distilled water, and were dried in air. In this stage,
the Cu(OH), on Cu powders were synthesized.
Then, TiO, particles were formed on the surface
of the pre-treated powders to form the Cu(OH),
nanostructures by the sol-gel process. The obtained
pre-treated powders were dispersed in hydrolysis
solution prepared with the mixing of EtOH, BA and
distilled water at room temperature. Then, the 0.5
M TBOT solution was added slowly drop by drop
into the hydrolysis solution under vigorous stirring
and stirred for three hours. The reaction was carried
out using TBOT:BA:EtOH:H,O molar ratio of
1:5:100:5. Finally, the resulting sample dried in air
at room temperature for 24 hours and heat treated
at two diffrent calcination process. The heating
rate was maintained at 5°C/min in all the thermal
oxidation experiments, and after that, samples were
taken out the furnace for characterization. The
influence of heat treatment type and temperature
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on morphology, structure and photocatalytic
properties were investigated. The calcination
processes were chosen at two temperatures of 400
and 500°C under air atmosphere. Samples are
labeled T for TiO, reference and C1 and C2 for
nanocomposite samples. The heat treatment for C1
sample was carried out at temperature of 400°C for
1 h as the one-step process. For C2 nanocomposite
sample, the temperature was first raised to 300°C
and maintained for 30 min. Then, the samples were
heated to 500°C and maintained for another 30
min.

The crystal structure and composition of the
samples were analyzed via XRD analysis. The
recording X-ray diffraction data was carried out
from 26 0of 10 to 90°on a Seifert D-500 diffractometer
using Ni-filtered Cu K_ radiation (A=0.15406 nm)
with a 0.02° step. Rietveld analysis was performed by
using Xpert High Score Plus software for samples.
ICP-AES using a Perkin-Elmer Optima 3300 DV
spectrometer was used for the elemental analysis
of the nanocomposite samples. The samples for
BET analysis were degassed under flowing argon at
473K for 2 h before nitrogen adsorption. FESEM
images were obtained using a CamScan MV2300
scanning electron microscope for morphological
evaluation. The particle size determination from
FESEM results was accomplished via Image-]J
software. UV-vis diffuse-reflectance spectroscopy
(DRS) experiments were done on a Shimadzu
UV2100 apparatus using BaSO, as a reference that
does not absorb in the UV-vis radiation range. The
results were recorded in the diffuse reflectance
mode (R). The Kubelka-Munk function F(R) was
applied for the conversion of the spectra obtained
from UV-vis measurements [8,15].

2.2. Photocatalytic performance

The activity of the photocatalysts was tested
using a continuous flow annular photo-reactor
(Pyrex tube). A certain amount of catalyst (ca. 2 mg
cm™?) was prepared as a suspension in methanol,
painted as a thin layer on the inner tube (cut-off
at ca. 290 nm) and dried at room temperature. The
irradiation was generated by four fluorescent lamps
(UV: 6W; Sylvania FEWBLT-65; Sunlight-type: 6W,
Sylvania F6W/D) symmetrically put outside the
reactor. Pure N, and O, were utilized for preparing
the reacting mixture (100 mL min" and 20 vol%
O,/N,). Carrying the gas-phase products from
the liquid-containing saturator to the mainstream
by N,/O, mixture. To achieve a relative humidity
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at the gas flow, distilled water was injected by a
syringe pump. To determine the concentration of
the reactant and products of the photooxidation
reactions, an online gas chromatograph instrument
(Agilent GC 6890) equipped with HP-PLOT-Q/
HP-Innowax columns (0.5/0.32mm I.D. x 30 m)
and thermal conductivity and flame ionization
detectors (TCD/FID) was employed. A thermal
conductivity detector was used to measure the
CO, production and flame ionization detector
was utilized to detect the 2-propanol and acetone
as the organic components in the reaction. The
photocatalytic behavior of the samples for gas-
phase 2-propanol photodegradation was evaluated
using reaction rate measurements and selectivity of
the products. Reaction rates were obtained under
steady state conditions, achieved usually after
4-5 h from the start of irradiation. The reaction
rate normalized by catalytic area according to the
Equation (1), where r is the reaction rate, C and C;
are the concentration of 2-propanol at times t and
t=0, Q is the total flow, S, is the catalytic area and m
is the mass used in the reaction.

(ry = @ (229

m Sy

(1)

3. Results and discussion

XRD analysis was carried out to study the
phase and crystal structure of the samples (Fig.
1). The XRD pattern of initial pure Cu powders
(JCPDS Card No. 04-0836) is shown in Fig. 1(a)
for comparison. After immersion the powders
in the solution for pretreatment, small peaks of
orthorhombic Cu(OH), (JCPDS Card No. 80-
0656) were observed in addition to the Cu peaks.
However, the low intensity of diffraction peaks
corresponding to Cu(OH), in the XRD patterns
was due to its small quantity on the surface of Cu
powder. The XRD pattern of T sample (Fig. 1(c))
displays only the peaks associated with the anatase
TiO,. For the C1 and C2 samples, the peaks were
obtained from the samples dominantly belong to
Cu, CuO (JCPDS Card No. 48-1548) and Cu,O
(JCPDS Card No. 78-2076). It seems that the
different calcination process conditions form mixed
phases of copper species with different properties
[16]. Probably, lower temperature of the calcination
step of synthesis led to the formation of different
copper species mostly with lower valence (Cu’ and
Cu"). Interestingly, a small peak of TiO, related
to the anatase (101) located at 25.6° is observed
(notice the enlarged view of the peaks at 20 range
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Fig. 1- XRD patterns of (a) pure copper powder, (b) as-synthesized Cu-Cu(OH),, (c) T, (d) C1 and (e) C2 samples.

Table 1- Ti/Cu ratio, BET surface area, pore volume and pore size values of studied samples

sample Ti/Cu ratio BET surface area Pore volume Pore size
(m’g") (cm’g™) (nm)
C1 0.027 3.11 0.016 13.71
C2 0.028 2.03 0.014 18.10

of 23 to 28° in the inset). It should be noted that the
low intensity of diffraction peak corresponding to
the TiO, phase in the XRD patterns of composite
samples is related to its small quantity on the surface
and XRD analysis limitations. On the other hand,
the ICP-AES analysis results in Table 1 prove the
existence of Ti and Cu elements in the composite
samples. The calculated molar ratio between Ti and
Cu in composite materials is approximately 0.03.
The surface area, pore volume and pore
size results of the samples obtained from BET
measurements are reported in Table 1. The results
show that the samples are mesostructured materials
(IUPAC definition: pore size 2-50 nm) [17].
Moreover, the higher surface area and decreased
pore size is observed for Cl compared to C2
sample. As is reported, the surface area could play
an important role in photocatalytic activities [18].
As illustrated in the FESEM micrographs in Fig.
2, the initial Cu powders have a relatively rough
surface with no obvious indication of any other
phases (Fig. 2(a)). As can be seen in Fig 2(b), the
as-synthesized Cu(OH), nanorod structures with
a diameter of 50-100 nm smoothly and completely
cover the copper sufrace after chemical oxidation
step for solution treatment. The detailed study of
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Cu(OH), formation on the Cu surface and then
transformation to the copper oxides was performed
in our previous work [19]. FESEM image of T
sample after calcination in Fig. 2 (c) shows spherical
TiO, nanoparticles with the average particle size
of about 300 nm. The comparison of the FESEM
image of composite sample before (Fig. 2(d))
and after calcination (Fig. 2(e and f)) reveals that
the amorphous Ti(OH), agglomerates generate
selectively on the Cu(OH), nanorod surfaces
and during calcination process, the amorphous
Ti(OH), layer shrank to generate TiO, and formed
the decorated nanoparticles on the surface [8,20].
The image for C1 sample after calcination shows
that the surface is decorated by the mixture of
TiO, nanoparticle and copper oxide nanorods.
The detailed study of the machanism formation of
copper oxide nanorods [19] and TiO, nanoparticles
[20] is investigated in our previous works. As it is
obvious in Fig. 2 (f), less nanorod morphology and
decresed uniformity of nanospherical particles is
observed compared to C1 sample. Apparantly, the
nanorods were unstable probably due to the high-
temperature reactions that cause in the missing the
special morphology. Therefore, maybe applying
lower temperature for calcination step is more
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Fig. 2- FESEM images of (a) pure copper powder, (b) as-synthesized Cu-Cu(OH),, (c) T, (d) composite sample before

calcination, (e) C1 and (f) C2.

appropriate to achieve the desirable morphology
with higher surface which will be beneficial to the
photocatalytic activity.

The optical properties of the prepared samples
were evaluated in Fig. 3 in term of Kubelka-
Munk equivalent absorbance units. The T sample
indicated the characteristic spectrum with a sharp
absorption band edge at ~400 nm in UV region,
which corresponds to the anatase phase [10]. The
nanocomposite samples demonstrated a much-
enhanced light absorption in the visible light region,
indicating the well-combination of semiconductors
to achieve the heterojunction [13,21]. In this
nanocomposite photocatalysts, copper oxides act as
the main visible light absorber and titania formed
heterojunction with the copper oxides which is
useful for photocatalytic performance [8]. As can
be seen, the nanocomposite materials display two
dominant features. The nanocomposite catalysts
demonstrate stopping edge at around 400 and 420
nm, which correspond to titania in the samples.
Moreover, the feature located at around 850 nm
in the UV-vis spectra of CuO-Cu,O/TiO, catalysts
is associated to the Cu d-d transitions (2Eg%2TZg
interband transitions) of Cu?* clusters present in
the structure [7].

The photocatalytic activity of the samples for
2-propanol photodegradation under both UV
and sunlight illumination in terms of reaction rate
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Fig. 3- UV-vis DRS spectra of different samples.

are depicted in Fig. 4. As it is obvious, the similar
trends are observed in UV and sunlight-type
illumination conditions. The calcination process
conditions in the nanocomposite preparation
play a significant role in the overall photocatalysis
performance. Poor photocatalytic performance of
T sample may be because of the wide band gap and
rapid recombination of charge carriers [22]. The
increased 2-propanol degradation is observed by
formation the CuO-Cu,0/TiO, nanocomposites
especially for the C1 sample. The reaction rate of the
most active nanocomposite sample is almost 6 times
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Fig. 5- Schematic illustration of the electronic band structures
and proposed photodegradation mechanism of the
heterojunction photocatalyst.

Table 2- Selectivity of the 2-propanol degradation under UV and sunlight illumination

Sample Selectivity %(UV) Selectivity %(SL)
CO, Acetone CO, Acetone
T 59.40 40.60 84.20 15.80
C1 88.09 11.91 92.28 7.72
C2 88.87 11.13 90.39 9.61

larger than the TiO, references. This significant
enhancement is possibly related to the presence of a
mixture of various morphology of semiconductors
with uniform distribution and relatively higher
surface area. Moreover, the successful fabrication
of the special heterostructure of CuO, Cu,0 and
TiO, components could promote the activity
of the nanocomposite [21,23]. The interface
between CuO and Cu,O act as a rapid separation
site for photoinduced electron-hole pairs and
consequently modify the photocatalytic activity
[23,24]. The energy band positions and a proposed
scheme for the photooxidation mechanism under
irradiation are presented in Fig. 5. Because of the
potential difference in the conduction and valence
band of the components, the photogenerated
electrons on the Conduction Band of Cu,0 will
transfer to CuQ, then to TiO,. The proposed photo
redox results electron-hole pair separation leading
to lower recombination [25]. Furthermore, the
selectivity factor for reaction products extracted
from the data was presented in Table.2. The
selectivity is a dimensionless parameter runs for
all products of the photodegradation reaction. In
this work, Acetone (Ac) and carbon dioxide (CO,)
are two main compounds obtained as 2-propanol
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photodegradation reaction products for all samples,
in agreements with reported studies [26,27].

Finally, the stability of the samples reacted under
UV and sunlight-type illumination conditions
by the XRD analysis of the samples are shown in
Fig. 6 and compared to the fresh samples (Fig. 1).
No significant differences are observed between
fresh and used materials. The results revealed
that the samples prepared in this research are
stable and can be used as promising materials for
photocatalytic performance. In agreement with
litrature, the copper species instability problem
could be modified by using a mixture of CuO and
Cu,O [6]. Furthermore, TiO, is a chemical stable
photocatalyst and formation the heterostructure
with copper species could promote the stability of
the samples [28].

4. Conclusions

The CuO-Cu,0/TiO, nanocomposite materials
were successfully synthesized by using two step
including solution treatment and sol-gel method
and further characterized with various techniques.
The gas-phase photo-oxidation of 2-propanol
under UV and sunlight type illumination was
used to evaluate the photocatalytic performance
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Fig. 6- XRD patterns of the samples after photocatalytic
reactions under UV and Sunlight type illumination.

of the samples prepared by the sol-gel method
in this study. Obtained results demonstrated
that these nanocomposites provide enhanced
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