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Abstract

Highly efficient ternary heterojunction of CudFe,0s/y-Al,O3 was effectively fabricated by a
facile and cost effective chemical route. The strat, chemical composition, morphology,
optical and photocatalytic properties of as-prepateiOb-FeOs/y-Al, 03 photo catalyst were
compared to pristine and binary samples by variolaracterizationExistence of all the
dominant peaks of Cuy-FeO; and y-Al, O3 are noticeable in XRD spectrum of Cu©/
Fe0s/y-Al,03 ternary photo catalyst which confirms the sucaedsdbrmation of the
photocatalyst. SEM and HRTEM results revealed fhigescal shape CuO nanoparticles with
distorteda-Fe,O3 agglomerated plates which led to complete diffasioth y-Al,Os. The band
gap of ternary nanocomposite was found to be 1.9ekMidated by UV-DRS. Brunauer-
Emmett-Teller (BET) analysis shown that due touh&ue ternary nanocomposite structure and
synergistic effect among various components, asdaled ternary Cu@/fFeOs/y-Al,Os
nanocomposite exhibited the porous structure laitlpe surface area and small pore volume as
compared to pristing-Al,Os. The photocatalytic activity was examined by momitg the
deterioration of methyl orange under simulated rstight irradiation. CuQi-FeOs/y-Al,03
exhibited superior photocatalytic efficacy as compato CuOyf-Al,O3 and a-FeOs/y-Al,03
binary and pure oxides gfAl,O3;, CuO andu-Fe,O3 The marvelous photocatalytic activity of
CuOh-Fe04/y-Al,03 ternary nanocomposite samples can be ascribedeio ¢lose contact,
strong interfacial hybridization and proficient cpa transfer capacity. The electrochemical
studies such as linear sweep voltammetry (LSV) @mdic voltammetry (CV) were carried out
to explore the charge transfer behavior and to @upine high photo activity of ternary
nanocomposite Cu@/Fe0s/y-Al,0Os3. LSV measurements manifested that GuB&05/y-

Al,03 exhibited 4.3 folds higher current density thanebaAl,O3 which confirmed the faster



electron transfer from CuO tpAl,O3 via mediateda-Fe0s through the interfacial potential
gradient in conduction band. Cyclic voltammetry (O¥sults shown that pair of anodic and
cathodic peaks in Cu@Fe03/y-Al,O3 which affirm the efficient increase in photo-inddce
/n* separation and suppress recombination rate ofretebole pair.This work demonstrated
that CuOd-FeOs/y-Al,O3 ternary nanocomposite found to be a promising ciatdi as an

efficient adsorbent for organic dye removal fronsteawvater.

Keywords: CuOn-Fe0s/y-Al,03; Ternary composite; Interfacial charge transfer;

Environmental remediation; Cascade electron transfe



1. Introduction

In past few years, heterostructure semiconductonomaterials have captivated much
consideration of reader due to its potential emplent in environmental applications.
Particularly, water becomes the main source of renmental pollution as it is the primary
carrier of all contaminations such as heavy metaksicinogenic dyes, pharmaceutical
desolations and industrial wastes [1, T3} combat such issues, numerous approaches hane bee
adopted to treat effluents from water and to dgqvelarious processes such as photo-Fenton,
adsorption wet-air oxidation, Fenton, and electemsital oxidation, ozonation, evaporation,
photocatalytic purification, microwave catalysisdathemical process. On the other hand, each
approach has some limitations which generally ielinfuriation of large amount of solid
wastes and production of toxic byproducts [3-6].c&dly, heterogeneous catalysis is an
environmentally amiable and cost efficacious teghai to expedite harmful compounds
(pollutants) into the effective and carbonaceousdpcts [7, 8].The basic principle of photo
catalysis involves the creation of electron holé)eair in semiconductor under visible light
irradiation [9]. The heterostructures with diffetdsand gap materials have been employed to

improve photo generated charge carrier separatimmeacy in photo catalysis [4, 10, 11].

Gamma aluminum oxidey{Al,O3) is a supporting catalyst in the field of catatysiue to

photochemical inertness, marvelous thermal stgbikxquisite surface characteristics and
unique acidic features [12-15]. Even, there are deswbacks iry-Al,0O3 such as its low photo

response and recombination rate due to a wide gapd(7.0-9.5 eV). Numerous approaches
have been established to enhance photocatalyticiegify and tuned optical properties to
increase the light absorption capacityyeAl ;O3 toward visible light range and suppress e-h pair
recombination during photoreaction. This is achielbg composite fabrication, doping by metals

4



and non-metals and addition of transition metalsarpling ofy-Al,O3 with narrow band gap
materials. It is important to modify the band gdpy@Al,Os; which results in improvement of
sensing, electrical and photo catalytic properfigsl6]. Major instance has been paid to the
coupling ofy-Al,Oz with some materials that shows superior chargespram properties to enrich
the photocatalytic performance by eliminating tigglameration of semiconductdRecently, it
was reported thap-Al,O3; have defect sites which could accept photo-indueledtrons to
suppress the rate of recombination of (e-h) thiaeced the photocatalytic activity [17, 18]. In
this regard, hematiter{Fe;O3) and cupric oxide (CuO) have been chosen to cowpley-Al 03

for increasing the dispersion of active sites tonpote surface area, improved charge carrier
efficiency that enhanced the photocatalytic adtiviCupric oxide (CuO) is a p-type
semiconductor which exhibits a small optical baag gf 1.3-2.0 eV [19]. On the other haiwd,
Fe O3 is an n-type semiconductor that has low band gape range of 1.9eV-2.2 eV has more
absorbing ability of visible light. Under the ambie@atmospherey-Fe,O3 is the most stable form
of iron oxide which is extensively used in wateratiments, catalysis, sensors and lithium ion
batteries [20-22]. CuO anttFe,O3 are the promising photo catalyst that have beelelwiused
for the photo deterioration of organic contaminasicand harmful products. A profusion of
reports revealed that there are many binary amdhterhybrid structures based affFe,0O; and
CuO such as CuO/GO [23], Ag/FeOs [21], SI0G, and TiQ modified FgOs; [24], ZnO/CuO
[16], TiOJ/Al,0518], FeO,@Fe0s/Al05 [22], g-GN4AI,05[17], WOs/NiO/Fe,0s3 [25],
CuO/CeQ [26] and CuO/AIO; [27] etc. Literature study revealed that binaryd @ernary
heterojunctions have been prepared by adoptingussynthetic routes. The main focus of this
study is to adopt an effective wet chemical synthetute with same concentration of each oxide

to prepare a novel ternary CucFe0Os/y-Al,03 photo catalyst with marvelous optical, structural



and morphological properties. The remarkable erdrmeat in photocatalytic performance
towards methyl orange (MO) under sunlight irradiatis observed. This study elucidates that
ternary nanocomposite of CuFe0s/y-Al,03 exhibits increased photocatalytic degradation as
compared to pure oxide samples and respectiveybawenposite. Current research explains that
high photocatalytic efficiency of ternary nanocorsipe can be accredited to the synergetic effect
between defect sites gfAl, O3, CuO anda-Fe,0; nanoparticles which further promotes the
minor recombination of photo created holes andtedas,andincreases the mobility of charge
carriers. As per our knowledge, no study has desdrihe utilization of ternary composite of
CuOh-Fe04/y-Al,03 as a photocatalyst with cascade electron tranbfes. study meticulously
explain the comprehensive methodologies which ogmrave the selectivity of photo catalysis

for crucial industrial processes.
2. Experimental

2.1. Materials and method

Aluminium foil, Copper nitrateCu (NG;),, Ferrous chloride (Feg)l Sodium hydroxide (NaOH)
and Methyl orange were obtained from Sigma Aldrigh.the chemicals were analytically pure
(99.99%) and were used as received. The deionizdrwas employed for synthesis of all

agueous solutions.
2.2. Synthesis of Gamma AluminaytAl,O3), Hematite (a-Fe,O3) and Cupric Oxide (CuO)

In first step, pureg-Al,O3; Hematite ¢-Fe,0O3) and Cupric Oxide (CuO) were fabricated by facile
wet chemical route using Aluminum foil, Iron chidei and Copper nitrate as precursors,
respectively. Typically, 6.0 g of Aluminum foil, ®.g Iron chloride and 5.0 g Copper nitrate

were separately deliquesce in 100 mL water and ealtiition was kept under robust stirring



until homogeneous mixtures were obtained. Now sudydroxide (NaOH) solution is added
drop by drop to each solution. All suspensions vkexg under fast stirring at 60 °C for 3 h until
v-Al,03, Hematite ¢-Fe,O3), Cupric Oxide (CuO) nanoparticles were formede F4Al 03, a-
Fe,03; and CuO precipitates were then obtained by cegifon. Finally several washings were
done with deionized water to adjust the optimum y&lue and to eliminate the residual
reactants. Consequently, the nanopatrticles welieadsd at 40 °C for 7h and then followed by
calcination of dried powder samples at 800 °C fdr g-Al,03), 500 °C for 2h (CuO) and 300

°C for 5h -Fe0s).
2.3. Synthesis ofi-Fe;,0O3/y-Al,03 and CuO#-Al O3 binary composites

The binary nanocomposite 0fFe,Os/y-Al,03 and CuOyf-Al,O3 were fabricated by chemical
method. As prepared 0.5 g of CuO and 0.5 ¢-B&03; nanopowders were deliquesce separately
in 50 mL deionized water with thg-Al,O3 (0.5 g) in both solutions. The suspensions were
stirred vigorously for 1 h at 48%C. The precipitates were then washed many time ddthble
distilled water by centrifugation to eliminate tlcess salts from both solutions. Finally,
collected binary composites ofFe,Os/y-Al,O3 and CuOy-Al,0O3; precipitates were dried in

vacuum oven at 58 for 4 h prior for characterization.
2.4. Synthesis of CuQi-Fe,O3/y-Al,O3 ternary composite

Wet chemical method was adopted for the formatibteimary nanocomposite CuidFe,Os/y-
Al,Os. In a typical synthesis route, 0gby-Al,03, 0.5 go-FeOsand 0.5 g CuO were added to
100 mL of distilled water. The prepared solutiorsvmaagnetically stirred for approximately 120

min at 40°C. Finally, the product were collected by centritign and then dried in vacuum



oven at 50°C for 4 h to get Cu@tFe0s/y-Al,Os nano-powderThe synthesis of ternary

nanocomposite is given in Scheme 1.
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Scheme 1.Diagrammatic demonstration for the fabrication @iOk-Fe,Os/y-Al,O5 ternary

composite.
2.5. Material characterization

The crystallinity and crystal phase of prepared gam were analyzed by powd&igaku
D/MAX 2550 X-ray diffractometer using Cu Kradiations ¥ = 0.154056 nm) at ambient
temperature in a broad range of Braggs angle fréfrtd 80 operating at 30 mA with 40 kV.
Surface features and textural properties of symbdsspecimens were studied by Scanning
Electron Microscopy (JEOL-JAD-2300). Energy DispersX-Ray (EDX) coupled with SEM
was used to study the elemental configuration offamicated specimens. The structural
morphologies of fabricated ternary nanocomposits acomplished by a JEM-2100 (HRTEM)

operated at an acceleration voltage of 200 kV. iEouransform infrared spectroscopy was



employed to identify the functional groups and bstrdctures in the range of 400-4000 coy
using FT-IR spectrometer of manufacturing model odit 740. To examine the optical
properties of fabricated specimens, Cary 100 UVsyisctrophotometer helps to collect the UV-
Vis DRS spectra of prepared specimens with Ba8®© reflectance sample and a spectral
reflectance standard is over a wavelength ranga 260 to 700 nm. Kubelka-Munk function
was employed to determine the optical band gap geeserof prepared specimens. The

electrochemical measurements were performed by usire test potentiostat.
2.6. Photocatalytic activity test

The photo activity of fabricated specimens was stigated by detoxification of methyl orange
(MO) (toxic dye) upon exposure to solar light inatebn i.e visible light. All fabricated samples
(0.05 g) were added into 50 mL of MO solution. Tdieained solution was placed in dark and
stirred for 30 min to achieve desorption/adsorpgqgnilibrium of toxic dye methyl orange on the
surface of ternary heterojunction of CucHeOs/y-Al,0Os. Then solution was irradiated for 4h
under solar light to observe photocatalytic degtiadeefficiency. After the specific time period,
a 5.0 mL of aliquot of the colloidal suspension veaflected and centrifuged to separate the
catalyst for further analysis. The clear transpasatution was then monitored by Schimadzu
2700 spectrophotometer in the range of 450-750 Tire. maximum absorption wavelength of

MO at 464.0 nm.
3. Result and discussion
3.1. Characterization of as-prepared samples

The phase purity, crystalline structure and criigtagize of prepared samples were analyzed by

X-ray powder diffraction technique. Figure 1(A) eals the XRD pattern of as fabricated bare



Al,0O3, Hematite ¢-Fe0O3) and Cupric Oxide (CuO). Fig. 1(B) depicts XRD fdeoof binary
nanocompositesa{Fe05/y-Al,03, CuOk-Al,0O3) and ternary heterojunction (CuFeOsly-
Al,O3). Fig. 1A(a) shows the diffraction peaks of pyrél,O; which can be ascribed to the
cubic structure of-Al,0O3; (JCPDS N010-0425) and thefvalue along with the hkl values are
32.0 (220), 37.5 (311), 39.0 (222), 46.0 (400) and 67.0(440).The broad peaks shows the
amorphous nature and low crystalline degree-Af,O3[7, 28]. The mean crystallite size pf

Al,03 has been computed by Debye Scherer formula dodnsl to be approximately 9.0 nm

Fig. 1A (b) shows XRD photograph of J88 nanopatrticles confirming the hematite phas&¢-
,03). The clearly prominent characteristic peakuefe;Os indexed at @ value of 23.7, 32.0°,
36.0°% 40.0°% 49.0°% 53.6° 62.0° and 63.0 corresponds to the crystal planes (012), (104)0)1
(113), (024), (116), (214) and (300) which coinsigeell with JCPDS N039-1346.The average
particle size of the fabricated NPs~44.0 = 3.0 nn{29]. In case of pure CuO, it has two main
peaks at the 3%2nd 38.8associated to (-111) and (111) diffraction cryglahes as displayed
in Fig. 1A (c). The other characteristics peakseaped at 3293110), 48.8(-202), 53.2(020),
57.9 (202), 61.8(-113), 66.0 (022), 67.9 (220) and 752(203) affirming fabrication of CuO
nanoparticles with single monoclinic phase (JCPD$. N45-0937) as no peaks of
contaminations or other forms of CuO are observéw intensity or sharpness of the peaks
indicate the high degree of crystallinity of syrglzed CuO nanoparticles [30, 31]. No impurity
and remnant peaks have been observed in all thieesamples which manifests the high grade
purity of synthesized samples. The average parside of CuO is approximately 8.0+2.0 nm.
Figure 1B(a) illustrates that the XRD pattern ofidsy CuOy-Al,O3 nanocomposite implicate
that all the main peaks of bare CuO anéll,O3 exists in the pattern confirming the successful

formation of CuOy-Al,O3. No peak shift has been observed which showst#imlisy of binary
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structure. XRD pattern af-FeOs/y-Al,03 nanocomposite is depicted in Fig. 1B (b). The peak
appeared at@®46.0 and 67.0 is ascribed toy-Al,Os (JCPDS card 29-0063) whereas much
diminished peak ofi-Fe,O3; has been observed in binary nanocomposite. Tha neason for
disappearance af-Fe0; in a-Fe0s/y-Al,05 is the encapsulation efFeO; crystallites byy-
Al,O3 Thus, X-ray diffraction peak ai-Fe,Os is insignificant in hybrid structure of-FeOs/y-
Al,03 [32, 33]. Figure 1B (c) displays the diffractiontigan of CuOd-Fe,Os/y-Al,O3 ternary
nanocompositelThe heterostructure Cu®@FeOs/y-Al,O3is composed of three kinds of phases,
cubicy-Al,03, a-Fe03; and monoclinic CuO confirming the successful faioraof the ternary
heterostructure. On the other hand, there was pmipent peak shift as well as no other
impurities were found and no traces of other phass®e spotted, suggesting the high purity of
the samples and confirming that Cu®dfFe,O3 andy-Al,O3 coupled together successfully and

without other phases.

The existence of defect sitesyirAl,O3 can be justified by the results obtained from XiD.
XRD results as depicted in Fig. 1 clearly displdys broad peaks at 47.6nd 67.0 in all
synthesized samples (pristine, binary and ternamyooomposites). The broadening of peaks
describes the low degree of crystallinity and theigation of amorphous structure. Amorphous
structure ofy-Al,Os; possess a lot of surface active sites and deveuish are responsible for

capturing the electrons more effectively in hylsjygtem [28].
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Figure 1. (A) XRD diffraction patterns of pristine oxidesinary and ternary nanocomposites;
(@) y-Al 03 (b) a-Fe03 (€) CuO; (B) (a) CuQtAlL0;5 (b) a-Fe0sly-Al 03 () CuOb-FeOs/y-

Al 203.

The surface morphology of nanomaterials and theinary nanocomposite CufdFe,Os/y-

Al, O3 were examined by scanning electron microscopeur€ig depicts the SEM photographs
of barey-Al,03, a-F&03, CuO and ternary heterostructure synthesized sdthe concentration
of each oxideFigure 2A illustrates the dispersed leafy morphglo§ purey-Al,Os. Figure 2B
demonstrates that pure CuO has spherical morphalatpyyuniform distribution [34]. Irregular
plate like architect with smooth surface are obserfor puren-Fe,O3 with small agglomeration
as shown in Fig. 2C [35]. Textural features of éeynheterostructure Cu@fFe,03/y-Al,0O5 are
manifested in Fig. 2D. It can clearly be seen teabtary nanocomposite consists of spherical
particles and plate like morphology. CuO an&eO3; are well incorporated with AD; matrix
and decorated on surfaceyefl,O3. This promotes the intimate interfacial connectio@tween

them to provide the more active sites for maximuegredation of dye molecule to enhance

photocatalytic performance.
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Figure 2. SEM images of as-prepare samples; {Al.0s, (B) CuO, (c)a-FeOs, and (D)

CuOhi- F9203/7-A| 20s.

Fourier transform infrared spectroscopy evidendesl arious surfaces functional groups and
confirmed the chemical structure of as-preparedpsesn Figure 3 (A-D) exhibits the FT-IR
spectra for pure-Al,Os, binary heterojunctionsa{Fe0s/y-Al,03, CuO#f-Al,O3) and ternary
nanocomposite of Cu@/Fe0s/y-Al,Os. Figure 3A depicts the FTIR spectraefl,O;. The
peaks between 500-800 ¢ris attributed to the-Al,Os. The most evident peak at 645 tiis
assigned to the stretching vibrational mode of Alfhe peak appeared at 1000-1032"dm
ascribed to Al-O bending vibrational mode. A peak 1862 cni is corresponding with
symmetrical bending mode of AlI-O-H group [36- 3BL.-IR results of binary nanocomposite
Fe03/y-Al,03 is given in Fig. 3B. It displays the charactedstpeaks ofi-Fe03; phase in the
range of 400-700 cth The strong peak below the 700 trs accredited to Fe-O stretching

mode. The strong and sharp bands appeared at 46678ncnT are ascribed to Fe-O stretching
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mode [39-42]. The intense peak occurred at 644 can be associated to Al-O stretching
vibration mode and a peak at 1041 tan be related with Al-O-H group [36-38, 43]. The
bands ranging from 3300-3500 ¢nis accredited to OH group and water molecules #nat
adsorbed on surface respectively [44]. The abovetioreed peaks of both hematite-Ee,0s)
and y-Al,0O3 confirmed the successful formation of binary namoposite a-FeOs/y-Al,Os.
Figure 3C demonstrates the FT-IR spectrum of @ DOz binary nanocomposite. The three
main absorption peaks shows the vibrational mod€w® in the range of 500-700 ¢mThe
dominant and sharp vibration peak for CuO was edtiat 434 cm and the peak at 525 &m
linked to the stretching mode of CuO [45]. The ban802 crit can be assigned to Cu-OH [46].
The hump shown at 647 ¢his attributed to Al-O stretching moderAl ,03. The peak located
at 1313 crit may arise due to existence of £@hich usually resides on the surface of sample by
adsorption from air or may be due to organic mege{d]. These characteristic vibrations and
bending modes reappear in the FTIR spectrum ofCth@®k-FeOs/y-Al,O3 (Fig. 3D) which
demonstrates successful formation of ternary namposite. The peak occurred at 434 cim
525 cm' may be related to Cu-O stretching vibration motie 7]. The band appeared at 879
cm’is associated to Cu-OH vibrational mode of CuO [48-O stretching mode ofFe0s is
observed at 446 cmand 563 cril [48, 49]. They-Al,O; is confirmed in the ternary
nanocomposite by the valley between 1000-400 imthe spectral range and the peak at 778
cm™ corresponds to the vibrational bending of Al-OeTeak at 645 cihcan be accredited to
Al-O-Al in y-Al,O3 [50]. The band appeared in all FT-IR spectra ia thnge between 1200-
2000 cnt arises due to organic moieties and bands in thgeraf 3300-3500 cthis attributed

to hydroxyl group as vibrational stretching fronsatbed water molecules [4, 51].
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Figure 3. FT-IR of pristine oxides, binary and ternary carsipes (A) purey-Al,Os; (B) o-

Fe0s/y-Al,03; (C) CuO4-Al ,03; (D) CuOb-Fe0aly-Al ,0s.

The elemental configuration and distribution of 3sthesized materials were evaluated and
affirmed by energy dispersive spectroscopy andsplayed in Fig. 4(A-D). Figure 4A shows
the existence of Al and O in bare sampley-&l,03; EDX spectra of binary heterojunction
Fe03/y-Al,03 are illustrated in Fig. 4B. According to EDX pramxzed peaks of Al, Fe and O
elements are distinctly seen. In case of Gu&40;, the peaks are ascribed to Al, Cu and O
without any impurity peaks as shown in Fig. 4C.a¥-relemental mapping profile of ternary
nanocomposite (Cu@/Fe0s/y-Al,03) is shown in Fig. 4D and manifested the successful
fabrication of pure-phase of ternary nano-hybrirdctre by the existence of Fe, Cu, Al and O.
Presence of all elements (Al, Cu, Fe and O) imglesuniform distribution over the surface of

ternary hybrid structure. Moreover, no impurity kgdave been noticed in EDX spectra of all
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synthesized samples which assure the purity of Emmpable 1 describes the relative

configuration of prepared samples.

Table 1. Elemental composition of the fabricated specimangure oxides, binary and ternary

composites.
’Y—A| 203 CUO/’Y-A| 203 (l-FEzOg/’Y-A| 203 CuOla- F9203’Y-A| 203
Elements
At. % | Wt. % | At. % | Wt. %| At. % Wt. % At. % Wt. %
Al 33.04| 45.42| 34.49 423% 32.74 43.83 31.7¢ 38.69
Cu | - | - 4.59 13.29] | e 3.07 8.81
Fe | - | oo | mmmem | o 1.41 3.90 3.02 7.62
@) 66.96| 54.58] 60.92 44.3¢ 65.85 52.2] 62.1% 44.89
Total 100 100 100 100 100 100 100 100

¢ g § § W ou|p 7 ‘ E £ RN R
Ful Scale 16234 s Corner 0800 it

| [l Scale 10264 o Cornor 6000 ]

Figure 4. EDX analysis of (A) pristing-Al,0s; (B) a-F&0s/y-Al20s; (C) CuO4-Al,Os and (D)

CuOf- F6203/Y-A| 203,
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To study the optical properties and to probe thaticsship between the electronic structures of
synthesized samples, UV-Vis DRS of pure samplesrigiand ternary nano-hybrid structures
are depicted in Figure 5(A-F). Kubelka-Munk funectibelps to calculate the optical band gap

energies of prepared samples. The Kubelka-Munktifimds given as;
F(R) =K/S= (1-R}/ 2R
Where, R = reflectance of material, S = scattecoefficient, K= molar absorption coefficient.

It is approximated by drawing a tangent to the eum to X-axis. Figure 5(A-C) illustrates the
calculated band gaps to be 3.4 eV, 2.04 eV aneé\L.Br pure samples afAl,Os, a-F&03; and
CuO, respectively which coincided well with repartigerature [7, 52, 53]. It can be seen that
the addition ofu-Fe,03; and CuO influence the optical property of lighsaiption of binary and
ternary heterostructure significantly. The band galpies of binary heterostructures are found to
be 2.1 eV and 3.0 eV far-FeOs/y-Al,03 and CuOy-Al,0s, respectively as demonstrated in
Fig. 5(D, E). The calculated band gap energy vafues prepareg-Al,Os is 3.4 eV which is far
smaller than previously reported for insulators>&V. The significantly low band gap value of
v-Al,03 may be ascribed to surface defects inytAd O3 particles. This existence of defects can
be associated with the hybridization of the® spbitals of y-Al,O3 [7, 54]. The band gap
narrowing of host material i.2Al,O; may be due to the intimate interfacial interactwamich
suggests that the combination @fFe,O; and CuO nanoparticles witprAl,O3 which could
probably make modifications §6Al,Os in the basic process of e-h pair formation undetight
illumination. The band gap of ternary nanocompo€it®h-Fe0s/y-Al,0zis 1.9 eV which is
calculated by transformed Kubelka-Munk functionorfrthe results (Fig. 5F), it is clear that
there is a remarkable narrowing in the band gathefternary heterostructure (CucHFe,Os/y-

Al,O3) in comparison with pure and binary samples. Ting/ be ascribed to the synergic effect
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of the composite constituent’s ix¢Al,0O;, CuO ando-FeOs leading to strong interfacial
interaction between constituents causing formatibnew molecular orbitals of lower energy.

Therefore, photocatalytic phenomena by ternary camposite could be better than binary

composite.
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Figure 5. Kubelka-Munk function (KMF) of pure oxides, binaand ternary nanocomposites;

(A) y-Al 03, (B) 0-F&0s, (C) CuO, (D)a-Fe0s/y-Al,05, (E) CuO#-Al,03 (F) CuOh-FeOqly-

Al20s.

To investigate the structure of CuwcHFe0s/y-Al 05 ternary nanocompositéEM and HRTEM

images of CuQi-FeOs/y-Al,O3 ternary nanocomposite at different resolutions silrewn in

Figure 6(A-C). Figure 6(A, B) displays TEM image ©fiOn-Fe0s/y-Al ;05 catalyst has a little

distorted spherical shape and plate like morpholgich is in accordance with SEM results.
Cu, and Fe could be distinctly seen on the poradsce ofy-Al,0O3 as well which evidenced the

successful fabrication of ternary catalyst. FronMTghotographs, it could be expected that an
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intimate interfacial channel exist in CuGFe,Os/y-Al,0O3 ternary heterojunction, which would
support the efficient charge carriers transfer thagsing enhancement in the photocatalytic
activity. High resolution TEM image (HRTEM) in Fig(C) exhibits lattice fringes of the
CuOhk-Fe04/y-Al,03 ternary hybrid structure which have three majdraeable fringes with an
inter planer spacing of 0.25, 0.23 and 0.33 nmp@ated to the crystalline nature efFeOs,
CuO coordinated with-Al 03, respectively [53,24]. XRD results is in corrobteravith the TEM

results.

Figure 6. TEM (A, B) and HRTEM (C) images of ternary nanogmsite of CuQ{-Fe0Os/y-

Al0s.

Cyclic voltammetry (CV) is a powerful technique telucidate the redox behavior,
electrochemical properties and electron transferetiés of prepared materials. The cyclic
voltammetry analysis was performed at a scan rfal® onV/s in the potential range from 0.7 V

to 1.6 V using 1.0 M of NaOH as electrolyte. Figuredelineates the CV scan of pristipe
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Al,O3 and CuGd-Fe0s/y-Al,0O3 ternary nanocomposites. Negligible current respassd no
redox peak have been found for ba&l,0O3 as shown in Fig. 7A. Cu@/Fe05/y-Al ,0O3 hybrid
structure (Fig. 7B) possess maximum current fohdotward and reverse scans. The existence
of pair of particular redox (anodic and cathodienks and significant increase in current density
of the ternary nanocomposite may be accreditedthéosynergistic interaction of individual
components in ternary nanocomposite which createsre number of catalytic sites and
enhances electron transfer. Moreover, the enhamtdemecurrent density of Cu@/FeOs/y-
Al,03; suggested the existence of appropriate electiraanels between Cu@;FeO; andy-
Al,0s to effectively increase the photo-induceehe separation and simultaneously decreased

the recombination rate of/e" pair [55-57].
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Figure 7. CV of pristine and ternary nanocomposite, (aghahl O3 (b) ternary nanocomposite

of CuOb-Fe0s/y-Al,0;5 at scan rate of 10 mV's

Linear sweep voltammetry (LSV) helps to explairaed H recombination rate and to study the
transfer of photo induced charge carriers [58].uF@g8 depicts the linear sweep voltammetry
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(LSV) plots of purey-Al,0O3 and ternary heterojunction CuPFeOs/y-Al 03 was carried out at
scan rate of 10 mV/s sweeping potential range féonv to 1.8V in the 1M NaOH electrolyte
solution. As presented in Fig. 8a, the current dgms pristiney-Al O3 is very small. However,
Fig. 8b illustrates that the inclusion of CuO an#e,03 to y-Al,O;5 significantly increases the
current density which in turn effectively promotég electron mobility of ternary photo catalyst
CuOhb-Fe04/y-Al,03. This enhancement in photocurrent density affirmied increase in
transfer of photo generated charge carrier thrdaotgrfacial hybridization and reduce th#hé
pair recombination. By interfacial transfer of ofp@r photocurrent density exhibited by ternary
heterojunction is 6@A/cm? at a potential of 1.76 V which is about 4.3 folgieater than those
of the purey-Al,O3; (16 pA/cmZ). This supports that the efficient charge transfecurs from
CuO to ALO; via a-Fe0s. The synergetic interaction of CuO amdFre,O3; with Al,O3; causes the
increase in electron mobility (photocurrent) whmtovides more active site and hence resulting

in excellent photocatalytic activity [56, 58].
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Figure 8. Linear sweep voltammetry curves of pristine andagy composite, (a) pureAl,03

(b) CuOhki-Fe;,0O3/y-Al 03 at scan rate of 10 m/v.

In order to determine the surface area, pore volantepore diameter of catalysts are performed
by the N adsorption-desorption isotherms [59]. The adsompin porous materials may be
attributed to the specific properties such as $esurface area, pore diameter and total pore
volume of porous stricture [60]The hysteresis loop of-Al,O; and CuOd-FeOs/y-Al,03
(Figure 9) at relative pressure (0.4-1.0) fPfBpresents the type Il isotherm which further
confirms the porous structure of nanomaterial. GuERO3/y-Al,O3 ternary nanocomposite
shows the higher surface area 156.Z/grthan pristine/-Al,O3 (143.4cnf/g). Pore volume of
pure y-Al,03 and o-Fe0s/CuOA-Al,O; is noted to be 0.0023 and 0.0020°krespectively.
High surface area, small pore volume and pore diemté CuOd-FeOs/y-Al ,05 ternary hybrid
structure exhibits that light may scatter efficlgrand increase photo catalytic activity under

visible light irradiation and rapid charge transdility in catalytic activity.
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Figure 9. N, Adsorption desorption of (a}Al,03 and (b) CuQi-Fe05/y-Al O3 at 77 K.
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3.2. Photocatalysis

Methyl orange (organic pollutant) is used to assbssphotocatalytic activity of synthesized
specimens upon exposure to visible light. For campa, the photo catalytic activity of the pure
oxides,y-Al 03, 0-F&03; and CuO was also measured. The photocatalyticitgotif pure oxide,
binary and ternary nanostructures is manifestdegriOA. Prior to irradiation, the samples were
placed in dark for half an hour to acquire adsorptiesorption equilibrium. As shown in Fig.
10Aa y-Al, O3 alone show a very low photocatalytic activity 8.0%his low photocatalytic
activity is due to large band gap which makesssleffective harvester of solar light and that is
the drawback of-Al,O3 for the use of sunligh7]. Pure CuO shows 57.0% degradation of MO
as clear from Fig. 10Ab. Earlier studies revealsat ICuO nanoparticles show very low photo
activity towards decomposition of MO and MB dyesheTreason for low decomposition
efficiency of CuO under sunlight is the quick redomation of e-h pair due to very small band
gap energy [53, 61]. Photocatalytic activity of darFe,O3; is shown in Fig. 10Ac and only
68.0% degradation of MO is observed. Puiee,O; has photocatalytic activity which is limited
by some features like fast recombination rate bf peor conductivity and low diffusion lengths
of holes which leads to low performance of irondi These drawbacks eofFe0O; can
overcome by lowering the recombination rate by gl@sg heterostructures that can cause
increase in conductivity by coupling with suitaliaterials and increasing the charge transfer
capability [62]. The coupling of-Al,O3 with a-Fe03; and CuO to form binary nanocomposites
of a-Fe0s/y-Al,03 and CuOyf-Al,03 shows improved photocatalytic performance-#f,0; as
illustrated in Fig. 10A(d, e)a- FeOsly-Al,O3 exhibits better photocatalytic efficiency than
CuOA-Al,0O3 under sunlight irradiation. The appreciable phatalytic performance ofi-

Fe04/y-Al,03 is due to synergetic effect betweete,0O3; andy-Al,Os. The interfaces in the
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heterojunction has a vital impact on supportingdtierall photocatalytic performance of binary
nanocomposite [52]. Furthermore, ternary GuBé&0s/y-Al,O3 nanocomposite (Fig. 10Af)
exhibits higher degradation efficiency as comparedoth binary nanocomposite-FeOs/y-
Al, 03 and CuOy-Al,0O3) and pure samples under visible light irradiatitimder the sunlight,
ternary nanocomposite degraded approximately 980@%0O. While a-Fe0s/y-Al,0O3 and
CuO#k-Al,03 nanocomposites degraded only 92.0% and 85.0% of KSpectively. This
increase in MO degradation efficiency using ternaterostructure is attributed to the existence
of the interfaces between Cu@Fe,03; andy-Al,0Os;. Photocatalytic oxidation reduction reaction
occurs on the surface of photo catalyst and sicanitly makes surface properties better which in
turn influence the performance of catalyst [5]. Byaergetic effect of Cu@,-FeO3 in y-Al,03
structure in the degradation of MO is associateth&se species in suppressing electron hole
recombination rate and improving the reactive sg§63]. Consequently, the superb CuO/
Fe,O4/y-Al,03 photo catalyst is much more effective under shigat due to two main reasons;

(1) strong optical absorbance property, (2) latgéase area of ternary nanocomposite [7, 64].
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Figure 10. (A) Time course decaying profile, (B) Kinetic dies of the degradation of MO

under sunlight by pristine oxides, binary and teymr@anocomposites; (a) pristineAl 05, (b)

pure CuO(c) purea-Fe0Os, (d) CuOf-Al,0s, (e) a-FeOs/y-Al,0s, () CuOb-Fe0s/y-Al,03

composites. (C) Comparison of photocatalytic degtiad of MO by CuQi-Fe0s/y-Al,03

ternary nanocomposite at different pH valu@3) The reusability of Cu@fFeOs/y-Al,0Os3

ternary nanocomposite after degradation process.

3.2.1. Kinetic studies

The modified Langmuir-Hinshelwood model providese tipseudo-first-order kinetics for

photocatalysis. Photocatalytic activity can be mated by apparent rate constant.gg at
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different light intensities. The first order kineti determining that photoactivity is obtained by
the equation given below [65].

In (C/C) = K appt
Where C= concentration of solution at irradiationg t and G= initial concentration at t=0 and
kappis apparent rate constant. The change in §#Q)Cas a function of irradiation time are given
in Figure 10B.

3.2.2. Influence of solution pH on dye degradation

In the degradation of organic dye, pH of the solutis considered to be key factor in
photocatalysis experiment. Figure 10C indicated ithpact of pH of the solution on the
decolourization of MO. The ternary composite Cu®BE&05/y-Al,03 showed the maximal
photocatalytic activity of 98.0% at low pH=4 of tkelution whereas activity was found to be
40.0%, 60.0%, 65.0%, 89.0%, 85.0% and 36.0% at @Hes of 1.0, 2.0, 3.0, 5.0, 7.0 and 9.0.
The results indicated that the solution in lower (@didic conditions) favors increased photo
reduction ability for MO than in alkaline media @saccordance with the literature. The dye
degradation phenomena is closely related to pHh@fblution which in turn effects the surface
charge of adsorbents. In alkaline condition, thetptatalytic activity reduces because the
catalyst surface becomes negatively charged anelsrépe dye molecules to absorb on the
CuOhk-Fe04/y-Al,03 surface, thus suppressing the reduction rate of @&nversely, in acidic
condition (low pH) surface of Cu@/Fe0s/y-Al,O3 becomes highly protonated, providing the
strong electrostatic attraction to the active arainnmolecules of MO and positively charged
surface of CuQi-FeOsly-Al,0O3 which would result in increased photocatalytidivaiy of
CuOh-Fe04/y-Al,03[66, 67].

3.2.3. Reusability and structure of the photocatalst
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The reusability of ternary Cu@/Fe0Os/y-Al,O3 nanocomposite is very essential for practical
application. There is no such report on the lommtdurability of CuOd-Fe,Os/y-Al ;03 for MO
photo reduction. The reusability of ternary Cu®k,05/y-Al 03 hybrid structure was studied by
repetitive photocatalytic detoxification of MO bgrhary heterojunction under solar light for five
cycles. Figure 10D illustrates that after five &sldegradation rate of MO was not less than
92.0%. The slight decrease of the 6.0% is mainly ttufiltration loss and fouling of catalyst
[68]. The synthesized catalyst shows good stabitityrability and reusability. Hence ternary
composite Cu@-Fe0s/y-Al,03 has proved to be an efficient photo catalyst firavent the
environment from being polluted. Moreover, the &ynheterojunction (Cu@fFeOs/y-Al,05)
after the photocatalysis was subjected to XRD talwate the structural stability. The
corresponding XRD spectra of recovered sample asrshn Figure 11 delineates that there is
absolutely no change in peak position but therdight decreases in peak intensity of CawO/
Fe,O4/y-Al,03 compared to as prepared materials. These resgggests that crystal structure of
the photo catalyst remains unchanged before arat pfiotocatalysis which means that the
internal structure of the catalyst remain same \aiidnot break after catalytic process. Hence,

prepared ternary heterojunction exhibits the ero¢lstability after degradation process.
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Figure 11 XRD profile of the ternary photo catalyst CucHe,Os/y-Al,O3 before and after
photo-catalytic experiment.

3.2.4. Cascade electron transfer mechanism

To examine role of photo created active species iraglin photocatalytic reaction and to
explore the MO degradation, different scavengechsas ammonium oxalate (AO), AghNO
Tetra-butyl alcohol (TBA) and Benzoquinone (BQ) wemployed as trapping agent for hole
(h"), electron (8, hydroxyl radical (OH) and superoxide radical,[Q) respectively. The
photocatalytic activity of ternary nanocompositdueed under visible light by hole scavenger as
holes are important species. The photocatalytitvigctnegligibly decreases upon addition
electron trapping agent. This slight decrease atdi¢hat electron are not directly involved in
degradation process. The hydroxyl radical (OH) eoger implies that hydroxyl radical has
effective role in degradation process. The supdmxadical (§7) scavenging has largest effect
on the decolorization of pollutant [60]. Moreovéris concluded tha®,” and hole plays an
imperative role for the degradation of methyl omngnder visible light. Figure 12 shows

degradation % change in order of@H>h"> O, [69].
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Figure 12. Controlled experiments of photocatalytic degramfatiof methyl orange using
different trapping agents over CuFe0s/y-Al,0O3 ternary nanocomposite under visible light

irradiation.

To analyze the charge migration between Cu@FeO; and y-Al,Os the positions of
CB(conduction band )and VB(valence band) were ed&oh by using following equations;
VEE= 1 - Eo+ 056 oeoonenn, (1)
Ecs=Be-BEy  cooererennnn, 2)

WhereE.= free electron energy (4.5 eVfsElectronegativity

The value ofy for CuO, a-Fe0s; andy-Al,05 is 5.79 eV [70], 5.84 eV [71] and 5.33 eV [11]
respectively. The & and kg of CuO were estimated to be +0.30eV/NHE and +2.IN&\NE
whereasu-Fe,0O; were calculated as +0.36eV/NHE and +2.4 eV/NHEe €brresponding band
alignment of ternary nanocomposite Cu#,03/y-Al 03 is shown in Figure 13. Consequently,
the obtained results are used for the cascadeféranse of photo generated charge carriers in
ternary hybrid structure which illustrate the ploattalytic process. From above results, it can be
seen that although the conduction band potentighlgD; is higher than that of CuO and

Fe 03, but photo-induced electrons of CuO have abilityrtove to low lying defect level of
Al,03 via a-Fe0s. In the present study, amorphop\l,O3 acts as electrons sink because
amorphous materials are composed of large numbedefaict sites than crystalline structures.
Thus, the migration of electrons to the low lyingfett levels of amorphousAl,O3 increases

the separation of &a" which in turns leads to enhanced the photo agtjvi2]
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Figure 13. Energy band diagram of Cu@FeOs/y-Al,O; ternary nanocomposite for

degradation of MO.

On the basis of experimental results and samplesacterization, probable facile electron
transfer route over Cu@/Fe,0s/y-Al,O3 ternary heterojunction under solar light illumircatiis
manifested in Fig. 13. Firstly electrons in HOMOBMof CuO are moved to LOMO (CB) under
sunlight irradiation. Now some of electron wouldgnaite from conduction band (CB) of CuO to
CB (conduction band ) af-Fe,O3 because the conduction band potential of CuO §+#6.Bwer
than potential otr-FeO;3 (+0.36) and then transfer to the defect siteg-81,0;, creating the
cascade transport pathway. Some of the electrtrei®B of CuO would reduce,@dsorbed on
the surface of CuO to produce radic&3 ~. This facile stepwise electron transfer route $etad
increase the quantum efficiency and suppress theegombination. Now secondly,,@bsorb
on the surface of Cu@/Fe,0s/y-Al,O3; nanocomposite can capture the photo induced etextr
on thea-Fe0O3; and on the defect sites pfAl,O3 and activate molecular oxygen to produge.O
The @@ " reacts with HO to form hydroxyl radical (Ol which is considered to be an important
oxidant in oxidation phenomena. Finally, the tosiganic dye (MO) reacts with, O, holes and

degrades with release of ¢@nd HO. It is noteworthy that during photocatalytic reaic O, ~
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and holes are key species which is confirmed byetterimental results [17, 18, 28, 73-75].
Fundamental stages involved in redox reaction o0O/@tFe,0s/y-Al,O3 nanocomposite and
organic species are illustrated by chemical eqoatas follow;

hv + (CuOb-Fe0s/y-Al,03) — (CuOk-FeOsly-Al,03) +hy' + &p
CuO (@p) — a-Fe0s

a- FeOs (&) — y-Al03 (e defect sites)
o- FeOs(en) + 7-Al0z(ep) + O — O
CuO (hy") +OH — CuO + OH

0O, +(H,0) — H,0O,

H,O, — OH

h* + Methyl Orange— Oxidized Product
O," + Methyl Orange—~ Oxidized Product

4. Conclusions

In summary, facile and cost effective wet chemicathod was adopted for the fabrication of
ternary CuQd-FeOs/y-Al,0O5 heterojunction with the same concentration of ee@mponent.
XRD manifested the porous nature @fAl,O; in all prepared samples. The recycling
experiments illustrate that the ternary hybrid cosife possessed excellent stability after five
cycles without any change in its structure. Theicaffy of pure, binary and ternary
nanocomposites for degradation of MO was studietl @aObk-Fe,03/y-Al,O3 hanocomposite
reveals the maximum photocatalytic performance. €Reellent visible light photocatalytic
performance of Cu@/FeOs/y-Al,O3; hybrid structure can be accredited to the syntcgis
cooperation between Cu@;Fe0s;, and y-Al,O; nanoparticles in the hybrid structure that

improve light absorption capacity and hindering eebombination. Mullikan electronegativity
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theory was employed to estimate the conductionvaitmhce band position of Cu@;Fe,0; and
v-Al,O3 in ternary hybrid system. The charge transfer bienaof purey-Al,Os; and ternary
composite Cu@-Fe,05/y-Al,O3 were also investigated by linear sweep voltammairy cyclic
voltammetry. LSV results suggested Cud®e,0s/y-Al,O3 showed current densitpf 69
uA/cm? at a potential of 1.76 V which is about 4.3 tineger than that of pristineAl,Os (16
uA/cm?). N, adsorption-desorption isotherms delineates thatatg nanocomposite Cu@/
Fe,0sly-Al,0; exhibit large surface area (56.2 ¥g) as compared to pristineAl,Os. The
current study shed the light on the imperative ofldefects iny-Al,03. Defects sites of-Al,03
can trap the photo generated electron of CuO viaiated a-Fe,O; and decreases the
recombination of charge carriers due to their iatencontact, strong interfacial hybridization
and proficient charge transfer capacity. Overdlls study will create an interest in researching

for new and novel ternary hybrid nanostructures.
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Highlights

CuO/a-Fe,04/y-Al,O3 ternary nanocomposite is utilized as visible photocatalyst.

The CuO/a-Fe;O5/y-Al,O3 hybrid structure is accredited to synergistic interaction.

The hybrid structure improve light absorption and repressed e-h recombination.
Defects sites of y-Al,Os trap the photo generated el ectron of CuO via a-FeOs.

Efficacy is dueto strong interfacial hybridization and charge transfer capacity.



Declaration of interests

The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

[(IThe authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:

Dr. Shamaila Sajjad
Associate Professor Internationa Islamic University, |slamabad, Pakistan

E-mail: shalisajjad@yahoo.com

Phone No. 0092519019813




