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Abstract: 

TiO2MxOy heterostructures (M=Co, Cu, or Ru) have been synthesized via facile hydrothermal route. The 

products have been characterized using powder x-ray diffraction (XRD), scanning electron microscopy 

(SEM), energy-dispersive powder X-ray spectroscopy (EDX), and UV-visible diffusive reflectance 

spectroscopy (UV-Vis DRS). Solar driven photocatalytic activity carried out through the degradation of 4-

chlorophenol (4-CP) under natural sunlight irradiation. The effects of chemical composition, band gap, and 

charge carrier transport pathway have been investigated and established Z-scheme charge carrier transport 

pathway. It is found that the charge carriers transport pathway plays a more important role than band gap and 

light absorption in the photocatalysis process.  

Keywords: TiO2 -MxOy heterostructures; Solar driven photocatalyst; Charge carrier transport pathway; Z-

scheme. 

Introduction: 

Photocatalytic degradation is a promising green technology to remove pollutants from water.  TiO2 is a 

standard photocatalyst extensively studied by a large number of researchers [1-2]. However, pristine TiO2 is 

unable to absorb visible light due to its large band gap (3.2 eV) which limits its sunlight and visible light 

utilization.  The high recombination rate of photogenerated electrons and holes negatively affect its 

photocatalytic activity [3].  

Recently, several effort have been made to overcome these limitations including surface modification, 

morphology engineering, intrinsic and extrinsic doping, sensitizing and so on. [4,5]   In this context, 

heterostructure approach has attracted attention of researchers because it can highly reduce the charge 

recombination rate significantly. For example, SrTiO3/TiO2 [6], SnO2-TiO2 [7], NiO-TiO2 [8] showed higher 

photocatalytic activity than pure TiO2 which was attributed to the higher charge carrier separation. 

Moreover, metal oxides and metal sulfides heterostructure approach can extend the light absorption of TiO2 to 

the visible light region by coupling it with an appropriate semiconductor with a narrow band gap [9-10]. 

Various visible light/ sunlight driven TiO2-MxOy and TiO2-MxOy (where M= Co, Cu, Ru, Bi, Ce) 
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heterostructures photocatalysts  have been introduced and practiced for pollutant degradation such as 

Cu2O/TiO2, Bi2O3/TiO2 and ZnMn2O4/TiO2 [11], MoS2-TiO2[12], Co3O4-TiO2 [13,14], RuO2-TiO2[15] and 

CuO-TiO2[16]. However, most of these heterostructures are heterojunctions, in which the charge separation is 

highly enhanced but the photoinduced electrons and holes migrate to the corresponding conduction band 

(CB)/ valence band (VB) which negatively affect their redox potential [17].  

Therefore, direct Z-scheme is an ideal approach to overcome the drawbacks of heterojunction [18].  

Fabrication of an ideal  Z-scheme TiO2-based  heterostructure can be achieved by choosing an appropriate  

semiconductor narrow band gap/ having conduction band minimum (CBM) higher than the redox potential of 

O2/O2 (-0.046 V vs NHE)[19,20]. The best example of direct Z-scheme is TiO2-g-C3N4 which exhibit a 

drastic enhancement in the sunlight photocatalytic activity because of the strong redox potential and extended 

light absorption [21]. 

Herein, we investigate the effect of charge migration pathway in TiO2- based heterostructure along with the 

band gap. TiO2-Co3O4, RuO2-TiO2, and CuO-TiO2 have been fabricated via facile hydrothermal synthesis 

method. The solar driven photocatalytic activity has been examined by monitoring the degradation of 4-CP 

under sunlight irradiation.  The conduction band minimum (CBM) and valence band maximum (VBM) of 

pristine TiO2, RuO2, CuO, Co3O4, was calculated from Tauc’s plot.  A possible mechanism was been 

proposed.  

Experimental Methodology: 

Materials: 

Regents grade potassium titanium oxalate (98 %, Sigma Aldrich), Co(NO3)2.6H2O (99%, Alfa Aesar)  USA,  

Cu(NO3)2⋅3H2O (97%, Loba Chemie) India, and Ru(NO)(NO3)3 (98 %, Merck) Germany were used as raw 

materials.  

 

Synthesis procedure: 

Synthesis of anatase TiO2 nanoparticles: 

In a typical synthesis, 1.4 g of potassium titanium oxalate (PTO) was dissolved in 30 mL deionized water, 

followed by the addition of 30 mL 30% H2O2 and 0.8 mL of 37% HCl. The solution was then transferred to a 

100 mL Teflon-lined autoclave. The hydrothermal synthesis was carried out at 150 ◦C for 24 h, and allowed to 

cool to room temperature naturally. The white precipitates was collected by means of centrifugation, washed 

several times with deionized water and ethanol, then dried in  vacuum at 80 ◦C for 8 h and calcined in air at 

400 oC. 

Synthesis of of TiO2 –Co3O4 , TiO2-RuO2, and TiO2-CuO heterostructure: 

About 1.4 g of PTO was dissolved in 30 mL deionized water, followed by the addition of 30 mL 30% H2O2 

and 0.8 ml of 37% HCl.  About 2g of  Co(NO3)2 6 H2O was added to the solution and stirred for 30 min. The 

solution was then transferred to a 100 mL Teflon-lined autoclave. The hydrothermal synthesis was carried out 

at 150◦C for 24 h, and was allowed to cool to room temperature naturally. The product was collected by means 

of centrifugation, washed several times with deionized water and ethanol, then dried in a vacuum at 60◦C for 8 

h and calcined in air at 400oC for 2 h.  

The same procedure was used to synthesized CuO-TiO2 and  RuO2-TiO2 by replacing Co(NO3)2. 6H2O by 

Cu(NO3)2⋅3H2O , and Ru(NO)(NO3)3. 

Characterizations: 
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The heterostructures synthesized were characterized using  a Rigaku Smart Lab–II powder X-ray 

diffractometer (XRD) with  a, CuK radiation (= 1.540598 Å), a Hitachi scanning electron microscope 

(SEM, Hitachi S3400N), a JASCO 460 Plus FTIR spectrometer, and  a  Shimadzu UV-2450 

spectrophotometer (UV-Vis DRS). 

Photocatalytic test: 

The photocatalytic properties of as synthesized pristine TiO2 and TiO2–based heterostructures  were carried 

out by monitoring  the degradation of 4-chlorophenol (4-CP) under solar light irradiation. About 0.5 g of the 

photocatalyst was dispersed in 200 ml 4-CP (10 mg/L). The suspension was stirred for 4 min in the dark prior 

to the photocatalytic reaction. Then the suspension was exposed to natural sunlight irradiation for 80 min with 

magnetically stirring. About 3 mL of the suspension was sampled at every 20 min and subjected to 

centrifugation to remove the photocatalyst. A Beckman Coulter DU 730 UV−Vis spectrophotometer was used 

to measure the concentration of 4-CP. 

 

 

Results and discussion: 

XRD analysis: 

Fig.1 shows powder XRD patterns of TiO2-Co3O4, TiO2-CuO, TiO2-RuO2, and pristine TiO2. The pure TiO2 

exhibits reflections at 2θ = 25.61, 36.82, 37.60, 38.53, 48.22, 53.92, 55.81, 62.43, and 68.43o characteristic of 

the (101),  (103),  (004), (112), (200), (105), (211), (213), and (116) planes respectively of anatase TiO2  phase 

(JCPDS-00-021-1272).  The additional reflections  observed  in  the pattern of TiO2-Co3O4 are  corresponding  

to the cubic Co3O4  (JCPD 78-1970) (JCPDS 43-1003) [22]. The characteristic peaks of CuO are observed at  

32.23 and 35.23o on the pattern of CuO-TiO2 (JCPDS 00-002-1040)[23-25]  The peaks at 28.0, 35.1 on the 

pattern correspond to RuO2 (JCPDS 43-1027 [26].   
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Fig.1 XRD patterns of the as prepared TiO2 – Mx Oy heterostructures 

 

    

Fig. 2. SEM images of CuO-TiO2, (b) Co3O4-TiO2, and  (c, d) RuO2-TiO2 

 

SEM analysis: 

Fig. 2 shows the morphology of as-prepared CuO-TiO2, Co3O4-TiO2, and RuO2-TiO2 heterostructures. It can 

be seen that CuO-TiO2 and Co3O4-TiO2 consist of agglomeration of small nanoparticles of no particular shape 

with an interlocked porous structures.  RuO2-TiO2 exhibits fractured lath-like structure covered with 

agglomeration of nanoparticles (Fig. 2c,d). 

 

EDX analysis: 

To further confirm the formation of CuO-TiO2, Co3O4-TiO2, and RuO2-TiO2 heterostructures, EDX analysis 

was carried out and the results are shown in Fig.3. The characteristic peaks of  Ti, Cu, and O appear in the 

spectrum of CuO-TiO2. The peaks of Carbon appears due to the carbon tape used in the SEM sample holder.  

Only Ti, O, and  Co, peaks appear in the EDX spectrum of Co3O4-TiO2 confirming its formation and purity. 

The EDX spectrum of RuO2-TiO2 also confirm its successive formation. The details of EDX analysis is 

presented in Table 1. 
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Fig. 3 EDX spectra of (a) CuO-TiO2, (b) Co3O4-TiO2, and (c) RuO2-TiO2. 
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Table 1. Elemental Analysis of CuO-TiO2, Co3O4-TiO2, and RuO2-TiO2 Heterostructures 

Element 

  Line 

Weight % Weight % 

  Error 

Atom % 

CuO-TiO2 

C K 22.60 1.89 40.48 

N K 0.00 ---- 0.00 

O K 28.915 ----- 38.88 

Ti K 43.28 1.24 19.44 

Ti L ---- ---- --- 

Cu L 5.21 0.51 1.21 

Total 100.00  100.00 

TiO2-Co3O4 

   Co K   30.03 ± 2.74   48.76 

   O K   28.02       ---   34.16 

  Ti K   41.95 ± 1.82   17.08 

  Ti L       ---       ---       --- 

Total  100.00  100.00 

TiO2-RuO2 

   Ru K   19.43 ± 2.78   41.61 

   O K   27.80 ± 2.55   44.68 

  Ti L   52.77 ± 3.43   13.72 

Total  100.00  100.00 

 

FT-IR analysis:  

FT-IR spectra of TiO2-Co3O4, TiO2-CuO, and TiO2-RuO2 heterostructures, and pure TiO2 are shown in Fig.4. 

The fingerprint of metal oxygen bonds present in all heterostructure in the range of 450- 650 cm- [27]. The 

broad bands appear near 1630 cm-1 and 3445 cm-1 correspond to the bending and stretching O-H vibration of 

water molecules adsorbed from the atmosphere on the surface of heterostructures while handling the samples 

in air for FT-IR studies. The absorption peak in the 1402 cm-1 indicates the presence of CO2 from the 

atmospheric adsorption [28].  
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Fig.4. FTIR spectra of as-prepared TiO2-Co3O4, TiO2-CuO, and TiO2-RuO2 heterostructures. 

Photocatalytic Studies: 

The photocatalytic activity of the heterostructures prepared was investigated using 4-CP as a colorless model 

to avoid the sensitization effect and hence to accurately estimate the photocatalytic activity of the various 

heterostructures [29]. Fig. 5a shows the photodegradation curves over various TiO2-based heterostructures as 

a function of irradiation time. No remarkable removal of 4-CP was detected after 40 min of magnetic stirring 

in the dark.  It can be seen that about 85 % of 4-CP was degraded over TiO2-CuO in the first 20 min of 

sunlight irradiation while, only 49%, 38%, and 15% was degraded respectively over, Co3O4-TiO2, RuO2-TiO2, 

and pristine TiO2. CuO-TiO2 showed the higher photocatalytic degradation efficiency and about 97% of 4-CP 

was degraded in 80 min of sunlight irradiation. Figure 5b show that CuO-TiO2, Co3O4-TiO2, RuO2-TiO2, and 

pristine TiO2 is first-order reaction and the reaction constant (k) is 0.02971, 0.0092, 0.00585, and 0.0048 for 

TiO2-CuO, TiO2-Co3O4, TiO2-RuO2, TiO2, respectively. Thus, the photocatalytic activity follows the trend of 

TiO2-CuO>> TiO2-Co3O4> TiO2-RuO2 > TiO2. Obviously, all heterostructures exhibit higher photocatalytic 

performance than the pristine TiO2 confirming the impact of heterostructure fabrication.  The mechanism 

behind the variation in photocatalytic activity of  various heterostructures is investigated in the next section.   
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Fig. 5 (a) Photodegradation curves, and (b) kinetics of the photodegradation. 

 

Charge transfer pathway and photodegradation mechanism: 

Estimating the CBM and VBM is vital to understand the mechanism of photocatalytic degradation of the 

photocatalyst.  To estimate CBM and VBM of the heterostructures components, UV-vis DRS spectra of TiO2, 

CuO, Co3O4, and RuO2 were recorded and presented in Fig. 6. Tauc’s plot of each semiconductor was derived 

from the respective UV-Vis DRS spectrum and is presented in Fig. 6 (insets).    The indirect band gap (Eg) of 

TiO2 is 3.1 eV while the direct band gaps of CuO, RuO2, and Co3O4 are 1.35, 2.25, and 2.09 eV respectively. 

The CBM and VBM are calculated from the following equations [30,31]  

CBM =- EH - 0.5Eg 

VBM=CBM + Eg 

Where,  is the electronegativity which equals 5.81, 6.35 [15], 5.93 [32], and 4.32 eV [33]for TiO2, RuO2, 

Co3O4, and CuO respectively, and EH represents the energy of free electrons on the hydrogen scale (4.5 eV).  

The calculated CBM and VBM for pristine TiO2, RuO2, Co3O4, and CuO are presented in Table 2. 

Table 2 CBM and VBM values. 

 

x Eg CBM VBM 

TiO2 5.81 3.1 -0.24 2.86 

 RuO2 6.35 2.25 0.73 2.975 

CuO 4.32 1.35 -0.86 0.495 

Co3O4 5.93 2.09 0.39 2.475 

(a) (b) 
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Figure 6. UV-vis DRS spectra and Tacu plots of pristine TiO2, RuO2, Co3O4, and CuO. 

 

Based on these calculations the bands positions diagram   was represented in Scheme 1. It can be seen that 

CBM and VBM of CuO-TiO2 are suitable to construct a direct Z-scheme system. Therefore, under irradiation 

the photogenerated electrons in the CB of TiO2 combine with the holes in the VB of CuO. Then they will not 

stop there but under irradiation they will be excited to the CB of CuO. The potential at CBM of CuO (-0.86 V 

vs NHE) is higher than the redox potential required to reduce O2 into O2. The holes remain in the VB of TiO2 

which it has   enough potential to produce OH. OH and O2 degrade the 4-CP.  

In contrast, the CBM and VBM of RuO2 and Co3O4 are not suitable to construct Z-scheme systems with TiO2 

but they form RuO2-TiO2 and Co3O4-TiO2 heterojunctions. Therefore during the irradiation, the 

photogenerated electrons migrate to the CB of RuO2 (0.73 V vis NHE) and CB of Co3O4 (0.39 V vis NHE) 

which do not have enough redox potential to reduce O2 into O2.  Thus in RuO2-TiO2 and Co3O4-TiO2 

heterojunctions only OH is produced therefore, they exhibit  lower photocatalytic activity than CuO –TiO2. 
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Scheme. 1 Mechanism of charge carrier pathway and photodegradation process. 
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Mechanism evidence: 

To prove the proposed mechanism and to identify the main active species responsible for the 

photodegradation, tert-butyl alcohol (TBA) was used as an •OH scavenger and benzoquinone (BQ) as an •O2 

scavenger [20]. Fig.7 shows the effect of TBA and BQ on the 4-CP photodegradation over the synthesized 

heterostructures. In can be seen that in the presence of TBA the photocatalytic activity if three heterostructures 

decreased. This  confirms the production of OH during the photocatalytic  process by each of the fabricated 

heterostructures. While in the presence of BQ only the photocatalytic activity of CuO-TiO2 heterostructure is 

affected confirming the production of O2 by CuO-TiO2 only and no O2 is produced by Co3O4-TiO2 or 

RuO2-TiO2. In fact, this supports the proposed mechanism, that the photogenerated electrons migrate to CBM 

of CuO through Z-scheme pathway. CBM of CuO has enough redox potential to reduce O2 and produce O2. 

While in the case of Co3O4-TiO2 or RuO2-TiO2 the photogenerated electrons migrate to CBM of Co3O4 and 

RuO2 respectively which they don’t have enough redox potential to reduce •O2. 

  

Fig. 7 The effects of electrons and holes scavengers on the photcatalytic degradation of 4-CP over the synthesized heterostructures. 

 

 

Conclusions: 

TiO2-RuO2, TiO2-CuO, and TiO2-Co3O4 heterostructures have been fabricated by a facile hydrothermal 

method. The heterostructures formation was confirmed by XRD, EDX and FTIR analyses. The solar driven 

photocatalytic activity of the heterostructures synthesized was examined through the degradation of a 

colorless model 4-CP under sunlight irradiation. The photodegradation activity was found to follow the trend 

of TiO2-CuO>TiO2-Co3O4> TiO2-RuO2> TiO2.  It was found that charge migration pathway in TiO2-RuO2 

and TiO2-Co3O4 follows heterojunction approach which negatively affects the redox potential of the 

photogenerated electrons and thereby their photocatalytic activity.  The drastic enhancement in the 

photocatalytic activity of TiO2 has been attributed to the direct Z-scheme charge migration in which the 

electrons and hole migrate to CB/ VB with the highest redox potential.  
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