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Abstract 

Highly stable copper oxide (CuO) nanoparticles are synthesized by precipitation method and 

stabilized by in situ capping with triphenylphosphine oxide (TPPO). The as-synthesized CuO 

nanoparticles were characterized for average particle size (8 nm) by transmission electron 

micrograph (TEM); optical band gap of 2.29 eV by diffused reflectance spectroscopy and it 

revealed large BET surface area (105.82 m2/g). The poor sunlight induced photocatalytic activity 

towards degradation of acid orange 74 (an azo dye) by TPPO capped CuO nanoparticles was 

attributed to unfavorable electron capturing by molecular oxygen to produce reactive oxygen 

species, demonstrated from theoretical band structure calculation showing relative positioning of 

valence band (2.59 eV) and conduction band edges (0.29 eV) for TPPO capped CuO 

nanoparticles and those of redox potentials of O2/O2
•- (-0.2 eV) and H2O/ •OH (2.2 eV) in the 

NHE scale. Strikingly, TPPO capped CuO nanoparticles when mixed with 5 mM K2S2O8 

exhibited 99 % degradation of acid orange-74 in 180 min under sunlight exposure. Similar dye 

degradation efficiency was observed when CuO nanoparticles were mixed with H2O2 in reaction 

medium. The mechanism for drastic improvement in the dye degradation due to addition of 

K2S2O8 or H2O2 has been explained on the basis of favorable redox couples of S2O8
2-/SO4

•- (2.01 
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eV) and H2O2/
•OH (0.87 eV) which could accept photoexcited electrons from conduction band of 

CuO to produce reactive hydroxyl radical species. Using selective scavenger for reactive oxygen 

species, the generation of O2
•- was ruled out and hydroxyl radicals were confirmed as the major 

reactive oxygen species for degradation of acid orange-74 dye. Ion chromatography studies of 

the aliquot left after sunlight induced photocatalytic dye degradation revealed anions, viz. nitrate, 

sulphate, oxalate and formate, which are released due to mineralization of dye solution by 

photocatalytic process. The performance of photocatalytic dye degradation was unchanged for 5 

repetitive catalytic cycles and hence it was concluded that TPPO capped CuO nanoparticles offer 

excellent photocatalytic dye degradation ability when suitable electron capturing agents like 

potassium persulphate is used in tandem.  

 

Key word: CuO nanoparticles, Photocatalytic dye degradation, Electron acceptor, Reactive 

oxygen species, Redox potential 

 

1. Introduction 

Increase in the usage of dyes in wide range of industries and their unregulated waste discharge in 

main stream aquatic system has led to severe impact on environment and human health [1, 2]. 

Dye contaminated colored water could reduce penetration of sunlight and subsequently hinder 

photosynthesis process in aquatic plants and eventually affect the ecosystem. This has prompted 

towards developing technologies for efficient dye removal from wastewater. Broadly, dye 

removal are based on adsorption and photocatalytic processes. In the case of adsorption, the dye 

transferred from one domain to another i.e., from aquatic medium to an adsorbent and therefore 

the toxicity effect of dye to the environment is not eliminated. For this reason degradation of dye 

is a preferred option for such remediation. Most industrial dyes are of complex structure 
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containing one or more azo (-N=N-) chromogenic groups which are stable against conventional 

methods of degradation [3, 4]. To a large extent advanced oxidation processes (AOP) based on 

Fenton’s chemistry is successful for degradation of various types of dyes [5]. However, this 

method suffers from disadvantages e.g., the production of a substantial amount of Fe(OH)3 

precipitate and additional water pollution caused by the homogeneous catalyst that added as an 

iron salt, cannot be retained in the process [6]. Lately, semiconductor type metal oxide 

nanoparticles (NPs) have evolved as an alternate class of photocatalyst for waste water treatment 

[7-11]. They are categorized as heterogeneous photocatalyst and hence can be re-used, which is 

an advantage over using ozone or chlorine as agents of advanced oxidation process.   

The photocatalytic activity of metal oxides nanoparticles will depend on the ability of inhibiting 

electron-hole recombination. This essentially imply availability of the photoexcited electrons and 

holes to react with O2 and H2O molecules to form highly reactive oxygen species (ROS) e.g., 

singlet oxygen, superoxide radicals, hydroxide radicals [12, 13]. The conduction band electrons 

can reduce molecular oxygen to form highly reactive O2
•- species. On the other hand, holes tend 

to oxidize H2O to •OH radicals. However the feasibility of the ROS generation in the above 

scheme would depend on the energy levels of valence and conduction band electron of the metal 

oxide and the respective redox couples involved in the ROS production reaction. The electron-

hole recombination can also be restricted by introducing an electron acceptor for extracting 

conduction band electrons [14]. The band gap of the metal oxides is an important parameter that 

quantifies harvesting of solar energy for photocatalytic process. Since band gap is inversely 

related to size of the photocatalyst nanoparticles [15], one can tune the band gap via tailor made 

size specific synthesis of the photocatalyst for optimum functioning by selecting suitable energy 

in the solar spectrum. In addition, the reduction in the sizes of the photocatalysts to nanoscale 

dimensions has an advantage over their bulk counterpart with respect to enhanced 

Page 3 of 30 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



4 

 

photoabsorption owing to large surface area. The photocatalytic activity depends on the 

availability of reactive sites and charge diffusion length. Reduction in the sizes of the 

photocatalyst could potentially increase the interfacial charge transfer and decrease charge 

diffusion length, which minimizes volume charge recombination and promote photocatalytic 

activity of semiconductor nanoparticles [16]. Compared to the bulk CuO whose band gap is 1.2 

eV,  the CuO NPs of sizes ranging between  6 nm and 28.9 nm are reported with larger band 

gaps (1.3 eV – 2.1 eV) [17]. The CuO NPs with band gap greater than 2 eV can be considered to 

be suitable as it shifts the absorption of light from NIR region for bulk CuO to visible region in 

CuO nanoparticles. The reduction in the particle size not only increases the band gap but also 

results in increase in the surface area which is suitable for enhanced photoreaction.  Though CuO 

NPs are extensively investigated for its applications in solar energy cells, electronics, gas 

sensors, biosensors, magnetic storage media, optical switch and batteries [18] but it is not widely 

studied as an efficient photocatalyst for dye degradation. It may be commented here that the 

photoexcited electrons and holes in the CuO NPs are not effectively separated to avoid 

recombination of excitons, which is a necessary condition for photocatalytic process. However, 

nanocomposites of CuO NPs prepared with ZnO, TiO2, SnO2 etc as co-catalysts are reported to 

exhibit excellent dye degradation [19-22]. The necessity of co-catalyst is attributed to favorable 

band structures of CuO and ZnO or TiO2 for charge transfer and inhibition of excitonic 

recombination [23-26]. However, it is discussed in these studies that 100% photocatalytic 

degradation by the composites was not achievable due to the accumulation of electron-hole 

which favours recombination. In addition improper contact of CuO and other metal oxides in 

composites is also cited as cause for allowing recombination of electrons and holes. In this 

regard, a solid (photocatalyst)-liquid (electron acceptor) could be considered as a better approach 

for effective hindering of electron-hole recombination and consequently achieving better 

photocatalytic dye degradation.  
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Here we demonstrate the photocatalytic activity of CuO NPs in presence of electron acceptors as 

photocatalyst for degradation of complex azo-dye. We chose acid orange – 74 as an industrial 

test dye which contains chromium ions bound to azo group that offers stability to the dye 

structure and literature on its photocatalytic degradation is not common [27]. The CuO 

nanoparticles were prepared by controlled precipitation technique using triphenylphosphine 

oxide as a capping agent as a stabilizing agent. The dye degradation was studied by spiking with 

H2O2 and potassium persulphate as co-catalysts which are good electron acceptors. The 

mechanism of dye degradation has been established using theoretical calculation based on redox 

potentials of the co-catalyst which facilitated electron transfer process favorable for oxidative 

dye degradation.  

 

2. Results and Discussion 

2.1. Characterization of CuO nanoparticles 

The XRD patterns of TPPO capped CuO NPs exhibited Bragg reflections at (111), (002), 

(200), , (020), (202) ,  and (220) planes (Fig.1), confirmed the synthesis of 

monoclinic structure of CuO (JCPDS No. 48-1548). The average crystallite size of the CuO NPs 

was determined to 7.5 ± 1.4 nm using Debye-Scherrer equation. The TEM image of CuO NPs 

revealed formation of spherical shaped particles of average size 8 nm (Fig. 2a), and the results 

are consistent with the crystallite size measured from XRD. The selected area electron diffraction 

(SAED) measurements of respective nanoparticles revealed circular rings attributable to their 

polycrystalline nature (Fig. 2b). The crystalline nature of the CuO NPs was further supplemented 

from the high resolution TEM image (HRTEM), which revealed lattice fringes and the difference 

between the two adjacent planes was determined to be 0.254 nm (Fig. 2c). Our result is 

consistent with the lattice constant of standard CuO in (002) plane [28]. The FESEM 
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measurements also revealed formation of spherical shaped CuO nanoparticles (Supplementary 

Fig. S1a). Corresponding EDX spectra revealed the characteristic X-ray peaks of Cu and O 

(Supplementary Fig. S1b), which confirmed the composition of these nanoparticles.  

The band structure of the CuO nanoparticles was determined from diffused reflectance 

spectroscopic study, given in Fig. 3. The reflectance data was converted to absorption mode 

according to the Kubelka-Munk (K-M) theory [29]. The band gap of the samples was estimated 

from the Tauc’s plot, using the Tauc expression [30]: 

(αhν)1/n = A(hν- Eg)   

where α, hν, A and Eg are the absorption coefficient,  incident light frequency, proportionality 

constant and band gap, respectively. The value of exponent ‘n’ determines the nature of 

electronic transition; e.g., n= ½ refers to direct transition, and n = 2 refers to indirect transition. 

Assuming direct transition for CuO nanoparticles, the linear region of the Tauc plot (αhν)2 

against hν was extrapolated to (αhν)2 = 0, which corresponded to the band gap energy of the 

material as 2.29 eV. The measured band gap was larger than that of the bulk CuO (1.2 eV). The 

increase in the band gap is attributable to the decrease in the particle size of the as-synthesized 

CuO nanoparticles, which is complemented with the TEM results. The effect of reduced particle 

size was reflected from larger BET specific surface area of 105.82 m2/g. Notably, the measured 

surface area of CuO nanoparticles was significantly higher than those reported for CuO 

nanoparticles synthesized by other methods [31-33]. Furthermore, the as synthesized CuO NPs 

exhibited high zeta potential (ξ = + 30 mV) at neutral pH (i.e. working condition for the dye 

degradation). This indicated that CuO NPs were well dispersed in aqueous medium which is 

suitable for photocatalytic activity. From the above results it may be summarized that the 

synthesis of large surface area of the photocatalyst (i.e., CuO NPs) is favourable for absorption 

of significant amount of photons for generating photoexcited electron-hole pairs. Further 
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enhanced band gap could facilitate absorption of photons in the visible region and hinder 

electron-hole recombination to favour visible light induced photocatalytic activity.  

 

2.2 Photocatalytic dye degradation 

Dye removal by a photocatalyst is often a combination of adsorption and photocatalytic process. 

The CuO NPs were equilibrated with dye solution in dark condition to account for any 

adsorption phenomenon. The results of dye adsorption on the CuO nanoparticles as photocatalyst 

performed in dark condition are given in Fig. 4a, which demonstrated increase in the % 

adsorption with the increase in the concentration of photocatalyst. In Fig. 4b, a plot of adsorption 

capacity (qt) Vs time revealed that the equilibrium condition was achieved in 40 min for the 

batches of dye solutions treated with higher concentrations of photocatalytst (1.125 mg/mL and 

1.50 mg/mL). However, equilibrium condition for the batches treated with 0.375 mg/mL 

photocatalyst was at 60 min where more than 90% adsorption was completed. After attaining 

equilibration in dark, all the batches of the dye solution treated with respective concentrations of 

photocatalysts were exposed to sunlight and the kinetics of the photocatalytic degradation 

studied in view of Langmuir-Hinshelwood model given as [34,35]: 

ln(Co/C) = kt,   

where ‘Co’ is the initial concentration of the dye solution, ‘C’ is the dye concentration at time ‘t’ 

and ‘k’ is the pseudo-first order rate constant.  

It may be remarked here that there was no change in the concentration of the dye solution after 

180 min sunlight exposure for the batches treated with 1.115 mg/mL and 1.500 mg/mL 

photocatalyst, respectively. The batch treated with 0.375 mg/mL photocatalyst, which exhibited 

53% dye removal in dark condition by adsorption process, exhibited further 15% lowering of the 

concentration of the dye solution when exposed to sunlight for 180 min (Fig. 5a). The negative 
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control batch comprising of dye solution without photocatalysts under the sunlight exposure did 

not exhibit any change in the concentration of dye solution in 180 min. This indicated that the 

dye solution is stable under sunlight exposure. From these results, it may be inferred that the 

CuO nanoparticles exhibited weak photocatalytic property towards degradation of azo dyes.  

Contrastingly, 98% dye degradation was achieved in 180 min under sunlight exposure for the 

batches of dye solution treated with 0.375 mg/mL CuO NPs, when 400 µL of H2O2 (30 % v/v) 

was spiked in the dye solution (Fig. 5a).  The rate constant (k) for the dye degradation was 

derived as 0.0194 min-1. Our results were consistent with the degradation of non-azo dye by CuO 

+ H2O2 system [36,37]. Since H2O2 tends to produce hydroxyl radicals when exposed to sunlight, 

so it was necessary to assess whether the observed dye degradation in our study was primarily 

due to only H2O2 effect. The negative control experiment involving AO-74 dye solution spiked 

with same concentration of H2O2 but without treating with photocatalyst (i.e., CuO 

nanoparticles) under sunlight revealed much lesser dye degradation efficiency (40 %). It was 

therefore deduced that CuO nanoparticles had a role in achieving higher (98%) degradation of 

AO-74 dye solution using H2O2 as a co-catalyst. Notably, maximum dye degradation (99%) was 

achieved in 180 min under sunlight exposure when 5 mM potassium persulphate (K2S2O8) was 

used as a co-catalyst for electron scavenging mechanism (Fig. 5b). The rate constant was 

calculated to be 0.0231 min-1 which is greater than that of H2O2 treated batch. Further, unlike the 

case of hydrogen peroxide, the negative control experiment for the batch treated with K2S2O8 did 

not exhibit any dye degradation (Fig. 5b). In the negative control experiment the dye solution 

was not treated with the photocatalyst (CuO NPs) but spiked with same concentration of K2S2O8. 

This implied that K2S2O8 alone cannot cause dye degradation under the sunlight exposure. 

Therefore it may be stressed here that photoexcitation of CuO NPs has a major role for 

accomplishing such high (99%) dye degradation, where S2O8
2− acted as co-catalyst.  
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2.3. Mechanism of photocatalytic degradation 

2.3.1 Energy structure and hydroxyl radical production 

The general mechanism of dye degradation by a metal oxide photocatalyst is based on oxidation 

processes carried out by the reactive oxygen species, e.g., hydroxyl radicals, superoxide anions 

and singlet oxygen species that are generated in the reaction medium [38]. It is well known that 

upon absorption of light with energy equal to or greater than the band gap of the metal oxide 

photocatalyst, results in the transition of photoexcited electrons to the conduction band while 

holes remain in the valence band. These excited electrons and holes could either (a) recombine 

and produce an intense fluorescence emission, or (b) find a pathway to the surface of the 

materials and interact with oxygen and water molecules to form various reactive oxygen species 

[39]. The production of a specific type of ROS, e.g., •OH, 1O2, or O2
•- by metal oxide 

photocatalysts would however depend on electronic structure and the redox potentials (EH) of the 

different ROS generation reactions. The electronic structure of metal-oxide nanoparticles is 

characterized by the band gap (Eg) corresponding to energy interval between the valence band 

(EVB) and the conduction band (ECB), each comprises of a high density of states. The conduction 

band edge minima (ECB) and valence band maxima (EVB) of the semiconductor photocatalysts 

could be empirically calculated using the following expressions [40]: 

ECB = χ(AaBb)  – ½Eg + Eo; and EVB = ECB + Eg; where, Eg is the band gap of the semiconductor, 

ECB is the potential of the conduction band, EVB is the valence band potential, Eo is the scale 

factor taken as – 4.50 eV, i.e., the energy of free electrons on the normal hydrogen electrode 

(NHE scale). The parameter χ(AaBb) corresponds to the absolute electronegativity of a 

semiconductor material type AaBb, which is calculated as the geometric mean of the 

electronegativity of the constituent atoms. In our calculation, the electronegativity values for Cu 

and O were taken as 4.48 eV, and 7.54 eV respectively [41].  
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However the band edges are dependent on the pH of the medium. The pH dependent 

conduction band edge EC and valance band edge EV  energies were calculated by 

incorporating pH in the Nerstian relation discussed below [42]:  

EC, pH = ECB + 0.059  (PZZP - pH)    

EV, pH = EVB + 0.059  (PZZP - pH)  

where PZZP is the point of zero zeta potential of TPPO capped CuO NPs. The PZZP value (pH = 

9.20) was calculated from the series of zeta potential measurements against different pH of the 

medium ranging between pH 5 and pH 12 (Supplementary Fig. S2). The pH corrected EC and EV 

of TPPO capped CuO at pH 7 were determined to be 0.29 eV and 2.59 eV, respectively. These 

values are comparable with those reported for smaller sized CuO NPs [37, 43].     

Notably, the calculated EC value of CuO is greater than the EH (redox potential) of O2/O2
•-( -0.2 

eV Vs NHE [44]). So the potential of the EC was less than that of O2/O2
•-, due to which the 

photo-excited electrons in the conduction band of CuO could not reduce molecular oxygen to 

O2
•-. On the other hand, the EH for the hole induced H2O/•OH generation is approximately 2.2 eV 

with respect to NHE, which is less than the calculated EV value of CuO. This implied that the 

holes generated due to absorption of sunlight by CuO NPs could potentially oxidize H2O into 

•OH radicals. However existence of free holes might not be available as the photoexcited 

electrons would tend to recombine with holes. This is evident from the observation of strong 

fluorescence intensity exhibited by CuO nanoparticles at λ = 365 nm and 469 nm when excited at 

300 nm (Supplementary Fig. S3). Therefore the ROS generation by CuO is not favourable and 

subsequently reflected poor photocatalytic dye degradation efficiency as observed in our 

experiments on degradation of AO-74 azo dye.  

However, a striking improvement in the photocatalytic dye degradation was observed in the 

presence of electron acceptors like H2O2 and K2S2O8. This is attributable to generation of 
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hydroxyl radicals owing to thermodynamically favoured reduction of H2O2 by the conduction 

band electrons as the ECB of CuO is less than the EH of H2O2/
•OH (which is given as 0.87 eV in 

the NHE) [45].  The possible reactions are given below:  

CuO + hν → CuO (e− +  h+)  

CuO(e−) + H2O2 → CuO + OH− + •OH 

In the case of spiking with potassium persuphate, the highly reactive  species are formed 

due to reduction of S2O8
2- by conduction band electrons owing to its high redox potential (2.01 

eV). The reduction of S2O8
2- is considered as a two-step process given below [46]: 

S2O8
2-  +  e-

CB  →   +  

   →        +    h+ (VB) 

These holes interact with H2O to produce highly reactive •OH (EH of H2O/•OH is 2.2 eV), which 

are responsible for the observed dye degradation. The feasibility of reduction of S2O8
2- to 

sulphate radical is attributed to high redox potential of S2O8
2- /  (2.01 eV) [45]. Overall, the 

sulphate radical ( ) interacts with water in the reaction medium to produce highly oxidative 

hydroxyl radical as shown below [47]:  

  + H2O →  + •OH + H+ 

According to the proposed mechanism for the photocatalytic degradation, it is apparent that the 

electron acceptor e.g., K2S2O8 molecules are adsorbed on the surface of CuO nanoparticles for 

accepting the photo-excited electrons. In this regard the TPPO capping assumedly enhanced the 

adsorption of electron acceptor like K2S2O8 via electrostatic interaction between S2O8
2- and the 

positive surface charge on TPPO capped CuO NPs for production of sulphate radical followed by 

generation of hydroxyl radicals as described above. 

The phenomenon of ROS generation in general and hydroxyl radicals in particular, in our 

photocatalytic studies was established by studying the photocatalytic dye (AO-74) degradation in 
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the presence of ROS scavengers in the reaction medium. Chloroform was chosen as O2
•- 

scavenger while isopropyl alcohol was used as •OH scavenger [48]. Isopropyl alcohol containing 

α-hydrogen is highly reactive to •OH radical and poorly reactive to O2
•- [49].  The batches of 

AO-74 solution treated with CuO nanoparticles spiked with H2O2 and isopropyl alcohol revealed 

reduced rate of dye degradation from k  = 0.022 min-1 to k  = 0.010 min-1, while the batch treated 

with chloroform did not show any reduction in dye degradation rate (Fig. 6a). This indicated that 

isopropyl alcohol could scavenge the •OH radicals generated in the reaction medium for which 

the dye degradation rate was reduced. On the other hand, the batch treated with chloroform did 

not reveal any change in the rate of degradation as O2
•- species were not likely to be generated. 

Similarly, the rate of degradation of the batch of the AO-74 dye solution spiked with K2S2O8 

reduced from k = 0.022 min-1 to k = 0.0062 min-1 when isopropyl alcohol was added as •OH 

scavenger (Fig. 6b).  Generation of O2
•- radicals in the reaction medium was least probable as the 

batch of dye solution treated with chloroform as O2
•- scavenger, did not exhibit any reduction 

rate.  

Our studies using ROS specific scavengers elucidated that •OH is the dominant reactive oxygen 

species during photocatalytic dye degradation process of CuO nanoparticles cocktailed with 

K2S2O8 or with H2O2 as co-catalyst. These experimental results are consistent with our 

theoretical analysis of charge transportation using the energy levels of the band structure of CuO 

and the redox potentials of the relevant ROS reactions.   

 

2.3.2 Anionic degradation product analysis by Ion Chromatography   

The evidence of dye degradation was further confirmed from measuring the anionic products in 

the dye solution that were released during photocatalytic dye degradation process. Ion 

chromatograph of the dye solution after treating with CuO NPs and H2O2 revealed peaks 

Page 12 of 30RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



13 

 

corresponding to nitrate, sulphate, oxalate and formate anions (Fig. 7). These anionic species are 

reported to be released due to mineralization of dye solution by photocatalytic process for dye 

containing azo groups and SO3H functional groups. The evolution of  indicates the 

mineralization of -SO3 containing aromatic intermediates [50]. The nitrogen in the dye molecule 

is likely to be transformed into others nitrogen species such as  or gas N2 and/or NH3 during 

photodegradation process [51]. The appearance of oxalates and formats in the ion chromatograph 

is attributable to formation of oxalic acid and formic acid, which are some of the well known by-

products of complete mineralisation of azo-dye like acid orange 7 [52]. Though carboxylic acids 

are known to be the ultimate by-products of aromatic ring opening reactions during complete 

mineralization of azo dyes [53], but it could not be detected in our ion chromatography study as 

it might have interfered with sodium carbonate and sodium bicarbonate solutions were used as 

the eluents. 

 

2.4. Photostability and re-usability of CuO nanoparticles 

In order to evaluate the stability and re-usability of the five cycles of degradation process (i.e., 

equilibration in dark followed by sunlight exposure) were repeated in presence of H2O2 as a co-

catalyst. In all the five cycles, ~ 98 % degradation of AO-74 dye was achieved in 180 min of 

sunlight exposure and their respective rate constants (k) were of similar order (Fig. 8). This 

indicates that there was no loss of photocatalytic activity of TPPO capped CuO NPs.  

 

3. Experimental 

3.1. Chemicals 

Copper acetate (Cu(CH3COO)2, > 98 %), acetic acid (CH₃COOH, 99.5 %), sodium hydroxide 

(NaOH, > 98 %),  hydrogen peroxide (30% v/v), potassium persulphate (K2S2O8, 99 %) and 
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ethanol (> 99 %) were procured from HiMedia Pvt. Ltd., India. Triphenylphosphine oxide ( > 98 

%) and acid orange 74 (60 %) dye were procured from Sigma Aldrich, GmbH, Germany. All 

reagents and precursors used in this study were of analytical grade and were used without further 

purification. 

 

3.2. Synthesis of CuO nanoparticles  

The batches of TPPO capped CuO NPs were prepared by mixing 150 mL of 0.02 M of copper 

acetate aqueous solution with 0.1 g of TPPO and 2 mL acetic acid in a round-bottomed flask and 

refluxed at 100 oC for 1 h. Then 1.0 M NaOH was added to the solution until a black colored 

CuO precipitate was produced at pH 7-8. The precipitate was centrifuged at room temperature 

and washed with deionized water (Millipore) and ethanol, and eventually dried at 60 oC 

overnight in a temperature controlled oven. The capping agent TPPO stabilized the CuO NPs and 

rendered surface affinity for reactants, e.g. dye molecules. This phenomenon might facilitate 

adsorption of oppositely charged target material by electrostatic interaction. Consequently, the 

residence time of the target molecules on the surface of the photocatalyst would be more and 

subsequent photocatalytic efficiency might be enhanced.  

 

3.3. Characterization of capped CuO nanoparticles 

The X-ray powder diffraction (XRD) patterns were recorded on Bruker ARS D8 Advance 

diffractometer using graphite monochromatized Cu Kα radiation (λ =1.5406 Å) in a 2θ range 

from 20o to 80o at a scanning rate of 2o/min. Transmission electron microscopy (TEM) images 

were recorded with FEI Technai-G2 microscope, operated at an acceleration voltage of 200 kV. 

Scanning electron microscopy (SEM) images were recorded with Zeiss FE-SEM, Ultra plus55, 

operating at an accelerating voltage of 20 kV. The elemental composition of the nanoparticles 
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was determined by energy dispersive X-ray spectrometer (EDX) attached with SEM. The 

Brunauer Emmett and Teller (BET) specific surface area of the nanoparticles were measured by 

Quantachrome Nova 2200 analyser at liquid nitrogen temperature using nitrogen adsorption–

desorption method. The UV-visible absorption spectroscopy studies were performed in the 

wavelength range of 200–800 nm using Shimadzu, UV-1800. The emission spectra were 

recorded using Shimadzu (RF-5301 PC) fluorescence spectrophotometer at an excitation 

wavelength (λex) of 300 nm. 

 

3.4. Zeta potential measurement 

The zeta potential of the TPPO capped CuO nanoparticles were measured at different pH (i.e., 

pH = 5, 7, 8, 9, 10, 11 and 12) using Malvern Zeta Sizer Nano ZS90. The pH of the solutions 

was adjusted by adding dilute hydrochloric acid (0.1 M) or sodium hydroxide (0.1 M). The 

experiments were carried out by dispersing 5 mg of solid catalyst in 50 mL aqueous solutions 

and sonicated for 10 min.  

 

3.5. Equilibration of dye with photocatalyst in dark condition 

Batches of 40 mL AO-74 dye solution of initial concentrations 0.075 mg/mL were treated with 

0.375 mg/mL, 0.75 mg/mL, 1.125 mg/mL and 1.50 mg/mL of the TPPO capped CuO NPs, 

respectively in dark condition under slow stirring for 150 min at room temperature. 1 mL aliquot 

was withdrawn and centrifuged at 15000 rpm for 5 min at predetermined time. The dye 

concentration in supernatant was determined by measuring the absorbance using UV-Visible 

spectrophotometer. The % decolourization of dye in supernatant is a measure of the amount of 

AO-74 dye adsorbed on the catalyst surface at any time determined by: 
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Co = initial concentration of AO-74 dye (mg/L); Ct = concentration of AO-74 dye at time (t)  

The de-colorization efficiency of acid orange-74 increased with the concentration of TPPO 

capped CuO nanoparticles. The adsorption capacity of catalysts was determined as follows: 

 

where Co and Ct are dye concentrations (mg/mL) at time 0 and t, respectively, V is the volume of 

the solution (mL), and m is weight of the catalysts. The concentration of the CuO photocatalyst 

was chosen as 0.375 mg/mL for systematic photocatalytic studies.  

 

3.6. Photocatalytic degradation of Acid Orange 74 dye 

After equilibrating the dye solution with TPPO capped photocatalyst for 60 min in dark 

conditon, the reaction mixture containing 0.375 mg/mL photocatalyst was exposed to natural 

sunlight (degradation experiments were carried out at IIT Roorkee (29°51′N; 77°53′E) in the 

month of November, 2014). Further sunlight induced photocatalytic dye degradation studies 

were conducted by spiking 400 µL of 30% (v/v) H2O2 to the reaction medium after equilibrating 

in dark condition described above. Similarly, photocatalytic dye degradation by TPPO capped 

CuO nanoparticles were studied by adding 1 mM, 3 mM and 5 mM potassium persulphate in to 

the reaction medium. To differentiate between the photocatalysis and the photolysis of AO 74, 

control experiment under light exposure was carried in the absence of NPs as catalyst. In all the 

cases, the kinetics of decolorization of the dye was studied by withdrawing 1 mL aliquot dye 

solution at specific time interval. The dye concentration in the supernatant fraction was measured 

after centrifuging at 15,000 rpm at 25 oC for 5 min using Beckman Coulter AllegraTM X-22R.  
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3.7 Analysis of degradation products by ion chromatography 

Inorganic anions released during the photodegradation of AO-74 dye were determined by ion 

chromatography using Ion Chromatograph (Mehtrohm 882 Compact IC plus). The anion 

separation study was conducted using Metrosep Supp 5-150 column where 5 mM Sodium 

carbonate and 0.5 mM Sodium bicarbonate as eluent with 0.7 mL/min flow rate. Standard 

solutions of formate, oxalate, nitrate and sulphate were prepared for identifying the anionic 

species produced in the reaction mixture after dye degradation process.  

 

3.8. Scavenging of reactive oxygen species (ROS)  

To detect the active reactive oxygen species responsible for photodegradation, different 

scavengers were added to the dye solution along with catalysts and oxidising agent (H2O2 and 

K2S2O8). The dye solution (0.075 mg/ mL) is treated with 0.375 mg/mL catalysts and 400 µL 

H2O2 and was stirred in dark for 1 h. Then isopropyl alcohol (IPA, 1mM) and chloroform (1mM) 

was added to the respective batches. These batches were then exposed to sunlight for 

photodegradation studies. Same experiment has been repeated for studying scavenging of ROS 

generated by CuO and 5 mM K2S2O8 system. 

 

3.9. Photostability and reusability of CuO nanoparticles 

The stability of CuO NPs against photocorrosion and reusability of the catalyst was investigated 

by conducting five degradation cycles with same catalyst.  For this, 0.375 mg/mL CuO NPs were 

taken in 0.075 mg/mL acid orange dye (AO74) solution and the photocatalytic degradation 

studies were performed. After each cycle, the catalyst was separated by centrifuging and further 

used for next cycle without washing. For each cycle studies, the dye catalyst suspension was 
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subjected to 60 min dark stirring followed by addition of H2O2 and then photocatalytic 

degradation in sunlight. 

 

4. Conclusions 

The photocatalytic degradation efficiency of azo dye (acid orange 74) by CuO nanoparticles was 

enhanced to 99 % by inhibiting photoexcited electron-hole recombination when suitable electron 

acceptors are used in the reaction medium. Compared to H2O2, the rate of dye degradation was 

higher for the batch treated with K2S2O8 which is attributed to formation of highly oxidizing 

 and •OH radicals. Adsorption of electron acceptors like K2S2O8 on the surface of TPPO 

capped CuO NPs was considered to be favourable for transfer of photoexcited electrons and 

holes from the conduction band and valence band of CuO NPs respectively and subsequent 

production of highly reactive  and •OH free radicals was proposed to be the key mechanism 

for photocatalytic dye degradation of acid orange 74. Specific ROS scavenger test by isopropyl 

alcohol indicated generation of hydroxyl radicals as major species in the dye degradation. The 

mineralization of the dye was confirmed by determining the release of inorganic anions e.g., 

sulphate, nitrate, acetate and formate by ion chromatography.  
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig.6 
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Fig. 8 
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FIGURE CAPTION 

Fig. 1 X-ray diffraction pattern of 8 nm sized CuO NPs  

Fig. 2(a) Transmission electron microscopy (TEM) of CuO NPs; (b) selected area electron 

diffraction (SAED) pattern of  CuO NPs; (c) High resolution TEM (HRTEM) of CuO NPs 

revealing lattice fringes. 

Fig. 3 Kubelka-Munk plot for the calculation of band gap of CuO NPs. 

Fig. 4(a) The percentage adsorption of AO-74 dye on catalysts surface (b) The pseudo-second 

order kinetics model of AO-74 adsorption on CuO NPs;  

Fig. 5 The plot of ln(Co/C) as a function of time by CuO NPs (a) in the presence of H2O2 (b) in 

the presence of K2S2O8 under sunlight. 

Fig. 6 Effects of different scavengers on the degradation of AO 74 by CuO NPs in (a) presence 

of H2O2 (b) in presence of K2S2O8 under sunlight. 

Fig. 7 Ion chromatograph of mineralisation of dye (a) standard of nitrate and sulphate (b) 

standards of formate and oxalate (c) degraded product by CuO NPs  

Fig. 8 Time profiles of AO-74 degradation for five successive cycles with CuO NPs in presence 

of H2O2 under sun-light irradiation. 
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