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Abstract
In this study a low cost photocatalyst design was introduced based on the silver nanoparticle decorated  Cu2O nanowires 
that were grown on flexible copper substrate. Photocatalyst was characterized by using scanning electron microscope, 
energy dispersive X-ray scattering (EDS), UV–vis diffuse reflectance spectroscopy and X-ray diffractometer. Band gap 
energy values for  Cu2O and Ag decorated  Cu2O were determined as 2.37 eV and 2.17 eV respectively. Photocatalytic activ-
ity was tested against methylene blue (MB) degradation at three different pH values. Although no noticeable difference 
was observed, pH 5.3 was faster. Decreasing methylene blue concentration was followed up by UV–vis spectroscopy. 
Visible light adsorption increased by decorating the  Cu2O nanowires with silver nanoparticles. Kinetics of degradation 
was found to be first order with a R-squared value of 0.99. Nearly total MB was degraded at 300 min. Degradation was 
verified by high pressure liquid chromatography. Absence of initial MB retention peaks showed a successfully degrada-
tion under 100 W LED light illumination. Flexible copper support under the nanowire arrays presents an advantage of 
easy removal for the photocatalyst. After the end of the reaction, no photocatalyst residue is left when compared to the 
powder photocatalyst systems eliminating the heavy filtration processes.
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1 Introduction

Photocatalysts made from the semiconductor com-
pounds have attracted more attention in recent years 
due to their useful properties in energy harvesting and 
water treatment applications. In many industries where 
toxic dyestuffs are intensively used such as textile and 
paper, considerable amount of polluted water effluents 
are produced and released into the environment. These 
dye molecules endanger the aquatic life [1–3]. Semicon-
ductors are useful materials for the eliminating process 
of these materials in an environmentally friendly way. 
The mechanism of the degrading molecules by semi-
conductors rely upon the charge separation during 
the adsorption of sunlight. Efficient charge separation 
increases the degradation yield. Copper (I) oxide  (Cu2O) 
is one of those semiconductor materials that can be uti-
lized for this purpose.  Cu2O has absorption up to 700 nm 
in the visible spectrum to benefit from the sun light. 
 Cu2O has low photocatalytic performance but its toxic-
ity and cost is low [4–6]. Methods of nanostructure engi-
neering and decoration with noble metals such as silver, 
gold, platinum are frequently used for enhancing light 
absorption to improve its activity [7–9]. Silver is the most 
focused noble metal due to its high electrical and ther-
mal conductivity, chemical resistivity, unprecedented 
antibacterial properties to produce microelectronics, 
sensors, catalysts, medical products. Silver is generally 
used in the form of its binary and ternary composites or 
hybrids such as Ag/TiO2, Ag/ZnO,  C3N4/Ag/ZnO, Ag/TiO/
graphene [10–12]. Nano engineering efforts that have 
been tried up to now for enhancing the activity of  Cu2O 
yielded the cubes, spheres, octahedral forms [13, 14]. In 
recent years,  Cu2O nanowires have been the focus of sci-
entists for various applications such as solar water sepa-
ration, sensors [15], catalysts [16], photodetectors [17]. 
There are three methods for producing  Cu2O in general. 
First one is thermal oxidation method in which coper 
foil is oxidized in the furnace at around 500 °C [18–21]. 
The second method is the chemical synthesis in which 
hydrothermal method is used starting from copper ace-
tate monohydrate at around 180 °C [22, 23]. Third one is 
the electrochemical anodizing method where the anode 
material is a copper foil and it is anodized to give the 
nanowires in strong alkali conditions [24]. Among those 
three methods, electrochemical anodizing method has 
the least benefited method in the literature.

Herein it was reported construction of an efficient 
photocatalyst in which nanowires of  Cu2O decorated 
with Ag nanoparticles that were grown on copper foil 
by electrochemical anodizing method. A new green 
route for Ag nanoparticles synthesis was also utilized 

eliminating the extra chemicals usage in wet chemical 
methods for the first time. Photocatalytic efficiency was 
tested against methylene blue degradation under visible 
light and high pressure liquid chromatography (HPLC) 
was applied for further verification of degradation.

2  Materials and methods

2.1  Reagents

Copper foil with 0.025 mm thickness and 99.99% purity 
was purchased from Alfa Aesar. KOH was purchased from 
Sigma Aldrich. Silver pellets were purchased from Eti 
Gümüş Turkey and extruded into the 10 cm long 2 mm 
thick rods. Metyhlene blue was purchased from Merck. 
Acetone and 2-propanole were purchased from Sigma 
Aldrich.

2.2  Preparation methods

2.2.1  Cu2O nanowire synthesis

Cu2O nanowires on copper foil were synthesized by a 
series of processes as starting from anodizing the copper 
foil in one-compartment electrolytic cell under dc power 
supply [25]. For this end, copper foil was cut into the 
2 × 10 cm2 pieces and immersed in a 3 M KOH solution as 
the anode of the cell where the cathode side was a stain-
less steel. Under ambient condition, 4.5 V and 0.5 mA was 
applied to the cell and electrolysis was stopped at 15 min. 
Before and after the process, copper foil was washed with 
deionized acetone, 2-propanole and water respectively 
and allowed to dry in the air. At the end of the process, 
copper hydroxide, Cu(OH)2 with light blue color was 
formed on the copper foil which was converted later to 
the black copper(II)oxide (CuO) with heat treatment on the 
laboratory heater under air atmosphere at 250 °C for 30 s. 
Finally,  Cu2O nanowires were obtained by the reduction 
reaction of black CuO nanowires under nitrogen atmos-
phere with the aid of hydrogen gas at 500 °C for 2 h in 
quartz furnace. Samples were put into the petri dishes and 
sealed tightly for further analyses.

2.2.2  Silver nanoparticle synthesis

Silver nanoparticles were synthesized for the first time by 
using an electrochemical cell whose anode and cathode 
electrodes were made of silver rods. The cell was oper-
ated with a power supply (12 V and 1000 mA) for 10 h. 
Silver bars were cleaned before the process by mechani-
cal scratching to remove the oxidized surfaces and further 
cleaned by acetone and 2-propanole washing. Yielded 
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solution was clear colloidal aqueous silver which was 
wrapped and saved for further characterizations with alu-
minum foil to avoid the effects of light.

2.2.3  Silver decorated  Cu2O nanowire preparation

Copper foil having  Cu2O nanowires was washed thor-
oughly with 2-propanole and was placed on laboratory 
heater. Temperature was set to 60 °C. Colloidal silver solu-
tion was dropped onto the nanowire surface by using a 
simple dropper as it completely covered the whole surface 
area and left to dry for 5 times.

2.2.4  Characterization

Detailed characterizations of nanowires, silver decorated 
nanowires were carried out by Carl Zeiss 300VP scanning 
electron microscope, Panalytical Empyrean X-ray diffrac-
tometer (XRD), Thermo Dionex Ultimate 3000 HPLC system 
and Perkin Elmer Lambda 950 UV/Vis/NIR Spectrophotom-
eter with reflectance module.

2.2.5  Photocatalytic activity

A 100 mL aqueous solution of methylene blue (2.0 × 10−5 
M) degraded by a sheet of 2 × 10 cm2 piece of silver nano-
particle decorated  Cu2O nanowires on the copper foil 
under the LED light illumination (100 W 1200 lm). Before 
exposing the light, nanowire sheet immersed in the solu-
tion was kept at dark to achieve equilibrium adsorption 
process for 5 h. Degradation of the methylene blue was 
then started and tracked by taking samples at fixed inter-
vals. Absorption intensity was measured at 664 nm. Deg-
radation of the methylene blue was verified by HPLC. Gen-
eral process scheme was given in the Fig. 1.

3  Results and discussion

3.1  Characterization studies

3.1.1  XRD

Crystal phase obtained from anodizing of copper foil was 
Cu(OH)2. After heat treatment, CuO was obtained. At the 
end of reduction reaction in the quartz furnace  Cu2O was 
formed and all crystal phases were determined using the 
XRD. Related patterns were given in Fig. 2. From the fig-
ure, Cu(OH)2 can be indexed to an orthorhombic phase 
with 2θ values at 16.82° (miller indices: (020)), 23.93° 
(miller indices: (021)), 34.16° (miller indices: (002)) and 
39.9° (miller indices: (130)) (JCPDS file number 13-420). 
CuO with 2θ values at 35.6° (miller indices: (002)/(-111)) 
and 38.8° (miller indices: (111)/(200)) and  Cu2O with 2θ 
values at 43.6° (miller indices: (200) exhibits monoclinic 
and cubic structures, respectively (JCPDS file number 
45-0937 and 05-0667). In the patterns, the existence 
of metallic copper is obviously confirmed from the 
absorptions at about 43.44°, 50°, 54.79°, 74.16°, 89.93° 
[26, 27]. Briefly, in going from the Cu(OH)2, CuO to  Cu2O, 
three different crystal phase transitions (orthorhombic, 
monoclinic and cubic) were encountered. Phase transi-
tions were felt by the morphology changes observed 
in scanning electron microscope (SEM) images. In all 
transitions, obtained phases had no amorphous impuri-
ties as inferred from the peak sharpness. Base substrate 
(Copper) dominated the X-ray spectra causing the other 
peaks to be seen in low intensities.

Fig. 1  General process scheme

Fig. 2  Characterization of copper oxide samples of different phases 
by XRD. Indexes were taken from the following patterns:  Cu2O PDF 
file number 05-0667, CuO PDF file number 45-0937, Cu(OH)2 file 
number 13-420
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3.1.2  SEM and EDS

Figure 3 shows typical SEM images for the formation of 
 Cu2O nanowires starting from Cu(OH)2 nanowires. As 
obvious, Cu(OH)2 nanowires (Fig. 3a, b) have very straight 
needle like morphology than others and their measured 
lengths and thickness runs around 10 μm and 200 nm. As 
clearly observed, radius of the needle like nanowires of 
Cu(OH)2 increases from bottom to the tip. As to the CuO 
nanowires in the Fig. 3c, d, it is evidently seen that straight-
ness of the wires was influenced by the heat treatment, 
oxidation and crystal phase changes, yielding a grass like 
morphology with no noticeable change in dimensions. A 
more pronounced morphology change was encountered 
with  Cu2O nanowires (Fig. 3e, f ) where the grass like mor-
phology of CuO nanowires transforms into leafless tree like 
shapes due to the fusion of the bottom parts of nanowires 
with the effect of heat. SEM images of the silver nanopar-
ticles (Fig. 3g, h) reveal that particle sizes change from 20 
to 300 nm, the average value of diameter gathers around 
200 nm. EDS spectrums of the main structures are intro-
duced in Fig. 4 and clearly verify the corresponding chemi-
cal formulas. Peaks of EDS spectrums of all nanowires and 
silvers nanoparticles were dominated with the bottom 
base materials (copper metal and silicon wafer) causing 
some peaks to be seen smaller. Phase transformations of 
the nanowires were also very distinguishable from the 
photographs by their colors as they turn from blue, black 
to the purple.

3.2  Photocatalytic activity

Band gap energy value of the photocatalyst was deter-
mined by UV–vis diffuse reflectance spectra. In Fig. 5 

reflectance spectra was given. From the reflectance 
spectra, cut off wavelengths were found as 524 nm and 
575 nm for  Cu2O and Ag decorated  Cu2O respectively. 
Band gap energy values can be calculated from the cut 
off wavelengths approximately by using the general 
equation below;

where E is band gap energy in eV. C is the light veloc-
ity, 3.0 × 108  m/s, h is Plank’s constant with a value of 
6.626 × 10−34 Js and λ is cut off wavelength found from 
the UV–visible reflectance spectrum. Band gap energy 
values for  Cu2O and Ag decorated  Cu2O were calculated 
as 2.37  eV and 2.17  eV respectively. As clearly under-
stand that decorating the  Cu2O with silver nanoparti-
cles enhanced adsorption of visible light by shifting the 
band gap energy by 20 eV from UV to visible region of 
the spectrum. Visible light adsorption of the photocatalyst 
between 400 and 600 nm is very strong with a nearly 5% 
loss. On the other hand, light adsorption value between 
600 and 800 nm is not little to be underestimated, only as 
much as 50% light is lost at visible spectrum limit. Accord-
ing to the study in 2011 conducted by Behar Cohen et al. 
[28], irradiation intensity of warm LED bulbs changes from 
0.8 to 1 in going from 480 to 680 nm and rapidly decreases 
afterwards. This means that using the LED light is right 
preference due to the harmony between emission spec-
trum of LED and reflectance spectra of the photocatalyst 
between 400 nm up to 680 nm where a strong absorption 
of visible light occurs.

In Fig.  6, first order linear fit plot for the cata-
lytic reaction was given at three different pH ranges. 

E =

hC

�

Fig. 3  SEM images showing the gradual formation of  Cu2O with different magnifications from “a” to “f” and SEM images of Ag nanoparticles 
on Si substrate; a, b Cu(OH)2, c, d CuO, e, f  Cu2O nanowires, g, h Ag nanoparticles
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Photocatalytic reaction mechanism perfectly matches 
the first order kinetic route with the R-squared values 
of 0.99. As seen from the Fig. 7 methylene blue con-
centration is decreased very rapidly and almost noth-
ing left after 300 min. No change was observed in the 
concentration of MB in the experiment done without 

photocatalyst due to the photolysis. Also dark experi-
ment to evaluate the adsorption/desorption equilibrium 
resulted no observable change in the concentration of 
MB. In order to identify the effect of silver nanoparticles 
on the photodegradation efficiency, degradation of MB 
with pure  Cu2O was also realized and introduced within 

Fig. 4  EDS spectrums of the nanowires on copper foil and their photographs and SEM image of Ag nanoparticles on silicon wafer together 
with its EDS spectrum

Fig. 5  UV–vis reflectance spectra of  Cu2O and Ag decorated  Cu2O Fig. 6  Linear fit of the photocatalytic reaction to first order
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the Fig. 8. Only 12.5% of the MB was removed by pure 
 Cu2O nanowires while almost all of the MB was removed 
by silver decorated  Cu2O at 300 min. As to the pH effect 
on the degradation, only acidic condition made a differ-
ence which is not significant but more than the neutral 
or slightly basic conditions. Light source used in this 
experiment is only a 100 W LED bulb. The mechanism of 
the reaction was also fitted for zeroth and second order 

kinetics but the obtained R-squared values (Table 1) was 
lower than those found for first order kinetics.

3.3  Photodegradation tracked by HPLC

HPLC chromatogram for the photocatalytic degradation 
of MB was given in Fig. 8a, b. Initially, Methylene blue 
solution gives peak in four different retention times at 
9.5, 9.6, 10.5 and 11.1 min as shown in Fig. 8b. As pho-
todegradation is continued, the peak heights at 11 min 
were gradually decreased demonstrating the effective 
MB degradation under visible light (Fig. 8a). Peaks that 
belongs to the MB in Fig. 8b were almost completely 
removed and after 300 min of degradation no peaks 
at 9.5, 9.6 and 10.5 min was observed. Additionally, no 
different peaks were produced during the degradation 
of MB which may belong to the organic molecules rup-
tured from MB. This situation clearly proves the success-
ful elimination of MB on the visible active photocatalyst. 
These results are in good harmony with most of studies 
where total conversion into the minerals of the dye is 
proposed. A shematic of degradation mechanism was 
given in the Fig. 9. According to the mechanism, absorp-
tion of visible light by the photocatalyst produces elec-
tron and hole pairs. Electrons are immediately grasp by 
the silver nanoparticles before the recombination and 
transferred to the oxygen molecules which produce 
oxygen ions in the reduction side. On the other hand, 
water molecules react with the hole pairs to produce 
hydroxyl radicals. MB molecules individually react with 
the holes to produce exited radical form on the oxidation 
side. Exited radical forms of methylene blue molecules 
combine with the oxygen ions or hydroxyl radicals in 
order to be totally converted to the final degradation 
products [29]. Easy removal of the photocatalyst which 
is an advantage for these processes, is shown in Fig. 10.

Fig. 7  MB degradation by time

Fig. 8  HPLC chromatograph of photocatalytic MB degaradation

Table 1  R-squared values of linear fitting to evaluate the reaction 
order

R-squared values

0. Order 1. Order 2. Order

pH 7.8 0.82 0.99 0.95
pH 7.1 0.96 0.99 0.96
pH 5.3 0.87 0.99 0.94

Fig. 9  A schematic representation of photocatalytic MB degrada-
tion mechanism
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4  Conclusions

In this study silver nanoparticles decorated  Cu2O nanow-
ires were introduced as a visible light active photocata-
lyst.  Cu2O nanowires were successfully synthesized by 
anodizing the copper foil under dc voltage in an alkaline 
solution by subsequent heat treatments and hydrogen 
reduction. Silver nanoparticles were produced in an 
environmentally friendly way using only water and dc 
electric current. Band gap energy values for  Cu2O and Ag 
decorated  Cu2O were determined as 2.37 eV and 2.17 eV 
respectively. Decorating the  Cu2O with silver nanopar-
ticles enhanced adsorption of visible light by decreas-
ing the band gap energy value by 20 eV. Photocatalytic 
activity of the photocatalyst was evaluated by the per-
formance on MB degradation. Under 100 W LED illumi-
nation 2 × 10−5 M dye solution was mostly degraded 
within 300 min. Degradation kinetic was found to be in 
harmony with the first order kinetics with a R-squared 
values of 0.99. Three different pH values were tested. 
Although no huge difference was observed between the 
pH ranges, the most effective one was pH 5.3. HPLC chro-
matographs showed a gradual decrease in MB concen-
tration by time. When initial retention peaks of MB and 
those of 300 min later compared, degradation of MB was 
clear as inferred from the vanishing original MB peaks. 
As a result, a new, low cost nano-engineered promising 
photocatalyst material was developed that can be used 
for the treatment of dye polluted waste waters. Due the 
flexible copper support, the material is easily removed 
from the medium after the end of reaction without leav-
ing any residue. This situation makes an advantage over 
the powder photocatalysts.
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