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Abstract. The role of CuO as a co-catalyst was studied on plasmonic photocatalysis of 

Ag/AgCl/TiO2 and it was found that the photocatalytic degradation of methyl orange and 

phenol under visible light was highly enhanced when CuO was incorporated into 

Ag/AgCl/TiO2. The samples were characterized by X-ray diffraction (XRD), 

transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), and 

UV/vis spectrophotometry. The photocatalytic activity under visible light was attributed 

to the SPR of Ag NPs and enhancement of this activity was achieved due to CuO which 

act as a sink for photogenerated electrons. 

Keywords: Co-catalyst, Surface plasmon resonance, Visible light, TiO2, Plasmonic 

photocatalysis. 

1 Introduction 

Titanium Dioxide (TiO2) is believed to be the most promising photocatalyst to solve the 

environment and energy crises for the ever increasing demands
1-3

. Abundant availability, 

non-toxicity, and chemical stability make TiO2 as one of the most promising materials for 

water purification, water splitting, solar cells, and so on
4-6

. However, TiO2 is active only 

under UV light because of its wide band gap (3.2 eV). UV makes only about less than 5% 

of the sunlight so band gap tuning is desired to make TiO2 active under the larger portion 
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of the solar spectrum.
7
 Different approaches are being explored to achieve the visible 

light activation of TiO2, e.g. anionic or cationic doping
8-10

, coupling narrow band gap 

semiconductors as sensitizer
11

, tuning morphology
12

, and exploring localized surface 

plasmon resonance by plasmonic nanoparticles
13

(NPs). 

Noble metal (Au, Ag) NPs can strongly absorb visible light owing to the surface plasmon 

resonance (SPR) shown by them
14

. SPR is reported to play an important role in 

improving the photocatalytic performance of a semiconductor
15

. Among the plasmonic 

materials, Ag has been proposed to be the most important 
16

. Silver NPs have been used 

to develop various plasmonic photocatalysts
17

 e.g. Ag/TiO2
13

, Ag@AgCl
18

, 

Ag/AgCl/TiO2
17

, Ag2O/TiO2
19

 etc. 

Apart from the above mentioned TiO2 modifications, some rather unusual strategies have 

also been successfully exploited to enhance TiO2 photocatalysis. These include using 

interfacial charge transfer (IFCT)
20

, use of chirality to tune the incident light
21

, increasing 

light absorption with black hydrogenated TiO2
22

, up-conversion by rare-earth doped 

luminescent material
23

, and use of a co-catalyst
24

 etc. A co-catalyst can enhance the 

photocatalytic activity of a semiconductor by (i) suppressing the charge recombination by 

trapping the photogenerated charges, (ii) improving the photostability of the catalyst by 
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timely consumption of photogenerated charges, particularly holes, and (iii) lowering the 

activation energy hence catalyzing the reactions
24

. Transition metal oxide nanoclusters of 

Cu(II)
25

 and Fe(III)
26

 have been reported as co-catalysts to enhance the photocatalytic 

activity of TiO2. From these reports, we anticipated that plasmonic photocatalysis of TiO2 

can be further enhanced by the use of a co-catalyst. To the best of our knowledge, there 

has not been any report on the combined effect of SPR and a co-catalyst on TiO2 

photocatalysis.  

Herein, we report a new kind of composite CuO/Ag/AgCl/TiO2 which showed high 

photocatalytic activity for the visible light degradation of methyl orange (MO) and 

phenol. Photocatalytic degradation of dyes is generally studied as a model reaction to test 

the photocatalytic activity of a catalyst
27

. The CuO was found to greatly enhance the 

photocatalytic activity of Ag/AgCl/TiO2 by acting as a co-catalyst. The photocatalyst was 

prepared by a reverse microemulsion method. 

2 Materials and methods 

2.1 Materials 

Polyoxyethylene (20) cetyl ether (Brij-58) was purchased from Acros. Titanium (iv) 

isopropoxide (TTIP) was provided by J & K Chemical Ltd. Cyclohexane, silver nitrate 
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(AgNO3), copper nitrate trihydrate (Cu(NO3)2·3H2O), acetonitrile, ethanolamine (ETA), 

triethanolamine (TEA), sodium borohydride (NaBH4), isopropyl alcohol (IPA), ethylene 

glycol (EG), calcium chloride (CaCl2), phenol and methyl orange were all purchased 

from Sinopharm Chemical Reagent Co. Ltd. (SCRC). All chemicals were analytical 

grade and used without further purification. Deionized water (18.2MΩ) was used 

throughout the experiments. 

2.2 Synthesis of CuO/Ag/AgCl/TiO2 

 In a typical synthesis, 6.738 g of Brij-58 was taken in a two-neck flask. The temperature 

was kept at 50 °C throughout the experiment. Anhydrous CaCl2 was added to EG to 

dehydrate it. 2 mL dehydrated EG was added to the melted Brij-58. 1.2 mL 0.5 M AgNO3, 

complexed by 0.38 mL ETA and dissolved in acetonitrile was added. The solution turned 

milky showing the formation of AgCl. Then 0.05 mL 0.5 M Cu(NO3)2·3H2O, complexed 

by 0.025 mL  TEA and dissolved in acetonitrile , was added and the solution turned into 

purple. The solution was evaporated to remove acetonitrile. 30 mL cyclohexane was 

added and stirred for 15 min, followed by the addition of 0.140 g NaBH4. The solution 

turned to dark brown. After 30 min, 0.5 mL TTIP was added in successive additions of 

0.2 mL, 0.15 mL, and 0.15 mL having a gap of 15 min each. After 1 h of the last TTIP 
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addition, 30 mL IPA was added and the precipitate was separated by centrifugation 

followed by washing with IPA and cyclohexane. The precipitate was dried at 100°C for 

10 h and then calcined at 500°C for 2 h to obtain the powder. 

2.3  Characterization  

Morphological studies were carried out by transmission electron microscopy (TEM). 

TEM analysis was carried out at room temperature on a JEOL JEM-2000 EX 

transmission electron microscope using an accelerating voltage of 120 kV. High 

resolution TEM images were obtained on a JEM-2100F (JEOL) transmission electron 

microscope operated at 200 kV. The XRD pattern was recorded on a Rigaku DMAX 

IIIVC X-ray diffractometer with Cu-Kα (0.1542 nm) radiation scanning from 10° to 80° 

(2θ) at the rate of 6 °/min. XPS was acquired by VG ESCALAB 250 with an Al-Kα X-

ray source operating at 150 W (15 kV). The binding energies were calibrated using the C 

1s peak at 284.6 eV. The curve fitting was performed by XPS PEAK 4.1 software. 

UV/vis spectra were obtained by JASCO UV-550. 

2.4  Photocatalytic Activity 

 0.040 g catalyst was added to a 50 mL MO solution (10 mg/L) in a beaker. The solution 

was stirred magnetically at 30 °C. Prior to irradiation, the solution was kept in dark for 30 
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min to achieve the adsorption-desorption equilibrium. The light source used was a Xe 

lamp (AULLT Cell-HFX300) equipped with a UV-cut off filter (λ ≥ 400 nm). Visible 

light was irradiated on the solution and a 3 mL aliquot was taken at regular intervals of 

time. The photocatalytic activity was monitored by analyzing the aliquot samples on a 

UV-visible spectrophotometer (Agilent 8453) at 465 nm. For phenol degradation, 0.050g 

catalyst was added to a 50 mL phenol solution (20 mg/L) and degradation was monitored 

at 270 nm wavelength on the UV-visible spectrophotometer. Percent degradation (%D) of 

pollutant was calculated using the following equation: 

%D= (C0-C)/C0 *100% 

Where C0 is the concentration before irradiation and C is the concentration at any 

sampling time. 

3 Results and discussion 

3.1  Characterization  

CuO/Ag/AgCl/TiO2 was synthesized in a reverse microemulsion system. The 

morphology of the obtained powder was determined by TEM images which revealed that 

the as synthesized powder did not have a regular morphology. Low resolution TEM 

image (Figure 1a) gave no distinction among the various components of the obtained 
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catalyst. While HR TEM image (Figure 1b) clearly showed the presence of different 

entities. The interplaner spacing of 0.31 nm corresponds to AgCl (101), 0.21 nm 

corresponds to CuO (200),  0.25 nm corresponds to Ag (004) , and 0.28 nm corresponds 

to TiO2 (002). These findings were further confirmed by XRD. Figure 1c shows the XRD 

patterns of different catalysts synthesized during this study. The analysis of the pattern 

for CuO/Ag/AgCl/TiO2 shows that the peaks can be indexed using TiO2 anatase phase 

(JCPDS file no. 01-0562), TiO2 rutile phase (JCPDS file no. 01-1292), AgCl (JCPDS file 

no. 22-1326), Ag (JCPDS file no. 41-1402), and CuO (JCPDS file no. 78-0428). All these 

observations are consistent with the TEM images. 
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Figure 1: (a) Low magnification TEM image, (b) HRTEM image of CuO/Ag/AgCl/TiO2, 

and (c) XRD patterns of different materials. 

The elemental composition and chemical status were analyzed by XPS. Figure 2a shows 

the full range of the XPS spectrum for CuO/Ag/AgCl/TiO2 revealing peaks for Cl, C, Ag, 

Ti, O, and Cu. XPS peaks show that Ag 3d5/2 at 367.0 eV and Ag  3d3/2 at 373.0 eV in 

Figure 2b belong to metallic Ag, while Ag 3d5/2 at 367.8 eV and Ag 3d3/2 at 373.8 eV 
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correspond to Ag(I) in AgCl
28

. Figure 2c demonstrates the high resolution XPS spectrum 

for Cl 2p which coresponds to AgCl, while the high resolution XPS spectrum of Cu 2p 

(Figure 2d) confirms the presence of Cu(II) and it coresponds to CuO. 

 

Figure 2: (a) XPS survey of CuO/Ag/AgCl/TiO2, (b) Ag 3d scan (c) Cl 2p scan, and (d) 

Cu 2p scan. 

Presence of Ag NPs was also confirmed by UV/vis spectra of both Ag/AgCl/TiO2 and 

CuO/Ag/AgCl/TiO2. As shown in Figure 3, there is a clear absorbance peak in the visible 
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region for both the mentioned samples. This peak can be attributed to the SPR associated 

with Ag NPs. 

During the synthesis, AgCl was formed by the reaction between AgNO3 and CaCl2. 

Reduction was carried out by NaBH4. Copper ions were also reduced to copper atoms 

during this reduction. These copper atoms were converted to CuO during the calcination 

in air. Synthesis reaction equations are given in the supporting information. All these 

species were confirmed from TEM, XRD, XPS, and UV/vis. Hence we conclude that 

CuO/Ag/AgCl/TiO2 was successfully synthesized. 

 

Figure 3: UV/vis spectra of different catalysts used. 
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3.2  Photocatalytic degradation of methyl orange (MO) and phenol over 

CuO/Ag/AgCl/TiO2  

The photocatalytic activity of the as synthesized catalysts was evaluated by the 

degradation of MO and phenol under visible light irradiation. MO concentration was 

decreased steadily in the presence of CuO/Ag/AgCl/TiO2 (Figure 4a) under visible light 

irradiation. Figure 4a shows the %D by various catalysts under visible light. No color 

change was observed in the case of commercial TiO2 (P25) and the as prepared 

CuO/TiO2. Visible light is not energetic enough to excite electron in the case of P25 or 

CuO/TiO2. Considerable color change was observed in the case of Ag/AgCl/TiO2 and 

under our experimental conditions, a degradation of 42% was achieved in 25 min 

irradiation time. Photocatalytic degradation of MO was greatly enhanced in the case of 

CuO/Ag/AgCl/TiO2. Under the same experimental conditions, 91% degradation was 

achieved in 25 min in the case of CuO/Ag/AgCl/TiO2. In this case, the yellow colored 

MO solution became almost colorless in 20 min (Figure 4b inset).  

For excluding the effect of photosensitization, degradation of colorless organic pollutant 

phenol was also studied under visible light in presence of the as synthesized catalysts. 

The results are depicted in Figure 4c and d. About 53% phenol degradation was achieved 
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in the case of Ag/AgCl/TiO2 in 50 min while 71% degradation was achieved in the 

presence of CuO/Ag/AgCl/TiO2. These results further confirmed the activity of the as 

prepared catalyst and the enhancement role of CuO co-catalyst. 

In order to test the stability of the catalyst, recycling experiments were carried out. As 

can be seen in Figure S3, the catalyst showed strong photocatalytic ability for the 

degradation of MO for threes cycles. The catalyst was separated by centrifugation after 

every run and washed with deionized water for several times. We observed a decrease in 

reactivity after every run which may be because of the mass loss of catalyst during 

washing and centrifugation
29

. 
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Figure 4: (a) Photocatalytic degradation of MO by various materials, (b) Change in MO 

concentration with irradiation time, (c) Photocatalytic degradation of phenol by various 

materials, and (d) Change in phenol concentration with irradiation time. 

3.4  Mechanism for enhanced photocatalytic activity  

There are different factors which can influence the photocatalytic activity of TiO2
2
. 

Among those, band gap tuning of TiO2 is considered to be a key factor to improve the 

visible light photocatalysis
30

, and the band gap of TiO2 can be effectively modified by 
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doping
7
. In order to investigate the effect of  Ag, CuO, and Ag/AgCl on TiO2 band gap in 

our study, we calculated the band gap of TiO2 by using Einstein’s energy equation
31

 

Eg
nano

= hc/λ 

As can be seen in Figure S2, the band gaps in the case of Ag/TiO2 (2.30 eV) and 

CuO/TiO2 (2.36 eV) correspond to the visible region of the spectrum, however, they 

showed no visible light activity, while TiO2 band gaps in the case of Ag/AgCl/TiO2 (3.07 

eV) and CuO/Ag/AgCl/TiO2 (3.13 eV) correspond to the near UV region, but they 

showed very high visible light activity. From these results, we speculate that band gap 

tuning played very little role for the visible light activity of TiO2 in our experiments. 

Hence we tried to explore the other possible factors which can play major role in the 

visible light photocatalytic activity of CuO/Ag/AgCl/TiO2. 

As mentioned above, CuO/TiO2 showed no photocatalytic activity under our 

experimental conditions (Figure 4a) even though light was absorbed by CuO/TiO2 in the 

visible region (Figure 3). Qui et al.
32

 showed that the crystalline Cu(II) is 

photocatallytically inactive, however, Cu(II) species in nanoclusters are very efficient for 

the visible light photocatalysis of TiO2. Absence of Cu(II) nanoclusters may be the reason 

for no photocatalytic activity by CuO/TiO2 in our experiments.  
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Silver NPs can absorb considerable amount of energy from the visible light owing to their 

SPR. Semiconductor photocatalysis can be initiated by the SPR either by direct hot 

electron transfer from the plasmonic NPs into the CB of semiconductor or by transferring 

plasmonic energy to excite charges inside the semiconductor
33

. These photoexcited 

charges are responsible for the photocatalysis. Prior to light irradiation, the photocatalyst 

is kept under dark in a solution of dye or organic pollutant. The dye molecules get 

adsorbed onto the surface of the photocatalyst thus providing active sites for the 

oxidation of holes. Both the electrons and holes react with different surface species to 

bring the degradation of the organic pollutants. 

AgCl proved to be very vital for the visible light activity of CuO/Ag/AgCl/TiO2. AgCl 

itself has a direct band gap of 3.25 eV and an indirect band gap of 5.2 eV
34

 which 

suggests it should not be active under visible light. However, AgCl is photosensitive 

because of its point ionic defects and electron traps
35

. The role of AgCl in Ag/AgCl 

system has been explained by Wang et al.
18

. In short, the surface of AgCl is negatively 

charged because it is most likely terminated by Cl
-
 ions. As a result of this, the deposited 

Ag NPs on AgCl surface should experience a charge polarization in such a way that 

negative regions are away while positive regions are close to the Ag/AgCl interface. 

When visible light photons are absorbed by Ag NPs, they are efficiently separated into 
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electrons and holes in such a way that electrons move to the surface of Ag NPs away 

from the Ag/AgCl interface, while the holes move to the surface of AgCl particles 

bearing Ag NPs. Hence better separation of photoexcited species is achieved. 

In order to better understand the role of AgCl for the visible light photocatalytic activity, 

Ag/TiO2 was prepared by the same method with some modifications (SI). Although 

Ag/TiO2 showed strong absorption in the visible region (Figure S1 b) but it showed no 

photocatalytic activity (Figure S1 c). Ag/TiO2 does not show visible light degradation of 

pollutants because Ag NPs are very reactive and they form a layer of AgO when they are 

in direct contact with TiO2
13, 36

. Furthermore, UV-Vis spectra of Ag/TiO2 and 

Ag/AgCl/TiO2 are clearly different from each other as shown in Figure S1 b. This 

difference suggests the changes in the SPR signals of Ag NPs. A possible explanation for 

this can be that the SPR of Ag NPs is very sensitive to the surrounding environment and 

the SPR peak shifts to the longer wavelength, away from the important spectral domains 

of the near-UV , if the surrounding material has a greater refractive index
13

. TiO2 has a 

refractive index 2.45 and 2.7 for anatase and rutile phase, respectively
37

, while the 

refractive index of AgCl is 2.07
38

. Hence AgCl also helps to achieve the more useful SPR 

response from Ag NPs. 
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To investigate the role of Cu(NO3)2·3H2O concentration on the photocatalytic activity of 

Ag/AgCl/TiO2 , a series of experiments was carried out with varying the concentration of 

Cu(NO3)2·3H2O at optimized reaction conditions. Different concentrations of 

Cu(NO3)2·3H2O used were 1.25*10
-5

 mol L
-
, 2.5*10

-5
 mol L

-
, 5*10

-5
 mol L

-
, 2*10

-4
 mol 

L
-
, and 3*10

-5
 mol L

-
, and the resultant CuO/Ag/AgCl/TiO2 can be referred as 

CuO/Ag/AgCl/TiO2 (1.25*10
-5

 M), CuO/Ag/AgCl/TiO2 (2.5*10
-5

 M), 

CuO/Ag/AgCl/TiO2 (5*10
-5

 M), CuO/Ag/AgCl/TiO2 (2*10
-4

 M), and CuO/Ag/AgCl/TiO2 

(3*10
-5

 M), respectively. The obtained photocatalysts were tested for the visible light 

photocatalysis and it was found that 2.5*10
-5

 mol L
-
 of Cu(NO3)2·3H2O was the optimum 

amount for our experimental conditions to achieve the highest photocatalytic activity. 

When more Cu(NO3)2·3H2O was added, the photocatalytic activity considerably 

decreased  (Figure 5a). This is in good agreement with the reported co-catalyst modified 

photocatalysis for Fe(III)/TiO2
39, 40

 and Cu(II)/TiO2
41

. An optimum amount of co-catalyst 

is required to achieve the maximum photocatalytic activity A further increase in co-

catalyst amount may reduce the oxidation active sites for photogenerated holes at the 

surface of the photocatalyst, thus resulting in decreased activity
40

. 

 Besides this explanation for the decreased photocatalytic activity with increasing co- 

catalyst amount, we observed an interesting phenomenon of the decrease in the SPR 
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peaks of Ag NPs at higher concentrations of Cu(NO3)2·3H2O. This can be seen in Figure 

5b which shows the UV-Vis spectra of different catalysts with varying the amount of 

Cu(NO3)2·3H2O. A possible reason could be that at higher concentration of 

Cu(NO3)2·3H2O, more CuO particles are formed which can aggregate to form larger 

particles
42

. These larger CuO particles may cover the Ag NPs thus preventing the 

interaction of visible light and Ag NPs, hence a decrease in the SPR signals is resulted. 

With the decrease in the SPR signals, photocatalytic activity decreased accordingly.  

 

 

Figure 5: (a) Photocatalytic degradation of MO and (b) UV-Vis spectra of various 

catalysts: (i) Ag/AgCl/TiO2, (ii) CuO/Ag/AgCl/TiO2 (1.25*10
-5

 M), (iii) 

CuO/Ag/AgCl/TiO2 (2.5*10
-5

 M), (iv) CuO/Ag/AgCl/TiO2 (5*10
-5

 M), (v) 

CuO/Ag/AgCl/TiO2 (2*10
-4

 M), and (vi) CuO/Ag/AgCl/TiO2 (3*10
-5

 M). 
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The photodegradation of organic pollutants have been reported by different reactive 

species such as h
+
, O2

-•
, and OH

•42, 43
. The role of individual reactive species is varied 

depending on the type of photocatalyst
44

. In order to better understand the mechanism of 

photodegradation of MO over CuO/Ag/AgCl/TiO2 under visible light, we studied the 

photodegradation in the presence of different scavengers. We used TEA as h
+
 

scavengers
44, 45

, p-benzoquinone as O2
-• 

scavengers
46, 47

, and t-butyl alcohol as OH
• 

scavengers
46, 47

. These scavengers were added to the MO solution along with the catalyst 

prior to the light irradiation. As shown in Figure 6, no photodegradation was achieved in 

the presence of TEA (1.25 mL) which suggests that photogenerated holes are the major 

reactive species in our experiments. We employed p-benzoquinone (1 mg) to evaluate the 

role of O2
-• 

in the photocatalytic degradation of MO under our experimental conditions. 

The % degradation of MO decreased from 92% to 70% in the presence of p-

benzoquinone suggesting that O2
-•
 play lesser role in the photodegradation of MO. We 

used t-butyl alcohol (0.065 mL) to scavenge OH
•
. A small decrease of 5% in the 

photodegradation of MO suggests that OH
• 
species play a very little role in the overall 

degradation in our experiments. 
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Figure 6: Photocatalytic degradation of MO over the CuO/Ag/AgCl/TiO2 in the presence 

of scavengers. 

The photocatalytic action of the CuO/Ag/AgCl/TiO2 can be understood by the suggested 

mechanism in Figure 7. This mechanism is similar to the Ag/AgCl/TiO2 mechanism 

proposed by Yu et al.
17

 Under visible light irradiation, electron-hole pairs are formed in 

Ag NPs due to SPR. The excited electrons from Ag NPs can be injected into TiO2 CB. 

The electrons in TiO2 CB can readily react with O2 which can lead the formation of 

reactive O2
-•
 species. The photoexcited electrons from Ag NPs can inject into the TiO2 

CB due to Schottky barrier formed at the Ag/TiO2 interface
48

. The Schottky barrier is 

formed due to the larger work function of Ag and the electric field in the space-charge 

layer could promote the injection of electrons form Ag surface to TiO2 CB.  On the other 

Page 21 of 30 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



hand, holes from Ag NPs react with Cl
-
 to form Cl° atoms

18
 which are also very reactive 

species for the degradation of organic pollutants.  

Ag NPs can also cause the direct transfer of plasmonic energy into TiO2 which can lead 

to formation of electron-hole pairs in TiO2
33

. This can result in formation of more 

electron-hole pairs. The electrons would react with the O2 as proposed above, however, 

holes in this case can directly oxidize the pollutant molecule. CuO was found to highly 

enhance the photocatalytic degradation of MO and phenol (Figure 4a and c). As already 

mentioned, CuO can act as a co-catalyst
32

. As a co-catalyst, CuO enhances the 

photocatalytic activity of Ag/AgCl/TiO2 by a two way action: (i) by absorbing the 

photoexcited electrons, thus acting as sink for electrons, which suppresses the 

recombination of electrons and holes. The photoexcited electrons can be absorbed from 

the conduction band of TiO2 as well as they can be directly transferred from the valance 

band of TiO2 by IFCT. As a result of this, more holes are available for the generation of 

OH
•
 radicals, hence enhanced photocatalytic degradation is achieved, (ii) electrons 

absorbed by CuO are transferred to O2 which results in the formation of O2
-• 

species, as 

depicted in Figure 7.  
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Figure 7: Schematic representation of the photocatalytic degradation of MO by 

CuO/Ag/AgCl/TiO2. 

4 Conclusions 

In summary, the plasmonic catalyst CuO/Ag/AgCl/TiO2 was fabricated via a reverse 

microemulsion synthesis. Role of CuO as a co-catalyst for Ag/AgCl/TiO2 was studied. 

The photocatalytic degradation of MO and phenol under visible light was studied to 

evaluate the photocatalytic activity. SPR of Ag NPs was found to be the reason for the 

photocatalytic activity of the catalyst under visible light irradiation. AgCl proved to be 

vital to better utilize the SPR of Ag NPs. CuO is suggested to act as a sink for 
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photogenerated electrons which enhanced the photodegradation of MO and phenol by 

suppressing the charge recombination and also generating of O2
-•
 species at the same time. 

The photocatalyst was found stable and easy to separate after photocatalysis. The use of 

CuO as a co-catalyst can be extended to the existing plasmon based TiO2 photocatalysts 

to further enhance their activity. 
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