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Abstract 

In the present work, a series of Cu/TiO2 catalysts were successfully synthesized by using 

pulsed direct current (DC) reactive magnetron sputtering of Cu targets under Ar atmosphere onto 

various TiO2 supports. The physiochemical properties of the catalysts were characterized by 

using inductive coupled plasma spectroscopy (ICP), X-ray diffraction (XRD), UV-Vis 

spectroscopy, N2 physisorption, transmission electron microscopy (TEM), PL spectroscopy, and 

X-ray photoelectron spectroscopy (XPS). The photocatalytic activities of all the catalysts were 

studied via the photocatalytic reduction of CO2 and H2O to CH4 under UV light irradiation. The 

Cu/TiO2 catalysts exhibited higher photocatalytic activity than the uncoated TiO2 supports and 

the ones made using an impregnation technique. The electron trapping of copper species, which 

prolonged the electron-hole recombination process, promoted photocatalytic activity of the Cu-

doped catalysts. Moreover, the specific morphologies of the Cu species deposited on TiO2 

supports and the smaller change of bandgap energy of the sputter coated catalysts also resulted 

in an improvement of photocatalytic activity under UV light irradiation.   
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1. Introduction 

Presently, climate change and global warming are among the most serious environmental 

issues. The increase of atmospheric greenhouse gas concentration is widely considered as the 

main driving factor. Emission of CO2 has the greatest impact on global warming, due to its 

relatively high emission to the atmosphere compared to other greenhouse gases [1, 2] . The main 

contributors of CO2 emission are from power production, combustion of industrial fuels, 

construction, agriculture, and transportation. The solution to the problems is to reduce the release 

of CO2 gas into the atmosphere or to convert it into other usable products. CO2 can be used to 

generate valuable products, including methane, polycarbonate, methanol, acetic acid, 

formaldehyde, etc. [3-5] .  

 Photocatalytic reduction of CO2 is an interesting process to convert CO2 to various 

products such as carbon monoxide (CO) [6], methane (CH4) [7], methanol (CH3OH) [8], formic 

acid (HCOOH) [9], and formaldehyde (HCHO) [10]. With this technology, CO2 is reduced with 

water as a reducing agent with UV light irradiation at room temperature and atmospheric pressure 

[11]. This process is relatively low cost, environmental friendly, and does not require thermal 

energy. Many photocatalysts have been attentively studied in this reaction [12]. Among those, 

TiO2 is used most extensively due to its high stability, high photosensitivity, non-toxic nature, 

wide availability, and low cost [13]. However, TiO2 has a high electron-hole pair recombination 

rates and weak CO2 adsorption, which leads to low photocatalytic activity[14].  

In order to improve the efficiency of TiO2 in photocatalytic CO2 reduction, it is necessary 

to increase the lifetime of the photogenerated electrons and holes via effective charge carrier 

separation and retardation of electron-hole recombination rate [15]. To accomplish this goal, 
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many methods have been proposed. It is well known that the structure and morphology of 

photocatalysts materials are critical to their photocatalytic performances [16-19]. Therefore, the 

effect of morphologies on the photocatalysts materials has been extensively studied.   Doping 

TiO2 with many kinds of metal/non-metal such as Cu[20], Pt[21], Au[22], Ag[23], and B[24] 

can also improve the photocatalytic efficiency of TiO2. In a number of previous studies, 

deposition of Cu nanoparticles onto TiO2 surface has been found to improve the photocatalytic 

efficiency of TiO2 by altering the bandgap and preventing the recombination of photogenerated 

electron-hole pairs, which showed effectiveness in CO2 photoreduction [25]. Besides, Cu 

nanoparticles were selected due to their high yield of methane formation [7, 26]. 

 In general, the preparation of metal doped TiO2 catalysts is mostly done by conventional 

impregnation method, which usually requires a metal precursor solution and heat treatment, 

which generates waste. Reactive magnetron sputtering is a commercial process to prepare a thin 

film product for various applications ranging from solar glazing products to micro-electronic 

coatings, from tool protecting layers to packaging coatings [27]. Applying this method to prepare 

powder products can offer a new direct metal deposition method on a powder support, which can 

be carried out in a one-step process without generation of waste [28].  

In this work, we present the results of the deposition of Cu clusters on various TiO2 

supports by using the pulsed magnetron sputtering technique and compare these samples with 

the ones prepared by a conventional impregnation method. The physiochemical properties of the 

obtained-catalysts were characterized and their photocatalytic properties were tested in the 

photocatalytic reduction of CO2 and H2O to CH4. 

2. Experimental  
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2.1 Catalytic preparation  

 The Cu/TiO2 catalysts were prepared by using the pulsed magnetron sputtering method 

to deposit Cu on various TiO2 supports. Three types of TiO2 including P25, pure anatase TiO2 

and pure rutile TiO2 were used as the catalyst supports. 2 g of each TiO2 support was loaded in 

the sputtering chamber. The TiO2 powder was placed in an oscillating bowl positioned directly 

underneath the 75 mm diameter Cu sputtering target. The oscillator caused the powder particles 

to move around the bowl during the deposition process and, therefore, resulted in a uniform 

coating on the substrate. The synthesis conditions including power; 200W and pulse frequency 

(F); 200 kHz were used. The pulsed magnetron sputtering of the Cu target was done in an argon 

atmosphere at 2 Pa. The sputtering time was varied at 2.5, 5, and 7.5 min. 

 For comparison purposes, Cu/ TiO2 catalysts were also prepared by the conventional 

incipient wetness impregnation method. Approximately 2 g of TiO2 was doped with an aqueous 

solution of copper (II)  nitrate trihydrate (Cu(NO3)2·3H2O) .  The metal precursor solution was 

slowly dropped onto the TiO2 supports to obtain the desired content. The obtained sample was 

dried in an oven at 110°C overnight and then calcined in a box furnace at 400°C under an air 

flow with a heating rate 10°C/min and held at that temperature for 2 h. 

 

 

 

2.2 Catalyst characterization  

 The crystal structures of catalyst particles were examined by powder X-ray diffraction 

(XRD) using a SIEMENS XRD D5000 X-ray diffractometer with CuKα radiation.  The scans 
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were recorded over a range of 2θ angles from 10o to 80o.  The average crystallite size of the 

catalysts was calculated from line broadening according to Scherrer’s equation. The amount of 

Cu loading in catalysts were measured by Inductively Coupled Plasma- Optical Emission 

Spectroscopy ( ICP- OES)  using Perkin Elmer Optima 7000DV.  The BET surface area was 

obtained from the nitrogen adsorption isotherm at 77 K using a BEL-SORP automated system. 

The band gap energy of catalysts was determined by UV-Vis spectrometer using LAMDA 650 

UV/Vis spectrophotometer to study in electronic properties. The morphologies of the Cu/TiO2 

catalysts were determined by transmission electron microscope ( TEM)  using a JEOL- JEM 

2010 transmission electron microscope using energy- dispersive X- ray detector operated at 

200kV.  The surface properties was determined by using X- ray photoelectron spectroscopy 

( XPS)  using ANICUS photoelectron spectrometer equipped with a Mg Kα that X- ray as a 

primary excitation and a KRATOS VISION 2 software. The photoluminescence spectroscopy 

( PL)  was examined using Fluromax® by Horiba and using Xenon lamp source excitation at 

320 nm.  The thermogravimetric analysis was examined with air by using SDT Q600 V8. 3 

Build 101.   

 

2.3 Photocatalytic reaction  

 The photocatalytic reductions of CO2 with water were carried out in a photoreactor 

system. Six UV-light bulbs were installed around a cylindrical quartz reactor. 0.5 g of catalyst 

was dispersed into a stirred slurry reactor (SSR), which contained 150 mL of deionized water.  

Prior to the reaction test, compressed CO2 (>99.99 %) was flowed into the system from an inlet 
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tube in the cylindrical quartz reactor with a flow rate of 100 ml/ min using a mass flow 

controller for 30 min.  to eliminate other gases and saturate the solution.  During the reaction, 

the reactor is closed and a magnetic stirrer agitated the catalyst-suspended solution throughout 

the experiment.  The photocatalytic reaction was started by turned on the UV light, and 

irradiation was continued for 6 h.  The resultant gas samples were analyzed using a two GC-

14B ( Shimadzu)  gas chromatographs equipped with a flame ionization detector ( FID)  and 

thermal conductivity detector for hydrocarbon and other gases analysis.  The photocatalytic 

reaction was performed for 2 h and the methane production yield can be calculated according 

to the following equation: 

𝐶𝐻4 production yield =   
Total amount of CH4 evolved per g of catalyst (μmol. gcat−1) 

Reaction time (h)
 

The quantum efficiencies of the photocatalysts were measured under the same photocatalytic 

reaction conditions. The light intensity was estimated using a research radiometer (MODE 

IL-1700). The QE for CO2 reduction to CH4 was calculated using the following equation:  

QE (%) =
number of reacted electrons

number of incident photons
× 100 

QE (%) =
8 x number of evolved CH4 molecules

number of incident photons
× 100 
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3. Results and discussion  

3.1 Characterization of the sputtered Cu/TiO2 catalysts 

The XRD patterns of all the sputtered- and the impregnation-made catalysts are shown 

in Figure 1 .  Both sputtered-  and impregnation-made Cu deposited on P25 and anatase TiO2 

catalysts exhibited the main characteristic peaks of the anatase phase located at 2 θ = 2 5 . 3 

(101), 37.8 (004), 48.0 (200), 54.5, (105 and 211), and 62.8 (213). The additional peaks of the 

rutile phase were only observed for Cu supported on P25 catalysts at 2θ degrees = 27.5 (110). 

In the case of Cu deposited on rutile TiO2, only the characteristic peaks of the rutile phase were 

observed.  There were no additional peaks corresponding to Cu/ CuO phases in all the 

sputterred-  and impregnation- made catalysts.  This is probably due to the low amount of Cu 

loading and/or high dispersion of Cu/CuO on the TiO2 supports. The physical properties such 

as crystallite size, BET surface area and band gap energy of all the catalysts are summarized 

in Table 1.  It can be seen that deposition of Cu by both methods did not affect the crystal 

structure, crystallite size, and BET surface area of the Cu/TiO2 catalyst even after prolonging 

the sputtering time or increasing of Cu loading content. 

The actual amount of Cu loading of all the sputtered-catalysts were measured by using 

ICP technique.  A Plot showing the relationship between %Cu loading content and sputtering 

time is shown in Figure 2.  The Cu contents increased linearly with sputtering time, due to the 

constant flux of Cu atoms deposited on the supports.  The amount of Cu increased in the order 

of P25 > rutile > anatase.  The differences in Cu loadings could be attributed to the different 

powder distribution patterns in the oscillating bowl. In order to compare the Cu/TiO2 catalysts 
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prepared by different methods, the catalysts with similar % Cu loading content were also 

prepared by impregnation and the ICP results are summarized in Table 1. 

The UV-Vis absorption spectra of the sputtered catalysts are shown in Figure 3. Typical 

absorption spectra of Cu modified TiO2 materials consisted of three main characteristic bands, 

including the sharp absorption band at wavelengths less than 400 nm, which were attributed to 

the band structure of the original TiO2, the absorption band at wavelengths of 700– 800 nm, 

due to the Cu d- d transition, and an absorption tail in the 400– 500 nm region, which was 

attributed to the interfacial charge transfer ( IFCT)  phenomenon between TiO2 valence band 

electrons and Cu(II)  species.  The impregnation-made catalysts exhibited all three adsorption 

bands and the peak intensity increased with increasing of Cu loading content, indicating the 

formation of Cu nanoparticles and the interaction between Cu (II) species and the TiO2 support. 

On the other hand, the sputtered catalysts exhibited typical adsorption bands of the TiO2 and 

Cu nanoparticles but the absorption tail between 400 and 500 nm related to IFCT was absent 

or much less apparent.  

The band gap energy of all the Cu/ TiO2 samples were determined from the 

extrapolation of Tauc plots of ( hvα) 1/ 2 as a function of photon energy ( hv)  and the obtained 

results are shown in Table 1.  For the impregnation- made catalysts, the band gap of the TiO2 

supports shifted towards longer wavelengths after doping with Cu. However, in the case of the 

sputtered catalysts, only a small shift was observed.   This indicates that there was less 

interaction between the Cu and the TiO2 supports when prepared by the sputtering method. The 

differences in the interaction between the sputtered coating and the support could be attributed 

to the different temperatures used in the deposition process.  In the impregnation process, the 
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catalysts were subjected to heat treatment at 400oC in order to decompose the Cu precursors 

and form CuO, while the sputtering process can be done at room temperature in vacuum. As a 

consequence, the main structural characteristics of the supporting powder remained unaltered. 

The morphology of all the Cu/TiO2 catalysts was determined by transmission electron 

microscopy.  Typical TEM images of the Cu/ TiO2 catalysts are presented in Figure 4.  The 

catalysts made via the sputtering process exhibited an irregular shape with well- dispersed Cu 

particles of a size around 2 to 6 nm. The irregular metal particles were the specific structure of 

the deposited metal prepared by using the pulsed magnetron sputtering process [29-31] whereas 

the impregnation- made catalysts exhibited spherical Cu clusters deposited on the TiO2 

supports.  

Photoluminescence spectroscopy is used to investigate the efficiency of charge carrier 

trapping, immigration and transfer in a photocatalysts.  Figure 5 shows the PL spectra of all 

Cu/TiO2 catalysts. There are many PL peaks can be detected in the visible region. The peak at 

436 nm corresponded to the self-trapped electron localized on TiO6[32] and the peaks at 469, 

484, 492 nm corresponded to the oxygen vacancies with two trapped electrons on TiO2 

surface[33, 34]. From our results, the PL spectra decreased as the Cu loading content increased 

for both preparation methods except for the impregnation- made Cu supported on rutile TiO2 

support in which doping with Cu resulted in an increase of PL signal ( except IM2- Rut) .  PL 

spectroscopy measures the energy release during the electron- hole recombination process, 

therefore decrease of photoluminescence energy suggests the reduction of recombination rate. 

Decreasing of the PL signal after doping with Cu was attributed to the trapping of photoelectron 
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from the conduction band of TiO2 by Cu2+ , which could slow down the electron- hole 

recombination process. 

XPS was used to investigate the surface properties of each element in the obtained 

Cu/ TiO2 catalysts.  The XPS spectra of Ti 2p, O 1s and Cu 2p of all Cu/ TiO2 catalysts are 

shown in Figure 6.  Generally, the binding energies corresponding to Ti 2p1/ 2 and Ti 2p3/ 2 in 

pure TiO2 were located at around 465 and 459 eV, respectively.  These peaks corresponded to 

the Ti4+ valence state on lattice oxygen[35-37] .  The two shoulder peaks centered at 463 and 

457. 3 eV could be assigned to Ti2O3 corresponding with Ti3 +  valence state[ 38, 39] .  The 

characteristic peaks of Ti 2p did not change after addition of copper by both preparation 

methods. Figure 6b shows the XPS spectra of the O 1s for the Cu/TiO2 catalysts. Both catalysts 

showed main peaks and a shoulder centered at 530.7 and 532 eV, which were assigned to lattice 

oxide ions in TiO2 and the hydroxyl groups on the TiO2 surface, respectively[ 40] .  The 

characteristic peaks of Cu 2p3/ 2 and Cu 2p1/ 2 peaks of the prepared catalysts by both methods 

were located around 933.6-934.2 eV and 953.1-954.9 eV, respectively. The satellite peak also 

presented at 944 eV. These peaks were consistent with those of the Cu2+ cations[41]. A small 

shift to higher binding energies ( 1 eV)  was observed from impregnation- made catalyst, 

suggesting the different interaction between Cu and TiO2 support. 

 

3.2 Photocatalytic activity 

The photocatalytic activity of all the Cu/ TiO2 catalysts were evaluated by the 

photocatalytic reduction of CO2 in water at ambient temperature under UV- light irradiation. 
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The control experiment showed that there were no hydrocarbon products in the absence of 

photocatalysts or UV light irradiation.  This suggests that the hydrocarbon product can be 

produced only by photocatalytic reaction using photocatalysts.  From our test results, methane 

was the main product obtained from all the Cu/TiO2 catalysts. Figure 7 shows the graph of the 

CH4 production yield of all the samples. Among the three TiO2 supports, rutile TiO2 exhibited 

the highest CH4 production yield.  Deposition of Cu by magnetron sputtering on the TiO2 

support increased the CH4 production yield. Loading small amounts of Cu by the impregnation 

method also improved the CH4 production yield, however, further increase of Cu doping 

content, the CH4 production yield for all the TiO2 supports decreased.  Quantum efficiency of 

the photocatalytic CO2 reduction of all catalysts have also been calculated and reported in Table 

2. The % quantum efficiency was calculated to be in the range of 0.08 to 0.74%.  

Improvement of the photocatalytic efficiency of TiO2 after Cu deposition can be 

explained by the reduction of the probability of photoexcited e- and hole h+ recombination due 

to the electron trapping of Cu clusters.  However, in the case of impregnation- made catalysts, 

increasing the Cu loading content also reduced band gap energy, which made energy level 

between the conduction and valence bands became narrower and promoted the electron hole 

recombination.  Whilst, in the case of sputtered catalysts, the band gap energy did not change 

much, therefore, it was beneficial for the trapping process without the penalty from narrowing 

the band gap.  Moreover, increasing of Cu loading on TiO2 surface also resulted in the coverage 

of Cu species on TiO2 surface, which could block the light on TiO2 surface.    

 In order to investigate the stability and the recyclability of the prepared catalysts, the 

photocatalytic CO2 reduction performances of the Cu deposited on P25-TiO2 catalysts prepared 

by both methods were determined repeatedly for three consecutive batches. The used catalysts 
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were recovered by using centrifugal and filtration from the obtained reaction mixture and then 

were re-used.  Figure 8 shows the plot of CH4 production yield obtained from various cycles. 

The CH4 production yield was found to be quite stable with negligible loss ( less than 15% ) . 

Such results suggest that the prepared Cu/ TiO2 catalyst can be reused for a long- term 

application. 

 

Conclusions 

Reactive magnetron sputtering was used to deposit Cu clusters on various TiO2 

supports. The Cu loading content increased linearly with increasing sputtering time due to the 

constant Cu flux in the sputtering process.  Irregular shaped Cu clusters were observed on the 

catalysts produced by sputtering, whereas spherical clusters were mainly obtained by 

impregnation.  The UV- Vis spectra results revealed that increasing the Cu deposition content 

by magnetron sputtering slightly decreased the band gap energy whereas impregnation method 

led to a significant change in the band gap energy due to the different interactions between the 

Cu species and the TiO2 supports.  The sputtered Cu/ TiO2 catalysts exhibited higher 

photocatalytic activity than the undoped TiO2 supports and the impregnation-made ones. The 

electron trapping of copper species, which prolonged the electron-hole recombination process, 

promoted photocatalytic activity of the Cu-doped catalysts with a little change in the band gap 

energy.   
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Table 1 Summary of the characteristic properties of Cu/TiO2 catalysts 

Catalyst 

aCrystallite size (nm) bSurface area  cband gap energy  dWt% of 

Cu Anatase Rutile (m2/g)  (eV) 

P25-TiO2 20 23 54 3.21 - 

SP1-P25 19 25 53 3.09 0.73 

SP2-P25 18 24 54 3.04 1.44 

SP3-P25 19 23 54 3.01 2.21 

IM1-P25 18 22 51 2.96 0.68 

IM2-P25 18 22 52 2.55 1.57 

IM3-P25 17 21 52 2.53 2.47 

Ana-TiO2 20 - 111 3.23 - 

SP1-Ana 18 - 110 3.21 0.33 

SP2-Ana 20 - 110 3.2 0.65 

SP3-Ana 19 - 106 3.16 1.18 

IM1-Ana 17 - 80 3.14 0.34 

IM2-Ana 19 - 81 3.01 0.70 

IM3-Ana 18 - 79 2.83 1.40 

Rut-TiO2 - 23 171 3.17 - 

SP1-Rut - 21 169 3.14 0.52 

SP2-Rut - 17 170 3.09 1.18 

SP3-Rut - 15 169 3.06 1.91 

IM1-Rut - 19 144 2.83 0.57 

IM2-Rut - 20 143 2.75 1.23 

IM3-Rut - 18 142 2.68 2.11 

a Average crystalline size was determined by XRD using Scherrer equation. 

b The BET surface area was determined by single point BET method. 

c band gap energy was calculated by UV-visible absorption spectra.                                                
dWeight percent was determined by ICP. 
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Table 2 CH4 production yield after 6 h of irradiation and formal % quantum efficiency (Q.E.) 

of all catalysts 

Catalyst CH4 yields (mole.gcat.h-1) Q.E. (%) 

P25-TiO2 0.27 0.08 

SP1-P25 1.25 0.39 

SP2-P25 1.15 0.36 

SP3-P25 1.86 0.59 

IM1-P25 0.74 0.23 

IM2-P25 1.45 0.46 

IM3-P25 0.88 0.28 

Ana-TiO2 0.59 0.19 

SP1-Ana 0.87 0.27 

SP2-Ana 0.93 0.29 

SP3-Ana 1.23 0.39 

IM1-Ana 0.51 0.16 

IM2-Ana 1.1 0.35 

IM3-Ana 0.77 0.24 

Rut-TiO2 1.39 0.44 

SP1-Rut 1.76 0.55 

SP2-Rut 1.53 0.48 

SP3-Rut 1.89 0.59 

IM1-Rut 1.09 0.34 

IM2-Rut 2.35 0.74 

IM3-Rut 1.35 0.42 
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Figure 1 XRD patterns of P25, Ana and Rut modified with Cu nanoparticles prepared 

by magnetron sputtering (a,c,e) and incipient wetness impregnation (b,d,f) methods. 
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Figure 2. %Wt. of Cu-adhered onto P25-TiO2, Ana-TiO2, and Rut-TiO2 supports prepared 

magnetron sputtering method. 
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Figure 3. The UV-Vis absorption spectra of P25-TiO2, Ana-TiO2 and Rut-TiO2 modified 

with Cu nanoparticles prepared by magnetron sputtering and incipient wetness impregnation 

methods. 
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Figure 4.TEM images of P25-TiO2, Ana-TiO2 and Rut-TiO2 modified Cu nanoparticles 

prepared by magnetron sputtering method and incipient wetness impregnation. 
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Figure 5. PL spectra of P25-TiO2, Ana-TiO2 and Rut-TiO2 modified Cu nanoparticles 

prepared by magnetron sputtering method and incipient wetness impregnation. 
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Figure 6. XPS spectra of Ti 2p, O 1s and Cu 2p of P25-TiO2, Ana-TiO2 and Rut-TiO2 

modified Cu nanoparticles prepared by magnetron sputtering method and incipient wetness 

impregnation. 
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Figure 7. Comparison of CH4 production yield of P25-TiO2, Ana-TiO2 and Rut-TiO2 

modified with Cu prepared by magnetron sputtering and incipient wetness impregnation 

methods.  
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Figure 8. The catalytic performance of Cu deposited on P25 prepared by magnetron 

sputtering and incipient wetness impregnation methods under UV light irradiated for 6h at 

different cycles 


