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ABSTRACT

The fast recombination of photo-generated conduction band electrons (ecb
- ) and

valance band holes (hvb
? ) of TiO2 results in an unsatisfactory photocatalytic

performance for organic degradation. To increase the efficiency of charge sep-

aration, TiO2 was modified by Cu–Ce co-doping considering the better redox

properties of copper–ceria oxide with respect to the single oxide, i.e., an easier

electron capturing ability. An optimal Cu–Ce co-doped TiO2 with the initial

molar ratio of Cu/Ce at 3:1 was prepared by a hydrothermal method with the

aim to greatly promote the charge separation, and characterized by XRD, BET,

DRS, PL, HR-TEM, and XPS techniques. Upon ultraviolet light irradiation, it

exhibits significantly enhanced photocatalytic activity, about 5.8 times that of

Ti–HF. The presence of Cu2? and Ce3?/Ce4? benefits electrons captured by

molecular oxygen, while an increased hydroxyl groups upon Cu–Ce co-doping

consume more holes, resulting in prolonged lifetime of photo-generated carri-

ers. Moreover, it is proved that electron transfers preferably from conduction

band (CB) of TiO2 to CB of CuO and then to nearby CeO2.

Introduction

Semiconductor photocatalysts have gained signifi-

cant attention and much research fascination due to

their promising applications in converting solar

energy into chemical energy and removing organic

pollutants from water [1–5]. Among various metal

oxide semiconductor materials, TiO2 has received

considerable interest because of its favorable physi-

cal/chemical properties, high stability, low cost, and

nontoxicity [6, 7]. However, the fast recombination of

photo-generated conduction band electrons (ecb
- ) and

valance band holes (hvb
? ) of TiO2 results in an unsat-

isfactory photocatalytic performance for organic

degradation.

To increase the efficiency of charge separation, one

of the strategies is to dope metal ions, which can trap

electrons and thus free up the excited holes. Noble

metal nanoparticles (e.g., Au, Ag, and Pt) [8] were

used to quickly capture electrons from photoexcited

TiO2 but with high cost. Hence, surface modification

of TiO2 with transition metal ions has been
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employed, such as Cu2? [9, 10], which promotes the

multielectron reduction reaction of oxygen.

On the other hand, enriching the dissolved O2 onto

the oxide surface from aqueous solution ensures the

subsequent surface catalytic reaction for molecular

oxygen activation and thus high quantum efficiency

[11]. Recently, it is proved that ceria used commonly

as oxygen storage material in the automotive exhaust

purification is also a good oxygen promoter of TiO2

photocatalysis [12].

Considering the better redox properties of copper–

ceria oxide with respect to the single oxide [13], i.e., an

easier electron capturing ability, we synthesized cou-

pled Cu–Ce–Ti oxide using hydrothermalmethod and

investigated its photocatalytic degradation perfor-

mance. In that case, photoexcited electrons will be

more easily trapped byCu sites and then transferred to

activated oxygen species on Ce sites nearby, resulting

in a prolonged charge separation time and thus an

effective surface reaction. Since the band edges of TiO2

bracket those of CuO, the doping amount of copper–

ceria oxide should be appropriate,whichwas fixed at 3

wt% in the form of CuO and CeO2 related to TiO2 in

this study. Otherwise, photoexcited charge carriers in

TiO2may transfer to and ultimately recombine in CuO

[14] or a shielding effect may happen. The present

work demonstrates that rational design and construc-

tion ofCu–Ce co-dopedTiO2 is an effective strategy for

modifying TiO2 in photocatalytic performances.

Experimental

Hydrothermal synthesis of Cu–Ce–Ti mixed
oxides

In a typical synthesis, 5 mL of Ti(OBu)4 was mixed with

20 mL of absolute ethanol and 0.6 mL of 40 %HF under

vigorous stirring. Then, required amounts of Cu(NO3)2-
3H2O and Ce(NO3)3�6H2O were added to the above

solution.After continuously stirring for 3 h, the resulting

solution is transferred to a Teflon lined stainless-steel

autoclave and then kept at 160 �C for 24 h. When the

autoclave was cooled to room temperature, the precipi-

tate was centrifuged, thoroughly washed with absolute

ethanol, and subsequently dried at 70 �C in vacuum

overnight. For convenience, the obtained powders are

denoted as xCuyCe–Ti–HF, Cu–Ti–HF, and Ce–Ti–HF,

respectively, where xCuyCe represents the initial molar

ratio of Cu to Ce at 1:3, 1:1, and 3:1 during preparation

processes. The actual weight ratios of Cu and Ce ele-

ments in xCuyCe–Ti–HF were analyzed by inductively

coupled plasma (ICP) performed on a JY Ultima2 spec-

trometer and listed in Table 1. For comparison, a similar

process was adopted to synthesize Ti–HF and Ti–H2O

without adding copper and cerium resources, and Ti–

H2O means the substitution of HF with 0.6 mL of H2O.

Photocatalytic evaluation

The photocatalytic activity of the samples was evalu-

atedbymonitoring thedecompositionofmethyl orange

(MO) under ultraviolet (UV) light at room temperature.

The radiationsourceused for this studywasUV-C lamp

from Philips (Model TUV PL-S 9W/2P 1CT), and the

intensity of the incident light was 10 mW/cm2. Each

prepared sample (15 mg) was suspended in 150 mL

MO aqueous solution with a concentration of 9.8 mg

L-1 in a beaker. The suspension was magnetically stir-

red for 0.5 h to reach absorption equilibriumbeforeUV-

light exposure.After the start of photocatalytic reaction,

sampleswere taken at regular time and the supernatant

MO dye concentration was measured at the maximum

absorption wavelength (464 nm).

Table 1 Textural properties and the values of Cu2?/Cu1?, OII/OI of TiO2-based samples

Sample Weigh ratio of the elementsa (%) SBET
b

(m2/g)

Pore volumeb

(cm3/g)

Average pore

diameterb (nm)

Cu2?/Cu1?c OII/OI
c

Cu Ce

Ti–H2O – – 227 0.13 2.3 – –

Ti–HF – – 161 0.30 7.5 – 0.81

1Cu3Ce–Ti–HF 0.60 3.08 119 0.27 9.1 0.29 1.42

1Cu1Ce–Ti–HF 0.98 2.46 118 0.24 8.3 0.23 1.35

3Cu1Ce–Ti–HF 1.46 2.35 148 0.37 9.9 0.59 2.54

a Deduced from ICP analysis
b Deduced from N2 adsorption–desorption curves
c Deduced from XPS analysis
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Characterization

X-ray diffraction (XRD) patterns were collected on a

MiniFlex600, and the accelerating voltage and the

applied current were 40 kV and 40 mA, respectively.

The specific surface area, total pore volume, and

average pore radius were measured by N2

physisorption at -196 �C (BELSORP-mini II instru-

ment). The UV–Vis diffuse reflectance spectra (DRS)

were performed at a Varian Cary 500 apparatus

equipped with an integrating sphere, using BaSO4 as

a reference. Photoluminescence (PL) spectra were

recorded on RF-5301PC spectrophotometer using

room temperature photoluminescence with a 280 nm

excitation wavelength. The microstructures of the

sample were investigated using a high-resolution

transmission electron microscope (JEM-2010) with an

accelerating voltage of 200 kV. X-ray photoelectron

spectroscopy (XPS) measurements were performed

on Physical Electronics Quantum 2000, equipped

with a monochromatic Al-Ka source (Ka = 1486.6 eV)

and a charge neutralizer. The C 1s peak at 284.6 eV of

the adventitious carbon was referenced to rectify the

binding energies.

Results and discussion

Figure 1 shows the XRD diffractograms of the

undoped and Cu–Ce-doped TiO2. For undoped TiO2,

the observed peaks at 2h of 25.3�, 37.8�, 48.0�, 53.8�,
54.9�, and 62.7� are ascribed to the diffraction of the

(101), (004), (200), (105), (211), and (204) crystal planes

of anatase (JCPDS 21-1272). The characteristic peaks

in Ti–HF are more intense than those in Ti–H2O,

indicating HF is favorable to the TiO2 crystallization.

Moreover, the weak (004) diffraction peak in Ti–HF

excludes the morphology-controlling role of HF in

favoring the formation of (001) plane in our work

[15]. After doping Cu–Ce oxides, the anatase crys-

tallization is further enhanced (see the inset of Fig. 1)

and no diffraction peaks about Cu or Ce species can

be detected due to their small content below the

detection limit of XRD. Furthermore, the weak

diffraction peak at 2h of 27.5� indexed to rutile (110)

crystalline plane is found.

The specific surface area, pore volume, and aver-

age pore diameter are summarized in Table 1. The

specific surface area of Ti–HF and Ti–H2O is 161 and

227 m2/g, respectively. A drop in SBET is observed

over Cu–Ce-modified TiO2. 3Cu1Ce–Ti–HF exhibits

an apparent larger surface area than 1Cu3Ce–Ti–HF

and 1Cu1Ce–Ti–HF, coinciding with the crystalliza-

tion degree as indicated in the above XRD analysis.

Photocatalytic performance was evaluated for

degrading aqueous solution of MO under UV irra-

diation. As seen in Fig. 2A, Ti–H2O with the largest

surface area shows the lowest UV-light photoactivity.

This should be related to its poor anatase crystallinity

accelerating charge recombination. Mono-doping

samples exhibit inferior performance than co-doping

samples, indicating a synergistic effect between Cu

and Ce species. Especially, 3Cu1Ce–Ti–HF shows the

best degradation efficiency, about 5.8 times that of Ti–

HF calculated from the kinetic constants (Fig. 2B).

The kinetic linear simulation curves over the five

catalysts show that the degradation reactions follow a

Langmuir–Hinshelwood apparent first-order kinetic

model. Combined with XRD results, it is concluded

that the enhanced degree of anatase crystallization is

one factor improving photoactivity for 3Cu1Ce–Ti–

HF with respect to Ti–HF.

The optical properties of TiO2-based samples were

examined using UV–Vis spectroscopy, which are

illustrated in Fig. 3A. Ti–H2O and Ti–HF present

typical UV–Vis diffuse reflectance spectra of anatase

with a cut-off wavelength at *400 nm, correspond-

ing to its band gap of ca. 3.2 eV. In the presence of

Cu–Ce oxide, no obvious red shift for the cut-off

wavelength can be observed, suggesting that Cu–Ce

co-doping does not alter the band gap of TiO2.

However, the intensity of absorption in the

Figure 1 XRD patterns of a Ti–H2O, b Ti–HF, c 1Cu3Ce–Ti–HF,

d 1Cu1Ce–Ti–HF, and e 3Cu1Ce–Ti–HF.
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200–400 nm increases with the raise of Ce component

for Cu–Ce-modified TiO2. The observed enhanced

UV-light absorbance is expected to increase the uti-

lization of UV-light for photocatalytic reaction.

Moreover, we employ photoluminescence spectra

(Fig. 3B) to characterize the recombination probabil-

ity of photoexcited carriers in TiO2-based samples.

A high PL spectra intensity of bare TiO2 shown in

Fig. 3B implies a high recombination tendency of the

photo-generated charged carriers [16], while the

addition of Cu–Ce oxide results in an apparent lower

PL emission peak. Thus, the efficiency of charge

separation in TiO2 has been significantly promoted

by Cu–Ce doping, and a best photocatalytic perfor-

mance is obtained over 3Cu1Ce–Ti–HF. It is specu-

lated that there is a tendency of electron transfer from

the conduction band (CB) of TiO2 to the CB of CuO

rather than Cu2O due to the potential difference

Figure 3 A UV–Vis diffuse

reflectance spetra; B PL

spectra of (a) Ti–H2O, (b) Ti–

HF, (c) 1Cu3Ce–Ti–HF,

(d) 1Cu1Ce–Ti–HF,

(e) 3Cu1Ce–Ti–HF; C HR-

TEM image of 3Cu1Ce–Ti–

HF; and D effects of a series

of scavengers on the

degradation of MO over

3Cu1Ce–Ti–HF.

Figure 2 A Degradation

curves and B kinetic curves of

MO catalyzed by samples:

(a) Ti–H2O, (b) Ti–HF,

(c) 1Cu3Ce–Ti–HF,

(d) 1Cu1Ce–Ti–HF,

(e) 3Cu1Ce–Ti–HF, (f) Cu–Ti–

HF, (g) Ce–Ti–HF.
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[14, 17], and then to CeO2 nearby that adsorbs O2

from aqueous solution, consequently ensuring effec-

tive electron transfer and surface oxygen activation.

The successful construction of 3Cu1Ce–Ti–HF is

further demonstrated by the HR-TEM images in

Fig. 3C. The lattice d-spacing of observed particles

are measured to be 0.353, 0.234, and 0.316 nm,

matching with the lattice spacing of TiO2 (101), CuO

(111), and CeO2 (111), respectively.

The main reactive species that trigger the oxidation

are disclosed by adding scavengers of KBrO3, ammo-

nium oxalate (AO), benzoquinone (BQ), and iso-

propanol (IPA), which are used to quench CB

electrons, h?, �O2
-, and �OH, respectively. As shown in

Fig. 3D, after addingAOand IPA, a bitmoredecreased

efficiency is found for AO, indicating �OH is one main

reactive species since �OH can be converted from h?. If

h? is themain reactive species, the addition of IPAwill

show little suppression effect. However, KBrO3 scav-

enger shows a positive effect on the photocatalytic

oxidation of MO, indicating e- is not involved in the

phototransformation of MO. As for BQ scavenger, it

shows an obvious suppression effect, demonstrating

�O2
- is another main reactive species.

To verify the assumption of the electron transfer

pathway, XPS studies are conducted and XPS spectra

of Ti 2p, O 1s, Cu 2p3/2, and Ce 3d core level profiles

are shown in parts a–d of Fig. 4. The Ti 2p3/2 and Ti

2p1/2 are located near binding energies of 458.9 and

464.7 eV, respectively, agreeing with the values of

Ti4? in the TiO2 lattice [18]. After adding Cu–Ce

oxide, the Ti 2p3/2 and Ti 2p1/2 binding energy values

are slightly shifted to higher binding energy regions,

implying the formation of Ti–O–Cu bonds based on

the changes in electron densities [19]. That is, the

increasing binding energies of Ti 2p could be

explained by considering the electrons transfer from

TiO2 to Cu species.

The O 1s peak at 530.0 eV (denoted as OI) could be

attributed to lattice oxygen of TiO2, while the peak at

Figure 4 XPS of samples:

A Ti 2p, B O 1s, C Cu 2p3/2,

and D Ce 3d.
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530.6 eV (denoted as OII) is ascribed to adsorbed

OH- on the surface of TiO2 [20]. As listed in Table 1,

the amount of hydroxyl groups is in the following

order: 3Cu1Ce–Ti–HF[ 1Cu3Ce–Ti–HF[ 1Cu1Ce–

Ti–HF. It is considered that the hydroxyl radicals can

be formed by the reaction of photo-generated holes

with the hydroxyl groups, thus consuming photoex-

cited holes and promoting charge separation. Cu 2p3/

2 characteristic peaks for Cu? and Cu2? appear at

932.6 and 933.6 eV, respectively [21]. Meanwhile,

there is no evident satellite at 940–950 eV belonging

to Cu2? probably due to the low content of Cu ele-

ment [14]. According to Table 1, the content of Cu2?

is calculated to be the highest for 3Cu1Ce–Ti–HF,

agreeing well with its best performance and rein-

forcing the idea of the electron transfer pathway from

the conduction CB of TiO2 to the CB of CuO.

Regarding Ce 3d, due to the low content of Ce and

self-complicated cures of Ce 3d, the spectra are not

fitted and the binding energies of Ce 3d3/2 peak at

917.5 eV and Ce 3d5/2 peak at 885.2 eV are distin-

guished as a judge for the existence of Ce4? and Ce3?,

respectively [22]. The redox pair of cerium could not

only act as electron scavenger but also increase oxy-

gen reserve, which retards the recombination of

electron–hole pair and greatly promotes the catalytic

oxidation activity.

Conclusion

Cu–Ce-modified TiO2 were synthesized through a

hydrothermal method, which shows better anatase

crystallization than Ti–HF. A decreased surface area

is found over Cu–Ce co-doped TiO2. Cu–Ce co-dop-

ing influences the band gap little, but greatly pro-

motes lifetime of photo-generated carriers. As a

result, Cu–Ce co-doped TiO2 exhibits higher degra-

dation efficiency than bare TiO2, and 3Cu1Ce–Ti–HF

possesses the best performance. Moreover, it is pro-

posed that the higher content of Cu2? and existence

of Ce4?/Ce3? benefits the electron transfer and

accelerates electron capture on surface molecular

oxygen. HR-TEM provides a visual existence of Ti–

Cu–Ce construction, while XPS indicates the forma-

tion of Ti–O–Cu bonds. Additionally, Cu–Ce co-

doping results in more hydroxyl groups which can be

attacked by photoinduced holes. All in all, the charge

separation in TiO2 can be promoted by the synergistic

effects of Cu and Ce co-doping.
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