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The photo-induced formation of peroxide ions on the surface of cubic Ln2O3 (Ln = Nd, Sm, Gd)

was studied by in situ microprobe Raman spectroscopy using a 325 nm laser as excitation source.

It was found that the Raman bands of peroxide ions at 833–843 cm�1 began to grow at the

expense of the Ln3+–O2� bands at 333–359 cm�1 when the Ln2O3 samples under O2 were

continuously irradiated with a focused 325 nm laser beam at temperatures between 25–150 1C.

The intensity of the peroxide Raman band was found to increase with increasing O2 partial

pressure, whereas no peroxide band was detected on the Ln2O3 under N2 as well as on the

samples first irradiated with laser under Ar or N2 followed by exposure to O2 in the dark.

The experiments using 18O as a tracer further confirmed that the peroxide ions are generated

by a photo-induced reaction between O2 and the lattice oxygen (O2�) species in Ln2O3. Under the

excitation of 325 nm UV light, the transformation of O2 to peroxide ions on the surface of the

above lanthanide sesquioxides can even take place at room temperature. Basicity of the lattice

oxygen species on Ln2O3 also has an impact on the peroxide formation. Higher temperature or

laser irradiation power is required to initiate the reaction between O2 and O2� species of weaker

basicity.

1. Introduction

The selective oxidation process plays an important role in the

modern petrochemical industry.1 Molecular oxygen has the

advantage over other oxidants for the selective oxidation

reaction in that it is inexpensive and environmentally friendly.2

As the energy barrier for electron transfer from the organic

substrate to O2 is usually high for the uncatalyzed oxidation

reaction, the activation of molecular oxygen to form the active

oxygen species is usually required before O2 can participate in

the reaction as oxidizing agent.3,4 Understanding the activated

forms of oxygen species in the reaction as well as the pathways

by which molecular oxygen becomes activated on the catalyst

is therefore of fundamental importance in oxidation catalysis.3–6

Due to their excellent chemical and thermal stabilities and

electronic characteristics, lanthanide oxides have been widely

used as catalysts in the catalytic oxidation of light alkanes such

as oxidative coupling of methane (OCM) and oxidative dehydro-

genation of ethane (ODE).7–14 It is well-documented that

OCM catalysts with stable cationic valence such as La2O3

can only be used in cofeed operation and show practically no

activity with methane in the absence of O2.
14–18 These results

indicated that certain active oxygen species generated by

interaction of molecular oxygen with the oxide catalysts were

required to initiate the reaction. The results of isotopic labeling

experiments suggest that the active oxygen species is formed by

dissociative adsorption of molecular oxygen over the La2O3

surface.19–21 The results of periodic density functional theory

calculations also indicated that surface oxygen species such as

peroxide (O2
2�) ions could be generated by adsorption of O2

molecules at surface oxygen vacancies, followed by dissociative

adsorption of O2 across the closed-shell oxide surface of La2O3

(001).22 A number of spectroscopic investigations have centered

around the nature of the active oxygen species for the OCM

reaction over rare earth oxide catalysts. Mestl et al. reported

the presence of a Raman band characteristic of O2
2� on the

surface of La2O3 catalysts at 700 1C under O2 and CH4/O2/He=

4/1/8 atmospheres.23 Besides, the superoxide O2
� has also

been proposed to be the active oxygen species for the OCM

reaction based on the results of in situ Raman characterization

over rare earth oxide based catalysts under the OCM condition.24
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During a study on the La2O3 under O2 by microprobe laser

Raman spectroscopy, we discovered that the laser not only acts

as an excitation source for Raman scattering but also induced

the formation of lanthanide peroxide linkages (La3+–O2
2�) on

the La2O3 surface.25 This observation indicates that Raman

results may be complicated by an artifact arising from laser

excitation. It also raises questions about the photochemistry of

lanthanide oxide surfaces under oxygen. As a continuation of

the previous research, a more extensive in situRaman investiga-

tion aiming at understanding the mechanistic details of the

photo-induced formation of peroxide ions on the surface of

lanthanide sesquioxides is presented in this paper. Roles of

molecular oxygen and lattice oxygen species of lanthanide

sesquioxide in the peroxide formation were investigated by

performing the experiments under different O2 partial pressures

as well as using 18O as a tracer. The effects of temperature, laser

irradiation power and the basicity of Ln2O3 on the formation of

peroxide ions over three cubic Ln2O3 (Ln = Nd, Sm, Gd)

samples were systematically studied. Based on these results, a

mechanism for the photo-induced formation of peroxide ions

on the surface of lanthanide sesquioxides was proposed. The

thermal stability of the peroxide ions formed on different

lanthanide sesquioxides was also compared.

2. Experimental section

2.1 Sample preparation

Preparation of cubic Nd2O3: Cubic Nd2O3 was prepared form

Nd(OH)3 according to relevant references.26,27 First, a commercial

Nd2O3 (99.99%; Alfa Aesar) sample was treated at 100 1C

for 100 h with a 21% O2/N2 flow containing water vapor

(by bubbling 21% O2/N2 through H2O at room temperature)

to form Nd(OH)3. Nd(OH)3 was then heated at 650 1C in a

flow of 21% O2/N2 (50 mL min�1) for 3 h to get cubic Nd2O3.

Preparation of cubic Sm2O3 and Gd2O3: A commercial

Ln2O3 (Ln = Sm and Gd; Alfa Aesar, 99.99%) sample

(0.005 mol, e.g. Gd2O3, 1.81 g) was dissolved in an excess

amount of concentrated nitric acid (65%, A.R.). The solution

was then heated at 110 1C for 24 h to remove H2O and the

excess amount of nitric acid to form Ln(NO3)3. The solid

product was then dissolved in 30 mL deionized water. After

that, the Ln(NO3)3 solution was added slowly under vigorous

stirring into a mixture of NH3�H2O (3.0 mL; 25%, A.R.) and

H2O2 (16.5 mL; 30 wt%, A.R.) kept at 0 1C in an ice-water

bath. The mole ratio of Ln3+ :H2O2 :NH3�H2O is about

1 : 16 : 4. After 2 h stirring in the ice-water bath, the precipitate

was isolated by centrifugation (rotation speed 3600 r min�1).

The solid product was dried at 110 1C for 24 h and calcined at

650 1C in a flow of 21% O2/N2 (50 mL min�1) for 3 h.

The BET surface areas of Nd2O3, Sm2O3 and Gd2O3 are 6.9,

39.4 and 48.3 m2 g�1, respectively. The data were measured by

N2 adsorption at �196 1C with a Micromeritics TriStar II

3020 instrument. Before the measurements, the samples were

degassed at 200 1C for 3 h.

2.2 XRD characterization

X-ray powder diffraction (XRD) analysis was carried out at

room temperature with a Panalytical X’pert PRO diffractometer.

Cu-Ka radiation obtained at 40 kV and 30 mA was used as the

X-ray source.

2.3 Raman spectroscopic characterization

The Raman spectra were recorded on a Renishaw R1000

microprobe Raman system equipped with a CCD detector using

a 325 nm He-Cd laser as the excitation source. The microscope

attachment for the spectrometer is based on a Leica DMLM

system with an OFR LMU-15�-NUV objective. Spectra acqui-

sition time was varied for different experiments and 50 s was the

most commonly used one. The laser spot on the sample is about

3 mm in diameter and the spectral resolution is about 6 cm�1. The

maximum laser power of the spectrometer measured at the

analysis spots is 3–4 mW. In some experiments, lower laser

power (e.g. 0.3–0.4 mW) was used in order to minimize the effect

of laser irradiation during spectrum recording.

In all experiments, a Ln2O3 sample was first heated under

flowing O2 (99.995%; Linde) at 650 1C for 180–360 min to

remove carbonates and moisture. The sample was then cooled in

the dark to a specified temperature under O2 before it was

exposed to a focused 325 nm laser beam of the Raman spectro-

meter to induce formation of peroxide ions and record the

spectra. The flowing rate of O2 over samples wasB50 mLmin�1.

The 18O-labelled Nd2O3 was obtained by treating a normal

cubic Nd2O3 sample with a flow of 18O2 (97%; CIL) at 650 1C

for 6 h. The sample was then cooled in the dark under 18O2 to

room temperature and exposed to a focused 325 nm laser

beam of the Raman spectrometer to induce formation of

peroxide ions and record the spectra. The flowing rate of
18O2 over the sample was B5 mL min�1.

The Raman spectra of pure Ln2O3 samples were recorded

under N2 at room temperature. Before recording the spectra,

the samples were heating at 650 1C under flowing N2

(99.999%; Linde) for more than 180 min. The flowing rate

of N2 over the samples was B50 mL min�1.

2.4 CO2-TPD experiment

The CO2-temperature-programmed desorption (CO2-TPD)

experiments were performed with a MS-TPD apparatus. The

fresh Ln2O3 (1.0 g) was first treated in a flow of He (99.999%,

Linde; 20 mL min�1) at 650 1C for 60 min to remove

carbonates and moisture. The sample was then cooled to

20 1C and treated with a flow of CO2 (99.995%, Linde;

20 mL min�1) for 60 min, followed by purging with He for

about 30 min until the baseline was flat. The TPD profile was

obtained by heating the CO2 pre-treated sample from 20 to

900 1C at a rate of 10 1C min�1 in a flow of He (20 mL min�1).

The effluent gas mixture was passed through a cold trap at

B�60 1C to remove water before it was analyzed by an on-line

mass spectrometer (Hiden QIC-20). Ions at 44 (CO2)m/z value

were detected during on-line measurements.

3. Results and discussion

3.1 Photo-induced formation of peroxide ions on the surface of

cubic Ln2O3 (Ln = Nd, Sm, Nd) under oxygen

The Raman spectra reported below were obtained in a home

built high temperature in situRaman cell specially designed for
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the spectrometer. A diagram of this Raman cell is available

elsewhere.28 The laser (325 nm) of the Raman spectrometer

was also used to induce formation of peroxide ions on the

samples. Raman spectra (Fig. 1 insets) of cubic Ln2O3 (Ln =

Nd, Sm, Gd) presented in this work are in good agreement

with the literature.29–32 All of them are characterized by

the presence of a very strong band in the range between

336–359 cm�1 which can be assigned to a combination of Ag

mode and Fg mode of metal–oxygen vibrations.32–34 The

structure of samples was further confirmed by the results of

XRD analysis (Fig. S1 in the ESIw). When the Nd2O3, Sm2O3

and Gd2O3 samples under oxygen were continuously irradiated

with a focused 325 nm laser beam (B3 mm in diameter) of the

Raman spectrometer at 25, 100 or 150 1C, Raman bands at

833–843 cm�1, which represent the O–O stretching mode (nO–O)

of a peroxide species,35–37 began to grow at the expense of the

Ln3+–O2� bands at 333–359 cm�1 (Fig. 1). After being irra-

diated with the laser at 150 1C for 120 min, the intensity of the

peroxide band on the Gd2O3 was found to be attenuated with

increasing distance from the center of the laser beam, and

became almost zero at B120 mm (Fig. S2 in the ESIw). This
result clearly demonstrates that it is the laser irradiation not the

thermal heating that causes the formation of peroxide species.

Fig. 2 shows Raman spectra recorded on cubic Nd2O3 and

Gd2O3 after the samples under N2, 11% O2/N2 and O2 were

continuously irradiated with a focused 325 nm laser beam for

30 or 60 min. It can be seen that the intensities of the peroxide

Raman band on the samples increased with increasing O2

partial pressure, and no peroxide band was detected on the

Ln2O3 under N2. This result indicates that molecular oxygen is

required in the formation of peroxide ions. The subsequent

experiments also confirmed that no Raman band atB840 cm�1

was found on the Ln2O3 sample, which was first irradiated with

laser under N2 or Ar followed by exposure to O2 in the dark.

These observations indicated that the peroxide ions detected on

the samples after laser irradiation should have resulted from a

photo-induced transformation (or activation) of O2 molecules

on the surface of Ln2O3.

Generally speaking, activation of molecular oxygen on

metal or oxide catalyst occurs in a stepwise manner according

to the scheme (eqn (1)) proposed by Kazanskii et al.38,39 in

which O2 adspecies (�O2) accept electrons from the catalyst and

are gradually transformed to a series of negatively charged

oxygen species of either electrophilic (�O2
�, �O2

2�, �O
�) or

nucleophilic (�O
2�) nature.3,40

O2ðgÞ�! O2�!
e

O �
2 �!e O 2�

2 $ 2O� ��!2e 2O2� ð1Þ

As can be seen from eqn (1), the transformation of O2 on the

surface of Ln2O3 to a peroxide ion required two electrons from

the oxide to reduce the O2 adspecies. In any metal oxide

sample with stable cationic valence, electrons for reducing an

O2 molecule may come from either lattice oxygen ions (O2�) or

surface F centers (an oxygen vacancy which has captured two

elections19,41). However, in consideration of the facts that the

amount of F centers in oxide is very limited and that the

development of the Raman band for peroxide at 833–843 cm�1

is accompanied by a decline of the band for Ln3+–O2� at

336–359 cm�1 (Fig. 1), it is rational to conclude that the

electrons for the reduction of an O2 molecule mainly come

from the lattice oxygen species on the Ln2O3 surface.

As we all know that an O2 molecule in the ground state is an

open shell triplet 3S�g , whereas the peroxide species is in the

singlet state. If the triplet ground state O2 molecule adsorbs

and dissociates on the Ln2O3 surface following the mecha-

nisms suggested by Palmer et al. based on the results of

periodic density functional theory calculations,22 leading to

the formation of surface peroxide species, there should exist a

spin-state flipping from the triplet potential energy surface to

the singlet potential energy surface to satisfy the requirement

of the spin conservation rule. Recently, Lu et al. carried out a

density functional theory study of molecular oxygen adsorptions

on the BaO (100) surface.42 The results show that the triplet

ground state O2 molecule first binds electrostatically on top of

the surface Ba2+ site. It further quenches to the singlet potential

energy surface to form a covalently bonded O3
2� species, which

acts as the key precursor for further dissociation, leading

Fig. 1 In situ Raman spectra of the cubic Ln2O3 (Ln = Nd, Sm, Gd)

continuously irradiated with a focused 325 nm laser beam under O2 in

a microprobe Raman spectrometer at indicated temperatures for 30 or

60 min. The laser powers used to induce the formation of peroxide

species on Nd2O3, Sm2O3 and Gd2O3 samples were 0.4, 0.75 and

2.1 mW, respectively. Inset: the Raman spectra of cubic Ln2O3 (Ln =

Nd, Sm, Gd) recorded under N2 atmosphere at 25 1C.

Fig. 2 The effect of O2 partial pressure on the intensity of the

peroxide Raman band formed on cubic Ln2O3 (Ln = Nd and Gd).

The spectra were recorded after the samples under N2, 11% O2/N2 and

O2 atmospheres were continuously irradiated with a focused 325 nm

laser beam for 30 (Nd2O3) and 60 (Gd2O3) min. The temperatures and

laser irradiation powers used to induce the formation of peroxide

species as well as to record the spectra are indicated in the figures.
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eventually to the formation of surface peroxides O2
2�. The

replacement of the Ln3+–O2� band by the peroxide band as

demonstrated in Fig. 1 can therefore be regarded as a photo-

induced oxygenation of the lattice oxygen species on the

Ln2O3 micro crystal surface by molecular oxygen, in which

UV excitation provides the necessary energy for the trans-

formation of triplet O2 to the singlet state to satisfy the

requirement of the spin conservation rule.25 The participation

of O2� in the formation of peroxide was further confirmed by

the experiment performed with a cubic Nd2O3 sample partially

labelled with 18O. As shown in Fig. 3, cubic Nd2
16O3 is

characterized by an intense band at 336 cm�1 for the

Nd3+–16O2� vibration (Fig. 3a). After a Nd2
16O3 sample

was treated with a flow of 18O2 at 650 1C for 6 h followed

by cooling under 18O2 to room temperature, the Nd3+–O2�

vibration band shifted from 336 to 320 cm�1 (Fig. 3b). The

latter is very close to the band position of Nd3+–18O2�

(319 cm�1) calculated based on the wavenumber of Nd3+–16O2�

at 336 cm�1 by assuming a simple harmonic oscillator model,

indicating that almost all of the 16O2� atoms on the Nd2O3

micro crystal surface (at least those within the detection depth

of Raman spectroscopy) were replaced by 18O2�. Irradiation

of the 18O-labelled Nd2O3 under
18O2 flow with a 0.3 mW of

325 nm laser beam at 25 1C for 15 min revealed a band at

790 cm�1 (Fig. 3c). When the laser power was raised to

0.75 mW, a shoulder band at 811 cm�1 appeared (Fig. 3d).

The latter became noticeable after the laser power was

increased to 3.0 mW (Fig. 3e). A simple calculation based on

the diatomic harmonic oscillator model using the nO–O band of
16O2

2� at 833 cm�1 gave band positions at 786 and 810 cm�1

for the 18O2
2� and (18O16O)2� peroxide ions, respectively

(the details on the calculation of band positions for the
18O2

2� and (18O16O)2� peroxide ions are given in the ESIw).
The calculated band positions were in quite reasonable agree-

ment with the experimental results shown in Fig. 3 when

factors such as the anharmonicity and the width of the band

were taken into account.43 These results indicated that when

the 18O-labelled Nd2O3 sample under 18O2 flow was exposure

to a 325 nm laser beam of relatively low power (e.g. 0.3 mW)

at 25 1C, 18O2� species on the surface of the Nd2O3 micro

crystals first reacted with 18O2, leading to the formation of
18O2

2� peroxide ions (790 cm�1) (Fig. 3c). With the increasing

of the laser irradiation power to 0.75 mW, both 18O2
2� and

(18O16O)2� peroxide ions were formed (Fig. 3d). Obviously,
16O in the peroxide ions can only come from the 18O-labelled

Nd2O3 which was prepared by treating Nd2
16O3 with 18O2.

The observation of the (18O16O)2� peroxide Raman band

indicated that even though the Nd2
16O3 sample had been

treated with 18O2 at 650 1C for 6 h, the 16O2� species in the

bulk phase of Nd2O3 micro crystals were still not fully

replaced by 18O2�. The above result also indicated that
16O2� species in the bulk of the Nd2O3 micro crystals were

involved in the formation of peroxide ions. The (18O16O)2�

peroxide ions could have resulted from diffusion of the 16O2�

species in the bulk phase of Nd2O3 micro crystals to the

surface layer followed by isotopic exchange with the 18O2
2�

peroxide ions. With the increasing of the laser irradiation

power, the amount of (18O16O)2� formed on the surface of
18O-labelled Nd2O3 increased, suggesting that the diffusion of

lattice oxygen species as well as the isotope exchange reaction

between 16O2� and 18O2
2� could be induced by the UV

(325 nm) laser irradiation. The photo-induced isotopic

exchange between 18O2 and lattice oxygen on TiO2 at room

temperature had been previously reported in the literature.44,45

In addition, the (18O16O)2� peroxide ions can also result from

a photo-induced reaction between 18O2 and the 16O2� species

diffused from the bulk phase of the 18O-labelled Nd2O3 micro

crystals to the surface layer under the experimental conditions.

It is also worth noting that the Raman spectrum of the

photooxygenated Nd2O3 sample (Fig. S3 in the ESIw) is very
similar to that of Nd2O2(O2) (neodymium(III) oxide peroxide)

reported by Range et al.36 The latter was prepared from

Nd2O3 and KO2 at 1500 1C and 40 kbar. In contrast to such

extreme conditions, the present peroxide can be easily generated

through a mild photo-induced oxidation of lattice oxygen

species with molecular O2 at room temperature. This process

also provides us with a new pathway of activating molecular

oxygen on the surface of rare earth oxides by a photochemistry

reaction, which may have a potential application in the photo

oxidation reaction.

3.2 Effect of basicity of Ln2O3 on the formation of peroxide ions

To further elucidate the factors affecting the photo-induced

oxidation of the lattice oxygen species in Ln2O3 by molecular

oxygen, the effects of temperature and laser irradiation power

on the formation of peroxide ions over Nd2O3, Sm2O3 and

Gd2O3 were investigated. As shown in Fig. 4, the formation

and decay of the peroxide bands over Ln2O3 was closely

related to laser power in conjunction with operating tempera-

tures. After irradiating the samples under O2 with a 325 nm

laser beam of fixed power (2.1 mW) at a temperature between

25 and 600 1C (Fig. 4A), the intensities of the peroxide bands

over Nd2O3, Sm2O3 and Gd2O3 were found to peak at about

25, 100 and 200 1C, respectively, indicating that a higher

temperature was favorable for the formation of peroxide ions

on the Ln2O3 with a larger atomic number of Ln. Similarly, for

the experiments carried out at a fixed temperature (e.g. 25 1C),

Fig. 3 Raman spectra of (a) normal cubic Nd2O3, (b)
18O-labelled

cubic Nd2O3 and the peroxide ions formed on 18O-labelled cubic

Nd2O3 after the sample under 18O2 was continuously irradiated with

a focused 325 nm laser beam of (c) 0.3 mW, (d) 0.75 mW and (e) 3.0 mW

at 25 1C for 15 min. The laser power used to record the spectra was

0.3 mW. All the spectra were recorded at 25 1C.
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higher laser irradiation power was also favored for the reaction

between O2 molecules and the O2� species in Ln2O3 with a

larger atomic number of Ln (Fig. 4B). These phenomena can be

understood in term of the basicity of lanthanide sesquioxides.

As can be seen from the CO2-TPD profiles of the three

Ln2O3 samples (Fig. 5), the temperature maximum for the

CO2 desorption peaks decrease in the order Nd2O3 4 Sm2O34
Gd2O3. This result clearly indicates that the basicity of the

lattice oxygen species in Ln2O3 decreases with increasing

atomic number of Ln. Since the peroxide ions were generated

through a photo-induced oxygenation of lattice oxygen by

molecular oxygen in which O2� species in Ln2O3 provide the

electrons to reduce O2 molecules, basicity of the O2� in Ln2O3

should have a direct impact on the formation of peroxide ions.

As a result, a higher energy input (as temperature or laser

irradiation power) is required to initiate the reaction between

O2 molecules and the O2� species in Ln2O3 with weaker basicity.

However, extended irradiation of Nd2O3, Sm2O3 and Gd2O3

samples with a 325 nm laser beam of fixed power (e.g. 2.1 mW)

at temperatures higher than 25, 100 and 200 1C, respectively

(Fig. 4A), or with a laser beam of relatively high power

(e.g. 3.0 or 4.2 mW, Fig. 4B) may also result in a decrease in

the intensity of the peroxide band at 833–844 cm�1, probably

due to the photo-induced decomposition of the peroxide ions.

It was reported that decomposition of Nd2O2(O2) (as indicated

by the disappearance of the nO–O band at 824 cm�1) was

detected after long exposure to 488 nm line of an Ar+ laser.46

3.3 Thermal stability of the peroxide ions on Ln2O3

The thermal stability of the peroxide ions on the photooxygenated

Ln2O3 (Ln = Nd, Sm, Gd) samples were investigated. In the

experiments, the Nd2O3, Sm2O3 and Gd2O3 samples under O2

were first irradiated with a focused 325 nm laser beam at 25,

100 and 200 1C, respectively, to generate the peroxide ions.

The photooxygenated sample was then cooled in the dark to

25 1C to record the initial spectrum. After that, the sample was

heated in the dark to a specified temperature and maintained

there for 10 min. The treated sample was then cooled in the

dark to 25 1C to record another spectrum. The same heating–

cooling operations were repeated until the peroxide species on

the sample were completely decomposed. The corresponding

spectra are shown in Fig. 6. As can be seen from the figure, the

intensities of the peroxide Raman bands (834–844 cm�1) on

the samples remained almost unchanged at temperatures

below 300 1C. As the temperature was raised to 400 1C, the

intensity of the peroxide Raman bands began to decrease,

indicating that the peroxide ions started to decompose at this

temperature. The thermal decomposition temperature of the

peroxide ions on Ln2O3 is very close to that of the Nd2O2(O2)

reported by Range et al.47 The latter was found to decompose

to cubic Nd2O3 and O2 when the compound was heated under

an O2 or Ar atmosphere to 420 1C. A significant decrease in

intensity of the peroxide bands was observed when the temp-

erature of the samples was raised to 450–500 1C. The Raman

band of peroxide ions (B834 cm�1) on Nd2O3 vanished after

the photooxygenated sample was heated in the dark at 450 1C

for 10 min. Comparatively, the thermal stability of the peroxide

ions on Sm2O3 and Gd2O3 is slightly higher than that on

Nd2O3. Weak O–O stretching vibration bands of the peroxide

Fig. 4 Effects of temperature and laser irradiation power on the

intensity of the peroxide Raman band formed on cubic Ln2O3

(Ln = Nd, Sm, Gd). The spectra were recorded after the samples

under O2 were continuously irradiated with (A) a focused 325 nm laser

beam of fixed power (2.1 mW) at indicated temperatures, and (B) a

focused 325 nm laser beam of indicated powers at fixed temperature

(25 or 100 1C) until the intensity of the peroxide band did not increase

with increasing laser irradiation time. The temperatures and laser

irradiation powers used to record the spectra are indicated in the figures.

Fig. 5 CO2-TPD profiles of the cubic Ln2O3 (Ln = Nd, Sm, Gd).
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ions (837 and 844 cm�1) on Sm2O3 and Gd2O3 can still be

detected after the photooxygenated samples were heated to

500 and 600 1C, respectively. The stability of the peroxide ions

on lanthanide sesquioxides can be understood in term of

interactions of the orbitals between Ln2O3 and O2
2�. As the

atomic numbers of Ln (Ln = Nd, Sm, Gd) increased, the

electronegativity (w) of Ln increased (wNd = 1.14, wSm = 1.17,

wGd = 1.20),48 and the orbitals of Ln2O3 to interact with O2
2�

are down-shifting in energy, leading to a decrease in the

electron back-donation from Ln2O3 to the 2p antibonding

orbital of O2
2� (as can be seen from Fig. 5, basicity of the three

rare earth oxides decreases in the order Nd2O3 4 Sm2O3 4
Gd2O3), and then an increase in the strength of the O–O bond

in O2
2�. Thus, the stability of the peroxide ions on Ln2O3

increased with increasing atomic numbers of Ln. This is also in

line with the frequency shift of the Raman bands for O–O

stretching vibration of the peroxide ions on Nd2O3, Sm2O3

and Gd2O3 (Fig. 1).

Conclusions

In summary, we have demonstrated that an O2 molecule can

be selectively transformed to O2
2� ion by a photo-induced

reaction with the lattice oxygen species of lanthanide sesqui-

oxides. Under the excitation of 325 nm UV light, the reaction

between O2 and the O2� on the surfaces of Nd2O3, Sm2O3 and

Gd2O3 can even take place at room temperature. This process

provides us with a new pathway of activating molecular

oxygen on the surface of lanthanide oxides under mild condi-

tions. The results of the investigation also give us new insight

into the mechanism of O2 activation on the surface of metal

oxides with stable cationic valance. The peroxide ion has been

suggested as the active oxygen species in many catalytic

oxidation reactions.49–53 The peroxide species formed by

photo-induced reaction between O2 and O2� should have the

same chemical properties as those produced in thermal processes

and possess a potential application in photocatalytic reactions.

Further research is in progress to investigate its catalytic functions.
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