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To better understand the oxidizing ability of ceria nanoparticles (nanoceria), the influences of protons, dissolved oxygen (DO), superoxide dismutase (SOD) 

and catalase on the oxidation of organic dyes in an aqueous suspension of rod-like nanoceria were investigated in detail. The strong oxidizing ability of 

nanoceria was verified. Electron paramagnetic resonance (EPR) results revealed the existence of superoxide anion radicals (·O2
-) and hydroxyl radicals (·OH) in 

the nanoceria suspension without additional hydrogen peroxide (H2O2). A reasonable origin of the oxidizing ability of nanoceria was hypothesized: the 

adsorbed ·O2
- on the nanoceria surface can dismutate to H2O2 via the SOD-mimetic activity of nanoceria, and then, the ·OH are produced through a 

Fenton-like reaction. This process is inherent and pH-dependent. The regeneration of ·O2
- and persistent production of ·OH can be realized by including DO in 

an aqueous solution. Moreover, we found that the Ce4+ in nanoceria could also directly act as an oxidant at low pH values. 

1 Introduction 

Ceria (CeO2), a rare earth oxide, is widely used in catalysis, 

mechanical polishing, UV-shielding, solid-oxide fuel cells and other 

industrial applications.1,2 In recent years, nanoceria have attracted 

increasing attention in nanomedicine and pharmacology because 

they are expected to scavenge almost all types of reactive oxygen 

species (ROS) and thereby protect cells against oxidative 

damage.3-8 The antioxidant properties of nanoceria are mainly 

attributable to two catalytic processes: SOD-like activity to catalyse 

the dismutation of ·O2
- to ordinary molecular oxygen (O2) and H2O2 

4,5,9 and catalase-like activity to decompose H2O2 into water and 

O2.6,10,11 

However, the oxidizing ability of nanoceria has also been 

reported frequently in the literature.12-16 In the presence of an 

oxidizing agent (e.g., H2O2), nanoceria usually exhibit strong 

oxidizing ability. For example, many studies have demonstrated 

that the degradation of organic pollutants could be realized using 

the nanoceria/H2O2 system, regardless of whether interfacial 

peroxide species or ·OH radicals were involved in the oxidation.16, 

17 Interestingly, some recent studies have suggested that nanoceria 

may exhibit oxidative capabilities even in the absence of a strong 

oxidizing agent. For example, Asati et al.12 reported that nanoceria 

exhibited a unique oxidase-like activity at acidic pH values, quickly 

oxidizing a series of organic substrates in the absence of an 

oxidizing agent (e.g., H2O2). To identify the oxidizing agent, Gao 

and co-workers13 thoroughly investigated the oxidation of an 

organic dye in the presence of nanoceria. They suggested that 

instead of acting as an oxidase mimic, the nanoceria functioned as 

a nanoparticulate oxidizing agent under acidic conditions. 

Although efforts have been made to study and apply the oxidizing 

ability of nanoceria,12,18-20 the molecular mechanism underlying 

these oxidation reactions has not been fully elucidated until now. 

In fact, nanoceria are known to exhibit versatile catalytic 

properties (including multi-enzyme-mimetic and Fenton-like 

catalyst properties), and the role they play may depend on a 

variety of factors, such as differences in the nanoceria themselves 

(e.g., synthetic methods, sizes, crystal structures, Ce3+/Ce4+ ratios, 

morphologies, and surface coatings) and the complexity of the 

reaction system (e.g., the pH value, and buffer solution).11,20 For 

example, nanoceria have been found to exert both SOD mimetic 

and catalase mimetic activities.14,21 In addition, higher surface 

concentrations of Ce3+ or oxygen vacancies are correlated with 

greater reactivities toward ·O2
- and reduced reactivities toward 

H2O2.4-6 More recently, the recycling rates of Ce3+ and Ce4+ were 

proposed to play key roles in the SOD and catalase-mimetic 

activities. The negligible SOD-mimetic activity of nanoceria 

(Ce3+/Ce4+ = 0.036) was greatly increased when external additives 

were added to accelerate the regeneration of Ce3+.9 A 

phosphate-dependent shift in the activity of the nanoceria from 

SOD to catalase-mimetic was also observed in vitro and was 

attributed to the formation of cerium phosphate blocking redox 

cycling between Ce3+/Ce4+.21 Palivan and co-workers 22 found that 

the generation and scavenging of ·OH based nanoceria occurred 

simultaneously in a typical Fenton reaction system involving Fe2+ 

and H2O2, although the scavenging effect of the nanoceria was 

significantly higher than its oxidation effect (Fenton-like reaction). 

Regarding the controversy over whether nanoceria act directly as 

an oxidase or as an oxidant in the oxidation of organic dyes, in 

their recent review, Xu and Qu deduced that under acidic 

conditions, nanoceria acted as a consumable oxidant, whereas 

under neutral or basic conditions, they acted as an oxidase 

because the Ce3+/Ce4+ recycling ability was maintained.11   

To explore the origin of the oxidizing ability of nanoceria, herein, 

organic dye oxidation and H2O2 decomposition were investigated 

in aqueous suspension of ceria nanorods. Ceria nanorods were 

employed because rod-like nanoceria have been reported to 

expose reactive facets and exhibit excellent redox properties 

compared with traditional irregular ceria nanoparticles.23 The 

influences of protons, DO, SOD, and catalase on the oxidation of 

organic dyes were studied in detail. EPR results revealed the 

existence of ·O2
- and ·OH in the nanoceria suspension without 

additional H2O2. In addition, a reasonable origin of the oxidizing 

ability of nanoceria was hypothesized.  

2 Experiments 

2.1 Materials 

The chemical reagents were analytically pure and obtained from 

Sinopharm Chemical Reagent Co. Ltd (Shanghai, China). All 

reagents were used as received without further purification. 

Cytochrome C from equine heart was purchased from Merck 
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(Darmstadt, Germany). Xanthine oxidase from bovine milk (0.8 U 

mg-1 protein), hypoxanthine, SOD from Escherichia coli (1100 U 

mg-1), catalase from bovine liver (3809 U mg-1), horse radish 

peroxidase (HRP) from horseradish (220-330 U mg-1), 

2,2-azinobis(3-ethylbenzothizoline-6-sulfonic acid) (ABTS), and 

3,3′,5,5′-tetra-methylbenzidine (TMB) were purchased from 

Sigma-Aldrich (USA). High-purity 5,5-dimethyl-1-pyrroline-N-oxide 

(DMPO) was obtained from ENZO Life Sciences International (New 

York, USA).  

 

2.2 Preparation and characterization of nanoceria  

Ceria nanorods were prepared by a hydrothermal method with 

some modifications.23 Ce(NO3)3·6H2O (1.5 g) was dissolved in 

deionized water, and the appropriate amount of NaOH solution 

(10 %) was rapidly added with stirring at 200 rpm. After 

approximately 15 min of stirring, the slurry (approximately 40 mL) 

was placed into a 50 mL Teflon-sealed autoclave and heated at 

120 °C for 12 h. The products were washed with deionized water 

and dried at 60 °C for 12 h. A transmission electron microscope 

(TEM, FEI Tecnai G2 T20) was used to obtain images of the 

nanoceria. XRD spectra were obtained using an X-ray 

diffractometer (Bruker D8 Advance) with Cu-Kα radiation 

(λ=1.5406 Å). XPS data were acquired via an X-ray photoelectron 

spectrometer (VG ESCA lab220i-XL) under Al-Kα radiation. The Ce 

3d peak positions were then fitted by Peak Fit (version 4.0) 

software. The surface area was measured by Micromeritics NOVA 

3200e based on N2 adsorption/desorption isotherms collected at 

80 °C using the BET method.  

 

2.3 EPR measurements 

DMPO was used as the spin trap to monitor the potential radicals 

by EPR spectroscopy. Prior to adding DMPO, the nanoceria 

suspension was sonicated for 5 min. Then DMPO (100 μL, 150 mM) 

was mixed with an equal volume of nanoparticle suspension. An 

aliquot of the mixture described above (20 μL) was transferred to 

an EPR capillary tube (i.d. ~ 1 mm, o.d. 1.55 mm), and the tube 

was sealed at one end with sealant. The capillary was inserted in a 

4 mm EPR tube and then placed in the EPR resonator of the JEOL 

JES FA200 EPR spectrometer. The spectra were then recorded with 

the spectrometer operating in the X-band with dual cavities. 

Ultrapure water was used in the test, and typical parameters were 

as follows: modulation frequency, 100 kHz; microwave frequency, 

9.05 GHz; sweep width, 50 G; EPR microwave power, 3 mW; 

modulation amplitude, 1 G; time constant, 0.03 s; and sweep time, 

4 min, except for the labelled sample. 

 

2.4 The role of DO 

The oxidation of ABTS (143 μM) catalysed by aqueous suepensions 

of nanoceria with different level of DO was monitored using a 

UV-vis spectrophotometer at 734 nm for 30 min at room 

temperature. The DO of the nanoceria aqueous suspension was 

varied by purging with N2 (99.999%) for 2.5 h, by purging with N2 

for 2.5 h and then with compressed air for 2.5 h, or by exposing 

the suspension to air for 24, 48, or 72 h. A suspension of nanoceria 

(10 mg L-1) in 40 mM citrate buffer solution (pH 3.0) served as the 

control.  

 

2.5 SOD and catalase treatments 

To test the effects of SOD and catalase on the oxidizing activity of 

nanoceria, nanoceria (250 mg L-1) was pretreated with SOD (73 U 

mL-1) for 0.5 h at pH 7.8 and 25±0.5 °C, and nanoceria (2 g L-1) was 

pretreated with catalase (1900 U mL-1) for 2h at pH 5.0 and 

25±0.5 °C. Then, the pH values were adjusted to 3.0, and ABTS 

oxidation was initiated. 

 

2.6 SOD-mimetic assay 

The SOD-mimetic activity was measured as described previously.5, 

24 Briefly, a competition assay for cytochrome C reduction was 

utilized to determine the superoxide scavenging activity of the 

nanoceria. In this assay, hypoxanthine (1.125 mM), xanthine 

oxidase (10.4 mU mL-1), and cytochrome C (1.05×10-2 mM) were 

adopted to ensure that the control samples reduced cytochrome C 

at a rate of 0.025 ± 0.005 absorbance (550 nm) units per minute. 

The assay was run at room temperature for 5 min in a 96-well 

plate buffered by Tris-HCl (50 mM, pH 7.5) using a Power Wave XS2 

UV-visible spectrophotometer (Bio Tek Co.). For each time point, 

control samples (no nanoceria) were run in parallel. All samples 

included 2000 units of catalase to eliminate any residual H2O2 that 

could have reacted with the nanoceria or cytochrome C.  

3 Results and discussion 

3.1 Characterization of nanoceria 

Fig. 1A shows a typical TEM image of the as-obtained ceria 

nanorods. All the ceria nanoparticles clearly possess a rod-like 

morphology with lengths of 100-300 nm and diameters of 15-20 

nm. The XRD analysis shows that the nanoceria exhibit pure 

fluorite cubic structures (space group Fm3m (225)) with a lattice 

constant of α=5.411 Å (JCPDS 34-0394) (Fig. 1B). XPS was used to 

characterize the valence state of cerium. The spectra of Ce 3d (Fig. 

1C) on the surface of the nanoceria reveal that most of the cerium 

cations are Ce4+, although Ce3+ species are also present.23,25 The 

fitted results confirm that the amount of Ce3+ on the surface of the 

nanoceria is 22.8%. The specific surface area of the nanoceria is 

89.9 m2 g-1.  

 

Fig. 1 Characterization of nanoceria: A) TEM images of the 

nanoceria; B) XRD spectra of the nanoceria; C) X-ray photoelectron 

spectra of Ce 3d. 
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3.2 The pH-dependent oxidizing ability  

To evaluate the oxidizing ability of nanoceria, ABTS was selected 

as the reactant and it exhibits a colour change from colourless to 

coloured free radical ion (ABTS+·) when oxidized in aqueous 

solution.12,13 As shown in the inset photo of Fig. 2, when ABTS (4 

mM) was added to an equal volume of the aqueous suspension of 

nanoceria (2 g L-1), the colourless ABTS solutions became green 

within 3 min, indicating that the ABTS had been oxidized. The 

colour gradually deepened from pH 8.0 to pH 2.5, showing that 

the oxidizing ability of the nanoceria suspension is pH-dependent 

and that its oxidizing ability is stronger at lower pH values. 

 

Fig. 2 Oxidation of ABTS as a function of time with 71.4 μM ABTS 

and 10 mg L-1 nanoceria in 40 mM, pH 3.0 citrate buffer solution. 

The inset photographs show pH-dependent oxidation of ABTS. 

The influence of the reaction time on ABTS oxidation was 

investigated in 40 mM citrate buffer solution (pH 3.0), which 

minimally influenced ABTS oxidation and would maintain the pH of 

the suspension. Fig. 2 clearly shows that ABTS+· accumulated in a 

time-dependent manner within 4 d at pH 3.0 and room 

temperature. In addition, the reaction rate gradually decreased as 

time passed. In other words, the oxidation reaction did not reach 

completion shortly after the addition of the nanoceria, as reported 

by Gao and co-workers;13 this behaviour also differs from that of 

the HRP catalytic reaction, which has a fixed reaction rate. Thus, 

we speculate that another reactant is involved in ABTS oxidation 

and likely controls the reaction rate because excess nanoceria and 

ABTS were present. This additional reactant may be DO with a 

fixed proton level.  

Thus, the effect of DO on ABTS oxidation was investigated. First, 

the nanoceria suspension was deoxygenized by purging with 

ultrapure N2 for 2.5 h and then used for ABTS oxidation. Compared 

with the control sample (line a in Fig. 3), ABTS oxidation was 

noticeably inhibited, and this inhibition became increasingly 

obvious as the reaction time increased (line f in Fig. 3). 

Subsequently, the DO level of the deoxygenized nanoceria 

suspension was recovered by purging with compressed air for 2.5 

h or exposing the suspension to air for 24-72 h. Fig. 3 (lines b, c, d, 

and e) shows that the oxidizing ability of the deoxygenized 

nanoceria suspension was partly recovered by increasing the DO 

level. During all of the treatments, the pH values of the nanoceria 

suspensions were carefully controlled and the influence of pH on 

the ABTS oxidation could be ignored. These results suggest that 

DO influences ABTS oxidation. However, we observed that the 

oxygen concentration of the nanoceria suspension drastically 

decreased from ~8.0 ppm to ~0.4 ppm during N2 purging (2.5 h),13 

whereas the ABTS+· production did not show a corresponding 

degree of inhibition (lines a and f in Fig. 3). Moreover, the 

recovered ABTS+· production was increased as post-treatment 

time prolonged (lines b, c, d, and e in Fig. 3). Thus, although DO is 

involved, it does not directly participate in ABTS oxidation. 

 

Fig. 3 Effect of DO on the oxidation of ABTS. a) Nanoceria aqueous 

suspension without any pretreatment; nanoceria aqueous 

suspension purged with N2 and then exposed to air 72 h (b), 48 h 

(c) and 24 h (d) separately; e) nanoceria aqueous suspension 

purged with N2 and then with compressed air 2.5h; f) nanoceria 

aqueous suspension purged with N2; g) ABTS alone. 

Two mechanisms of organic dye oxidations in the presence of 

nanoceria have been reported. One suggests that nanoceria 

exhibit pH-dependent oxidase-like activity because the observed 

oxidation kinetics were in good agreement with the 

Michaelis-Menten model.12 However, in contrast to the obvious 

faint colour observed at pH 8.0 within 3 min (Fig. 2 inset photo), 

those authors were unable to observe colour development at pH 

7.0, even after incubation overnight. The other mechanism was 

reported by Gao and co-workers, who excluded DO, citrate, and 

protons as electron acceptors and instead focused on dissolved 

nanoceria.13 Those authors suggested that nanoceria functioned 

as an oxidizing agent rather than as an oxidase-like catalyst. They 

also reported that the oxidation reaction reached completion 

quickly and that DO had almost no effect on the oxidation, which 

is significantly different from our findings. Thus, we speculate that 

another mechanism may be responsible for our observations. 

 

3.3 Spin trapping by DMPO 

To identify the potential oxidant involved in the reaction, EPR was 

introduced in this work. When nanoceria were dispersed in pure 

dimethyl sulfoxide (DMSO) solvent, DMPO-O2
- was detected (Fig. 

4a). This implies ·O2
- species exist on the surface of the nanoceria. 

The existence of ·O2
- adsorbed on the nanoceria surface have been 

reported in many papers, and the production of ·O2
-
 occurs via 

electron transfer between adsorbed molecular oxygen and oxygen 

vacancies or low-coordinated Ce3+.26-28 When nanoceria were 

dispersed in water, only the signal typical of DMPO-OH adducts 

was detected, and the signal intensity increased as the nanoceria 

concentration increased (Fig. 4d, e, and f). However, the detection 

of DMPO-OH adducts does not necessarily mean that ·OH has 
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been trapped. According to the literature, in this system, three 

possible pathways can lead to the formation of DMPO−OH 

adducts: (1) ·OH scavenging by DMPO, (2) the nucleophilic 

addition of water to DMPO catalysed by metal ions,29,30 and 

(3) ·O2
- scavenging to produce the spin adduct DMPO-OOH, which 

is unstable and decomposes to DMPO-OH adduct;31-33 the latter 

two mechanisms are unrelated to ·OH. Thus, the production of the 

DMPO-OH adduct should be carefully analysed. 

 

Fig. 4 EPR spectra of DMPO adduct. a) 1 g L-1 nanoceria in pure 

DMSO and b) 37.5%, pH 3.0 DMSO aqueous solution; c) DMSO 

alone; d) 1 g L-1, e) 200 mg L-1 and f) 50 mg L-1 nanoceria aqueous 

suspension at pH 3.0; 50 mg L-1 nanoceria aqueous suspension at 

pH 7.5 (g) and pH 10.0 (h); i) same as (f), in the presence of 

n-butanol; j) same as (g), in the presence of external ·O2
-, the 

asterisks stand for the adduct of DMPO-OOH. 

Regarding the ·O2
- adduct of DMPO, the pH value of the 

aqueous solution is an important factor because ·O2
- will hydrolyse 

to form HOO· under acidic conditions:34 

·O2
- + H+      HOO·        (1) 

The reaction of DMPO with HOO· predominates below pH 7.7, 

while that with ·O2
- predominates above pH 7.7.35 Fig. 4f, g, and h 

show the effect of the pH value on the EPR signal. Only the signal 

typical of DMPO-OH was detected from pH 3.0 to pH 10.0; no 

signal indicating DMPO-OOH or DMPO-O2
- was observed. The 

strongest DMPO-OH signal intensity was obtained at pH 3.0, and 

this signal declined as the pH value increased. However, a strong 

signal of DMPO-OOH was detected and the signal intensity of 

DMPO-OH was sharply enhanced at pH 7.5 after the addition of an 

external source of ·O2
- (hypoxanthine/xanthine oxidase) to the 

nanoceria suspension (Fig. 4j). Therefore, high levels of ·O2
- could 

be trapped by DMPO and result in the formation of the 

DMPO-OOH adduct at pH 7.5 and the conversion of a portion of 

the DMPO-OOH into DMPO-OH adduct. Therefore, the failure to 

detect ·O2
- in the aqueous suspensions of nanoceria may be 

attributable to the low concentration of ·O2
- or the fast 

dismutation of ·O2
-.36, 37 In any case, it can be concluded that the 

contribution of ·O2
- to the EPR signal intensity of DMPO-OH is 

minimal from pH 3.0 to pH 10.0. In fact, differing opinions 

regarding the mechanism of the conversion of DMPO-OOH into 

DMPO-OH exist.31-33 For example, Shi et al.33 concluded that 

DMPO-OOH does not readily decay to its hydroxyl adduct. 

Additionally, Finkelstein and co-workers 31 reported that only 3% 

of DMPO-OOH would decompose to DMPO-OH. 

 

Fig. 5 EPR spectra of DMPO adduct in different nanoceria 

suspension. a), b) pure methanol and the asterisks stand for the 

adduct of DMPO-OMe; c) aqueous solution at pH 3.0; d) and e) 40 

mM, pH 3.0 citrate buffer solution; f), h) neutral water; g), i) 

deoxygenized neutral water. Sample a-e: nanoceria (500 mg L-1) 

and the others: nanoceria (50 mg L-1). The incubation time varied 

from 1-24 min.    

It has been reported that CeIV is able to catalyse the non-radical 

nucleophilic reaction of water with DMPO.29 Thus, two 

independent tests were performed to determine whether 

nanoceria can catalyse nucleophilic-type reactions. First, DMPO 

was incubated with nanoceria in pure methanol (Fig. 5a and b). 

After 12 min, a strong EPR signal characteristic of DMPO–OMe was 

readily detected with αΗβ= 7.87 G, and αN=13.78 G (Fig. 5b), which 

is consistent with a nucleophilic addition mechanism.29,30 Then, 

DMPO was incubated with nanoceria in citrate buffer (pH 3.0). The 

DMPO-OH signal was strongly inhibited (Fig. 5c and d), also 

confirming the nucleophilic addition of water in this reaction 

system because the nucleophilic addition of water can be 

effectively suppressed by citrate buffer.38 However, a very weak 

DMPO-OH adduct signal was observed after the first 4 min and 

increased as the incubated time increased (Fig. 5d and e). The new 

DMPO-OH signal indicates the presence of low levels of ·OH. In 

fact, even during the typical Fenton reaction, the non-radical 

nucleophilic reaction of water with DMPO is a significant pathway 

for the formation of DMPO−OH adducts.39 

Additionally, the low concentration of ·OH may explain the 

observation that even though the signal intensity of DMPO-OH 

was cut off, as reported previously,29,40 DMPO-CH3 cannot be 

detected when excess DMSO (an ·OH scavenger) is present in the 

nanoceria aqueous suspension (Fig. 4b). Dellinger and co-workers 

observed the same phenomenon when they used ethanol to 

scavenge the ·OH produced from H2O2. They found that the 

scavenging efficiency of ethanol was too low to form detectable 

secondary radicals when the H2O2 concentration was below 0.25 

mM.40 

The effect of DO on the signal intensity of DMPO-OH was 

further investigated and is shown in Fig. 5f, g, h, and i. Compared 

with the control (Fig. 5f and h), the DMPO-OH signal of the 

N2-purged nanoceria suspension was weaker, and the difference 

became more obvious as the incubation time increased. These 

trends were in line with the inhibited oxidation of ABTS in the 

deoxygenized nanoceria suspension (Fig. 3f). The influence of DO 

on the nanoceria suspension reveals that DO is required to 
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generate ·OH in the nanoceria aqueous suspension and that 

higher DO levels improve the oxidizing ability of nanoceria 

suspensions. 

 

3.4 Mechanism for the generation of ·OH 

Based on the results mentioned above, one conceivable pathway 

in Scheme 1 was hypothesized to explain the formation of ·OH in 

the nanoceria aqueous suspension: O2 (including gas phase O2 and 

dissolved O2) is adsorbed on the nanoceria and is reduced by the 

nanoceria to produce adsorbed ·O2
-; then, the adsorbed ·O2

- 

dismutate to H2O2; and finally, the H2O2 is converted into ·OH via a 

Fenton-like reaction.  

 

Scheme 1 Formation of ·OH in nanoceria aqueous suspension. 

To verify this scheme, SOD, an efficient ·O2
- scavenger, was 

added into aqueous suspensions of nanoceria at pH 7.8 (the 

optimum pH for SOD). After 30 min, the catalytic activity of the 

pretreated nanoceria was tested at pH 3.0. As shown in Fig. 6A, 

ABTS oxidation was inhibited by approximately 20%. This result 

strongly suggests the interconnection between ·O2
- and the 

oxidizing ability of nanoceria aqueous suspensions.  

The SOD-mimetic activity of nanoceria is shown in Fig. 6B. The 

reduction of cytochrome C induced by ·O2
- was obviously inhibited 

by nanoceria, and this inhibition was dose-dependent. These 

results demonstrate that nanoceria are able to remove ·O2
- and 

exhibit dose-dependent SOD-mimetic activity.4,5  

The HRP method was used to test the level of H2O2 (formed 

by ·O2
- dismutation) in the filtrate of nanoceria suspensions.41 

Unfortunately, no observable colour change occurred after the 

filtrate was incubated with HRP and TMB for 15 min at 25±0.5 °C, 

indicating that no H2O2 was present. However, it should be noted 

that the failure to detect H2O2 cannot exclude the formation of 

H2O2 because the H2O2 concentration in the filtrate may be lower 

than the detection limit (10 μM) of the HRP-based method. 

Additionally, H2O2 may be absorbed on the surface of the 

nanoceria.17,42,43 Indeed, several investigations have confirmed the 

existence of H2O2 in nanoceria suspensions.4,44 For example, Xia et 

al.44 reported that 8 nm CeO2 (10 μg mL-1) could produce 1.138 

μM H2O2 after incubation at 22 °C based on cyclic voltammetry. An 

increase in the H2O2 level was also observed when external ·O2
- 

was added into the nanoceria suspension.4 Therefore, to verify the 

existence of H2O2, catalase was introduced. As shown in Fig. S2, 

ABTS oxidation was inhibited when the nanoceria were pretreated 

 

Fig. 6 A) The effect of SOD on the oxidation of ABTS, nanoceria 

(NCPs) (25mg L-1), ABTS (467 μM); B) SOD mimetic activity of 

nanoceria with different concentration. 

with catalase. These results indicate that H2O2 was indeed 

produced in the nanoceria suspension and participated in the 

catalytic oxidation process. However, the low concentration of 

H2O2 could not directly oxidize ABTS within 3 min (Fig. S1B). 

The ability of nanoceria to decompose H2O2 was examined by 

introducing external H2O2. The data show that the decomposition 

of H2O2 is pH and time-dependent (Fig. S3). The decomposition 

rate of H2O2 increased from pH 3.0 to pH 4.0, and then remained 

constant from pH 4.0 to pH 10.0. In this work, 19.0 mM H2O2 was 

nearly completely decomposed at neutral pH (0.29 mM remaining) 

within 150 min at 25±0.5 °C (Fig. S3). These results demonstrate 

that nanoceria constitute an efficient catalyst for H2O2 

decomposition, as reported previously.10,15,45 For the catalytic 

reaction, two main mechanisms have been suggested: a 

catalase-like reaction and a Fenton-like reaction. The intermediate 

product ·OH is key for distinguishing between the two catalytic 

mechanisms.15,22,29 EPR revealed that ·OH was produced at pH 3.0 

(Fig. 5d and e), which means that a Fenton-like reaction occurred. 

However, our results showed the following: (1) the decomposition 

rate of H2O2 is higher in neutral or alkaline conditions than at acid 

pH (Fig. S3); (2) the production of ·OH is pH-dependent in the 

nanoceria/H2O systems and is facilitated by acidic conditions 14, 46 

(Fig. 4); and (3) the oxidizing ability of nanoceria/H2O2 is 

anticorrelated with the decomposition of H2O2 (Figs. S3 and S4). 

These points illustrate that a Fenton-like reaction is not the only 

way to decompose H2O2; other mechanisms, such as a 

catalase-like process, may coexist.6,10,11 The Fenton-like reaction 

occurs preferentially in an acidic environment, while the 

catalase-like reaction is believed to occur at the neutral or alkaline 

pH. Therefore, the solution pH may act as a switch to modulate 

the oxidizing ability of nanoceria. This conclusion is in agreement 

with nanoceria’s observed cytotoxicity toward cancer cells (acidic 

environment) and lack of activity toward normal cells (neutral 

environment). Thus, nanoceria have promising applications in 

cancer therapeutics.14,46 

These results together with the influence of DO on the 

DMPO-OH signal and the oxidizing ability of nanoceria aqueous 

suspensions indirectly show that ·OH can be generated via Scheme 

1. 

 

3.5 The relationship between ·OH and the oxidizing ability of 

nanoceria 

The standard redox potential of ABTS·+/ABTS is 0.68 V which 

means that ABTS can be easily oxidized. Therefore, MO, a 

relatively stable azo dye, was chosen to investigate the 

relationship between ·OH and the oxidizing ability of nanoceria. 

Page 5 of 8 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 6

After mixing MO aqueous solution (7.0 mg L-1) with an equal 

volume of nanoceria suspension (2.0 g L-1) at pH 2.58, MO, which 

was initial red in colour became colourless, while the nanoparticle 

surface changes from yellow to orange after 1 h of reaction (Fig. 

S5A, inset photographs). In addition, the UV-vis absorption spectra 

of the supernatant revealed that the dominant peak of MO at 505 

nm decreased in intensity and that the peaks at 250-350 nm 

disappeared completely (Fig. S5A). However, most MO was 

adsorbed on the nanoceria and could be completely desorbed at 

pH 13.0 (Fig. S6). Thus, to precisely assess the oxidizing ability of 

nanoceria towards MO, the pH value of reaction system was 

adjusted from 2.58 to 13.0 at different reaction times; the 

corresponding colour and UV-vis absorption spectra at pH 13.0 are 

shown in Fig. 7.  

The colour of the MO supernatant was observed to become 

lighter as the reaction time increased, and the dominant peak of 

MO (pH13.0) at 464 nm was observed to decrease as the spectra 

were blue-shifted (Fig. 7A). Furthermore, the pH value of reaction 

system increased from 2.58 to 2.71 over 24 h before the pH value 

was adjusted, indicating that 10.42±0.39 μmol protons was 

consumed (Fig. S5B). Compared with the nanoceria aqueous 

suspension, the amount of consumed protons increased by 

28.5±4.8% in the MO/nanoceria system. These results 

demonstrate that nanoceria suspensions can oxidize MO and that 

protons are consumed during the oxidation. 

Dissolved Ce was also tested, and the results are shown in Fig. 

7B. The amount of dissolved Ce increased with the reaction time 

and reached a maximum value of 33.4 μM at 24 h. However, in the 

control test (nanoceria without MO), the dissolved Ce was only 4.9 

μM at 6 h and then increased by 1.4 μM in the last 18 h. These 

results indicate that the oxidation of MO can greatly accelerate 

the dissolution of nanoceria at pH 2.58. It is clear that, in our work, 

organic dyes such as ABTS and MO were preferentially oxidized 

by ·OH if this species was present. Thus, excess n-butanol (300 

mM) was added to scavenge ·OH in the nanoceria/MO system 

(line c in Fig. 7C). MO oxidation was significantly inhibited under 

this condition, demonstrating that ·OH plays a key role in oxidizing 

the dye. The reduced DMPO-OH EPR signal observed after adding 

n-butanol to the nanoceria aqueous suspension also confirmed 

this role (Fig. 4i). However, the expected complete inhibition was 

not observed, unlike as reported for Fe3O4 or Fe3O4-CeO2 

nanoparticles,47,48 which indicates that another oxidant, such as 

H2O2 or Ce4+, participated in the oxidation reaction in the 

nanoceria/MO system. Moreover, adding n-butanol (300 mM) was 

observed to increase the amount of dissolved nanoceria (Fig. 7B). 

To verify the possibility that H2O2 was the oxidant, 500 μM H2O2, 

which greatly exceeded the highest possible level in the nanoceria 

aqueous suspension, was added to oxidize MO. The UV-vis spectra 

of MO did not change after this addition, excluding the possibility 

of H2O2 being the oxidant (line b in Fig. 7C). Then, Ce was studied. 

For this purpose, CeIV compound (Ce(SO4)2) and the CeIII 

compound (CeCl3) (13.2-18.9 μM) were added to separate MO 

solutions. UV-vis spectra of the MO were then collected and are 

shown in Fig. 7C and Fig. S7. Ce3+ was unable to oxidize MO, but 

Ce4+ showed efficient oxidation at pH 2.58. These results strongly 

suggest that nanoceria can oxidize MO at pH 2.58. Therefore, MO 

oxidation in nanoceria aqueous suspensions is attributed to the 

synergistic effect of ·OH and Ce4+ in nanoceria, and the oxidative 

activity of the latter cannot be inhibited by the addition of 

n-butanol, an ·OH scavenger. 

 

 

Fig. 7 Oxidation of MO and dissolution of nanoceria (NCPs). A) 

Oxidation of MO as a function of reaction time; B) levels of 

dissolved Ce in different solutions as a function of time; C) UV-vis 

spectra of MO solution after 6 h reaction time: a) MO, b) MO/H2O2, 

c) nanoceria/MO/n-butanol, d) MO/Ce(SO4)2 (13.2 μM), e) 

nanoceria/MO, f) MO/Ce(SO4)2 (18.9 μM); D) H2O2 decomposition 

and the dissolved Ce. MO oxidation and H2O2 decomposition are 

catalysed by nanoceria at pH 2.58, 30±0.5 °C and 200 rpm. But the 

UV-vis spectra are scanned at pH 13.0 to eliminate the influence of 

adsorption. 

Furthermore, we noted that the dissolution of nanoceria should 

be enhanced by introducing MO or n-butanol at pH 2.58 (Fig. 7B), 

and that, compared with MO, n-butanol improved this dissolution. 

These results allow us to speculate that the addition of reductive 

material (or ·OH scavengers) should enhance the dissolution of 

nanoceria at low pH, and that the use of material that is relatively 

easy to be oxidized (or that is more adept at trapping ·OH) will 

increase the amount of dissolved nanoceria. To verify this 

speculation, the effect of H2O2 (20 mM) on the dissolution of 

nanoceria was studied, as shown in Fig. 7D. The level of dissolved 

Ce was observed to increase to 113 μM after only 0.5 h, and the 

molar ratio of dissolved Ce to decomposed H2O2 was 1:86±6 

throughout the reaction time. Therefore, nanoceria catalyse H2O2 

decomposition. The negligible oxidant ability of the MO/nanoceria 

system’s supernatant indicates that Ce3+ was dominant among the 

dissolved Ce cations (Fig. S7). The molecular mechanism 

underlying the dissolution of Ce is unclear, and more work should 

be carried out to better understand this issue. However, we 

speculate that the addition of reductive materials to nanoceria 

aqueous suspensions will break the recycling balance of Ce3+ and 

Ce4+ and cause Ce3+ to accumulate, which would dissolve at low pH. 

Accordingly, Ce3+ on the nanoceria surface is responsible for the 

nanoceria’s toxicity, which increases ROS and causes membrane 

damage.49, 50 Therefore, a net reduction in the nanoceria resulting 

from the organic materials or H2O2 in cells may be one explanation 

for the observed toxicity. 

4 Conclusions 

In conclusion, EPR revealed the existence of ·O2
- and ·OH in 

nanoceria suspension without additional H2O2. The strong 

oxidizing ability of nanoceria was verified, and a reasonable origin 

of the oxidizing ability of nanoceria was hypothesized: the 

adsorbed ·O2
- on the nanoceria surface dismutates to H2O2 via 
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nanoceria’s SOD-mimetic activity, and then, the H2O2 is converted 

into ·OH via a Fenton-like reaction. This process is inherent and 

pH-dependent. The regeneration of ·O2
- and persistent production 

of ·OH can be realized by providing DO. Moreover, the oxidative 

mechanism of nanoceria is more complicated than previously 

thought and involves the synergistic effect of ·OH and Ce4+ in the 

nanoceria at low pH values. 
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