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ABSTRACT. Nanoscale cerium oxide is of increasing interest in catalysis, biomedicine, 

renewable energy and many other fields. Its versatility derives from the ability to form non-

stoichiometric oxides that include both Ce3+ and Ce4+ ions. This work describes oxidation and 

reduction reactivity of colloidal cerium oxide nanocrystals, termed nanoceria, under very mild 

solution conditions. For instance, the as-prepared nanoceria oxidizes hydroquinone to 

benzoquinone, with reduction of some of the Ce4+ ions. Highly reduced nanoceria, prepared by 

UV irradiation in the presence of ethanol, oxidize hydroquinone back to benzoquinone. This and 

related reactivity allow tuning of the average cerium oxidation state in the nanocrystals without 
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changes in size or other properties. The amounts of Ce3+ and Ce4+ in the nanoceria were 

determined both by X-ray absorption spectroscopy and from the stoichiometry of the reactions, 

measured using 1H NMR spectroscopy. The results demonstrate, for the first time, that the 

optical absorbance of nanoceria is linearly related to the percent Ce3+ in the sample. The decrease 

in absorption (blue-shift of the band edge) is due to increasing amounts of Ce3+, not to a quantum 

confinement effect. These findings demonstrate the facile solution reactivity of nanoceria and 

establish UV-visible spectroscopy as a powerful new tool for in situ determination of Ce 

oxidation states in ceria nanomaterials. 

 

INTRODUCTION 

Cerium oxide (ceria) is a highly versatile material used in applications ranging from solid 

oxide fuel cells to protective coatings, antioxidant agents, solar cells, optical films, gas sensors 

and polishing powders.1 Ceria is a non-stoichiometric oxide that is typically characterized as 

having oxygen atoms missing from the lattice (O vacancies) with corresponding reduced Ce 

atoms. This phenomenon becomes especially important for nanoscale materials. Therefore, the 

formula for cerium oxide nanoparticles is often written as CeO2-x, where x ranges from 0 to 0.5.  

Perhaps the largest impact of ceria-based materials has been in redox catalysis, due to the 

ability of the cerium ions to switch between Ce3+ and Ce4+ oxidation states.2, 3 Reduction of 

cerium oxide is possible either by creation of oxygen vacancies (the traditional approach)4, 5 or 

by adsorption of a hydrogen atom.6, 7 H-atom adsorption usually proceeds at elevated 

temperatures (400-700 K) under H2 atmosphere, forming both surface8, 9 and interstitial10, 11 

hydroxyls upon reduction. Recent studies suggest that hydroxyls on ceria are formed in parallel 

to oxygen vacancies12 and play a crucial role in ceria reducibility and reactivity.13 While these 
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redox processes have been studied extensively for high-temperature solid-gas phase reactions14 

and for thin films,15 they have been much less explored for colloidal suspensions of cerium oxide 

nanocrystals (NCs, nanoceria).  

The redox reactivity of colloidal nanoceria has been studied mostly in aqueous suspensions 

in the context of biomedical applications and its environmental impact.16-18 The ability of 

nanoceria to be an in vivo antioxidant has been examined, including its quenching of reactive 

oxygen species (ROS), cell protection against oxidative stress, and toxicity of nanoceria.19-22 

Nanoceria also reacts with biologically relevant reducing agents such as ascorbate and catechols 

like dopamine.23, 24 These studies have shown reduction of Ce4+ and frequent ligand binding to 

the nanocrystal surface. For some individual substrates, the optical spectra can be part of a 

valuable analytical method. However, there have been few detailed studies of the reactions of 

nanoceria that quantitatively correlate the stoichiometry and spectroscopy of these materials, 

using a fundamental rather than application-oriented perspective.  

In parallel with these studies of nanoceria, there has been significant development of the 

molecular chemistry of cerium. These areas are starting to intersect, most notably in recently 

reported large cerium-oxide-carboxylate clusters.25 These clusters show the stoichiometry, 

coordination sphere, and locations of oxygen vacancies for ceria and thus can be viewed as 

atomically precise ceria nanoparticles. Related smaller clusters have also been described.26 In 

more traditional cerium coordination chemistry with multidentate ligands, recent studies have 

demonstrated that the Ce4+/Ce3+ reduction potential varies substantially with the nature of the 

ligand sphere.27-30 These ligand effects are likely relevant to the distribution of Ce3+ vs. Ce4+ in 

the distinct sites within the oxide-carboxylate clusters, and perhaps in the nanoceria as well. The 
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coordination chemistry also provides some insights into the broad range of redox reactivity of the 

nanoceria that is described below.  

For ceria materials, the direct determination of the average Ce oxidation state is an essential 

part of characterization. The most common way to measure Ce3+/Ce4+ ratios is by X-ray 

Photoelectron Spectroscopy (XPS). However, this ex-situ high vacuum method was shown to 

induce reduction of the sample during the measurement,31, 32 resulting in substantially higher 

values of Ce3+. Alternative techniques include Energy Loss Near Edge Structure (ELNES)33 

analysis by TEM and X-ray Absorption Near Edge Structure (XANES)34 analysis by synchrotron 

irradiation, although neither is easily accessible.  

The optical spectrum of cerium oxide is characterized by a strong absorption edge in the near 

UV-visible region, typical for a wide gap metal oxide semiconductor.35 For nanoceria, the edge 

is very broad and its position is sensitive to physical and chemical modifications of the NC, for 

instance, blue-shifting with decreasing NC size.36-38 Some researchers relate the shift of the 

absorption edge to changes in Ce3+/Ce4+ ratio,39, 40 while others refer to quantum confinement 

effects.41, 42 Since a decrease in CeO2-x NC size is also accompanied by an increase in Ce3+ 

content,43-45 these two effects are often convolved when analyzing their contribution to the 

position of the absorption band.  

The work reported here systematically and quantitatively connects ceria NC redox reactivity 

to optical spectroscopy. We describe new stoichiometric reactivity of nanoceria with well-

defined molecular oxidants and reductants under very mild conditions, using reagents such as 

benzoquinone and hydroquinone in unreactive solvents such as cyclohexane and THF. The 

reaction progress and stoichiometry were monitored by UV-visible and 1H NMR spectroscopies. 

X-ray absorption spectroscopy (XAS) was used to measure the Ce3+/Ce4+ ratio directly. Good 
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mass balance was obtained between the change in the cerium oxidation state and the small 

molecule products in solution. The same optical spectra were obtained when the same Ce3+/Ce4+ 

ratio was obtained with different reagents.  

The results show that the optical transitions are not a result of reactant or product binding to 

the NCs. This contrasts with the prior aqueous studies, where the absorbance was directly related 

to ligand binding. The data demonstrate that the optical spectra respond only to the valence state 

of the ceria. The mild chemical reactions do not change the size of the NCs, so the changes in the 

optical spectra are not due to quantum confinement. The data show a quantitative correlation 

between the optical absorption and the percent Ce3+ in two different kinds of nanoceria. 

Therefore, the optical spectra of cerium oxide NCs can be used to monitor their Ce3+/Ce4+ ratio. 

This correlation is a powerful tool for the study of these increasingly important nanomaterials.  

 

EXPERIMENTAL SETUP 

Complete experimental details and additional data are given in the Supporting Information 

(SI). Oleate-capped ceria NCs (OLE-Ce) were synthesized following a published procedure with 

minor modifications,46 using sodium oleate, ceric ammonium nitrate and aqueous ammonia. 

After drying at 90 °C for 24 h under air, the NCs were suspended in cyclohexane, and stored 

under N2 at -35 °C. Methoxyacetic acid–capped NCs (MAA-Ce) were obtained from Strem 

Chemicals. Cerium concentrations were determined using ICP-MS analysis. Photochemical 

reductions were performed with added alcohols under N2 and UV irradiation.  

Reactions of OLE-Ce were typically preformed as cyclohexane or cyclohexane/thf 

suspensions. Reactions were set up in the glove box and run in air-free optical cuvettes or NMR 
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tubes. Reactions of MAA-Ce were typically run in water or methanol. Products were identified 

and quantified by optical or 1H NMR spectra and comparisons with authentic samples.  

Fluorescence X-ray absorbance measurements at the Ce LIII-edge (5723 eV) were acquired 

at the Advanced Photon Source, Argonne National Laboratory. Sample manipulations in most 

cases were performed in an inert atmosphere glovebox. Data analysis followed literature 

procedures (see SI).  

 

RESULTS AND DISCUSSION 

I. General Methodology and Approach to Studying Ceria Reactivity and Spectroscopy. 

Two different types of ceria NCs were used for this study: oleate–capped cerium oxide (OLE-

Ce), prepared by published methods,46 and commercially available methoxyacetic acid–capped 

nanoceria (MAA-Ce). TEM and p-XRD revealed both materials to be crystalline, roughly 

spherical, and fairly monodispersed (Figure 1, Figures S1-S3). The OLE-Ce have an average 

diameter of 2.1 ± 0.2 nm, which corresponds to only about 4 unit cells across and ca. 140 Ce 

atoms per particle.47 The MAA-Ce are slightly larger, 2.9 ± 0.3 nm, ca. 5-6 unit cells across and 

350 Ce atoms per particle. OLE-Ce are lipophilic, soluble in non-polar organics, while MAA-Ce 

are soluble in water or polar solvents. Three independently made batches of OLE-Ce (-a, -b, and 

-c) were analyzed. Although quite similar in diameter (2.0 - 2.2 nm, Figure S2), they vary in their 

Ce3+/Ce4+ ratio, as will be discussed below. All samples form clear colloidal solutions (Figure 1) 

that are suitable for optical absorption and NMR spectroscopic studies. The UV-visible spectra 

of the nanoceria have a strong and broad absorption edge below 400 nm. Previous studies used 

concentrated nanoceria solutions so that the spectrum was oversaturated below 400 nm, so the 

changes were observed as red and blue-shifts of the edge position.48-50 In contrast, this work uses 
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dilute solutions of ceria NCs (≤0.25 mM in Ce ions), so that changes in the full absorption edge 

between 220 – 400 nm could be monitored during the course of chemical reactions. This small 

change provided important new insights, as the previously report blue shifts were found instead 

to be general decreases in absorbance (vide infra).  

 

 

Figure 1. Ceria NCs used in this study. TEM image along with size histogram (left), p-XRD 

(right, top) and cyclohexane solution (right bottom) of OLE-Ce. 

The general methodology used in this study was reacting colloidal solutions of ceria NCs 

with molecular redox reagents while following the changes by optical spectroscopy and 1H 

NMR. In parallel, the same reaction mixtures were subjected to XANES analysis to directly 

obtain the ratio of Ce oxidation states. Finally, all the techniques were correlated to connect 

between reactivity, absorbance spectra, and Ce oxidation states.  

 

II. Chemical Reactions with Oxidants and Reductants Monitored by Optical and NMR 

Spectroscopies. 1,4-Hydroquinone (H2Q) was chosen as the initial reagent to reduce nanoceria. 

As prepared OLE-Ce NCs in cyclohexane were titrated with different amounts of H2Q (Figure 

2A) and the optical spectra were monitored over the course of about 16 h. at r.t. The spectral 
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changes could be described as a blue-shift of the very broad, sloping absorption edge. However, 

they are more correctly described simply as a decrease in optical density (OD), since the 

absorbance decreases over the whole spectrum. The change in the ceria band edge absorbance 

was best observed at 340 nm, where the absorption of both H2Q and the oxidized product, 1,4-

benzoquinone (BQ), are negligible (Figure S4). As more H2Q was added (0.1 to 1.0 molar 

equivalents to the number of Ce atoms), the OD340 decreased further until saturation behavior 

was observed (Figure 2B). The strong peak at 298 nm that grows in is due to the presence of 

excess unreacted H2Q. 

The final reaction mixture was analyzed by 1H NMR to verify and quantify the product of 

oxidation, 1,4-benzoquinone (BQ, Figure S5). The oxidation of H2Q to form BQ is a 2e–/2H+ 

process, that must be accompanied by the reduction of Ce4+ to Ce3+ in the NCs to balance the 

stoichiometry. Using the number of equivalents of BQ produced in the reaction (determined by 

1H NMR), the optical density at 340 nm can be correlated with the extent of the NCs reduction.  

In this case, and in every reaction we have examined, there is a linear relationship between 

the OD340 and the number of electrons transferred to nanoceria (Figure 2C). In total, upon 

addition of excess H2Q, there was a formation of ca. 0.06 molar equivalents of BQ, that 

corresponds to reduction of 12% of the total Ce atoms. 

An alternative way to reduce nanoceria is by UV irradiation in the presence of ethanol 

(EtOH). Photochemical reduction of semiconducting nanoparticles in the presence of a sacrificial 

reductant is well described in the literature.51, 52 This procedure resulted in substantial reduction 

of the nanoceria, as was evidenced by even more pronounced decrease (blue-shift) of the 

absorption edge (Figure 2D). The OD at all the wavelengths between 220 – 400 nm declined 

with increasing irradiation time (from 15 min to 3 h), corresponding to increased extent of 
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reduction. More quantitative analysis of the changes in Ce oxidation states was obtained with 

XAS studies, as described below. 

 

 

Figure 2. Changes in the optical absorption spectra of nanoceria as a result of redox processes. 

(A) Optical spectra of 5 µmol OLE-Ce (the total concentration of Ce ions) in cyclohexane/THF 

(2:1) upon addition of various amounts of H2Q (0.5 – 5 µmol). The initial spectrum is shown in 

black. H2Q (5 µmol) absorption spectrum is shown in the dashed line. (B) The molar absorbance 

of OLE-Ce at 340 nm after addition of different amounts of H2Q. (C) The molar absorbance of 

OLE-Ce at 340 nm as a function of the number of electrons transferred to nanoceria (2 times the 

quantity of BQ formed by 1H NMR). Errors are reported as the standard deviation of replicates or 

10% of the median, whichever was greater. (D) Optical spectra of OLE-Ce after various 

irradiation times for the photochemical reduction with ethanol. The initial spectrum is shown in 

black. (E) Optical spectra of native (as-prepared) and photo-reduced OLE-Ce upon addition of 

H2Q and BQ respectively (1 mol equiv). The initial spectra are shown as dotted lines. 
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The addition of BQ to the photochemically reduced OLE-Ce NCs is in essence the reverse of 

the reaction of as-prepared NCs with H2Q described above. This reaction caused an increase in 

the optical absorbance (a red shift of the absorption edge), the reverse of the bleaching observed 

in the H2Q reaction and upon photoreduction. Formation of the reduced product, H2Q, was 

observed from the absorption peak at 298 nm (Figure 2E) and by 1H NMR (Figure S6). The 

NMR spectra of these reactions generally showed good mass balance, with the sum of the 

benzoquinone and hydroquinone staying fairly constant over the reactions. There was no 

indication of either of these reagents binding significantly to the ceria, or loss of capping ligands 

during the reactions (Figure S19). This contrasts with prior studies using catechols, which are 

known to be much stronger ligands to oxophilic metal centers than the 1,4-substituted substrates 

used here.  

Similar reactivity studies were performed with MAA-Ce and H2Q, as well as with 

photochemically reduced MAA-Ce and BQ. The results paralleled those obtained with OLE-Ce 

samples (UV-visible, 1H NMR, Figures S7-S9). The specific changes in the molar absorption 

were correlated with Ce oxidation states, measured by XAS (Table 1 below).  

Interconversion of H2Q and BQ is not a pure electron transfer redox couple but rather 

involves 2e– and 2H+. Thus, in some ways, these reactions resemble the net hydrogen atom 

transfer (HAT) or proton-coupled electron transfer (PCET) reactions of ZnO and TiO2 

nanocrystals that we have described previously.53 Photoreduction by UV irradiation in the in the 

presence of ethanol also likely adds protons as well as electrons.53 

Similar reactivity and spectroscopic changes were observed upon reaction of OLE-Ce NCs 

with other hydrogen atom donors and acceptors, showing the generality of the chemistry 

observed. 2,2,6,6-tetramethylpiperidin-1-yl-hydroxyl (TEMPOH) is an excellent H-atom donor 
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because of its weak O–H bond, forming the corresponding stable nitroxyl radical TEMPO. 

Addition of TEMPOH to the as-prepared NCs resulted in the decrease of the absorption band 

(reduction of Ce4+ to Ce3+), while TEMPO oxidizes to the photo-reduced NCs with an increase in 

the optical density, Figure S10. Thus the 1e–/1H+ TEMPOH/TEMPO• redox pair showed a 

similar reactivity to the 2e–/2H+ H2Q/BQ couple, consistent with their similar O–H bond 

dissociation free energies (BDFEs in DMSO, 68 kcal mol-1 for TEMPOH and 73 kcal mol-1 

average for H2Q/BQ, likely a little weaker in cyclohexane).54 2,4,6-tri-tert-butyl-phenol 

(tBu3PhOH) did not reduce the as-prepared nanoceria, consistent with its higher BDFE of 81 kcal 

mol-1 in DMSO.54 In the reverse direction, the stable phenoxyl radical tBu3PhO• oxidized photo-

reduced NCs with formation of the reduced phenol, tBu3PhOH (Figures S11-S12).  

Similar spectroscopic changes were also observed upon oxidation of nanoceria with formal 

oxygen atom transfer reagents. Reactions of tert-butyl hydrogen peroxide (TBHP) with both as-

prepared and photo-reduced samples of OLE-Ce showed a gradual increase in the OD (Figure 

S13A), as expected for an oxidation (TBHP does not absorb in this region). Both as-prepared and 

initially photo-reduced nanoceria yield essentially the same spectrum upon oxidation (the same 

Ce3+/Ce4+ ratio) (Figure S13B). The reaction of iodosobenzene (PhIO) with MAA-Ce also 

showed an increase in absorbance, oxidation of Ce (by XAS, see below) and formation of the 

reduced product, iodobenzene (PhI, by 1H NMR; Figures S14-S15).  

The use of these inner-sphere redox reagents in inert solvents has strong advantages for the 

study of Ce oxidation states and optical spectra. The amount of redox change in the nanoceria 

was easily monitored through NMR spectra of the oxidized and reduced molecular products. A 

remarkably wide range of average cerium oxidation states is accessible, from 13% to 67% Ce3+, 

without other substantial changes in the nature of the nanoceria (see below). This is possible 
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because the reagents donate or accept H-atoms or O-atoms, so that charge balance is maintained 

in the various reactions. The inner-sphere reactions of these NCs have parallels in the chemistry 

of cerium complexes,30 and the wide range of redox agents used here is consistent with the range 

of reduction potentials reported for molecular compounds.28,29 In contrast, the use of outer-sphere 

electron transfer reagents such as ferrocene/ferrocenium (FeCp2/FeCp2+), would have resulted in 

substantial accumulation of positive or negative charge on the nanoceria, preventing such wide 

changes in cerium oxidations.  

 

III. Cerium Oxidation States from X-ray Absorption Spectroscopy (XAS). To study the 

changes in oxidation states of the nanoceria, XAS experiments were done at the Advanced 

Photon Source (APS) at Argonne National Laboratory. In situ XANES were performed on 

reaction mixtures containing ceria NCs to determine the Ce3+:Ce4+ ratio directly in solution. The 

ratio was determined by simulating the XANES spectra using a set of Gaussian and Arctan 

functions (Figure 3A), following a common procedure (see SI).55-57  

The three distinct batches of OLE-Ce studied here (-a, -b, and –c), as synthesized, varied 

substantially in the fraction of Ce3+ therein. They ranged from 22% Ce3+ for OLE-Ce-c to 36% 

for the OLE-Ce-b sample. It is not clear what factor(s) in the synthesis procedure lead to these 

differences. The slightly larger average size of the (-c) batch (2.2 nm vs. 2.0 nm for (-b)) seems 

unlikely to be sufficient to explain this large difference in % Ce3+.  

XAS was used to determine the %Ce3+ in samples from a variety of chemical reactions, using 

all three of the batches of OLE-Ce, and using the MAA-Ce samples. The determined %Ce3+ 

values for the 24 different samples are listed in Table 1. The changes in the determined 

percentages of Ce3+ agreed with independent measurements from the amount of H2Q, BQ, or 
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other molecular products formed in parallel solutions studies by 1H NMR (Figure S16, Table 

S3). 

 

 

Figure 3. XANES analysis of cerium oxide NCs. (A) As-prepared OLE-Ce spectra (○) with 

component Arctan (blue (step = 1, width = 2, E0 = 5725 eV) and Gaussian functions (green/red) 

used to fit (purple) relative oxidation states. Peaks A-D correspond to the transitions in Table 1S. 

(B) Molar absorption dependency of nanoceria on % Ce3+ measured by XANES. Errors are given 

as the standard deviation from replicates or 10% of the median, whichever was greater. 
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Table 1. Ce oxidations states, chemical and photochemical reactions, and molar OD at 340 nm 

of various samples analyzed by XANES.  

 

Sample Molar 
OD340 

 % Ce3+ Sample Molar 
OD340 

 % Ce3+ 

OLE-Ce-aa 2299 28.5 OLE-Ce-b – 1 h Photoa,b 721 66.5 

OLE-Ce-ba 1894 36 OLE-Ce-b – H2Q 1 mol/eqc 1357 50 

OLE-Ce-ca 2631 22 OLE-Ce-b – H2Q 0.1 mol/eqc 1476 47 

OLE-Ce-a – ¼ h Photoa,b 1781 38 OLE-Ce-b – tBuOOHa 2711 18 

OLE-Ce-a – 1 h Photoa,b 1025 54.5 OLE-Ce-b – 1 h Photo + BQb,c 1280 48 

OLE-Ce-a – 3 h Photoa,b 908 57.5 MAA-Ced 956 32 

OLE-Ce-a – H2Q 1 mol/eqc 1761 36 MAA-Ce – 1 h Photod,e 600 44 

OLE-Ce-a – 1 h Photo + BQc 1685 39 MAA-Ce – H2Qd 780 41.5 

OLE-Ce-a – tBuOOHa 2721 15 MAA-Ce – 1 h Photo + BQd,e 856 39 

OLE-Ce-a – 3 h Photo + BQb,c 1672 41 MAA-Ce –  PhIOf 1490 4 

OLE-Ce-a – 3 h Photo + NMOb,c 1038 56 MAA-Cef 1122 29 

OLE-Ce-a – 3 h Photo + tBuOOHa,b 2874 13 MAA-Ce – H2Qf 898 36 
a Cyclohexane, N2.  b 4 mol/eq EtOH.  c Cyclohexane/THF (2/1), N2  d H2O, N2.  e 4 mol/eq MeOH.  
f MeOH, air. 
 

IV. Quantitative Correlation of Reaction Stoichiometry, UV-vis Spectra, and XAS Spectra. 

Various reactions of OLE-Ce were analyzed in parallel by in situ XANES and by optical 

spectroscopy. The molar OD at 340 nm was plotted as a function of the percentage of Ce3+ in 

each sample: blue points in Figure 3B, data in Table 1. For all the OLE-Ce samples, there is a 

linear relationship between the molar OD and the %Ce3+. This linear correlation extends over a 
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very wide range of composition, from highly oxidized (13%Ce3+/87%Ce4+) to highly reduced 

(67%Ce3+/33%Ce4+). The linearity is particularly remarkable because the changes in the %Ce3+ 

have been accomplished in different ways, by photoreduction, chemical reduction, or chemical 

oxidation with reagents as varied as benzoquinone and tBuOOH. In addition, all three batches of 

OLE-Ce follow the same correlation line between the molar absorbance at 340 nm and % Ce3+, 

even though the as-synthesized materials had significantly different %Ce3+ values.  

The changes in oxidation state, the x-axis in the correlation, were in many cases measured 

both by XAS and by NMR integration of the chemical reagents. The same correlations (same 

slopes within the uncertainties) were observed using the different methods: using direct 

measurement of % Ce3+ by XAS (Figure 3B) and determining the redox change in the ceria NCs 

(the moles of electrons transferred) by NMR integration (Figure 2C). The close correspondence 

of the results from NMR, XAS and optical spectroscopy provides strong support for the 

reproducibility of the results and the conclusions of this study. 

A linear correlation was also observed for the MAA-Ce samples (red points in Figure 3B; 

Table 1). Again, higher Ce4+ content is characterized by a higher molar absorption. While the 

same linear correlation is observed, the slope and intercept of the line are different. The value of 

these correlations is that once the line has been established for a particular batch of nanocrystals, 

the optical spectra are a direct and convenient measure of the %Ce3+ in the colloidal NCs. This 

will be a useful tool for analysis of ceria-based redox processes. 

The existence of a linear correlation between optical density and the cerium oxidation state 

ratio for two quite different types of ceria NCs suggests that this will be a general property. 

Nevertheless, the correlation line obtained for MAA-Ce differs from that of the OLE-Ce 

samples. One possibility is that the capping ligands influence the optical spectra of the material, 
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which would not be surprising given the large portion of the Ce atoms that are on the surface of 

these very small NCs (2-3 nm). It is also possible that the correlations depend on the ratio of 

surface to bulk Ce ions, which was different for OLE-Ce (-a, -b, and -c) and MAA-Ce due to 

their different sizes.  

 

V. Reversibility of the Chemical Processes at Nanoceria. The inner-sphere redox processes of 

ceria NCs are completely reversible, based on the optical, NMR and XAS assays. For example, 

photoreduction of OLE-Ce followed by BQ oxidation gives essentially the same optical 

spectrum and Ce3+/Ce4+ ratio as reduction by H2Q (Figure 2A). In one set of experiments, OLE-

Ce were photo-reduced, then oxidized with TBHP and then reduced again with H2Q. After each 

step, the optical spectrum was indicative of changes in oxidation states, while holding the linear 

relationship (Figure S15, Table S2).  

The reversibility – that the linear relationship holds between the optical density at 340 nm 

and the %Ce3+ in the nanocrystals as the oxidation states are tuned one way and then back – 

implies that the NCs have not undergone any significant overall changes during cycling. For 

instance, it is very unlikely that any changes in NC size as a result of the chemical reactions 

would be reversible. To confirm this, TEM images were obtained for a sample of OLE-Ce-B at 

various redox states: as prepared, reduced with H2Q, and air oxidized (Figure S17). The average 

diameters and widths of the distributions were the same within the uncertainty of the 

measurements: 1.9 ± 0.2 nm; 1.9 ± 0.2 nm, and 2.0 ± 0.3 nm, respectively. The slight growth and 

broadening were not statistically significant and did not parallel the changes in oxidation state 

and optical density (down, then up). The reversibility and TEM data show that the changes in 
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absorption spectra are not due to changes in size. The optical changes reflect the oxidation states, 

not a quantum confinement effect.  

 

CONCLUSIONS 

The experiments above demonstrate the rich redox chemistry of two kinds of colloidal ceria 

nanocrystals. Under very mild conditions, the percentage of Ce3+ has been manipulated from 

13% to 67% for the OLE-Ce samples, and from 18% to 44% for the MAA-Ce. These changes 

have been accomplished with UV-photoreduction and by treatment with an array of simple 

organic oxidants and reductants, such as hydroquinone and benzoquinone. Higher Ce3+ content 

results in more reducing NCs. The large changes in average cerium oxidation states imply 

substantial changes in stoichiometry of the materials, which is likely facilitated by their small 

size (2-3 nm diameter, ca. 4-6 unit cells across) and the use of reagents that are H-atom or O-

atom donors or acceptors, rather than pure electron transfer agents.  

The ability to tune the cerium oxidation states up and down has allowed us to demonstrate, 

for the first time, that the molar optical density of colloidal nanoceria correlate with the %Ce3+ 

vs. Ce4+ in the material. The cerium oxidation states and their changes were measured using x-

ray absorption spectroscopy (XAS) and using the stoichiometry of the reactions from 1H NMR. 

Results from all three batches of OLE-Ce fall on the same correlation line. The MAA-Ce 

samples also show a good linear correlation of molar absorbance vs. average cerium oxidation, 

though on a different correlation line than the OLE-Ce (Figure 3B). We emphasize that this 

linear correlation was observed between all of the samples of a given type of NC, independent of 

the type of reagent used to manipulate the redox level of the cerium, and that the optical changes 

were reversible. This contrasts with prior studies that often assigned optical changes to 
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transitions involving capping ligands such as catecholates, and that often involved comparisons 

among different sized nanocrystals. Thus, the decrease in molar absorption originates solely from 

an increase in Ce3+ fraction in ceria NCs (and vice versa), and not due to a quantum size effect. 

Examining the UV spectra over the whole range from 250 – 400 nm shows that the changes are a 

bleach of the spectrum, with decreases throughout this range, and not a blue shift of a band edge 

as previously discussed.  

The discovery of a linear correlation of optical density with the percentage of Ce3+, for both 

lipophilic and hydrophilic ceria nanocrystals and for reactions with a variety of redox agents, is a 

powerful new tool in the study of nanoceria. A very simple optical measurement can assess 

reactivity, redox states and properties of potentially any colloidal ceria NC system, with an in 

situ, non-invasive method. We expect that this new tool will prove valuable in many areas of 

research and application in the rapidly growing field of nanoceria, and we are making much use 

of it in continuing studies in our own laboratories.  
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Synopsis 

Mild chemical reactions of ceria nanocrystals reversibly tune the Ce4+/Ce3+ ratio in the material 

over a large range, as revealed by stoichiometry and XAS measurements. The optical spectra are 

observed to linearly correlate with the %Ce3+, providing a powerful new tool for in situ 

determination of Ce oxidation states in these nanocrystals. 


