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Abstract. A novel equilibrium strategy for measuring the hydrogen atom affinity of colloidal metal oxide 
nanoparticles is presented. Reactions between oleate-capped cerium oxide nanoparticle colloids (nanoceria) and 
organic proton-coupled electron transfer (PCET) reagents are used as a model system. Nanoceria redox changes, 
or hydrogen loadings, and overall reaction stoichiometries were followed by both 1H NMR and X-ray absorption 
near edge spectroscopies. These investigations revealed that, in many cases, reactions between nanoceria and 
PCET reagents reach equilibrium states with good mass balance. Each equilibrium state is a direct measure of the 
bond strength, or bond dissociation free energy (BDFE), between nanoceria and hydrogen. Further studies, 
including those with larger nanoceria, indicated that the relevant bond is a surface O–H. Thus, we have measured 
surface O–H BDFEs for nanoceria – the first experimental BDFEs for any nanoscale metal oxide. Remarkably, 
the measured CeO–H BDFEs span 13 kcal mol-1 (0.56 eV) with changes in the average redox state of the nanoceria 
colloid. Possible chemical models for this strong dependence are discussed. We propose that the tunability of 
ceria BDFEs may be important in explaining its effectiveness in catalysis. More generally, metal oxide BDFEs 
have been used as predictors of catalyst efficacy that, traditionally, have only been accessible by computational 
methods. These results provide important experimental benchmarks for metal oxide BDFEs and demonstrate that 
the concepts of molecular bond strength thermochemistry can be applied to nanoscale materials. 
 

Introduction 

 Redox-active metal oxide materials and nanomaterials are important technologically and in the 

environment.1–6 Many of the redox transformations they perform involve the transfer of hydrogen atoms (protons 

and electrons).7–11 As a result, free energies of hydrogen atom transfer to and from these materials are fundamental 

thermochemical values of great importance. This report’s emphasis on nanoparticle bond strength 

thermochemistry follows the longstanding interest in surface–H and surface–X adsorption energies in surface 

science,12,13 and the use of such energies as descriptors in the popular ‘scaling relationship’ and ‘volcano plot’ 

analyses of heterogeneous catalysis and electrocatalysis.14–17 Despite wide interest, measurements of surface–H 

adsorption energies have almost entirely been restricted to single crystal metals and ultrahigh-vacuum 

conditions.12,18 Computed adsorption energies are more widely reported. However, especially for binary materials 

such as redox-active oxides, they often rely on assumptions about the stoichiometry and structure of the material’s 
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surface and little data exists for their validation.12,19,20 As a result, there is a need for more methods to measure 

adsorption energies for chemically reactive materials under solution conditions. Here we report the first free 

energy measurements of the bond strength between hydrogen and a metal oxide nanomaterial, and explore how 

those bond strengths change with the hydrogen stoichiometry of the oxide. This advance is enabled by a novel 

equilibrium method which is applied to reactions between cerium oxide nanoparticle colloids and molecular 

reagents (Scheme 1). 

Scheme 1. Equilibrium between cerium oxide nanoparticles and a substituted 1,4-hydroquinone.  

 

 Cerium oxide (ceria) is a prototypical mixed-valence oxide, typically containing both Ce4+ and Ce3+ ions, 

which can vary its stoichiometry and average redox state (%Ce3+) in redox reactions. This phenomenon has been 

the subject of significant study, and is especially pronounced at the nanoscale (nanoceria).21–28 In nanoceria, the 

extent to which the %Ce3+ can be varied is enhanced by greater surface-to-bulk ratios, which stabilize Ce3+ sites. 

This wide range of accessible redox states is important to ceria’s applications as a catalyst, co-catalyst, and 

reducible oxide support. In modern ‘three-way’ automotive catalytic converters, for example, ceria acts as a 

source and sink for redox equivalents to facilitate both the reduction of nitric oxide and the oxidation of carbon 

monoxide.23 Ceria also catalyzes the methanation of CO2, the hydrogenation of various alkynes, and other 

reactions.19,29–34 Furthermore, aqueous suspensions of nanoceria are being explored to treat ailments caused by 

reactive oxygen species.24,25,35–37 All of these applications depend on variations in the %Ce3+ of the ceria. 

 Redox reactions of ceria typically occur by the transfer of either hydrogen or oxygen atoms, and therefore 

the thermochemistry of these atom-transfer reactions is central to understanding ceria’s reactivity. Under high-

temperature conditions, the Ce3+/Ce4+ mixed valency is most commonly balanced by oxygen vacancies in the 

fluorite lattice, and the material is written as CeO2-x.38 The thermochemistry of oxygen loss at bulk ceria is known 
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to be modulated by the material’s average redox state.26,27,39,40 At closer to ambient temperatures, or in colloidal 

suspensions, charge balance can instead be maintained by hydrogen atom binding (because loss of H2O is less 

favorable, see below).26,33 As with many reducible metal oxides,10,41,42 hydrogen atom addition (H• ≡ e– + H+) to 

ceria is most commonly thought to result in the reduction of one Ce4+ to Ce3+, with protonation of one oxide to 

hydroxide (CeOx(OH)y).43 The thermochemistry for binding hydrogen to materials is typically described as the 

hydrogen adsorption energy. This is the free energy or enthalpy of dissociative H2 chemisorption to form surface–

H. For ceria these values have only been accessible by computation, and reported CeO2(111) surface O–H bond 

strengths vary significantly between studies.29,44,45 These papers, like most that compute H adsorption on binary 

materials, report single values for the hydrogen adsorption energy. However, a recent computational study of 

CenO2n nanoclusters described significant heterogeneity in the hydrogen adsorption energy between different 

surface sites.46 Experimental measurements of the low-temperature thermochemistry of ceria–and other metal 

oxides–are needed as benchmarks and to clarify whether the single bond strength model is appropriate for these 

complex surfaces. 

 The preferred thermochemical descriptor for hydrogen binding in solution reactions is the standard free 

energy of bond homolysis, called the bond dissociation free energy (BDFE), eq 1.47,48 

 X–H   →   X•  +  H•              ∆G° = bond dissociation free energy, BDFE (1)  

We use BDFEs in this paper because they have been reported for a wide variety of molecules in solution and this 

parameter has been shown to be robust descriptor of hydrogen atom transfer (HAT) and proton-coupled electron 

transfer (PCET) reactivity.47,49–53 Furthermore, the utility of BDFEs as a descriptor of material bond strengths has 

already been demonstrated by our group in a recent study of Ni(OH)2 electrodes.54 Use of these values allows 

connections to the surface science literature as BDFEs are directly related to the hydrogen adsorption free energies 

by combination with the free energy of H2 homolysis.48,55 

 Herein, we report measurements of equilibria between colloidal ceria nanoparticles and various PCET 

reagents, as a new method, to provide the first experimentally determined BDFEs for surface O–H bonds in 

colloidal nanoceria, or any colloidal metal oxide nanoparticle. While there have been many studies of the reaction 

chemistry of metal oxide nanoparticle suspensions,56–65 it is only recently that PCET reactions have been 

emphasized.9,66,67 Our previous study demonstrated that nanoceria colloids react with a wide range of PCET 

reagents.68 We show here that reactions between nanoceria and a PCET reagent can reach an equilibrium state 
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where the thermodynamic affinity for a hydrogen atom, or BDFE, is equal between the two species. Interestingly, 

we observe that these BDFEs are significantly tuned by the redox state of the nanoceria. The implications of this 

relationship and these values for the rational design of nanoceria catalysts are discussed. More generally, this 

work opens the door to many more experimental studies of hydrogen adsorption free energies at oxide 

solid/solution interfaces, which are important in fields including catalysis, electrocatalysis, reaction chemistry, 

corrosion, geochemistry, nanomedicine, and as benchmarks for computational studies. 

 

Results  

 This study demonstrates a novel and general method for determining the bond strengths between hydrogen 

and metal oxide nanoparticles using oleate-capped cerium oxide nanoparticle colloids (OLE-Ce) in low-polarity 

organic solvents (Supporting Information, Section S1). The majority of experiments were performed in 

tetrahydrofuran (THF) with an OLE-Ce batch designated Ce-1, in which nanoparticles had an average diameter 

(d) of 1.8 ± 0.2 nm by transmission electron microscopy (TEM) (Section S2). Comparative studies were done 

with a second batch of OLE-Ce prepared in the same fashion (Ce-2, d = 1.9 ± 0.3 nm), and on a larger OLE-Ce 

colloid (Ce-L, d = 4.0 ± 0.4 nm). Experiments involved chemical reactions of these OLE-Ce colloids with soluble 

small molecules that can donate or accept hydrogen atoms – mostly 1,4-hydroquinones and their corresponding 

quinones. These PCET reagents were chosen because they have a variety of average O–H BDFEs and they are 

poor ligands for nanoceria.55,68 Reactions were done in mixtures of THF-d8 and proteo-THF over a period of days 

at room temperature, and organic products were quantified by integration of peaks in the solvent-suppressed 1H 

NMR spectra using 1,3,5-trimethoxybenzene (TMB) as an internal standard (Sections S1.4 & S6.1). Solutions 

were also analyzed in air-free quartz capillaries by X-ray absorbance near edge spectroscopy (XANES) at the Ce 

LIII-edge before and after reactions, to obtain the ratio of Ce3+ to Ce4+ ions in the material (Section S3). For as-

prepared Ce-1, the %Ce3+ is 29.5% by XANES. 

 Throughout this work, BDFE values are used as thermochemical metrics of hydrogen atom affinity, where 

larger values indicate stronger bonds. All of the values used for organic substrates (XHn) were determined recently 

by our laboratory, in THF, using open-circuit potential measurements.55 For reagents where n > 1 the reported 

BDFEs refer to the average of the component BDFEs. 
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I. Equilibrium Case Study: OLE-Ce and 2,6-dimethyl-1,4-hydroquinone (H2DMQ) 

 This section describes detailed 1H NMR and XANES studies of the reaction between Ce-1 and 2,6-

dimethyl-1,4-hydroquinone (H2DMQ, BDFE = 64.9 kcal mol-1)55 in THF as a case study for the equilibration 

strategy (Scheme 1). Reaction progress was monitored with 1H NMR spectroscopy by quantifying the production 

of the organic product, in this case 2,6-dimethyl-1,4-benzoquinone (DMQ). Quantification of the product provides 

a direct measure of the change in %Ce3+ (Δ%Ce3+) during the reaction, because, as demonstrated below, a general 

stoichiometric relationship holds (eq 2). Reported values of Δ%Ce3+
 are always relative to the %Ce3+ of the as-

prepared sample of OLE-Ce, even if multiple reactions are done in sequence. 

 CeOxHy + aXHn  CeOxH(y+an) + aX (2) 

 The oxidation of H2DMQ by as-prepared Ce-1 was explored in the presence of excess reducing 

equivalents (two per molecule of H2DMQ) as compared to potential oxidizing equivalents (the number of Ce 

atoms). Although the concentration of cerium atoms ([Ce]) should be limiting in the reaction with H2DMQ, 

reduction of Ce-1 was observed to plateau at Δ%Ce3+ ≈ 33%, after roughly 3 days (Figure 1A). This value is well 

below the Δ%Ce3+ expected for a stoichiometric reaction (see below), and therefore suggested that an equilibrium 

state was reached. To test this hypothesis, Ce-1 was first reduced to Δ%Ce3+ ≈ 36% by using a sub-stoichiometric 

amount of the more reducing 1,8-dichloro-9,10-dihydroanthraquinone (H2DCAQ, BDFE = 55.4 kcal mol-1)55. In 

this reaction H2DCAQ is quantitatively oxidized to the quinone. The reduced colloid was then exposed to excess 

DMQ (Scheme 1 in the reverse direction). Reduction of DMQ to H2DMQ was observed in initial time points, but 

then plateaued at Δ%Ce3+ ≈ 28%. The observation of reactions in both directions supports the initial conclusion 

of achieving equilibrium states. The plateau value of Δ%Ce3+ was somewhat higher in the oxidation of H2DMQ 

than in the reduction of DMQ (Figure 1A), as discussed below.  
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Figure 1. (A) ∆%Ce3+ values plotted as a function of reaction time, determined by quantitation of the organic 
products by 1H NMR spectroscopy. The oxidation of H2DMQ (gold) by Ce-1 and the reduction of DMQ by pre-
reduced Ce-1 (purple) are shown. Uncertainties in the Δ%Ce3+ values are roughly the vertical size of the symbols. 
Values in the table (±2%) are the averages of all Δ%Ce3+ values in the plateau region. Δ%Ce3+ values were 
corroborated by (B) XANES data of the equilibrated suspensions in THF (same color scheme as Figure 1A). A 
fit for the spectrum of Ce-1/H2DMQ (red, dotted) is included, together with contributions from Ce3+ (teal), Ce4+ 
(black), and background / pre-edge contributions (gray, dashed). For the oxidation of H2DMQ by Ce-1, [Ce] = 
9.0 mM, [H2DMQ] = 6.3 mM, and [TMB] = 7.5 mM. For the reduction of DMQ, Ce-1 was first reduced by 
adding a sub-stoichiometric amount of H2DCAQ and waiting until it had all been consumed before adding DMQ; 
[Ce] = 9.1 mM, [DMQ] = 4.3 mM, and [TMB] = 7.4 mM. As in (A), the estimated uncertainties are ≤ ±2% in 
%Ce3+. 
 

 XANES data collected for these colloidal samples at the Ce LIII-edge provided a direct measure of the 

absolute %Ce3+ (rather than the change, Δ%Ce3+, from 1H NMR data and eq 2). As reported previously, XANES 

spectra were fit to multiple transitions originating from either Ce3+ or Ce4+.68 In short, absorbance at the rising 

edge is primarily attributed to a transition from the Ce3+ state, while absorbance at higher energies is assigned to 

multiple transitions from Ce4+ states.69–71 Deconvolution of contributions from Ce3+ and Ce4+ states in XANES 

spectra provide a quantitative measure of the absolute %Ce3+ of OLE-Ce (Section S3). These experiments again 

showed that reactions of H2DMQ and DMQ with Ce-1 and pre-reduced Ce-1, respectively, gave fairly similar 

%Ce3+ values (Figure 1B). In both cases, the %Ce3+ values were significantly higher than that measured for as-

prepared Ce-1, %Ce3+ = 29.5%. 

 The final %Ce3+ values for reactions between Ce-1 and either H2DMQ or DMQ (starting at opposite sides 

of Scheme 1) show a consistent difference by both XANES and 1H NMR. By both measures the reaction with 

H2DMQ gives a higher %Ce3+ than the reaction with excess DMQ. This discrepancy falls outside of the 

uncertainties, which we estimate to be ≤ ±2% in %Ce3+ for both 1H NMR and XANES. Such a discrepancy is 
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actually expected for an equilibrium state, because of the excess of the organic reagent that was used in each case. 

The law of mass action (Le Chatelier’s principle) dictates that Ce-1 will be more reduced when an excess of the 

H2DMQ reductant was used, and more oxidized in the presence of an excess of the DMQ oxidant. This is what is 

observed by both 1H NMR and XANES (Figure 1). Together, these data show that the 2e–/2H+ transfer between 

Ce-1 and the H2DMQ/DMQ redox couple reaches equilibrium. 

 At equilibrium the overall PCET reaction is isoergic by definition, and therefore the BDFE of Ce-1 

(BDFECe) must be equal to the “concentration-adjusted BDFE” (BDFEadj) of H2DMQ. The BDFEadj is used 

because the concentrations of H2DMQ and DMQ in solution modulate their hydrogen atom affinity, per Le 

Chatelier’s principle. Just as the thermodynamic proton-donor ability of a protic acid depends on the [HA]/[A–] 

ratio, the ability of the H2DMQ to donate hydrogen atoms depends on the [H2DMQ]/[DMQ] ratio. This change 

in driving force will necessarily shift the position of the equilibrium measured. The BDFEadj is given 

quantitatively by a version of the Nernst equation (eq 3), where the constant is 2.303RT at 298 K in kcal mol-1.55 

 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎𝑎𝑎(𝑋𝑋𝐻𝐻𝑛𝑛) = 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵(𝑋𝑋𝐻𝐻𝑛𝑛) −  1.364 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 𝑚𝑚𝑚𝑚𝑚𝑚−1

𝑛𝑛
log �[𝑋𝑋𝐻𝐻𝑛𝑛]

[𝑋𝑋] � (3) 

Application of eq 3 for the equilibria established between H2DMQ/DMQ and Ce-1 gives BDFECe = 64.6 kcal 

mol-1 when Δ%Ce3+ = 32.7% and 65.6 kcal mol-1 when Δ%Ce3+ = 28.2%. We estimate the uncertainty between 

BDFECe values to be ±0.3 kcal mol-1 based on the accuracy of equilibrium positions from the NMR quantitation. 

The difference in BDFEs for the two equilibrated samples falls outside of the relative uncertainties, thereby 

confirming the expectation that more reduced ceria nanoparticles form a weaker bond to hydrogen (lower BDFE). 

II. Expansion of Equilibrium Method to Other PCET Reagents 

 The equilibrium method described above was expanded to 1,1-diphenyl-2-picrylhydrazine (DPPH-H, 

BDFE = 73.5 kcal mol-1), 1,4-hydroquinone (H2BQ, BDFE = 67.4 kcal mol-1), 1,4-dihydroxynaphthalene (H2NQ, 

BDFE = 62.7 kcal mol-1), and 2,7-di-tert-butyl-1,4-dihydroxynaphthalene (H2DTNQ, BDFE = 61.5 kcal mol-1).55 

The BDFEs of these substrates span 12.0 kcal mol-1 (Scheme 2).55 In all cases mass balance of organic products 

and reagents was maintained during 1H NMR time courses (Figure S24D), and equilibrium states were reached 

with Ce-1 when approached through reaction with either the oxidized or reduced form of the PCET reagent 

(Section S6). Further generalization of these studies to Ce-2 and Ce-L demonstrated the formation of equilibrium 

states with the same PCET reagents (Table 1). All of the values in Table 1 include the Nernstian corrections for 
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the [XHn]/[X] ratios, eq 3. For all substrates, the results of each repeated experiment are given (instead of 

averaged) because each equilibrium state is slightly different due to differing reagent concentrations (Table S5).  

Scheme 2. PCET Reagent Structures and Avg. X-H BDFEs in kcal mol-1.55  

 

 Since the mass balance and reversibility of eq 2 are followed in these reactions (see below), the Δ%Ce3+ 

values determined by 1H NMR can be made absolute by using a XANES %Ce3+ value as a reference point. The 

XANES value for the Ce-1/H2DMQ equilibrated sample was chosen as the reference since the reaction shows 

facile kinetics, the same sample has been measured by both XANES and 1H NMR, and the equilibrium %Ce3+ 

value lies close to the center of the range explored in these studies. This final reason is important because, while 

XANES is a direct measure of the %Ce3+, the spectral fitting procedure assumes that the peaks shapes for the 

Ce3+ and Ce4+ contributions to the spectrum remain constant over the entire range of %Ce3+. A generalized %Ce3+ 

anchor of 23.5% for as-prepared Ce-1 was determined from the %Ce3+ reference point measured by XANES and 

Δ%Ce3+ by 1H NMR for Ce-1/H2DMQ (Figure 1). Similar procedures were also applied to give anchor values 

for as-prepared Ce-2 (24.8%) and Ce-L (10.8%). For the remainder of this report, all quoted %Ce3+ values were 

determined by 1H NMR using these anchor values unless otherwise stated. 
 



9 
 

Table 1. OLE-Ce Colloid Equilibrium States and BDFEs.a 

Reagent %Ce3+ BDFECe Reagent %Ce3+ BDFECe Reagent %Ce3+ BDFECe 

DTNQ b 72.6 62.3 H2BQ c 43.6 66.9 H2BQ d 44.2 67.0 

H2DTNQ c 72.2 61.3 H2BQ c 42.7 66.9 H2BQ d 44.1 67.0 

H2DTNQ c 72.2 61.5 BQ b 36.1 68.0 DPPH d 15.1 72.5 

DTNQ b  70.3 62.6 BQ b 36.0 68.2 DPPH d 14.1 73.1 

DTNQ b 66.8 62.2 DPPH c 18.0 74.2 H2DTNQ e 20.6 60.7 

NQ b 63.6 63.4 DPPH c 17.5 74.3 H2NQ e 20.1 61.9 

H2NQ c 62.2 62.5 H2DTNQ d 65.6 61.4 H2DTNQ e 20.0 60.8 

H2NQ c 61.5 62.7 H2DTNQ d 64.2 61.4 DTNQ f 19.4 61.9 

NQ b 60.1 63.6 H2NQ d 59.8 62.5 H2NQ e 18.5 61.9 

NQ b 59.7 63.6 H2NQ d 59.3 62.5 H2DMQ e 17.6 64.0 

H2DMQ c 56.2 64.6 H2NQ d 59.1 62.5 H2DMQ e 16.6 64.0 

H2DMQ c 53.2 64.6 H2DMQ d 53.4 64.6 H2BQ e 14.6 66.3 

DMQ b 52.6 65.5 H2DMQ d 52.9 64.6 H2BQ e 14.1 66.3 

DMQ b 51.7 65.6 H2DMQ d 52.6 64.6 DPPH e 8.4 73.4 
a %Ce3+ from 1H NMR data benchmarked to XAS results for OLE-Ce/H2DMQ. BDFECe is equal to the BDFEadj from eq 3. BDFEs in 
kcal mol-1 with relative uncertainties of ±0.3 kcal mol-1.  b Reacted with Ce-1 that was first reduced with H2DCAQ.  c Reacted with 
Ce-1.  d Reacted with Ce-2.  e Reacted with Ce-L with equilibrium plateau at ≥24 days.  f Reacted with Ce-L that was first reduced 
with H2DCAQ. 

 Successful equilibrium studies required PCET reagents to show mass balance in terms of reagent 

consumed and product formed (eq 2), and to have a small enough kinetic barrier for the reaction with OLE-Ce to 

allow for quantification of reaction progress. Substrates which were explored but did not meet these criteria 

include 2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) and 2,6-di-tert-butyl-4-methoxy phenoxyl radical, both 

of which reacted on timescales too slow for reasonable measurement (no reaction completion after >1 month). 

Additionally, reactions between meta-chloroperbenzoic acid (mCPBA) and OLE-Ce were facile but did not show 

mass balance (Section S4). 

 Equilibria between OLE-Ce and hydroquinones were also studied under alternative solvent conditions 

(Section S8). In a THF solution containing 0.1 M tetrabutylammonium hexafluorophosphate electrolyte, the 

equilibrium position measured for the H2BQ/Ce-1 reaction was nearly unchanged from that in pure THF. 

Additionally, changing the solvent from THF to lower polarity solvents, such as toluene-d8, led to greater 

reduction of OLE-Ce in reactions with H2DMQ. These results indicate that the reactions do not involve any 

significant change in the charge of the nanoparticles, as is discussed further below.  
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 We also explored potential perturbations of the H2DMQ/Ce-1 equilibrium by excess cerium(III) oleate 

(Ce(OLE)3), oleic acid, tetrabutylammonium oleate (TBA+OLE–), and H2O. Addition of H2O and Ce(OLE)3 had 

no effect on the equilibrium position (Table S7). Addition of TBA+OLE– lead to a loss in H2DMQ mass balance 

over time, deprotonation of H2DMQ, and halted oxidation to DMQ. Finally, addition of oleic acid led to greater 

oxidation of H2DMQ, as well as the production of Ce(OLE)3 (Figure S29). Analyses of these equilibrium shifts 

are presented below. 

III. Validation of Mass Balance (Eq 2) Across the Full Range of Accessible %Ce3+ 

 Previous XANES studies in our group have demonstrated that a single batch of similarly prepared oleate-

capped cerium oxide nanoparticles accessed a wide range of %Ce3+, from ca. 18% to 67%.68 The range of %Ce3+ 

accessed in reactions with PCET reagents is valuable as it provides a lower limit for the average number of redox-

active sites per OLE-Ce nanoparticle. For Ce-1 the range was measured through reactions with well-behaved 

highly-oxidizing and highly-reducing organic PCET reagents. The strongest reductant used in these studies was 

H2DCAQ, while the strongest well-behaved oxidant used was 2,2-diphenyl-1-picrylhydrazyl (DPPH), which 

reduces to DPPH-H. 

  
Figure 2. XANES spectra of reactions of Ce-1 with either excess H2DCAQ (purple, diamonds) or excess DPPH 
(gold, circles) in THF. Fits for the spectrum of Ce-1 / DPPH are included with contributions from Ce3+ (teal), 
Ce4+ (black), and background / pre-edge contributions (gray, dashed). 
 

 In reactions with excess H2DCAQ or with excess DPPH, XANES measurements of the %Ce3+ of Ce-1 

vary from 22 – 76% (Figure 2), a range of 54%. This range is consistent with the range in %Ce3+ observed by 1H 
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NMR (Δ%Ce3+ = 58 ± 2%). The NMR value has greater uncertainty due to side reactions which occur between 

highly reduced Ce-1 and H2DCAQ (Section S4.1). The reversibility of these redox transformations was also tested 

by subjecting Ce-1 to repeated oxidation and reduction cycles with DPPH and H2DCAQ. These experiments show 

a nearly identical relationship between expected and measured %Ce3+, demonstrating that these redox reactions 

are quantitative and highly reversible (Figure 3). This assertion is further supported by 1H NMR studies of the 

Ce-1 ligand sphere, which showed reversible changes in the NMR integrals for bound oleate and H2O upon 

reduction and re-oxidation (Section S4). Dynamic light scattering (DLS) studies of Ce-2 also indicate that the 

size and dispersity of the colloid remain constant with reduction (Figure S8). These investigations confirm the 

reversibility of redox reactions at OLE-Ce colloids and the validity of eq 2 across the full range of %Ce3+ accessed 

in these studies. 

 
Figure 3. Redox cycling of Ce-1 using H2DCAQ as the reductant and DPPH as the oxidant. NMR samples were 
prepared using stock solutions of H2DCAQ and DPPH in THF-d8. The traces for the observed (purple) and 
expected (gray) changes in %Ce3+ are shown. Expected %Ce3+ was determined by quantifying organic products 
produced (and therefore Δ%Ce3+) for the first additions of H2DCAQ and DPPH stock solutions shown in the 
shaded region (gold) of the graph. Uncertainties are similar to the size of the symbols. 
 

Discussion 

I. OLE-Ce BDFE Trends 

 Equilibrium states are reached between OLE-Ce and a variety of PCET reagents, providing a direct 

measure of the hydrogen atom affinity of the ceria nanoparticles, the BDFECe, at various values of %Ce3+ (Table 

1). A plot of these data shows a roughly linear inverse correlation for the Ce-1 and Ce-2 samples (Figure 4, blue 
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circles and green stars), where more reduced ceria nanocrystals – higher %Ce3+ – have weaker bonds to hydrogen 

– lower BDFECe. The larger Ce-L nanocrystals also show an inverse linear correlation (Figure 4, orange triangles), 

but the correlation for Ce-L is steeper and shifted to lower values of %Ce3+. These negative correlations match 

the general chemical intuition that reducing OLE-Ce colloids should weaken their ceria–H bonds. The observation 

of similar relationships for all three batches of nanoceria, despite their differences in size, highlights the generality 

of this result. We also note that these plots of BDFECe vs. %Ce3+ are significantly less linear without the Nernstian 

correction for the concentrations of the PCET reagents (Figure S26).  

 Remarkably, the BDFECe of Ce-1 is tuned over 13.0 kcal mol-1 (0.56 eV) with changes in the %Ce3+. 

Similar ranges in BDFECe are observed for Ce-2 and Ce-L (Table S5). For Ce-1, this enormous range in BDFECe 

occurs over a change in %Ce3+ from 17.5% to 72.2%. This variation in BDFECe with %Ce3+ is too large to be 

explained solely by a Le Chatelier or mass-action effect, which would predict a change of only 0.6 kcal mol-1 for 

this change in %Ce3+.i This effect is even more pronounced for the larger Ce-L colloid, where the same variation 

in BDFECe occurs over a change in %Ce3+ of only 12%. The difference in the slopes of these correlations is 

discussed below. 

 

 

 
 
i A Nernstian relationship where the BDFEs vary according to –RT[log(%Ce3+/%Ce4+)] would predict a variation of 0.64 kcal mol−1 
for a change of %Ce3+ from 17.5% to 72.2%:  

– 0.001987(298) �log �
17.5

(100 − 17.5)� −  log�
(72.2)

(100 − 72.2)��  =  0.64 kcal mol−1 



13 
 

  
Figure 4. Plot of BDFECe vs. the %Ce3+ of various OLE-Ce colloids at equilibrium with different organic 
reagents. The data (from Table 1) are for Ce-1 (blue circles), Ce-2 (green stars), and Ce-L (orange triangles) 
equilibrium states. Colored tick marks on the x-axis denote the anchor %Ce3+ values of as-prepared OLE-Ce 
colloids. 

II. OLE-Ce Active Site Location and Structure: 

 The data presented above demonstrate that OLE-Ce can reversibly store and release a large number of 

hydrogen atom equivalents, but they do not reveal the location and structure of the added H• – the relevant active 

site(s). A detailed description of the structure of these oleate-capped and very small nanocrystals (ca. 4 unit cells 

across) is beyond the scope of this study. However, the results do provide insight into the specific questions of 

what kinds of bonds are formed and whether reduction occurs primarily at surface sites or throughout the bulk of 

the nanocrystal.  

 The issue of surface vs. bulk reduction was investigated by examining how the maximum loading of 

hydrogen atoms was affected by nanoparticle size. By XANES, the smaller Ce-1 particles (d = 1.8 nm) could be 

reduced as far as 76% in %Ce3+, while the larger Ce-L (d = 4.0 nm) could be reduced to only 30% (Table S4). 

This suggests a surface-confined process, because the larger particles have a smaller fraction of surface cerium 

ions (Table S1). To quantitatively probe the hypothesis that reduction occurs primarily at the surface, the number 

of surface cerium sites was estimated by two methods. In the first, the nanoparticle was treated as a sphere and 

its surface as a shell, while in the second the number of surface cerium atoms was estimated based on the reported 

faceting of uncapped 3 – 10 nm cerium oxide nanoparticles.72 The sphere method estimates that the proportion of 

surface cerium atoms for Ce-1 and Ce-L are 80-89% and 47-55% respectively, while the facet method estimates 
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76 – 95% and 35 – 42%, based on the size distributions determined from TEM images (Section S2). While both 

of these methods require significant assumptions, the differences in proportions of surface cerium atoms between 

the two sizes of OLE-Ce are larger than the uncertainties. These estimates indicate a surface-confined process, 

which is consistent with the literature on H2 reduction of ceria.26,29,45,73 They imply that a large fraction of surface 

cerium ions can be reduced in these reactions, while the cerium ions in the core of the nanocrystals are much more 

resistant to reduction. 
 
Scheme 3. Possible PCET Reactions at Nanoceria Surfaces. 

  

 Transfer of hydrogen atoms from the organic reagents to the ceria surface could in principle form water, 

form oleic acid from surface oleate groups, form surface hydroxides, or form cerium hydrides (Scheme 3). The 

formation of cerium hydrides has recently been proposed in gas-solid hydrogenation reactions, at high 

temperatures or with heat-treated ceria, and in reactions with borane reagents.74–77 However, our observation of 

%Ce3+ increasing upon addition of hydrogen atom donors is incompatible with the proposed mechanisms of Ce–

H formation given the BDFEs of the reductants used in these studies (eq 4). Nanoceria mechanisms involving the 

formation of either oleate/oleic acid or H2O (eqs 5,6) can also be ruled out (Section S8). Addition of 3Å sieves, 

which should remove free H2O in THF, does not affect the ability to reversibly change the %Ce3+ of Ce-1 (Figure 

S12), and the measured changes in oleic acid concentrations during the reactions are not consistent with the 

stoichiometric relationship in eq 5. Addition of excess oleic acid leads to greater oxidation of H2DMQ by Ce-1, 

and addition of TBA+OLE– shuts down reactivity. These observations are contradictory to the mechanism shown 
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in eq 5. The increased reactivity of Ce-1 in the presence of oleic acid occurs concomitantly with the appearance 

of Ce(OLE)3 in the 1H NMR spectrum. Ce(OLE)3 does not grow in the 1H NMR spectrum if oleic acid is not 

added in excess, and addition of only Ce(OLE)3 does not perturb the equilibrium position of H2DMQ/Ce-1 (Figure 

S29). In light of these results, we propose that oleic acid protonates surface Ce3+ ions to form solution-phase 

Ce(OLE)3, thereby generating more active ceria surface and boosting apparent reactivity.  

 By process of elimination, it is most likely that OLE-Ce colloids react to form hydroxyl groups (eq 7). 

Although we were unable to directly verify this structure for OLE-Ce, other reports have observed or predicted 

surface hydroxyl groups on ceria under other conditions.26,29,44,78–82 Because the redox chemistry occurs primarily 

at the surface cerium ions (see above), and the conversion of oxide to hydroxide provides the local charge balance 

for the reduction to Ce3+, it is most likely that the hydroxide groups formed are also at the surface. As a result, we 

conclude that the relevant thermodynamic predictor of PCET reactivity at OLE-Ce is the BDFE of its surface O–

H bonds. 

 We now revisit the correlation of BDFECe with %Ce3+, in light of the conclusions that the transfer of 

hydrogen atoms to the ceria nanocrystals forms surface Ce3+ and hydroxide ions. By using the %Ce3+ metric, 

Figure 4 implicitly assumes that all cerium atoms in OLE-Ce are active. Since the majority of redox activity 

comes from surface cerium atoms, a more appropriate analysis would only use the fraction of cerium atoms at the 

nanocrystal surface. To estimate this fraction, we use the facet method described above with the average diameters 

from TEM measurements. These indicate that roughly 85% of the cerium atoms are at the surface for Ce-1, 80% 

for Ce-2 and 39% for Ce-L (Section S2.2). With the assumption that the measured changes in %Ce3+ occur only 

at surface sites, these values provide estimates of the percentage of surface cerium atoms that are Ce3+ (%Surface-

Ce3+). Replotting the data as BDFECe vs. %Surface-Ce3+ significantly coalesces the relationships observed for the 

three OLE-Ce batches (Figure 5). The shaded regions in Figure 5 are estimates of the uncertainties in %Surface-

Ce3+ calculated from 1σ variance in the average diameters by TEM. When accounting for these uncertainties, the 

data for Ce-L remains distinct from that for Ce-1 and Ce-2, an observation that future work will need to examine. 

Still, the closer agreement between the large and small OLE-Ce batches supports the conclusion that redox 

reactivity occurs primarily at surface sites, as is commonly found for nanoceria.83,84  
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Figure 5. Plot of BDFECe (the same data as Figure 4; Table 1) vs. the %Surface-Ce3+ for Ce-1 (blue circles), Ce-
2 (green stars), and Ce-L (orange triangles). The %Surface-Ce3+ were estimated from the average nanoparticle 
diameters (d) from TEM images, and the shaded regions estimate the uncertainties resulting from the 1σ variance 
in d. Colored tick marks on the x-axis denote the anchor %Surface-Ce3+ values of as-prepared OLE-Ce colloids. 

III. Physical Models of the BDFECe vs. %Surface-Ce3+ Relationship and their Implications 

 The large variation in BDFECe with changes in the average redox state of the ceria nanocrystals was 

unexpected. This section explores plausible physical models of interfacial energetics that could shed light on this 

variation.  

 In principle, the linear relationship between BDFECe and the “charge added”, or %Surface-Ce3+, could be 

described by a capacitive model, similar to previous studies of ZnO nanoparticles.85 However, invoking this model 

is inconsistent with a basic property of capacitive systems: a buildup of electric charge.ii The equilibrations above 

involve the movement of chemical redox equivalents, but as neutral hydrogen atoms. The lack of charge buildup 

in these reactions is confirmed by the insensitivity of OLE-Ce reduction to the addition of electrolyte or lowering 

of the solvent dielectric constant (Section S8). As a result, a traditional capacitive model can be ruled out for the 

data presented above. 

 A more attractive model comes from surface science where the relationship between hydrogen adsorption 

energy and surface coverage (θ) has been studied in detail for well-defined metal surfaces using isotherms. The 

 
 
ii An areal capacitance can be estimated from the ca. 77 Ce atoms per 1.8 nm diameter nanoparticle for Ce-1 and from the Δ%Ce3+ 
being 54.7% between states spanning 13.0 kcal mol-1 (or 564 mV) in BDFE:  

Areal Capacitance = q/∆EA, where q in Coulombs = (77*0.564*1/(6.24*1018)) C, ∆E =  0.546 V, and the area of a sphere of radius 0.9 
nm is (4π*(0.9*10-7)2) cm2, yielding areal capacitance = 125 μF cm-2. 
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simplest of these models is the Langmuir isotherm which describes surface adsorbates as an ideal 2D gas, such 

that the adsorption energy is independent of θ. This treatment is highly analogous to a Nernstian electrochemical 

dependence. As noted above, the BDFECe vs. %Surface-Ce3+ in Figure 5 cannot be fit with Langmuirian or 

Nernstian treatments, which would predict a 20-fold smaller variation in BDFECe. However, deviations from 

Langmuirian behavior are well known, and in such cases data are often modeled with the Frumkin isotherm.86 

This applies a linear correction to the Langmuir isotherm, such that the hydrogen adsorption energy at θ = 0.5 is 

μ + 0.5C where C designates the magnitude of the linear correction in kcal mol-1 (eq 8).  

 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐶𝐶𝐶𝐶 = 𝜇𝜇 −  1.364 × log � θ
1−θ

�  +  𝐶𝐶 × θ (8) 

Application of a Frumkin isotherm to the data in Figure 5 leads to good fits (Figure S27). In fits to eq 8, the 

dependence on θ is dominated by the correction term; for instance, C ≅ 16 kcal mol-1 for Ce-1 and Ce-2.  

 At present, we have limited insight into the physical basis for the large Frumkin correction required to fit 

the BDFECe vs. Surface-%Ce3+ data for OLE-Ce. Frumkin corrections are commonly associated with either 

interactions between adsorbates or with a distribution of chemically distinct adsorption sites. Either explanation 

could apply to these ceria nanoparticles based on prior studies. In support of a distribution of chemically distinct 

active sites, crystallographic analyses of atomically-precise nanoceria clusters demonstrate local distortions in 

Ce–O bond lengths near Ce3+ sites, suggest that Ce4+ and Ce3+ ions have different ligand preferences, and provide 

evidence for a localized, or mixed-valence, description of nanoceria electronic structure.87 Ligand effects are also 

known for aqueous Ce4+ cations, where anion identity is known to have a significant effect on the reduction 

potential.88 Furthermore, a computational study of CenO2n nanoclusters, where n = 12 and n = 14, has shown that 

the hydrogen adsorption energy can vary by as much as 0.3 eV depending on the adsorption site.46 However, the 

continuous linearity of the BDFECe vs. %Surface-Ce3+ relationship could be suggestive of an adsorbate-

interaction model. This is further supported by an ab initio study which calls into question the mixed valence 

description of ceria, and instead suggests greater covalency in the lattice.89 Additionally, adsorbate interactions 

have already been invoked to explain the well-studied relationship between ceria nanoparticle size and lattice 

parameter.90 Parsing these effects is complex as localized states can also induce adsorbate interactions through 

lattice strain, an effect that is further heightened for small nanoparticles such as the ones used in these studies. 

From this perspective, these two models may not be so distinct given that each OLE-Ce colloid has distribution 
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of nanoparticles sizes, a high concentration of edge and corner sites, and a complex distribution of capping 

ligands.  

 The non-Langmuirian behavior of ceria observed here may be important for improving and understanding 

its efficacy in applications as a catalyst and catalyst support. A recent report showed that even small changes in 

%Ce3+ (<10%) of a ceria support can induce significant changes in the oxidation state of platinum single-atom 

catalysts and influence their oxidation activities.91 Furthermore, the %Ce3+ of aqueous nanoceria colloids has 

been shown to modulate its activity for scavenging reactive oxygen species.24,25 Related effects are likely relevant 

to the high temperature (>600 K) oxygen-atom transfer reactivity of ceria, where relationships between oxygen 

vacancy concentration and oxygen chemical potential are known.27,40,92,93 The chemical potentials of oxygen (µO) 

and hydrogen (BDFECe) in ceria are simply related by the addition of water to an oxygen vacancy (Scheme 4);42 

this is the basis of solar-thermal water splitting by CeO2 and other oxides.94–96 At the suggestion of a reviewer, 

we include a plot of our BDFECe values measured at room temperature vs. the µO of bulk ceria at 1,000 °C for the 

same ratio of reduced active sites (Figure S28).27,40 Interestingly, a strong negative correlation is observed, 

consistent with the chemical intuition implied by Scheme 4. While the conditions are very different between these 

two measurements, this plot demonstrates a clear connection between the low and high temperature reactivity of 

ceria.   
 
Scheme 4. Relating Oxygen Vacancies and Surface Hydrogen. 

  
 

 The relationship between BDFECe and %Ce3+ also has implications for in silico studies of hydrogen 

adsorption at materials which, for the most part, report single values for the hydrogen adsorption energy. In the 
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context of ceria, reported CeO2(111) surface O–H bond strengths are in the same range as reported here, 62 to 82 

kcal mol-1, but they vary between different in silico studies. Furthermore, the effect of ceria redox state has not 

been significantly explored.29,44,45 Experimental investigations of materials other than ceria have also suggested 

ranges of hydrogen adsorption energies. For example, a similar relationship between hydrogen atom affinity and 

redox state has been observed for tungsten trioxide,97 and a recent study of cobalt phosphide from our group also 

suggests a distribution of BDFEs.98 Consideration of these ranges in bond strengths will likely have implications 

for ‘volcano plot’ analyses that often use a single hydrogen binding energy as the descriptor. Due to the general 

importance of MO–H bond strengths, we hope that this study will stimulate new computational approaches to 

understand the relationship between material redox state and bond strength thermochemistry.99 

 

Conclusions 

 We present a novel equilibrium strategy for determining the hydrogen atom affinity of colloidal metal 

oxide nanoparticles through solution-phase reactivity studies of organic PCET reagents and oleate-capped cerium 

oxide nanoparticles. On average, nearly 60% of cerium atoms in a 2 nm diameter nanoparticle were shown to be 

redox active in these PCET reactions. Redox changes across this wide range of %Ce3+ were demonstrated to be 

reversible through an in-depth accounting of reaction stoichiometries and parallel characterizations of the colloids 

by 1H NMR and XANES. The observed reversibility, and other data, show that in these reactions OLE-Ce colloids 

reach equilibrium states with many of the organic reagents used. Studies of how nanoparticle size affects the 

position of the equilibrium state demonstrated that the relevant bond on OLE-Ce is surface-confined, and further 

investigations indicated that the bond is a surface O–H group. On the basis of these findings, we have measured 

surface O–H BDFEs for colloidal nanoceria, and the first experimental BDFEs for any nanoscale metal oxide. 

This work demonstrates that the concepts of molecular bond strength thermochemistry can be applied to nanoscale 

materials to measure their hydrogen atom affinities. 

 Remarkably, the measured CeO–H BDFEs span 13 kcal mol-1 (0.56 eV) and show a linear dependence on 

the %Ce3+ of the nanocrystals. This broad relationship, which was not previously recognized, can be well 

described by a Frumkin isotherm that deviates substantially from Langmuirian behavior. The range of BDFEs 

measured provide important experimental benchmarks for future in silico studies and highlight the importance of 

considering the compositional complexities of nanoceria and many other catalytic and electrocatalytic metal oxide 
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surfaces. Along these lines, we propose that the tunability of BDFECe
 is important to the widespread use of ceria 

as a catalyst support. These findings should further the design and understanding of ceria-based catalysts and 

beyond. 
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