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Structure-activity relationship of nanostructured ceria for the 
catalytic generation of hydroxyl radicals 
Tamra J. Fisher,a Yunyun Zhou,a,† Tai-Sing Wu,b Meiyu Wang,c Yun-Liang Soo,b, d and Chin Li Cheung*, 

a

Reactive oxygen species (ROS) are powerful oxidants generated in both biological systems and natural environments. 
Though enzyme-mimic activity and Fenton-like reactions have been postulated to explain how ceria nanoparticles and ROS 
involve in the catalytic decomposition of hydrogen peroxide (H2O2), the corresponding reaction kinetics for this reaction 
have yet been completely resolved. Here we present our investigation of the structure-activity relationship of ceria 
nanostructures for the generation of hydroxyl radicals through the catalytic decomposition of H2O2. Different 
nanostructured ceria including nanorods (NR), nanocubes (NC), and nanooctahedra (NO), together with commercial ceria, 
were examined to elucidate the relationship between morphology and the reaction kinetics. Initial relative production rates 
of hydroxyl radicals over different ceria nanostructures were determined using fluorescence measurements and were 
applied to obtain the apparent activation energy for their intrinsic activity comparisons. The activity trend of order: ceria NR 
> ceria NC > ceria NO > commercial ceria was observed. This trend was rationalized and assessed using activity descriptive 
factors including the intensity ratio of Raman bands of vibration modes due to atomic defects, the percentage of surface 
Ce3+ content, and the average coordination number of oxygen anions surrounding each cerium cation in the ceria samples.

Introduction
Cerium oxide (or ceria) is a unique redox catalyst which has 

been investigated for applications ranging from electrocatalysis 
and solid oxide fuel cells to organic chemical synthesis. The 
unique redox activity of ceria originates from its large intrinsic 
storage and release capacity of oxygen. This capacity is 
associated with the formation of oxygen vacancy defects (OVDs) 
and the low potential redox transformation between Ce3+ and 
Ce4+.1, 2 The surface and subsurface OVDs and subsequent Ce3+ 
have been postulated to be active sites for catalysis because 
reactants are considered to directly interact with the exposed 
Ce3+. Due to these properties, ceria has been shown to be 
excellent oxidizing and reducing agents. Consequently, the 
shape and facet effects on ceria’s catalytic performance have 
recently attracted interests for various reactions.3-6

Reactive oxygen species (ROS) are a category of natural 
products from oxygen metabolism.7 Typical examples of ROS 

include hydrogen peroxide (H2O2), singlet oxygen (1O2), 
superoxides (O2

-), hydroxyl radicals (•OH), and hydroperoxyl 
radicals (•OOH). They play essential roles in natural and 
biological environments due to their high oxidizing power. For 
example, cell signaling and homeostasis are processes critical to 
functionalities which require certain levels of ROS.7-9 In order to 
maintain this finite balance, ROS are constantly being generated 
and eliminated in biological systems. Environmental stress can 
disrupt this balance, resulting in extreme concentrations of 
ROS. Excessive ROS can cause cell death and has been linked to 
diseases such as cancer and brain dysfunction.10, 11 Therapeutic 
studies have investigated controlled generation and 
remediation of ROS for treatment purposes.12, 13 The 
significance of controlled ROS generation is not limited to health 
and medicine. Intentional generation of ROS has provided 
highly clean and efficient water treatment methods.14, 15 For 
example, studies have shown that •OH can completely oxidize 
non-biodegradable organic compounds in contaminated 
surface water to CO2 and H2O.15 Their uses have also been 
extended to antibacterial treatment and food preservation.16-18 

Ceria has been postulated to generate and mitigate ROS 
through different redox reaction pathways including enzyme-
mimic activities and Fenton-like reactions.14, 19, 20 The majority 
of these reported investigations have focused on the 
scavenging properties. For example, for the ceria-catalyzed 
decomposition and scavenging of H2O2, a superoxide 
dismutase-mimic (SOD-mimic) property was hypothesized to 
explain how ceria nanoparticles scavenge O2

-, whereas a 
catalase-mimic activity was proposed to generate H2O2 upon 
the increasing concentration of Ce4+ in these particles.21, 22 The 
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corresponding reactions are often reported as follows:
  SOD-mimic reaction: 

O2 
- + Ce3+ + 2H+ → H2O2 + Ce4+                                              (1) 

  Catalase-mimic reaction:
H2O2 + 2Ce4+ → O2 + 2H+ + 2Ce3+                                            (2)

Nonetheless, these proposed enzyme-mimic pathways do not 
consider the involvement of other ROS species (such as •OH) 
which have also been identified to be present during the 
catalytic decomposition of H2O2. 

The generation of ROS through decomposition of hydrogen 
peroxide (H2O2) has also been accepted to follow Fenton or 
Fenton-like reactions when reducible metal ions such as iron 
(II), copper (I), and chromium (III) ions are present.15, 23, 24 Using 
iron (II) ions as an example, the first steps of Fenton reactions 
under acidic, neutral, and alkaline conditions are as follows:
  Under acidic conditions:

Fe2+ + H2O2 + H+ → Fe3+ + •OH + H2O    (3)
  Under neutral and alkaline conditions: 

Fe2+ + H2O2 → Fe3+ + •OH + OH− → Fe(OH)2
+ + •OH          (4)

Other catalysts including reducible transition metals oxides 
such as titanium oxide and doped-metal oxides may also follow 
Fenton-like reactions.25, 26 For all these catalysts, the multiple 
oxidation states of the metal ions in these catalysts allow them 
to act as both electron donors and acceptors in radical 
generation reactions.

In addition to the multiple proposed pathways, the roles of 
ceria catalysts in reduction-oxidation reactions have been found 
to vary according to the synthetic and reaction conditions.27, 28 
As such, additional experimentation is necessary to resolve the 
reaction mechanism.29, 30 While different reaction mechanisms 
and active sites have been proposed, most attribute the 
catalytic activity to the presence of coexisting Ce3+/Ce4+ valence 
states or the presence of oxygen vacancy defects (OVDs).7, 19, 31-

34 To our best knowledge, the relationships between ceria 
catalysts with facet-dependent morphology and their catalytic 
activity towards the decomposition of H2O2 and consequent 
generation of ROS have not been reported. 

Herein we present our study of the structure-activity 
relationship of ceria nanostructures for the generation of 
hydroxyl radicals (•OH) through the catalytic decomposition of 
hydrogen peroxide (H2O2) under low concentration conditions. 
The catalytic activities of different nanostructured ceria 
including nanorods (NR), nanocubes (NC), and nanooctahedra 
(NO), together with commercial ceria, were examined to 
elucidate the relationship between morphology and the 
reaction kinetics. Initial relative production rates of hydroxyl 
radicals over these different ceria nanostructures at different 
reaction temperatures were measured using a dye-based 
fluorescence method. The temperature-dependent rate data 
were used to construct Arrhenius plots for obtaining the 
apparent activation energy for comparing the intrinsic activities 
of these catalysts. In addition, activity descriptive factors 
including the intensity ratio of Raman bands of vibration modes 
due to atomic defects, the percentage of surface Ce3+ content, 
and the average coordination number of oxygen anions 
surrounding each cerium ion in the ceria samples were assessed 
for examining their roles in the structure-activity relationship.

Experimental
Synthesis of nanostructured ceria

Ceria nanorods (NR), nanocubes (NC), and nanooctahedra 
(NO) were synthesized using hydrothermal methods adapted 
from previous literature.35 Briefly, to synthesize ceria NR, 2 
mmol of cerium (III) nitrate hexahydrate (Ce(NO3)3·6 H2O, 99.99 
%, Alfa Aesar, Tewksbury, MA) were suspended in 40 mL of 10 
M aqueous sodium hydroxide (NaOH, 99.95%, Sigma-Aldrich, 
St. Louis, MO) solution and were then heated to 120 °C for 15 h. 
in a Teflon-lined stainless steel autoclave (Parr Instruments, 
Moline, IL). To produce ceria NC, 8 mmol of Ce(NO3)3·6 H2O and 
1 mol. of NaOH pellets were stirred in 160 mL of Nanopure 
water (18 MΩ·cm deionized water from Synergy filtration 
system (VWR, Randor, PA)) for 30 min. The resulting purple 
slurry was transferred to four 45-mL Teflon-lined stainless steel 
autoclaves and heated to 180 °C for 24 h. Ceria NO were 
synthesized by preparing a suspension of 8 mmol of Ce(NO3)3·6 
H2O and 0.08 mmol of sodium phosphate dodecahydrate 
(Na3PO4·12 H2O, ≥ 98.0%, Sigma-Aldrich, St. Louis, MO) in 320 
mL of Nanopure water. After being stirred for 1 h., the mixture 
was subsequently transferred to the autoclaves in 40 mL 
aliquots and heated to 170 °C for 6 h. The hydrothermal product 
was composed of largely NO with some NR impurities. This 
product was further treated with a solution of nitric acid, 
hydrochloric acid, and Nanopure water (ratio: 1:3:2) for 1 h. to 
selectively dissolve NR. The resulting products were washed 
with Nanopure water, leaving only the NO product. All ceria 
products from the autoclaves were filtered with 0.2-micron 
pore-etched polycarbonate membranes (Millipore, Burlington, 
MA), washed with Nanopure water, and dried in a convection 
oven at 50 °C overnight. Commercial ceria (average size of 80 
nm, 99.9% by metal basis) from Alfa Aesar was used for catalytic 
activity and structure comparison studies (Figure S1). All ceria 
samples were annealed at 400 °C, in a flow of 200 SCCM of 
simulated air (N2: O2 = 8:2, Matheson Trigas, Basking Ridge, NJ), 
and under 2 Torr for 30 min. before use.

Characterization of ceria samples
The lattice structures and morphology of the different ceria 

samples were investigated using powder X-ray diffraction 
(XRD), Raman spectroscopy, and transmission electron 
microscopy (TEM). Powder XRD patterns of ceria samples were 
obtained using a PANalytical Empyrean diffractometer 
(PANalytical, Inc., Westborough, MA) with a Cu Kα X-ray source 
of an average wavelength of 1.544 Å. UV-Raman spectra of ceria 
samples were collected on a Horiba LabRam HR Evolution 
Raman spectrometer (Horiba Jobin Yvon, Edison, NJ) with a 364 
nm laser. TEM images of the samples were collected on an FEI 
Tecnai Osiris S/TEM (FEI, Hillsboro, Oregon) operated at 200 kV. 

The percentages (%) of Ce3+ content at the surfaces of ceria 
samples were determined using X-ray photoelectron 
spectroscopy (XPS) performed on a Thermo Scientific K-alpha+ 
X-ray photoelectron spectrometer system (Thermo Fisher 
Scientific, LLC, Waltham, MA) equipped with monochromatic Al 
Kα X-ray (1486.6 eV). The photoelectrons were collected at 55° 
emission angle. The kinetic energy of photoelectrons was 
determined using a hemispherical analyzer in the constant 
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analyzer energy mode with 200 eV pass energy for survey 
spectra and 50 eV pass energy for high resolution spectra of 
elements. An argon ion flood gun was used for automatic 
charge neutralization of the samples. Carbon 1s peak at 284.6 
eV was used for the calibration of the XPS data. The Ce 3d XPS 
spectra were analyzed using a published quantitative method36 
to obtain the % of surface Ce3+ content information.

The local atomic structures were studied using the extended 
X-ray-absorption fine structure (EXAFS) technique. 
Measurements of the Ce L3-edge EXAFS spectra were 
performed at the beamline BL17C of the Taiwan light source at 
National Synchrotron Radiation Research Center (NSRRC) in 
Taiwan. The resolution of the energy (ΔE/E) for the incident X-
ray photons was estimated to be 2×10-4. The EXAFS spectra of 
the ceria samples were obtained in the transmission mode using 
a set of gas ionization chambers. The IFEFFIT software package 
was employed to examine the EXAFS data for obtaining the local 
structural parameters of ceria.37 The fitting parameters for 
modeling the EXAFS data were constrained by several criteria to 
exclude unphysical results. The bond lengths of the first Ce-Ce 
shell and the second Ce-O shell were fixed as the theoretical 
values, while the energy shifts (ΔE) that largely depended on the 
atomic species for the first and second O shells were set to be 
the same.

Kinetics measurements of hydroxyl radical (•OH) generation
Ceria catalysts were used to generate hydroxyl radicals 

(•OH) by catalytically decomposing hydrogen peroxide (H2O2). 
3-Aminophenyl fluorescein (APF, Thermo Fisher Scientific, 
Waltham, MA) was applied in the reaction mixture to detect the 
presence of •OH produced. APF was chosen because it reacts 
chemoselectively with •OH to yield fluorescein, which 
fluoresces at 515 nm. The relative production rates of •OH in 
these reactions were measured by determining the rates of the 
increase (or slopes) in the intensity plots of fluorescence signals 
from fluorescein as a function of time at different reaction 
temperatures (15 °C to 35 °C). Arrhenius plots of these rate data 
were then applied to estimate the apparent activation energy 
values for the catalytic generation of •OH. A range of catalysts 
(0.1 to 1.0 g/L) and H2O2 (0.1 to 6 mM) concentrations was 
evaluated to establish the structure-activity relationship for 
each ceria sample. Tris(hydroxymethyl)aminomethane (TRIS, 
Avantor, Center Valley, PA) and Nanopure water were used to 
prepare buffered reactant solutions for the reaction. The pH of 
these solutions was adjusted to pH = 7.4 with concentrated 
hydrochloric acid. Experimental details for each of the rate 
measurements were similar. For example, for the kinetic 
measurement of a reaction mixture containing 3 mM H2O2 and 
0.1 g/L ceria, 3 mg ceria catalyst was first suspended in 15 mL of 
0.1 M TRIS buffer (pH = 7.4). 1.5 mL aliquot of the catalyst stock 
solution was added to an FUV quartz cell, followed by 
consecutive additions of 600 µL of 0.1 M TRIS buffer, 900 µL of 
10 mM H2O2 stock (prepared from 30% H2O2 and diluted with 
0.1 M TRIS buffer), and 30 µL of 1 mM APF dye. The final 
concentrations of chemicals in the cell were 0.1 g/L ceria, 3 mM 
H2O2, and 10 µM APF, respectively. To maintain a uniform 
suspension of ceria catalyst, the reaction mixture was stirred 

with a stir bar at ca. 330 RPM. Kinetics mode on a FluoroMax-4 
(Horiba Jobin Yvon, Edison, NJ) was used to measure the 
emission at 515 nm with excitation at 490 nm at intervals of 30 
sec. for a total of 10 min. The temperature of the cell was 
maintained using a circulating temperature bath connected to 
the cell holder. To verify that neither ceria catalysts nor 
unreacted APF were contributing to the observed fluorescence 
signal, control experiments were performed with each 
component systematically excluded from the reaction mixture. 
Negative control experiments were also carried out with the 
addition of t-butyl alcohol, which has been reported to 
effectively scavenge hydroxyl radicals.38

Results and discussion
Structure characterization of ceria samples

The three synthesized ceria samples exhibited three 
uniquely faceted ceria nanostructures: nanorods (NR), 
nanocubes (NC), and nanooctahedra (NO) as shown in their 
TEM images (Figure 1). Commercial bulk ceria used for 
comparisons was observed to be of faceted particle morphology 
(Figure S1). Powder XRD patterns of all ceria samples matched 
that of fluorite-like structured (Fm-3m) cerium (IV) oxide (CeO2) 
when compared against the ICCD card # 04-013-4361 (Figure 2). 
The sharp peaks of these XRD patterns indicated that these 
ceria samples were highly crystalline. According to the literature 
used for the syntheses of these ceria structures, excluding the 
edges, ceria nanorods (NR) display {100} and {111} side facets, 
whereas ceria nanocubes (NC) possess {100}39 facets and ceria 
nanooctahedra (NO) present {111} facets.40 Since {111} facets 
were the most stable family of low index facets for ceria and 
commercial ceria were often synthesized using very high 
temperature, it was expected that commercial ceria displayed 
predominantly {111} facets. High resolution TEM images further 
support the presence of these facets of our ceria samples 
(Figure 1d, 1e, and 1f). Comparisons of the BET surface area 
measurements showed that the nanorods possessed the largest 
surface area among the ceria samples (Table 1). This was not 
surprising because they were more loosely packed due to their 
rod morphology and hence had a larger exposed surface area 
per gram of sample.

Our Raman study revealed that the spectra of all ceria 
samples display their most intense peaks in the range of 460 to 
466 cm-1. This peak is attributed to the F2g vibration mode of 
fluorite-structured cerium oxide. The locations of this F2g peaks 
for all three ceria nanostructures are red shifted from that of 
the commercial ceria (466 cm-1) (Figure 3). Nanorods possess 
the most significant shift to 460 cm-1. Y. Lee et al. attributed this 
shift to the nanosize of the crystallites and an increase in oxygen 
vacancy defects (OVDs). In addition, the peak centered around 
590 cm-1 is attributed to lattice oxygen vacancy defects or the D 
mode.32, 41 The broadening of this peak reflects an increase in 
atomic disorder within the CeO2 crystal structure of the 
nanorods.32, 41 Overbury et al. have shown the ratio between 
the intensity values of these two peaks (ID/ IF2g) to be positively 
correlated with the density of intrinsic OVD sites.  The values of 
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      Table 1. Physical and chemical properties of ceria catalysts.

Catalysts Surface area
(m2/g)

Raman shift of 
F2g peak (cm-1)

ID/ IF2g ratio % of surface Ce3+ 
from XPS data

Apparent activation energy, 
Ea (kJ/mol)

Ceria NR 56 460 1.5 18.3 46 ± 2

Ceria NC 33 463 0.8 17.6 50 ± 2

Ceria NO 18 464 0.4 15.5 61 ± 3

Commercial ceria 5 466 0.05 16.5 70 ± 11

In
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.u

.)

706050403020
2 Theta (°)

 Ceria NR
 Ceria NC
 Ceria NO
 Commercial ceria (111)

 (200)
 (220)  (311)

 (222)  (400)

Figure 2. Powder XRD patterns of ceria catalysts: ceria nanorods (NR), 
ceria nanocubes (NC), ceria nanooctahedra (NO), and commercial ceria. 
The data was normalized with respect to the (111) peak.

Figure 1. TEM images of ceria nanostructured catalysts: (a) nanorods, (b) nanocubes, and (c) nanooctahedra. Figures 
(d –f) are the corresponding high-resolution zoom-in images directly below each of the nanostructured ceria.

Figure 3. UV-Raman spectra of ceria catalysts. The data were 
normalized to the F2g peak and shifted upward for display. The values 
of Id/ IF2g

 for each sample were calculated after baseline fittings.
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ID/ IF2g for our structures are in the order: ceria NR (1.5) > ceria 
NC (0.8) > ceria NO (0.4) >> commercial ceria (0.05), indicating 
that the nanorods have the most intrinsic OVD sites whereas 
the commercial ceria has the least. Due to the strong absorption 
of UV light by the ceria samples, it can thereby be concluded 
that these defect sites probably primarily populate at the 
surface and sub-surface regions.42

Both Schottky-type42 and Frenkel-type32 oxygen vacancy 
defects have been proposed for the D band assignment in the 
Raman spectra of ceria. Schottky-type defects refer to point 
defects composed of vacant cation and anion sites in a 
stoichiometric ratio. As each oxygen in the stoichiometric 
fluorite-structured CeO2 lattice is typically assumed as an anion 
with a -2 charge, to maintain the charge balance, removing an 
oxygen anion in the lattice would require substituting two Ce4+ 
ions with two Ce3+ ions. This pathway to create a MO8-type 
complex oxygen vacancy defect can be expressed using the 
Kröger–Vink notation: . For Frenkel-type ∅ = 2𝐶𝑒•••

𝐶𝑒 + 𝑉′′𝑂

oxygen vacancy defects, the oxygen anions are displaced from 
their lattice positions to interstitial sites. These dislocations 
consequently create vacancies at the original lattice sites.

Our Ce 3d XPS data reveals that the percentages (%) of Ce3+ 
(= [Ce3+]/ ([Ce3+] + [Ce4+]) × 100%) in the surface and sub-surface 
regions of the ceria samples are from 15.5% to 18.3%, with a 
trend order: ceria NR (18.3%) > ceria NC (17.6%) > commercial 
ceria (16.5%) > ceria NO (15.5%) (Table 1 and Figure S2). The 
existence of Ce3+ cations confirms the likely presence of 
Schottky-type surface oxygen vacancy defects. Though the 
trend order for the % of surface Ce3+ in general follows that of 
the ID/ IF2g Raman data, the differences between the XPS spectra 
and the analysed Ce3+ content between the samples are 
insignificantly small and thus are insufficient to explain the large 
differences between the ID/ IF2g ratios of the ceria samples 
(Figure S2). As Frenkel-type defects can be created while 
maintaining a balanced charge ratio in the lattice, similar to the 
interpretation of ceria nanostructure lattice by Overbury et al,42 
we also propose that the ID/ IF2g ratio of the Raman data 
indicates largely the presence of Frenkel-type oxygen vacancy 
defects. Therefore, both Raman and XPS findings suggest that 
the ceria nanorods should exhibit more “active” surface Ce3+ 
sites and thus are expected to be more catalytically active. 

Local structures of the ceria catalysts were also investigated 
by analysing the Fourier transformed Ce L3-edge EXAFS spectra 
(Figure 4). Fittings of the Ce L3-edge EXAFS for each of the 
studied catalysts determined the average coordination number 
of atoms around central Ce atoms (N), the average interatomic 
distance (R), and the Debye-Waller factor (σ2) (Table 2). The ΔE0 
values of two Ce-O shells are constrained to share the same 
value in the fitting models. Compared with the commercial 
ceria, all studied ceria nanostructures showed a decrease in 
coordination of oxygens surrounding the cerium(N) in the first 
Ce-O shell, with a trend of N(NR) (6.7 ± 0.5) < N(NO) (7.2 ± 0.3) 
≈ N(NC) (7.3 ± 0.4) < N(commercial) (8.0 ± 0.4). As the decrease 
in Ce-O coordination indicates an increase in the oxygen 
vacancy in the material, this trend provides the evidence for the 
significant increase in atomic disorder and presence of OVDs in 
the nanorods as compared to those of the nanocubes and 

Table 2. Fitted structural parameters of the Ce L3-edge EXAFS analysis for 
ceria catalysts: nanorods (NR), nanocubes (NC), nanooctahedra (NO), and 
commercial. N is the average coordination number of oxygen anions around 
the central Ce cations. R is the average bond distance. σ2 is the Debye–
Waller factor. Underline marks indicate fixed parameters in the fitting 
analysis. The ΔE0 values of two Ce-O shells are constrained to share the 
same value in the fitting models. 
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Ce L3-edge

Ceria NR

Ceria NO
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Commercial
ceria
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-3
)

9876543
k (Å -1)

Figure 4. Fourier transformed Ce L3-edge EXAFS data of ceria 
catalysts: nanorods (NR), nanocubes (NC), nanooctahedra (NO), and 
commercial. The inset shows the corresponding EXAFS spectra in k-
space. Data: thin lines; fittings: thick lines.
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nanooctahedra as well as the commercial ceria. Note that 
compared to other ceria samples, the larger decrease in the 
coordination numbers for the second Ce-Ce shell and the third 
Ce-O shell of the ceria nanorods further corroborated the larger 
degree of atomic disorder in ceria nanorods. Though a report 
on the modeling of oxygen vacancy defects in ceria has 
predicted a decrease in the average Ce-O bond length due to 
the anisotropic chemical strain in the lattice,39 such a decrease 
is very modest among our nanostructured ceria samples 
examined in this study (2.33 ± 0.01 Å) when compared to that 
of the commercial sample (2.34 ± 0.01 Å).

Kinetics of hydroxyl radical (•OH) generation using ceria catalysts
In general, mixtures of 30% hydrogen peroxide aqueous 

solutions and ceria catalysts were observed to yield bubbles of 
oxygen at room temperature. However, the evolution of oxygen 
bubbles ceased to be observable by eye in control experiments 
without ceria. The catalytic effect of ceria on the decomposition 
of H2O2 is proposed to follow Fenton-like reactions, with •OH 
reportedly being the first ROS generated by this process.43 This 
is similar to the case of the Fenton reaction using iron(II) ions to 
catalyze the disproportionation of H2O2 under neutral and 
alkaline conditions as expressed by the equation: Ce3+ + H2O2 → 
Ce4+ + •OH + OH-.

To selectively study the kinetics for the generation of 
hydroxyl radicals (•OH) from the ceria-catalyzed decomposition 
of H2O2, we applied the chemoselective APF dye to the reaction 
mixture and measured the relative production rate of •OH in 
the reaction.44-46 APF is a non-fluorescent molecule. Typically, 
after APF molecules react with hydroxyl radicals, peroxynitrate 

anions, or hypochlorite anions, the resulting products exhibit 
bright green fluorescence with excitation/emission maxima of 
490/515 nm. Considering the chemical species present in our 
reaction mixture, only •OH has the potential to react with APF. 

By measuring the slopes of the fluorescence intensity versus 
reaction time plots, we obtained the relative apparent reaction 
rates (k) for the generation of •OH with different ceria 
nanostructures under low concentration of H2O2 (3 mM). For 
example, Figure 5a shows the fluorescence signals detected as 
a function of reaction time for experiments catalyzed by ceria 
nanorods at different reactions temperatures (15 °C – 35 °C). As 
the reaction temperature increased, the relative apparent 
reaction rates (or the slope of the plots) increased. 

We expect that •OH detected in our kinetics measurements 
are mainly from Fenton-like reaction pathways, not from other 
ROS reactions with H2O2. In our previous work on catalytic 
decomposition of H2O2 by ceria nanorods, our in situ EXAFS 
study established the redox cycling of cerium which suggest the 
decomposition reaction follows a Fenton-like reaction 
pathway.43 Since APF chemoselectively scavenged •OH 
generated from the H2O2 decomposition reaction, other follow-
up reactions dependent on the availability of •OH were 
effectively prevented. For example, the Haber-Weiss reaction 
necessitates the presence of additional radicals like O2

- to 
produce •OH, but O2

- are needed to be first generated from the 
reaction of •OH and H2O2. 

Sample Atom N R (Å) σ2  (10-3Å2) ΔE0 (eV)

Ceria NR O 6.7 ± 0.5 2.33 ± 0.01 5.7 ± 0.9 8.8 ± 0.5

Ce 9.5 ± 0.4 3.83 5.3 ± 0.4 4.1 ± 0.3

O 12.6 ± 1.4 4.49 5.6 ± 1.3 8.8 ± 0.5

Ceria NC O 7.3 ± 0.4 2.33 ± 0.01 3.6 ± 0.7 7.3 ± 0.3

Ce 10.1 ± 0.3 3.83 4.0 ± 0.3 3.0 ± 0.3

O 14.7 ± 1.0 4.49 2.0 ± 0.7 7.3 ± 0.3

Ceria NO O 7.2 ± 0.3 2.33 ± 0.01 3.2 ± 0.6 7.5 ± 0.3

Ce 9.8 ± 0.3 3.83 2.9 ± 0.2 3.2 ± 0.2

O 15.8 ± 1.0 4.49 3.0 ± 0.7 7.5 ± 0.3

Commercial O 8.0 ± 0.4 2.34 ± 0.01 4.1 ± 0.8 7.7 ± 0.4

ceria Ce 11.2 ± 0.3 3.83 3.1 ± 0.3 3.7 ± 0.2

O 19.3 ± 1.3 4.49 5.1 ± 0.8 7.7 ± 0.4

Figure 5. Reaction kinetics of the catalytic generation of hydroxyl 
radicals from hydrogen peroxide over ceria catalysts. (a) Plots of 
fluorescence intensity vs. reaction time for ceria nanorods at different 
reaction temperatures (15, 21.8, 25, 30, and 35 °C). (b) Plots of 
fluorescence intensity vs. reaction time for four different ceria catalysts 
at 35 °C. Reaction conditions: [H2O2] = 3 mM; [Ceria NR] = 0.1 g/L.
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To further confirm that only •OH reacted with the dye, we
performed additional negative control experiments by adding t-
butanol, which is a known •OH scavenger, to the reaction 
mixture.38, 47 This negative control showed that, when 
compared to the background signal, no appreciable changes 
were observed in the fluorescence intensity of the reaction 
mixture over a 10 min.-long reaction, evidencing that other 
species capable of reacting with APF were absent (Figure S3). 

The effects of different concentrations of H2O2 and ceria on 
the catalytic reaction kinetics were investigated using the ceria 
nanorods by measuring the changes in the relative reaction 
rates (Figures S4 and S5). As the concentration of H2O2 
increased from 0.1 to 6 mM, the reaction order with respect to 
H2O2 was determined to decrease from 0.74 to ca. 0. The 
chosen concentration of 3 mM H2O2 for the comparison of 
catalyst activity falls within a distinct plateau region in the plot 
of initial reaction rate vs. [H2O2]. This indicates that the 
measured apparent reaction rate data was primarily affected by 
the properties of the ceria catalyst rather than the 
concentration of H2O2. Similarly, the effects of ceria 
concentration from 0.1 – 1.0 g/L were also investigated. The 
reaction order with respect to catalyst concentration was also 
determined to be close to 1 (0.89). This result indicates that the 
concentration of catalyst was sufficiently high and there was no 
considerable effect due to mass transport limitations.48 

Ideally, one would apply the relative apparent reaction rates 
to infer the intrinsic catalytic activity of different ceria catalysts. 
Such comparisons could be misleading because the rate 
differences could also be influenced by extrinsic factors 
including differences in the catalysts’ surface areas and their 
density of catalytically active surface sites. Reported literature 
primarily resorts to normalizing the reaction kinetics data by the 
BET surface areas of catalysts or their weight for comparing the 
activity of different catalysts. For example, Figure 5b illustrates 
the apparent reaction rates for the decomposition of H2O2 with 
ceria nanorods, ceria nanocubes and ceria nanooctahedra at 
the reaction temperature of 35 °C. The activity trend according 
to the relative rates appears to be in the order: ceria NR > ceria 
NC > ceria NO ≈ commercial ceria. This trend roughly follows the 
trend of BET surface areas of these samples. However, 
comparisons of surface-area normalized relative reaction rates 
would suggest the (111) faceted commercial ceria as the most 
active ceria catalyst (data not shown), which contradicts many 
literature reports (such as Wang et al.35)  that ceria nanorods 
are more catalytically active than (111) faceted ceria catalysts. 
In addition, surface-area normalization does not account for 
differences in the density and types of OVDs indicated by 
Raman, XPS, and EXAFS analysis. The differences in the density 
and types of point defects may also affect the likelihood of 
defect clustering49 which could lead to higher intrinsic activity. 
To avoid complications in comparisons due to the differences in 
extrinsic factors between the samples, we instead applied the 
measured temperature-dependent apparent reaction rates to 
construct Arrhenius plots and thereby determined the apparent 
activation energy values (Ea) for each of the studied catalyst 
morphologies (Figure 6). As the production of •OH is postulated 
to be rate-determining, the apparent activation energy barrier 

can be determined from the fluorescence studies and be used 
to directly compare the catalytic activity of various ceria 
nanostructures. The logarithmic relationships in the Arrhenius 
plots negate the necessity of normalizing fluorescence signals 
between samples to account for extrinsic differences in aspects 
such as surface area per gram to provide accurate, intrinsic 
catalytic efficiency comparisons. From these Arrhenius plots, 
we determined the apparent activation energy values for ceria 
NR, NC, NO, and commercial ceria to be 46±2, 50±2, 61±3, and 
70±11 kJ/mol, respectively (Table 1). The large error associated 
with commercial ceria resulted from its low activity and low 
observed fluorescence signal compared to the background 
noise. Coincidentally, the activity trend (ceria NR > ceria NC > 
ceria NO > commercial ceria) follows a similar trend as the 
apparent rate comparison in Figure 5. 

Structure-activity relationship for hydroxyl radical (•OH) 
generation using ceria catalysts

The degrees of intrinsic defects in the atomic structures of 
the examined ceria nanostructures were found positively 
associated with the differences in the observed activity. Each of 
the studied ceria morphologies exhibits differences in disorder 
and density of OVDs, following the trend: ceria NR > ceria NC > 
ceria NO > commercial ceria. This positively correlates to the 
activity trend (ceria NR > ceria NC > ceria NO > commercial 
ceria). We note that the activity trend (ceria NR > ceria NC > 
ceria NO > commercial ceria) established by the measured 
apparent activation energy mirrors well with the observed 

differences in the peak intensity ratios of the Raman D and F2g 
peaks (ID/ IF2g) that largely indicate higher surface and sub-
surface Frenkel-type OVD density of the studied ceria samples 
(Table 1). The activity trend also corroborates well with the 
decrease in the average coordination number of oxygens 
surrounding cerium, which indicates higher disorder and 

4

3

2

1

ln
 (k

)

3.503.453.403.353.303.25
1/T (10-3 K-1)

  Nanostructures
Ceria NR 
Ceria NC
Ceria NO
Commercial ceria

Figure 6. Arrhenius plots for the reaction kinetics of catalytic 
generation of hydroxyl radicals over ceria catalysts. Reaction 
conditions: [H2O2] = 3 mM; [Ceria catalyst] = 0.1 g/L.

Page 7 of 10 Nanoscale



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx Nanoscale, 2018, 00, 1-3 | 8

Please do not adjust margins

Please do not adjust margins

increased oxygen vacancy defects in the ceria catalysts. 
Nonetheless, since the percentages of surface Ce3+ content of 
examined ceria catalysts are very similar, this factor which 
reveals the density of Schottky-type oxygen vacancy defects has 
an insignificant correlation to our observed activity trend for 
our studied reaction.

Among the studied nanostructures, nanorods were found to 
possess the greatest surface and sub-surface Schottky-type and 
Frenkel-type OVDs. High OVD density is often reported to be 
correlated with exposed Ce3+ catalytic sites and increased 
intrinsic catalytic activity.31-34 This is consistent with the 
observed activity trend. While the detailed reaction kinetics are 
yet reported, it is generally accepted that generation of •OH is 
the rate-determining step and the electron transfer from a 
metal ion is necessary to produce •OH. Thus, ceria facets with 
higher density of surface and sub-surface OVDs are expected to 
be more catalytic active. 

The morphologies of ceria catalysts studied displayed 
unique facets with varying density and accessibility of Ce3+ and 
OVDs. If edges are not considered, ceria nanorods display {100} 
and {111} side facets and {110} end facets, whereas nanocubes 
possess primarily {100} facets and nanooctahedra present 
mainly {111} facets. In this study, ceria nanorods exhibited the 
highest activity and lowest apparent activation energy barrier 
as well as highest OVD density. The catalytic activity trend 
further correlated well to the surface and sub-surface OVD 
population for the other morphologies studied. Considering 
that the activity for the decomposition of H2O2 was positively 
correlated to the density of OVDs and the reactivity of OVDs are 
related to the exposed facets, the observed trend can be 
extended to correlate the activity trend to the facets.32 Thus, 
{100} facets are concluded to be more active than {111} facets 
for our studied reaction. 

Metal catalysts such as palladium are considered to be the 
standard catalyst for studying H2O2 decomposition due to their 
high activity and low apparent activation energy barrier (53±3 
kJ/mol).50-52 Comparatively, our ceria nanorods demonstrate an 
apparent energy barrier of 46±2 kJ/mol. Even though the 
palladium catalytic site density of is much higher than that of 
cerium oxide, our demonstrated fluorescent method has shown 
sensitivity sufficient to discern the intrinsic catalytic activity of 
ceria with varying density of catalytic sites.

Conclusions
In summary, ceria nanostructures exhibiting morphologies 

of nanorods, nanocubes, and nanooctahedra were studied for 
the catalytic generation of •OH from the decomposition of 
H2O2. An activity trend of ceria NR > ceria NC > ceria NO > 
commercial ceria was observed. Both the atomic disorder 
determined by EXAFS and the intensity ratio of Raman bands of 
vibration modes (ID/ IF2g) that infers the densities of surface and 
sub-surface oxygen vacancy defects in ceria were found to be 
pragmatic activity descriptive factors to predict this activity 
trend for our studied reaction. While the percentage of surface 
Ce3+ content from the XPS analysis also indicates a similar trend, 
the small differences between the corresponding values of the 

examined ceria samples suggest that this activity descriptive 
factor is less indicative to differentiate the intrinsic activities of 
ceria catalysts in our study. This is probably because the 
Frenkel-type OVDs revealed by the Raman data are more 
catalytically active for our studied reaction than the Schottky-
type OVDs indicated by the % of surface Ce3+. Our analysis of 
the structure-activity relationships has led to our proposition 
that the activity trend is largely dependent on the types and 
density of surface and sub-surface OVDs, which change with the 
nanostructured morphology. These findings and our 
demonstrated fluorescence method are expected to be 
practical for evaluating the catalytic activity of ceria of different 
morphologies and studying their ROS scavenging capability in 
biological and non-biological systems where controlled 
decomposition of H2O2 and generation of •OH are of critical 
concerns.19, 29, 53
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