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ABSTRACT: Atomic nitrogen doping on CeQ, nanoparticles (NPs) by an efficient 10

and environmentally benign urea thermolysis approach is first studied, and its effects N doped CeO, NPs
on the intrinsic scavenging activity of the CeO, NPs for reactive oxygen radicals are 84 L
investigated. The N-doped CeO, (N-CeO,) NPs, characterized by X-ray 3 Z [
photoelectron and Raman spectroscopy analyses, showed considerably high levels E % 64

of N atomic doping (2.3—11.6%), accompanying with an order of magnitude @ ©

increase of the lattice oxygen vacancies on the CeO, crystal surface. The radical 5 £ 4

scavenging properties of the N-CeO, NPs are characterized by applying Fenton’s 'g %D

reaction with collective and quantitative kinetic analysis. The results revealed that the 2 & 2

significant increase of surface oxygen vacancies is the leading cause for the -

enhancements of radical scavenging properties by the N doping of CeO, NPs. * 0

Enriched with abundant surface oxygen vacancies, the N-CeO, NPs prepared by urea Pristine . N-Ce0,-  N-CeO,r  N-CeO,  N-CeO-

CeO, 873-2 873-4 10231 1173-1

thermolysis provided about 1.4—2.5 times greater radical scavenging properties than
the pristine CeO,. The collective kinetic analysis revealed that the surface-area-
normalized intrinsic radical scavenging activity of the N-CeO, NPs is about 6- to 8-fold greater than that of the pristine CeO, NPs.
The results suggest the high effectiveness of the N doping of CeO, by the environmentally benign urea thermolysis approach to
enhance the radical scavenging activity of CeO, NPs for extensive applications such as that in polymer electrolyte membrane fuel
cells.

1. INTRODUCTION

In recent years, cerium oxides have attracted much attention
for application as a radical scavenger in polymer electrolyte
membrane fuel cells (PEMFCs) to mitigate the membrane
degradation caused by reactive radical species, such as hydroxyl
and hydroperoxyl radicals, generated during the fuel cell
operation." These reactive oxygen species (ROS) initiate the
oxidative decomposition of the polymer membrane; therefore,
the in situ removal of the ROS by regenerative radical
scavengers can improve the durability and lifetime of the
PEMFCs.” Previous studies have reported that an addition of
ceria nanoparticles (NPs) in the perfluorosulfonated acid
(PFSA) membranes, such as Nafion, and the catalyst layer of
the membrane electrode assembly (MEA) led to the significant
mitigation of the membrane degradation attributed to radical
scavenging by the ceria NPs.””” The radical scavenging
properties are reported with various metal oxides, such as
Zr0,, YSZ, TiO,, MnO,, and silica-supported Mn, Cr, and Co
oxides.””™"* However, cerium oxides and modified cerium
oxide materials seem to offer antioxidant properties superior to
that of other metal oxides reported in the literature."> The
regenerative radical scavenging properties of cerium oxides are
typically described with the redox cycles between the reduced

Ce® and the oxidized Ce*" states involving the lattice oxygen
vacancies on the surface.'”"

For the applications in the scavenging of ROS, there have
been significant studies to enhance the radical scavenging
properties of cerium oxides.'® It is reported that the size and
exposed crystal facets of ceria NPs have considerable effects on
the radical scavenging activity because a decrease in particle
size leads to an increase in the Ce®"/Ce*" ratio accompanying
the formation of oxygen vacancies.'”> Most of the previous
studies have focused on the enhancements of the radical
scavenging activity of CeO, by heterometal doping, such as
that with La,'"~" Eu,'®*° Nd,"* Gd,”' Pr,'”" W,”* and
Zr.*"?*7*° The enhancements of the radical scavenging activity
by the incorporation of heterometal cations of different
valances and sizes in CeO, are generally rationalized with an
increase in the surface oxygen vacancies or the relative Ce*

Received: February 26, 2023
Accepted: June 1, 2023
Published: June 14, 2023

© 2023 The Authors. Published by
American Chemical Society

W ACS Publications 22646

https://doi.org/10.1021/acsomega.3c01305
ACS Omega 2023, 8, 22646—22655


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jihun+Paick"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Seunghee+Hong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ji-Young+Bae"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jy-Young+Jyoung"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eun-Sook+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Doohwan+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c01305&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01305?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01305?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01305?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01305?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/25?ref=pdf
https://pubs.acs.org/toc/acsodf/8/25?ref=pdf
https://pubs.acs.org/toc/acsodf/8/25?ref=pdf
https://pubs.acs.org/toc/acsodf/8/25?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c01305?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

concentration and in some cases an increase in the surface
area.”!

The physicochemical properties of metal oxides can also be
modified by partial replacements of the lattice oxygen atoms
with various nonmetallic heteroatoms of different valence
states. For example, atomic nitrogen doping has been applied
for the modification of metal oxide properties, such as tuning
the band gap of TiO,”® and CeO,””** for photocatalytic
applications. An enrichment of oxygen vacancies by N doping
of CeO, was also reported, which provided enhanced catalytic
activities for the selective catalytic reduction of nitrogen oxides
for automotive applications.”” However, only a few studies on
the N-doped CeO, NPs for free-radical scavenging applications
have been reported.”® Furthermore, the N doping of metal
oxides in previous studies was typically conducted by
treatments of ceria NPs in a toxic NH; gas flow at high
temperatures,””*”?" surface coating with polyaniline by
controlled polymerization, followed by heat treatments,” and
solvothermal synthesis of N-doped CeO, using cerium salts
and nitrogen precursors.””*> These previous N doping
methods require toxic chemicals or extensive processes with
limited scalability and cost competitiveness.

Herein, we first report a highly effective approach for the
surface N doping of CeO, NPs via an environmentally benign
urea thermolysis approach. As will be discussed, a controlled
thermal treatment of a mixture of CeO, NPs and urea powder
under an inert atmosphere resulted in atomic N doping with
significant increases in the Ce®* and oxygen vacancy
concentrations on the CeO, surface. The resulting N-CeO,
NPs exhibited considerable enhancements in the scavenging
activities for the reactive hydroxyl radicals, as characterized by
applying Fenton’s reaction. Collective and quantitative kinetic
analysis reveals that the enhancements in the radical
scavenging activity of the N-CeO, NPs are primarily attributed
to the increase of surface oxygen vacancies by the N doping
treatment. Normalized with the surface area, the N-CeO, NPs
provided about 6- to 8-fold greater intrinsic radical scavenging
activities over the pristine CeO,, indicating the high
effectiveness of the N doping of CeO, NPs by urea thermolysis
for the radical scavenging applications.

2. EXPERIMENTAL SECTION

2.1. Materials. Pristine CeO, powder (Sigma-Aldrich),
urea (98%, Alfa Aesar), rhodamine-B (Alfa Aesar), FeSO,
(98.5%, Junsei Chem.), H,0, (30 wt %, DaeJung Chem.), and
N, gas (99.999%, Deokyang Korea) were purchased and used
as received.

2.2. Atomic N Doping of CeO, Nanoparticles. The
atomic nitrogen doping of CeO, NPs was conducted through
the thermolysis of urea at elevated temperatures of 873, 1023,
and 1173 K. The pristine CeO, NPs were mixed with urea
powder at various weight ratios (CeO,/urea = 1.0—4.0) and
placed in a ceramic sample boat. The sample boat was covered
with a ceramic plate and placed inside a horizontal tubular
quartz reactor (I.D. = S0 mm, L = 1200 mm) equipped with a
temperature-controlled electric furnace. Both ends of the
reactor were capped gas-tight, and an inert N, gas flow (100
mL min~") was introduced into the reactor for purging at 298
K for 1 h. The N atomic doping of the CeO, NPs was
conducted at three different temperatures of 873, 1023, and
1073 K. The reactor temperature was raised (ramp = 15 K
min~") by flowing N, gas through the reactor and held at the
N doping temperature for 2 h. Finally, the reactor was cooled

to room temperature under the N, gas flow. The resulting N-
doped CeO, NPs are named N-CeO,-T—W, where T is the
doping temperature in Kelvin, and W is the weight ratio of the
CeO,/urea mixture utilized for N doping.

2.3. Characterizations. The thermal decomposition
characteristics of urea (CO(NH,),) powder were obtained
by thermogravimetric analysis (TGA, Pyris-1, PerkinElmer),
raising the sample temperature from 298 to 1173 K (ramp =
10 K min~") under N, atmosphere. The surface composition of
the pristine CeO, and the N-doped CeO, samples was
characterized by X-ray photoelectron spectroscopy (XPS) with
monochromatic Al-Ka radiation (Theta Probe AR-XPS,
Thermo Fisher Scientific). The Ce> and Ce*" atomic contents
in the samples were obtained by the deconvolution of the
peaks at the Ce 3d binding energy level.’>*® The atomic
content and structural configuration of the N species on the N-
CeO, NPs were obtained by the deconvolution of the N 1s
peak of the XPS spectra. The morphology and surface
composition of the pristine CeO, and the N-CeO, NPs were
characterized by scanning electron microscopy (SEM, SNE-
3000M, SEC) at an accelerating voltage of 30 kV equipped
with an EDS system. The crystal structure of the samples was
characterized by X-ray diffraction (XRD, SmartLab, Rigaku),
with monochromatic Cu-Ka radiation operated at 3 kW (scan
rate = 0.05° min~'). The concentration of surface oxygen
vacancies on the samples was characterized by Raman
spectroscopy (Vertex 80, Bruker) conducted at 532 nm laser
wavelength. The number of oxygen vacancies was calculated
from the full width at half-maximum (FWHM) of the
characteristic Raman peak, according to the method reported
in the literature.””** The N, adsorption—desorption isotherms
of the samples were obtained in a volumetric unit (Tristar-II,
Micromeritics), after drying the samples under vacuum at 423
K for 12 h. The specific surface area of the samples was
obtained from the N, sorption isotherms, applying the
Brunauer—Emmett—Teller (BET) method. The total pore
volume of the samples was obtained by single-point N,
adsorption at the saturation pressure.

2.4. Measurement of the Radical Scavenging Proper-
ties. The radical scavenging properties of the pristine CeO,
and N-CeO, NPs were characterized by applying Fenton’s
reaction in the co-presence of rhodamine-B (RhB) and the
radical scavenger in the solution. First, 50 mg of the pristine
CeO, or N-CeO, NPs was added to 2 mL of an aqueous
solution containing RhB (0.6 mg), FeSO, (3 mg), and H,0
(100 mL) under stirring. Second, an aqueous solution of H,0,
(0.08 vol %) was prepared using H,O, (30 wt %) and DI
water. Then, a fixed amount (3 uL) of H,0, solution was
added dropwise to the first solution and stirred for 10 min. The
UV-—vis spectra of the solution mixture were obtained using a
UV—vis spectrometer (Mega-800, Sinco) in the range of 300—
700 nm. This procedure was repeated at 10 min intervals for 1
h to measure the change of RhB concentration in the solution
with time. The radical scavenging properties of the pristine
CeO, and the N-CeO, NPs were estimated from the decay
rate of RhB concentration in the solution, in comparison to the
decay rate in the blank Fenton’s reagent solution without
adding a radical scavenger. The measurement was conducted
at least three times for each sample to ensure the
reproducibility and reliability of the data.
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a) Schematic of the N doping on CeO, NPs by urea thermolysis
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Figure 1. (a) Schematic of N doping on CeO, nanoparticles by urea thermolysis, (b) weight loss profile of the solid urea powder by thermolysis
characterized by thermogravimetric analysis (TGA) in N, atmosphere, (c) photographs of the urea powder taken before and after thermal
treatment at 873 K for 2 h in N, atmosphere.
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Figure 2. (a) Photographs of the pristine CeO, and N-CeO, NPs prepared at various CeO,/urea weight ratios and reaction temperatures, (b) SEM
images of the pristine CeO, and N-doped CeO, samples with the EDS elemental mapping on the N-CeO,-873-4 sample.

3. RESULTS AND DISCUSSION method is highly effective, scalable, and environmentally
3.1. Atomic N Doping of CeO, NPs by Urea benign without requiring any toxic precursors, reagents, or

Thermolysis. Figure la describes the N doping of CeO, cumbersome pre- and post-treatment steps. Figure 1b shows
NPs by urea thermolysis studied in this work. Briefly, a simple the typical TGA profile of urea powder under an inert N,

thermal treatment of CeO, NPs as a mixture with urea powder atmosphere. The results show that the thermal decomposition
under an inert N, atmosphere results in the effective N doping of urea occurs through three distinct steps in terms of
of CeO, NPs with high levels of surface N concentration. The temperature. The major weight loss (~80 wt %) occurred
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Figure 3. (a) XPS spectra of the pristine CeO, and the N-doped CeO, NPs at Ce 3d and N 1s binding energy levels, (b) relative Ce®*
concentration defined as Ce**/(Ce* + Ce*") atomic ratio on the samples, and (c) atomic contents and bonding configuration of the N species on

the N-CeO, NPs.
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Figure 4. (a) XRD patterns and (b) Raman spectra on the pristine CeO, and the N-doped CeO, NPs.

between 450 and 480 K, which accounts for the decomposition
of urea to NHj. At this stage, the formation of biuret (NH,—
CO-NH-CO-NH,) can also take place, which undergoes
further complex decomposition and polymerization at higher
temperatures.”*° The second- and third-stage weight losses at
around 560 and 630 K, respectively, can be attributed to the
decomposition of the biuret and triuret species to NH; and
CO,.”” Figure lc shows the photographs of urea powder
before and after heat treatment at 873 K for 1 h under an inert
N, atmosphere. After the heat treatment, the photograph does
not show the urea powder (white solids) or any decomposition
residues remaining in the sample boat, confirming the
complete thermolysis of urea at the given condition.

3.2. Physicochemical Properties of the N-Doped
CeO, NPs. Figure 2a shows the photograph of the pristine
CeO, and the N-doped CeO, (N-CeO,) samples prepared by
the urea thermolysis of CeO,/urea mixtures at various weight
ratios (2—4) and temperatures (873, 923, and 1073 K). The
pristine CeO, shows a typical bright yellow color, while the N-
CeO, samples exhibit various colors depending on the thermal

22649

treatment temperature: dark brown (873 K), light brown
(1023 K), and greenish gray (1173 K). Figure 2b compares the
typical SEM images of the pristine CeO, and N-doped CeO,
samples. The pristine CeO, displays round-shaped individual
CeO, nanoparticles, of size in the approximate range (20—50)
nm. The N-CeO,-873-2 and N-CeO,-873-4 NPs show nearly
identical particle sizes and shapes to those of the pristine
CeO,, suggesting no significant morphological changes or
aggregation of CeO, NPs by the N doping treatment at 873 K.
The EDS elemental mapping results exhibit uniform N
concentration over the N-CeO,-873-4 NPs, reflecting the
high effectiveness of the urea thermolysis method for the N
doping of CeO, NPs.

The SEM images of the N-CeO,-1173-1 NPs reveal that the
particle sizes of the crystallites have increased significantly by
the thermal treatment at the excessively high temperature.

Figure 3a shows the deconvoluted XPS spectra for the
quantification of the atomic contents and structural config-
urations of the Ce and N species on the CeO, and the N-CeO,
NPs. Figure 3b displays the relative Ce® concentration,

https://doi.org/10.1021/acsomega.3c01305
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Table 1. Cubic Lattice Parameter, BET Surface Area, Pore Volume, and Oxygen Vacancy Concentration of the Pristine CeO,

and the N-Doped CeO, NPs

XRD N, adsorption Raman spectroscopy
sample cubic lattice parameter, a (A)  surface area (m> g”!)  pore volume (cm® g™!)  oxygen vacancy concentration (X10%° vacancies cm™)
pristine CeO, 5412 31.8 47.1 0.21
N-Ce0,-873-2 5.403 S.4 10.7 8.66
N-CeO,-873-4 5.406 122 28.7 1.76
N-Ce0,-1023-1 5.409 10.0 123 2.00
N-CeO,-1173-1 5.398 2.4 2.6 0.38
a b
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Figure 5. Linear correlation of (a) relative C** concentration vs surface N atomic content, (b) Surface oxygen vacancy concentration vs the relative

C>* concentration on the CeO, and N-CeO, NPs.

defined by the Ce*/(Ce™ + Ce**) atomic ratio, on the
pristine CeO, and the N-CeO, NPs obtained by the XPS
analysis. Figure 3¢ shows the surface atomic contents and the
structural configurations of the N species doped on the N-
CeO, samples. The results in Figure 3b reveal that the relative
Ce® atomic concentrations on the N-CeO, NPs (27.2—
30.1%) are considerably higher than that on the pristine CeO,
(25.2%). At the same time, the N-CeO, samples (Figure 3c)
display a high N atomic content on the surface at 2.3—11.6
atomic%. The results show that the N doping amounts on the
N-CeO, NPs decreased gradually with the increasing thermal
treatment temperature. The results also reveal that the N
species were doped on CeO, dominantly in the configuration
of Ce—N covalent bonding (65—81%). In addtion, N—O
bonding was observed at a relative concentration of 19—35% of
the total surface N species, which is likely attributed to the
nitrogen oxides grafted on the surface.

Figure 4a shows the XRD patterns of the pristine CeO, and
N-CeO, NPs. All the samples display the typical diffraction
pattern of the cubic FCC crystal structure of CeO, (JCPDS
#82-0792). No additional diffraction peaks are observed on the
N-CeO, samples. The N-CeO, NPs prepared at high
temperatures of 1023 and 1173 K exhibit sharper and more
intense XRD peaks, compared to those of the pristine CeO,
NPs, suggesting an enhancement in their crystallinity by the
high temperature doping treatments. The cubic lattice
parameter (a, A) of the pristine CeO, and N-CeO, NPs is
calculated from the (111) diffraction peak of the XRD spectra.
Table 1 shows the results. The pristine CeO, shows the lattice
parameter value of 5.412 A. The lattice parameter values of the
N-CeO, samples of 5.398—5.409 A are slightly smaller than
that of the pristine CeO,, which is likely due to the increased
crystallinity of the samples by the treatment at high
temperatures. Table 1 also shows the BET surface area and
pore volume of the pristine CeO, and N-CeO, samples. The
surface area and pore volume of the N-CeO, samples are lower

22650

than those of the pristine CeO, due to sintering by the high-
temperature treatments, in agreement with the XRD results.

The concentration of surface oxygen vacancies on the
pristine CeO, and N-CeO, NPs is estimated by Raman
spectroscopy. Figure 4b shows the Raman spectra of the
samples. The pristine CeO, and the N-CeO, NPs exhibit the
typical characteristic Raman peak of CeO, at 460 cm™", which
is attributed to the symmetrical stretching mode of the Ce—Og
vibrational unit.”*** The concentration of the surface oxygen
vacancies on the samples is estimated from the peak
broadening.’”** Table 1 summarizes the results. The results
reveal substantial increases of the oxygen vacancy concen-
tration on the N-CeO, NPs, exhibiting about 8—41 times
higher oxygen vacancy concentrations on the N-CeO, samples
prepared at 873 and 1023 K ((1.76—8.66) X 10*° vacancies
cm™?), than on the pristine CeO, NPs (0.21 X 10?° vacancies
cm™3).

3.3. Effects of Atomic N Doping on the Oxygen
Vacancy Concentration of CeO, NPs. A collective
correlation analysis was conducted among the N doping
amounts, the relative atomic concentration of Ce®" species, and
the surface oxygen vacancy concentration on the pristine CeO,
and the N-CeO, NPs. Figure Sa shows the relative Ce®"
concentration, defined as Ce**/(Ce** + Ce*") atomic ratio, of
the samples as a function of the N doping amounts. The results
exhibit a linear correlation between the relative Ce*
concentration and the surface N atomic content, displaying a
proportional increase of the relative Ce** concentration with
an increase of N doping amount on the samples. Figure Sb
shows the surface oxygen vacancy concentration as a function
of the relative Ce** concentration on the pristine CeO, and the
N-CeO, NPs. The results also show a linear correlation
between the surface oxygen vacancy and the relative Ce®*
atomic concentrations, exhibiting substantial increases of the
oxygen vacancies with the increasing relative Ce®* concen-
tration. The results indicate that the N doping on the CeO,
NPs resulted in the increase of the Ce®" concentration as well

https://doi.org/10.1021/acsomega.3c01305
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Figure 6. UV—vis spectra of rhodamine-B (RhB) added in (a) blank Fenton’s solution and (b) Fenton’s solution with N-CeO, NPs (25 mg N-
CeO,/mL solution). The photographs of the solution taken before and after the test are shown below the spectra.
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Figure 7. (a) Time-dependent decay of RhB concentration with radical scavengers added in Fenton’s solution. (b) Correlation analysis, with the

pseudo-first-order degradation kinetics of RhB in the solution.

as the surface oxygen vacancies. The results are reasonable
considering that the atomic N doping on CeO, NPs would
lead to charge imbalance due to the different valency between
N and O atoms in the CeQ, crystal lattice structure.”” This
charge imbalance appears to increase the relative Ce’*
concentration and the oxygen vacancies via a charge
compensation mechanism.*

3.4. Radical Scavenging Properties of the N-Doped
CeO, NPs. The radical scavenging properties of the pristine
CeO, and N-CeO, NPs are characterized by applying Fenton’s
reaction in the presence of rhodamine-B (RhB) as a radical
scavenging indicator in the solution. Briefly, the hydroxyl
radicals generated by Fenton’s reactions (eqs 1 and 2) degrade
RhB molecules (eq 3); therefore, the relative radical
scavenging properties of the materials added to the solution
can be estimated from the decay rate of the RhB concentration
with time:

22651

H,0, + Fe’* - HO + HO + Fe** (1)
Fe’* + H,0, — Fe’* + HOO + H )
HO + RhB — Degradation of RhB 3)

Figure 6a shows the typical UV—vis spectra of RhB in the
Fenton reagent solution taken every 10 min for 1 h, without
adding the radical scavengers to the solution (referred to as the
blank solution hereafter). The spectra show the peak at 550
nm, which is attributed to the light absorption by RhB
molecules in the solution. The results show that the peak
intensity attenuates rapidly with time, indicating a significant
decrease of RhB concentration due to degradation by the
hydroxyl radicals generated by Fenton’s reaction. The
photographs of the solution taken before and after the test
(Figure 6a, bottom) show the large change of solution color,
from thick red to light pink, demonstrating the significant
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decrease of RhB concentration in the solution. For
comparison, Figure 6b shows the UV-—vis spectra of the
Fenton reagent solution measured in the presence of the
pristine CeO, NPs (25 mg CeO, per 1 mL solution). The
results clearly show that the decrease of the peak intensity at
550 nm is much less and slower than that of the blank Fenton
solution. The results reflect the substantial radical scavenging
effects provided by the pristine CeO, NPs added into the
solution. The photographs of the solution taken before and
after the test (Figure 6b, bottom) clearly display that its initial
red color has changed only a little even after the completion of
the test, confirming the significant radial scavenging effects
provided by the pristine CeO, added into the solution.

Figure 7a shows the changes of the relative RhB
concentration in the Fenton solution as a function of time
after adding the pristine CeO, and the N-CeO, NPs. The
results show that the decrease of RhB concentration is fast and
significant in the blank solution. Comparably, the decrease of
the RhB concentration is much less in the presence of the
pristine CeO, NPs, owing to the scavenging of hydroxyl
radicals by the CeO, NPs added into the solution. Markedly,
the N-CeO, samples prepared at 873 K exhibit significantly
higher radical scavenging properties than the pristine CeO,,
displaying much less and slower decreases of the RhB
concentration with time. However, the N-CeO, samples
prepared at excessive high temperatures (1023 and 1173 K)
show radical scavenging properties similar to that of the
pristine CeO, NPs.

3.5. Quantification of the Radical Scavenging Activity
of the N-Doped CeO, NPs. For further quantitative analysis,
the decomposition kinetics of RhB in Fenton’s reagent solution
was modeled with a pseudo-first-order reaction rate, assuming
that the time-dependent change of the hydroxyl radical
concentration in the solution is negligible compared to the
RhB concentration (eq 4). This can be justified, as a constant
amount of H,0, was repeatedly added into the solution at
every 10 min during the test to make its concentration excess,
as described in Experimental Section.

—1rnp = kCii0.Crup = K'Crpp (4)

Then, the apparent decomposition rate constant, k', can be
used to quantify the relative radical scavenging amounts
provided by the scavenger materials added into the Fenton
reagent solution. An integration of the rate equation with time
provides a linear correlation, as shown in eq 4, where Cfyy is
the initial concentration of RhB in the solution, and ¢ is time:

—ln[ CRhB] = k't

0
Crup

()

The apparent decomposition rate constant of RhB can be
obtained by the linear correlation of the experimental results,
as shown in Figure 7b. The results clearly show that the
pseudo-first-order reaction kinetics of RhB decomposition
applied for the analysis is valid. The apparent decomposition
rate constant can be obtained from the slopes of the linear
data-fitting results, which should be inversely proportional to
the radical scavenging activity of the scavenger materials. Table
2 summarizes the apparent decomposition rate constants of
RhB obtained by the analysis.

To quantify the relative radical scavenging properties, the
apparent decomposition rate constants obtained in the
presence of the pristine CeO, and N-CeO, samples are

Table 2. Apparent Decomposition Rate Constants of RhB in
the Fenton Solution in the Presence of Pristine CeO, and
N-CeO, Samples

sample apparent RhB decomposition rate constant, k’
blank 0.0842

pristine CeO, 0.0344

N-CeO,-873-2 0.0232

N-CeO, 873-4 0014

N-CeO,-1023-1 0.0344

N-CeO,-1173-1 0.0561

normalized with the rate constant obtained from the blank
Fenton solution. Accordingly, the relative radical scavenging
properties are defined as f (eq 6):

k'(radical scavenger in the solution)

p= k'(blank solution) (6)

Figure 8a compares the relative radical scavenging property
(B) of the pristine CeO, and the N-CeO, samples. The results
indicate that the pristine CeO, NPs provide considerable
radical scavenging properties (ff = 2.5) at the given conditions,
inhibiting the RhB decomposition by scavenging the reactive
hydroxyl radicals. The N-CeO, NPs prepared at 873 K exhibit
high radical scavenging properties, with 3 values of 3.5—6.2,
indicating that their apparent radical scavenging properties are
about 140—250% greater than that of the pristine CeO, NPs.
The N-CeO, samples obtained by urea thermolysis at excessive
high temperatures (1023 and 1173 K) exhibit similar or
slightly smaller f values (2.4—1.5) compared to that of the
pristine CeO,. The results reflect a trade-off of the radical
scavenging properties of the N-CeO, NPs with the decrease of
the surface area by sintering due to the doping treatments at
the excessive high temperatures. Figure 8b shows the relative
radical scavenging properties () of the pristine CeO, and N-
CeO, NPs as a function of the total net amount of oxygen
vacancies exposed to the surface of the samples. The total net
amount of the surface-exposed oxygen vacancies of a sample
can be estimated by multiplying the surface area and the
surface oxygen vacancy concentration of each sample. The
linear correlation of the f values with the total amount of the
surface oxygen vacancies of the pristine CeO, and the N-CeO,
NPs clearly suggests the prominent roles of the oxygen
vacancies and surface area in the radical scavenging activity of
the samples.

Therefore, it is critical to compare the intrinsic radical
scavenging activity of the pristine CeO, and the N-CeO, NPs,
taking into account the different surface areas among the
samples. For comparison, the relative intrinsic radical
scavenging activity is defined as a (eq 7):

- B(N — CeO,) SA(pristine CeO,)
P(pristine CeO,) SA(N — CeO,) (7)

where S is the relative radical scavenging property, and SA is
the surface area of the sample. Figure 9 shows the relative
intrinsic radical scavenging activities of the N-CeO, NPs
obtained by urea thermolysis in comparison to that of the
pristine-CeO,. The results reveal that the surface-area-
normalized intrinsic radical scavenging activity of the N-
CeO, NPs is more than 6-fold greater, on average, than that of
the pristine-CeO, NPs.
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Overall, these quantitative analysis results reveal some
important findings regarding the effects of N doping on
CeO, NPs by urea thermolysis for scavenging of reactive
oxygen radicals. First, the N doping on CeO, NPs leads to a
significant increase of the surface oxygen vacancies relevant to
the regenerative active sites for the scavenging of hydroxyl
radicals. Second, urea thermolysis attempted first in this work
is a highly effective, scalable, and environmentally benign
approach for the atomic N doping of CeO, NPs at high levels
of the surface N and oxygen vacancy concentrations.

4. CONCLUSIONS

Highly effective atomic N doping of CeO, NPs by a simple and
environmentally benign urea thermolysis approach is first
studied. A collective and quantitative kinetic analysis was
conducted on the effects of N doping of CeO, NPs on the
scavenging of reactive oxygen radicals in Fenton’s reagent
solution. The studies reveal that high levels of atomic N doping
(2.3—11.6 atomic %) on the surface of CeO, NPs can be
achieved with covalent Ce—N bonding, resulting in a
significant increase of the relative Ce®* contents and oxygen
vacancy concentrations. The N-doped CeO, NPs provided
(1.4—2.5)-fold enhanced radical scavenging properties com-
pared to the pristine CeO,, where the enhancements depend
on the total number of surface oxygen vacancies determined by
the surface area and the oxygen vacancy concentration of the
samples. Markedly, the collective kinetic analysis suggests that
the N-CeO, NPs provide more than 6-fold greater surface-
area-normalized intrinsic radical scavenging activity than the
pristine CeO,. The results suggest that urea thermolysis is a

highly effective method for atomic N doping on CeO,
nanoparticles for the scavenging of reactive oxygen radicals.
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