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In this work, we report on a single-pot synthesis route based on a polymeric precursor method used

for successfully producing undoped and iron-doped CeO2 nanoparticles with iron contents up to

10.0 mol. %. The formation of high-crystalline nanoparticles with a cubic fluorite structure is deter-

mined for all the studied samples. Meanwhile, the magnetic measurements of the undoped ceria

nanoparticles revealed the occurrence of ferromagnetism of bound magnetic polarons of a fraction

of Ce3þ at room temperature, and only a paramagnetic behavior of Fe3þ ions was determined for

Fe-doped ceria nanoparticles. A monotonous reduction of the effective magnetic moment of the

Fe3þ ions was determined. It suggests a change from a high-spin to low-spin state of Fe ions as the

Fe content is increased. The 3þ valence state of the iron ions has been confirmed by the Fe K-edge

X-ray absorption near-edge structure (XANES) and M€ossbauer spectroscopy measurements. X-ray

photoelectron spectroscopy data analysis evidenced a coexistence of Ce3þ and Ce4þ ions and a

decreasing tendency of the relative fraction of Ce3þ ions in the surface region of the particles as the

iron content is increased. Although the coexistence of Ce3þ and Ce4þ is confirmed by results

obtained via Ce L3-edge XANES measurements, any clear dependence of the relative relation of

Ce3þ ions on the iron content is determined, suggesting a homogeneous distribution of Ce3þ and

Ce4þ-ions in the whole volume of the particles. Ce L3-edge extended X-ray absorption fine struc-

ture revealed that the Ce-O bond distance shows a monotonous decrease as the Fe content is

increased, which is in good agreement with the shrinking of the unit cell volume with the iron con-

tent determined from XRD data analysis, reinforcing the substitutional solution of Ce and Fe ions

in the CeO2 matrix. Published by AIP Publishing. https://doi.org/10.1063/1.4999457

INTRODUCTION

There is a growing interest in lanthanide oxides in recent

years, particularly in regard to ceria (CeO2) due to its wide

range of applications in oxygen storage in three-way cata-

lytic converters for gasoline exhausting gas cleanup,1–3 resis-

tance random access memories (ReRAM),4 gas sensors,5 and

direct oxidation of hydrocarbons in solid oxide fuel cells for

electrical power generation.6 The ultraviolet-visible (uv-vis)

absorption characteristics and the oxygen ion sorption-

desorption capability are enhanced in low-dimensional ceria

counterparts (including nanoparticles, thin films, nanotubes,

and nanorods) because of a drastic increase in the surface-to-

volume ratio under size reduction. Due to symmetry break-

ing at the nanoparticle (NP) surface plus reduced surface

coordination number, the presence of oxygen vacancy (Vo)

is expected, which can provide localized or delocalized elec-

tron states, thus introducing ferromagnetic (FM) properties

into the system likely mediated by electrons trapped in the

Vo (F-centers).7,8 These findings are consistent with those

reported by Sundaresan et al.,9 which stated that ferromagne-

tism is a universal phenomenon in particles of extremely

small sizes. However, when the size of ceria particles is

reduced down to the nanosize range, the onset of defects

related to broken bonds and symmetry breaking leads to the

presence of Ce3þ-ions,10 which have nonzero magnetic

moment (4f 1). On the other hand, the doping process with

small amounts of magnetic elements, such as transition metal

(TM) or rare earth (RE) elements, having partially filled d-

or f-shells, can provide a new degree of freedom to the

system, driving to the so-called oxide diluted magnetic semi-

conductors (ODMS). Moreover, the ODMS may exhibit

high-temperature ferromagnetism,11,12 which is interesting

for technological applications, such as in spintronics devices

and magnetic gas sensors.13 However, the origin of ferro-

magnetism in ODMS is not yet well understood and it is still

on debate, leading to controversies, which are mainly related

to the role played by the dopant ions and the poor reproduc-

ibility of the experimental data. As mentioned earlier, while

in the nanosize range, ceria may show the coexistence of

Ce4þ- and Ce3þ-ions, adding additional magnetic contribu-

tion to the system credited to the nonzero magnetic moment

of Ce3þ-ions. Therefore, the establishment of robust synthe-

sis routes for undoped and TM-doped/RE-doped ceria NPs,

owing to fabricate high-quality and single phase end prod-

ucts, is a pre-condition to push forward with the understand-

ing of related fundamental issues, such as ferromagnetic

ordering in ODMS. Based on a comprehensive and reliable

material platform, breakthrough in technological applica-

tions shall emerge naturally. In this regard, we are herein

0021-8979/2017/122(20)/204302/10/$30.00 Published by AIP Publishing.122, 204302-1

JOURNAL OF APPLIED PHYSICS 122, 204302 (2017)

https://doi.org/10.1063/1.4999457
https://doi.org/10.1063/1.4999457
https://doi.org/10.1063/1.4999457
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4999457&domain=pdf&date_stamp=2017-11-27


reporting on a successful route of production of high-quality

ceria NPs using a single-pot protocol based on a polymeric

precursor method, which is indeed ease of scaling up.

Additionally, the same protocol was successfully used to

produce high-quality iron-doped ceria NPs in a fairly wide

range of doping (0–10 mol. %). The high quality of the as-

produced undoped and iron-doped ceria NPs was assesses

via thermal, morphological, structural, vibrational, magnetic,

and electronic properties. Thermogravimetric analysis

(TGA), X-ray diffraction (XRD), high-resolution transmis-

sion electron microscopy (HRTEM), Raman spectroscopy,

magnetic measurements, X-ray photoelectron spectroscopy

(XPS), X-ray absorption near edge structure (XANES), and

extended X-ray absorption fine structure (EXAFS) were used

to support the claim of high-quality as-produced samples and

to assess information about the effects of the iron doping.

EXPERIMENTAL DETAILS

Iron-doped ceria NPs with Fe-content up to 10 mol. %

was synthesized by a polymeric precursor method.14 In short,

the synthesis of undoped ceria NPs started with an initial

solution prepared by mixing 26.6 wt. % of cerium nitrate

[Ce(NO3)3�2H2O], 47.7 wt. % of citric acid (C6H8O7), and

31.7 wt. % of ethylene glycol (C2H6O2). The obtained solu-

tion was heated to 180–200 �C to promote polymerization

of citric acid and ethylene glycol, which resulted in the for-

mation of a polymer backbone with sites available to react

with metallic ions (Ce3þ and Fe3þ). Next, the obtained liquid

precursor was thermally treated at 400 �C (4 h) to produce a

dry carbon-rich powder, followed by grinding and treating

at 500 �C (15 h) to warrant a single-phase formation and good

crystallinity. Following the same synthesis protocol, ferric

nitrate [Fe(NO3)3�9H2O] was used to synthesize iron-doped

ceria NPs with the Fe content controlled according to the

atomic relation: Fe/(FeþCe). XRD patterns were recorded

using a commercial diffractometer equipped (Rigaku, model

Ultima IV) with a CuKa (1.5418 Å) radiation source. The

lattice constant and the average crystallite size were assessed

from the XRD data analysis using the Rietveld refinement

method (DBWS program).15 The shape of the XRD peaks

was modeled using the Thompson-Cox-Hastings pseudo-

Voigt function,16 which allowed deconvolution of the total

full width at half maximum (FWHM) for Gaussian (CG)

and Lorentzian (CL) components. The experimental data

correction from the instrumental contribution was obtained

via a standard Si single crystal. Both Csize and Cstrain were

calculated using the relation: C¼ ðC5
G þ AC4

GCL þ BC3
GC2

L

þCC2
GC3

L þ DCGC4
L þ C5

LÞ
0:5

, where A¼ 2.69269, B

¼ 2.42843, C¼ 4.47163, and D¼ 0.07842.16 The mean crys-

tallite size Dh i and the mean residual strain eh i were obtained

from the standard relations Dh i ¼ Kk=ðCsizecoshÞ and eh i
¼ Cstrain

4 tgh ; respectively.17 The magnetic measurements were

carried out using a vibrating sample magnetometer (VSM)

module of a physical property measurements system (PPMS,

Quantum Design, Inc.). The scanning of the applied field was

done in the 65 kOe range, and the temperature was varied

from 5 to 300 K. M€ossbauer spectra were recorded at room

temperature (RT) and 20 K, in the 10 mol. % iron doped ceria,

using the 57Co radioactive source. A a-Fe foil was used as ref-

erence for the isomer shift, and all M€ossbauer spectra were fit-

ted with the least-square fitting routine using the NORMOS

program. Raman spectra were obtained using the 532 nm line

of an Arþ-laser beam, focused by a spherical lens. The scat-

tered photons were dispersed using a commercial triple spec-

trometer (Jobin Yvon, T64000) and detected with a liquid-

nitrogen-cooled charge-coupled device. HRTEM images were

recorded using a JEOL system (model JEM-2100). XPS anal-

ysis was done using a SPECS surface analysis system

equipped with a Phoibos 150 electron analyzer, using a mono-

chromatic AlKa radiation (1486.6 eV), with output power set

at 350 W. To collect the high-resolution XPS spectra, the

pass-energy was set at 30 eV with a step of 0.1 eV. The C(1s)

signal (284.6 eV) was employed as reference for calibration of

the binding energy (BE) of different elements in order to cor-

rect the charge effect. The CasaXPS software was used to pro-

cess all XPS data and to estimate the sample surface atomic

concentration. In order to study the electronic and atomic

structures, X-ray absorption spectroscopy (XAS) measure-

ments were carried out in the X-ray absorption fine structure

(EXAFS) and X-ray absorption near edge spectroscopy

(XANES) regions, respectively, located in the Ce L3- and Fe

K-edges. The XAFS2 beamline at the Brazilian Synchrotron

Light Laboratory (LNLS) was used. XAS spectra were mea-

sured at room temperature in the transmission and fluores-

cence modes, and the energy was calibrated using standard Cr

and Fe foils, respectively. More details of the beamline used

can be obtained from Ref. 18. The data were analyzed using

the Athena and Artemis interfaces.19

RESULTS AND DISCUSSION

Figure 1 shows the TGA curve obtained during the syn-

thesis of undoped ceria NPs. Three distinct weight-loss steps

are distinguished: (i) the first one develops between �23 �C
and �200 �C (�10% weight-loss), which was related to the

elimination of water and trapped solvent; (ii) the second

weight-loss step has been assigned to the combustion of

organic residues and develops between �200 �C and �340 �C
(�60% weight-loss), and (iii) the third step, running from

FIG. 1. TGA curve obtained during the synthesis of undoped ceria NPs.
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�340 �C to �390 �C, occurs due to the formation of stable

ceria NPs. Above �390 �C, an important improvement in

crystallinity has been achieved. XRD data analysis indicates

the formation of pure ceria (fluoride-like structure) crystalline

phase (JCPDS card: 34-394) for all synthesized samples, with

no evidence of any other crystalline or amorphous impurity

phase, within the resolution limit of our instrument. Likewise,

we have found the linewidth (FWHM) of the XRD peaks

increasing with the Fe content, as observed in Fig. 2(a). This

finding correlated with the decrease in the mean particle size

and/or with the change in the mean residual strain. In order to

obtain further structural information, XRD patterns were ana-

lyzed using the Rietveld refinement method. The Rietveld

refinement obtained for the undoped ceria NPs is shown in

Fig. 2(b).

Table I listed the structural parameters determined from the

Rietveld refinement. As can be observed in Table I, the mean

lattice constant ah i of the undoped ceria sample (5.4065 Å) is

close to the reported value of bulk ceria (5.4111 Å). However,

as the Fe-content increases, the lattice constant of the doped

ceria shows a clear decreasing tendency. This finding has been

assumed as a strong evidence of the substitutional solution

(solid solution) of cerium-ions and iron-ions in the ceria struc-

ture. This result is also supported by the fact that the ionic radii

of Fe3þ-ions (0.55 Å or 0.645 Å for low or high spin state,

respectively) and Fe4þ-ions (0.585 Å) are smaller than the ionic

radius of Ce4þ-ions (0.87 Å), considering a fourfold coordina-

tion number.20 Furthermore, the Dh i value shows a monotonic

decreasing trend as the Fe-content increases [see Fig. 2(c)]. This

result has been assigned to the effect of the iron-ions segregation

on the particles surface, which reduces the surface energy and

leads to a decrease in the mean crystallite size. This finding is in

agreement with other works reported in the literature.14,21–23

Moreover, the reduction of Dh i values with the increase in Fe

content [see Fig. 2(c)] is accompanied by a remarkable increase

in the residual strain (see Table I), which is assigned to lattice

distortions induced by the entrance of iron-ions. In order to cor-

roborate the mean crystallite size, HRTEM images were

obtained. Figure 3(a) shows the HRTEM micrograph of the

5 mol. % iron-doped CeO2, with its corresponding particle size

histogram, which is well modeled by a lognormal distribution

function. The mean particle size can be estimated by using the

relation: hDiMET¼Do exp(r2/2), where Do is the median value

and r is the polydispersion parameter. The values found for

hDiMET is 6.1 6 0.2 nm, which is in good agreement with the

mean crystalline size (see Table I). The selected area electron

diffraction (SAED) pattern recorded from a set of nanoparticles

is shown in Fig. 3(b) and reveals three bright rings correspond-

ing to d-values of 0.301, 0.260, and 0.185 nm expected for the

(111), (200), and (220) diffraction planes of the CeO2 structure.

Figure 4(a) shows the room-temperature Raman spectrum

of the as-prepared undoped ceria NPs in the range of

FIG. 2. (a) XRD patterns of undoped

and iron-doped ceria NPs. (b) XRD

pattern of undoped ceria NPs plus

Rietveld refinement, where the experi-

mental data are represented by sym-

bols, calculated data represented by the

solid red-line and the difference

between experimental and calculated

data points represented by the solid

green-line. (c) The mean crystallite

size as a function of the Fe-content

obtained from the Rietveld refinement.

TABLE I. Parameters obtained from the Rietveld refinement of the XRD

patterns: mean lattice constant ah i, mean crystallite size Dh i, and mean

residual strain eh i. The S (Rwp/Rexpected) values represented the goodness

of the Rietveld refinements. The Fe-content (mol. %) determined from the

EDX measurements include numbers between parentheses representing the

uncertainties in the last significant digit.

Fe-content (mol. %) EDX (mol. %) ah i (Å) Dh i (nm) eh i (%) S (-)

0 … 5.4065 13.8 6 1.0 0.087 0.92

1.0 … 5.4060 8.8 6 1.0 0.235 1.19

2.5 … 5.4044 6.2 6 1.0 0.324 0.68

5.0 6(1) 5.4035 5.6 6 1.0 0.446 0.69

7.5 7(1) 5.4037 5.1 6 1.0 0.483 0.90

10.0 9(1) 5.4013 4.7 6 1.0 0.538 0.96
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200–750 cm�1. The spectrum exhibits a broad and asymmetric

peak located at �460 cm�1, which was assigned to the F2g

mode. In addition, two side peaks have been observed: (i) the

first one located at �256 cm�1 was attributed to the 2TA

mode, which is inactive in a perfect ceria crystal,24 and (ii) the

second peak located at �590 cm�1 was associated with oxy-

gen vacancy.25 As shown in Fig. 4(b), the quenching of the

two side peaks after thermal treatment at 900 �C for 2 h has

been assigned to the crystallinity improvement, which is evi-

denced by a remarkable reduction of the linewidth and asym-

metry of the main peak.24 This result is in agreement with the

XRD data analysis and indicates an increase from �13.8 nm

to �44 nm after the thermal treatment. Furthermore, it is

observed [see Fig. 4(c)] that the Fe doping of ceria leads to

changes in the Raman spectra: (i) a blue shift of the main

peak (F2g) from �460 cm�1 to �465 cm�1, (ii) a clear reduc-

tion of the linewidth of the main peak, and (iii) the quenching

of the peaks at �256 cm�1 and �590 cm�1 in comparison to

that observed for the as-prepared ceria NPs [see Fig. 4(a)].

These features suggest a likely annihilation of defects (oxygen

vacancies) with the Fe doping, which was related to the segre-

gation process of the dopant at the particles’ surface.22

Figure 5(a) shows the temperature (T) dependence of the

magnetic susceptibility (v) of the undoped and iron-doped

ceria NPs measured with a DC field of 5 kOe (data are pre-

sented after subtracting the signal from the sample holder sig-

nal). As observed in Fig. 5(a), the v vs T curves for the

undoped and in the iron-doped ceria NPs show a hyperbolic

trend, in the temperature range from 5 K to 300 K, indicating a

paramagnetic behavior. The hyperbolic behavior observed for

the undoped CeO2 NPs suggests the presence of a small frac-

tion of Ce3þ ions coexisting with Ce4þ ions in the CeO2 host-

ing matrix. The v versus T curves have been well modeled

with a modified Curie-Weiss law given by v¼C/(T � h)

þ v0, where v0 represents a temperature-independent contribu-

tion, h is the Curie-Weiss temperature, and C is the Curie con-

stant (C¼Nl2
eff/3kB, where N is the number of magnetic ions

and leff is the effective magnetic moment). Table II shows the

parameters obtained from the fits of the v versus T curves.

Using the v versus T curve for the undoped ceria NPs [see

inset of Fig. 5(a)] and assuming that the effective magnetic

moment of Ce3þ ions is leff¼ 2.54 lB, the estimated amount

of Ce3þ ions showing a paramagnetic behavior was �9%.

This value is larger than the value reported by Coey et al.
(�0:4%).8 The larger amount of Ce3þ ions determined in

FIG. 3. (a) HRTEM image of Ceria nanoparticles doped with 5 mol. % with

their corresponding particle size histograms (the red solid lines represent the

log-normal function). (b) HRTEM selected area electron diffraction

(SAED).

FIG. 4. Room temperature Raman

spectra obtained for the undoped ceria

NPs: (a) as-prepared and (b) thermally

treated (TT) sample at 900 �C during

2 h under air atmosphere. (c) Raman

spectra obtained for the iron-doped

ceria NPs.
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our sample could be associated with different methods

of synthesis used in this study. With respect of the Fe-doped

ceria NPs, the value of C increases as the Fe content increases.

An effective magnetic moment of leff¼ 5.61 lB has been

obtained for the 1 mol. % iron-doped ceria NPs. This value is

close to the spin-only contribution of free Fe3þ ions (5.9 lB).

However, the value of leff shows a monotonic reduction from

5.61 lB down to 3.28 lB as the Fe-content increases from 1 to

10 mol. %. The analysis of XANES data obtained from the

iron-doped ceria NPs reveals the presence of only Fe3þ ions.

This finding is also in agreement with the analysis obtained

from the M€ossbauer spectra (at room temperature and 20 K)

for the 10 mol. % iron-doped sample (Fig. 6), as the

Mossbauer spectra is well-resolved by using a doublet. The

presence of only doublet excludes the presence of magnetic

interactions which is consistent with the paramagnetic behav-

iour determined from the temperature dependence of the

DC susceptibility. The fit provides an isomer shift (IS) value

at RT (20 K) of 0.24 mm s�1 (0.35 mm s�1) and a quadrupole

splitting (QS) at RT (20 K) of 0.95 mm s�1 (0.97 mm s�1).

These hyperfine parameters are consistent with the presence

of only Fe3þ ions.11 These results exclude the presence of iron

ions in lower valence states. In order to explain the monotonic

reduction of leff (see Table II) with the Fe content, the antifer-

romagnetic (AFM) interaction between Fe3þ(Ce3þ) and Fe3þ

mediated by oxygen ions cannot be invoked because in the

ceria structure the Ce-O-Ce(Fe) bond angle is �90�–110�,

FIG. 5. (a) Curves of magnetic susceptibility (v) versus temperature (T) of the undoped and iron-doped ceria NPs with a DC field of 5 kOe. The inset displays

the fit (red line) of v versus T curve using the Curie-Weiss law. (b) Room-temperature magnetization (M) versus applied magnetic field (H) of the undoped and

iron-doped ceria NPs. The inset shows the magnification of the M vs H of the undoped ceria NPs.

TABLE II. Parameters obtained from the fits of v versus T curves of

undoped and iron-doped ceria NPs using the Curie-Weiss law.

x

(mol. %)

C
(�10�5 emuK/gOe)

leff

(lB) h (K)

v0

(�10�7 emu/gOe) xHS=x

0 0.42 … �0.7 �1.8 …

1.0 23 5.61 �1.3 0.8 0.89

2.5 41 4.72 �1.7 2.6 0.60

5.0 51 3.70 �1.9 13.4 0.33

7.5 62 3.31 �2.2 13.0 0.25

10.0 82 3.28 �3.1 20.5 0.24 FIG. 6. M€ossbauer spectra of 10 mol. % Fe-doped CeO2 sample recorded at

room-temperature and 20 K.
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which favors the FM coupling instead.26 Although the double-

electron occupied oxygen vacancies (F0 centers) can mediate

the AFM interactions27,28 between Fe3þ/Fe3þ or Fe3þ/Ce3þ, it

implies in having an increased amount of oxygen vacancies

with the Fe content, which is not observed in the studied sam-

ples. Therefore, a possible explanation can be based on the

coexistence of a high-spin (leff ¼ 5:92 lB) and low-spin

(leff ¼ 1:73 lB) states of Fe3þ ions. It implies that the

decreasing tendency of the leff /Fe-ion comes from the change

of the population of Fe3þ ions showing a high-spin state to a

low-spin state as the Fe content is increased. A similar ten-

dency has been reported in the literature.29 Although the ori-

gin of this induced spin-state change is unknown, it seems to

be related to the augment of local distortions in sites occupied

by the iron ions in the ceria matrix. Using the Curie constant

obtained from the fits of the v versus T curves and the leff for

the low-spin (1:73 lB) and high-spin state (5:92 lB) of Fe3þ

ions, we estimated the ratio of the iron ions in the high-spin

state (xHS=x, where x is the nominal iron concentration) and

the values are listed in Table II.

Figure 5(b) shows the room-temperature magnetization (M)

versus the applied magnetic field (H) for the undoped as well as

for iron-doped ceria NPs. As observed, the M versus H curve dis-

played for the undoped ceria NPs (300 K) shows a weak ferro-

magnetism (FM) behavior, with saturation magnetization MS

�1.8� 10�4emu/g, which coexist with a diamagnetic signal

coming from the nonmagnetic contribution of the ceria matrix.

The coercive magnetic field (HC �200 Oe) observed in the hys-

teresis loop is in agreement with those reported in the litera-

ture:30,31 That the FM contribution can be assigned mainly to the

formation of bound magnetic polarons related to the presence of

intrinsic defects (oxygen vacancies) and magnetic ions

(Ce3þ).9,28 However, the ferromagnetic contribution coming

from the Ce3þ-O-Ce3þ superexchange cannot be ruled out, once

the presence of oxygen vacancies would reduce the Ce-O-Ce

bond angle in the CeO2 matrix (in ideal CeO2 crystal is 109�), as

suggested by Peng et al.26

On the other hand, after the iron doping, the weak FM

signal of the undoped ceria NPs has been completely

quenched and only paramagnetic behavior is determined.

This fact is intriguing, since the remaining of the FM contri-

bution after the Fe doping is reported.26 The disappearance

of the FM signal in the studied Fe doped ceria NPs was

assigned to the progressive enrichment of iron dopants at the

particles’ surface,14,21 which would drive to the reduction of

the oxygen vacancies population. This result is consistent

with the extinction of the Raman peak [see Fig. 4(c)] associ-

ated with the oxygen vacancies, even when the mean particle

size decreases to �5 nm for the 1% Fe-doped sample in com-

parison to the undoped one.

FIG. 7. (a) Ce 3d core level XPS spec-

tra of the undoped and 10 mol. % iron-

doped ceria NPs. (b) Deconvolution of

the Ce 3d region for the undoped ceria

NPs; symbols represented observed

data (Obs.) and solid red-line repre-

sented calculated data (Cal.). Dashed-

orange peaks and yellow peaks are

assigned to Ce3þ and Ce4þ contribu-

tions, respectively. O 1s core level

XPS spectra of (c) the undoped ceria

NPs and (d) the 10 mol. % iron-doped

ceria NPs.
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Figure 7(a) shows the Ce 3d core level XPS measure-

ments of the undoped and 10 mol. % iron-doped ceria NPs.

In order to determine the oxidation state of cerium-ions, the

deconvolution of the complex Ce 3d structure has been given

by ten peaks (vo���v000, uo���u000), according to Burroughs et al.
nomenclature.32 Although the v, v00, and v000 (u, u00, and u000)
peaks represent the Ce 3d5/2 (Ce 3d3/2), three final states of

Ce4þ-ions the vo and v0 (u and u0) peaks characterize the Ce

3d5/2 (Ce 3d3/2) final state of Ce3þ-ions. In order to calculate

the relative Ce3þ-ions concentration, the ratio equation has

been used:33 [Ce3þ]/[Ce3þþCe4þ]¼ [area(vo, v0, uo, u0)]/
[total area]. The spectra analyses were carried out using the

Shirley-type background function and the Gaussian/

Lorentzian line shape, and also the branching ratio was fixed

to 2/3 to the vo/uo … v000/u000. In Fig. 7(b), a typical fitting is

shown. The peaks’ positions obtained from the spectra analy-

ses are listed in Table III. The peaks’ positions obtained for

the undoped ceria NPs are in agreement with the literature.34

The Ce3þ-ion concentration shows a decreasing tendency as

the Fe-content increases, evidencing that the entrance of the

iron-ions into the matrix drives to a reduction of the Ce3þ-

ion population, especially on the particle surface. On the

other hand, Figs. 7(c) and 7(d) show the deconvolution of

the O 1s core level for the as-prepared undoped and 10 mol.

% iron-doped nanosized ceria, respectively. The XPS peaks

located at 529 eV and 530.0 eV reveal the structural oxygen

species associated with CeO2 and Ce2O3, respectively.

Meanwhile, the peak located at 531.4 eV has been attributed

to oxygen vacancy.35 A clear spectral area (Ce3þ/

Ce3þþCe4þ) reduction (from �0.24 to �0.20) of the peak

assigned to oxygen species and related to Ce3þ-ions has

been observed as the iron-ion is introduced into the hosting

matrix. This result suggests the decrease of the Ce3þ-ion

population in accordance with the analysis of the Ce 3d core

level. As the Fe-content increases, the reduction of the spec-

tral area (from �0.17 to �0.13) of the peak assigned to oxy-

gen vacancy (Vo) has also been observed, which is in

accordance with the quenching of the peak assigned to Vo in

the Raman spectra (as discussed earlier), likely due to sur-

face segregation of the dopant-ions as already reported in the

literature.21,22 Figure 8(a) shows the Ce L3-edge XANES

spectra of commercial cerium (IV) oxide and cerium (III)

acetate hydrate. The XANES spectrum of cerium (IV) shows

two peaks located at �5731 eV and �5738 eV whereas for

cerium (III) one XANES peak at �5727 eV. These positions

are taken as fingerprints and used herein to determine the

oxidation state of cerium-ions. Figure 8(b) shows the Ce L3-

edge XANES spectra of the undoped and iron-doped ceria

NPs. The spectra obtained for the undoped ceria NPs after

the thermal treatment (900 �C) is also included in Fig. 8(b).

A visual inspection of the spectra’s shape suggests that only

Ce4þ-ions are present in all synthesized samples. However,

using a deconvolution of the recorded spectra, the presence

of Ce3þ-ions was assessed, as already reported in the litera-

ture.36,37 In this regard, the spectra’s fit, using three peaks

instead of two, has been carried out: one component related

TABLE III. Binding energies and integrated peak areas of Ce 3d core level determined for the undoped and 10 mol. % iron-doped ceria NPs.

Fe-content
Ce4þ Ce3þ

(%) v v0 0 v0 0 0 u u0 0 u0 0 0 vo v0 uo u0 [Ce3þ]/[Ce3þþCe4þ]

0 883.5 891.1 898.4 901.8 908.9 917.9 880.9 884.9 899.9 903.0 0.24

10 883.2 890.7 898.2 901.8 908.7 917.6 880.9 884.7 899.9 903.6 0.21

FIG. 8. Room-temperature Ce L3-edge

XANES spectra obtained for (a) com-

mercial cerium (IV) oxide and cerium

(III) acetate hydrate; (b) undoped and

iron-doped ceria NPs; and (c) fit of the

XANES spectrum of the 2.5 mol. %

iron-doped ceria NPs using three

components.
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to Ceþ3-ions (located at 5727 eV) and two components

related to Ce4þ-ions (located at 5731 and 5738 eV). A typical

fit obtained for the 2.5 mol. % iron-doped ceria NPs is shown

in Fig. 8(c). The estimation of the Ce3þ-content for the

undoped ceria NPs has been obtained using the spectral area

ratio of the peaks [Ce3þ/(Ce3þþCe4þ)]. Our finding for the

undoped ceria NPs shows a Ce3þ-content of �10%, which is

lower than the content assessed from magnetic measure-

ments. One likely explanation for this deviation is that only a

fraction of the Ce3þ-ions shows paramagnetic behavior.

A similar analysis is carried out for all iron-doped sam-

ples, which indicates no clear change in the Ce3þ-content as

the Fe-content increases. Meanwhile, the short-range ordered

structure surrounding the cerium-ions is investigated via the

Ce L3-edge extended X-ray absorption fine structure (EXAFS)

data. Figure 9(a) shows the Fourier transforms of the undoped

and iron-doped ceria NPs. We have observed that all samples

show similar shapes, suggesting similar crystal environment

for the cerium-ions. Furthermore, the cubic fluorite-type struc-

ture is used to model the EXAFS’s spectra, including only the

first shell [see the red solid-line in Fig. 9(a)]. A bond distance

of �2.282 Å is determined for the undoped ceria NPs, whereas

this distance increases to �2.303 Å after thermal treatment at

900 �C for 2 h, which was associated with the size increase of

the particles. The assessed value is close to the bulk value of

ceria (2.343 Å).38 With respect to the iron-doped ceria NPs, we

have found a regular trend of the bond distance, as showed in

Fig. 7(b). The Ce-O bond distance tends to decrease monotoni-

cally as the Fe-content increases. This decreasing tendency evi-

dences the substitutional solution regime in agreement with the

XRD data analysis discussed earlier.

Figures 10(a) and 10(b) show the Fe K-edge XANES

and EXAFS spectra obtained for the iron-doped ceria NPs.

a-Fe2O3 and FeO bulk samples were used as references.

FIG. 9. (a) Fourier-transformed ampli-

tude of EXAFS at the Ce L3-edge for

the undoped (as-prepared) and iron-

doped ceria NPs. (b) Evolution of the

bond distance (Ce-O) as the size effect

(orange) and doping effect (sky blue).

FIG. 10. (a) Fe K-edge XANES spec-

tra of the iron-doped ceria NPs.

XANES spectra obtained for a-Fe2O3

and FeO are included as references.

The inset in (a) showed the first-order

derivative of the normalized absor-

bance curves around the pre-edge

peaks of the reference samples (a-

Fe2O3 and FeO) and for the 10 mol. %

iron-doped ceria NPs. (b) Fourier-

transform amplitude of the Fe K-edge

EXAFS spectra.
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According to the literature, the pre-edge peaks are positioned

at �7112 eV and �7114 eV for Fe2þ- and Fe3þ-ions, respec-

tively.39 Then, the pre-edge peak position determined from

the spectra of the iron-doped ceria NPs has been used to

determine the oxidation state of the iron-ions. The inset of

Fig. 10(a) shows the first-order derivative of the normalized

absorbance curves obtained for the 10 mol. % iron-doped

ceria NPs and references (a-Fe2O3 and FeO). Using the max-

imum to represent the pre-edge peak,39 the iron-doped ceria

NPs shows a maximum at �7114 eV, which is around the

maximum observed for the reference sample containing only

Fe3þ-ions (a-Fe2O3). Similar results were obtained for all

studied samples, suggesting a valence state of 3þ for the iron

ions in the iron-doped ceria NPs.

On the other hand, with respect to the spectra of the ref-

erence samples (a-Fe2O3 and FeO), clear differences are

observed in the EXAFS spectra of the iron-doped ceria NPs,

allowing us to rule out the presence of iron oxide phases.

Meanwhile, the Fe K-edge EXAFS spectra of the iron-doped

ceria NPs show similar shapes to that obtained from the Ce

L3-edge EXAFS spectra, as shown in Fig. 10(a). This result

suggests the same coordination number for iron- and cerium-

ions, reinforcing the substitutional solution regime of iron

and cerium ions within the iron-doped ceria matrix, in agree-

ment with that reported by Wang et al.10

CONCLUSIONS

Undoped and iron-doped (0–10 mol. %) single-phased

ceria nanoparticles with a high crystallinity have been suc-

cessfully synthesized by a polymer precursor method. A

mean crystallite size of �13.8 nm has been determined for

the undoped ceria nanoparticles. Meanwhile, a mean size of

�4.5 nm was determined for the 10 mol. % iron-doped ceria

nanoparticles, which reveals a monotonous reduction in the

mean crystallite size as the iron-doping content increases.

Room ferromagnetism associated with oxygen vacancies,

which mediate the bound magnetic polarons of Ce3þ has

been determined for the undoped sample. Meanwhile, at low

temperatures, the thermal dependence of the susceptibility

suggests the occurrence of paramagnetism assigned to some

Ce3þ ions, which do not participate in the oxygen-vacancies

mediated ferromagnetism observed at room temperature.

The presence of Ce3þ coexisting with Ce4þ has been deter-

mined from the Ce L3-edge XANES data analysis. That

coexistence seems to occur at the particles surface due to the

lower coordination number, which favors the generation of

oxygen vacancies, as evidenced by Raman and XPS spec-

troscopy measurements. The magnetic measurements of

the iron-doped samples are consistent with a paramagnetic

behavior of the Fe3þ ions. A reduction of the effective mag-

netic moment of the Fe3þ ions is observed, and it was inter-

preted due to the change from a high-spin to low-spin state

of Fe ions as the Fe content is increased. The presence of

only Fe3þ ions in all samples is determined from the Fe K-

edge XANES data analysis in agreement with M€ossbauer

spectroscopy results and magnetic measurements. The reduc-

tion of the unit cell volume concomitantly with the shorten-

ing of the Ce-O bond distances as the Fe content increases

suggests the substitutional solution of cerium and iron ions

in the cation sites of the fluorite structure. Within the limit of

detection of our experimental techniques, the absence of a

dopant segregation phase corroborates the substitutional

solution regime.
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