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Hexagonal CeO2 and Eu-doped CeO2 nanoparticles were obtained using a facile microwave-hydrothermal
method under mild conditions and their application towards manganese redox flow battery component
were studied. The structural properties were studied by X-ray diffraction and indicate that samples
present a fluorite structure. Raman spectroscopy shows Eu3þ ions substitute Ce4þ and generate oxygen
vacancies. Electrochemical properties of pure and Eu-doped CeO2 films deposited at graphite substrates
investigated by cyclic voltammetry and galvanostatic chargeedischarge indicate that dopant concen-
tration affects the electrochemical properties of CeO2. The increase in the reversibility redox of elec-
trochemical systems observed is attributed to coexistence of Ce4þ/Ce3þ redox couple confirmed by XPS.
Chargeedischarge tests display coulombic and voltage efficiency values of above 80% and 90%, respec-
tively. The obtained specific capacity for Ce0.99Eu0.01O2 (372.49 mAh/g) and pure oxide (334.84 mAh/g)
indicates that both samples are promising for application in Mn-batteries.

© 2018 Published by Elsevier B.V. on behalf of Chinese Society of Rare Earths.
1. Introduction

Nanosized cerium oxide (CeO2) particles have attracted great
attention from scientific community due the coexistence of Ce4þ

and Ce3þ ions and the presence of oxygen vacancies, that provide a
good ionic conductivity and a high capacity for store and exchange
oxygen.1e5 These intrinsic defects give CeO2 physical and chemical
properties of great scientific and technological interest, thus
rendering this material the characteristic of one of themost studied
rare earth oxides.1,6

Various studies indicate that insertion of lower valence ions,
such as Eu3þ, Er3þ and Sm3þ onto the oxide crystalline lattice po-
tentiates the intrinsic properties, since the substitution of Ce4þ ions
by trivalent cations increases the number of oxygen vacancies, in
addition to inserting new energy levels into its structure.7e12
aç~ao de Aperfeiçoamento de
l de Desenvolvimento Cientí-
esquisa do Estado de Minas
G) and Grupo de Materiais
pported by FAPEMIG (APQ-

lf of Chinese Society of Rare Earth
Therefore, both pure and Eu-doped CeO2 possess various applica-
tions in catalysis,13e15 gas and humidity sensors,16,17 pigments18 and
optoelectronic devices. When dealing with its electrochemical
properties and applications, cerium oxide presents great potential,
as it can be used in electro-catalysis for oxidation of alcohols,19,20 in
super-capacitors with high specific capacity21e23 or as cathode/
anode component in lithium ion batteries.24e28

Michalska and collaborators29 reported that modification of
LiMn2O4 electrodes with low concentration of CeO2 resulted in
coulombic efficiency increasing in the first chargeedischarge cycle:
82% and 89% for the LiMn2O4 and CeO2 modified electrodes,
respectively. In addition, a significant improvement was also noted
in the cycling stability and retention capacity for CeO2 modified
electrode. The unmodified cathode presented 90% of the first
discharge capacity, while the LiMn2O4/CeO2 electrode retained 98%
after 100 chargeedischarge cycles, indicating that the addition of
oxide significantly changes the electrochemical properties of the
material. Liu and Le30 prepared CeO2 electrodes containing 80% of
the oxide, 12% of acetylene black and 8% of polytetrafluoroethylene
and evaluated their performance as anodes for lithium ion batte-
ries. The results showed an excellent specific discharge capacity in
the first cycle (529 mAh/g), thus providing reversible stabilization
at around 374 mAh/g after 50 cycles. Although lithium ion batteries
s.
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are very efficient and widely used, their high cost, toxicity and
difficulty of access to reserves of Liþ are considerable disadvan-
tages. For these reasons, the construction of batteries based on
others alkali metals or transition ions, such as sodium, vanadium
and manganese has been extensively studied.26,31e41

In this context, great efforts have been done in order to develop
new types of redox flow batteries (RFB), especially regarding the
development of newelectrodes and substitution of vanadium based
electrolyte system. The use of the Mn2þ/Mn3þ system as redox
couple and graphite as the working electrode in acid medium was
investigated by Xue and collaborators.36 High coulombic (69.4%)
and voltage efficiency (90.4%) values were obtained, confirming the
applicability of the system for the use in this type of batteries. Lipka
and Swartz reported the construction of a manganese ions hybrid
flow batteries. The mentioned work involved a hybrid flow battery
system that use Mn2þ and Mn3þ species in the anolyte and Mn2þ

andMn0 species in the catholyte, and the electrolytewas composed
by ammonium sulfate and sulfuric acid.42 Sleightholme and col-
laborators43 studied a non-aqueous manganese acetylacetonate
electrolyte for RFB. In these batteries the quasi-reversible redox
process involves Mn2þ/Mn3þ and Mn3þ/Mn4þ redox couples. The
coulombic efficiencies increased from 74% for cycle 3 and 97% for
cycle 10. He and collaborators44 reported that introduction of
manganese in vanadium redox flow cell generates a battery with
good coulombic and energy efficiency (95% and 84%, respectively)
after 40 g alvanostatic charge-discharge cycles, with a discharge
capacity above 4000 mAh. In addition, the obtained energy density
of V/Mn RFB (17.85 W/h) was higher than all vanadium cells.

Due to the great electrochemical potential of cerium oxide as
electrode and Mn2þ/Mn3þ couple along with the necessity to
develop batteries with lower cost and toxicity, this work presents a
system constituted of manganese ions as redox couple and CeO2
films as electrode. The oxide films were prepared using pure and
Eu-doped CeO2, with the influence of Eu3þ ions in the electro-
chemical properties of pure oxide investigated by cyclic voltam-
metry and galvanostatic chargeedischarge tests. Additionally, the
samples were rapidly obtained by microwave-assisted hydrother-
mal (MAH) method,3,45e48 and the effect of Eu3þ ions in the CeO2
lattice was investigated by X-ray diffraction (XRD), X-ray photo-
electron spectroscopy (XPS), Raman spectroscopy, field emission
gun scanning electron microscopy (FEG-SEM) and transmission
electron microscopy (TEM). The surface area and pore size distri-
bution were also determinate.
2. Material and methods

2.1. Synthesis of Ce1exEuxO2 oxides

Pure CeO2 was obtained from the addition of 1.0091 g of Ce(N-
O3)2$6H2O in 40 mL of distilled water under constant stirring. KOH
solution (3.0 mol/L) was added until pH ¼ 11. Eu-doped CeO2
samples resulted from the addition of Eu(NO3)3$6H2O in different
molar ratios in relation to Ce4þ (x ¼ 0.01 and 0.04 mol Eu3þ ions).
The final solutions were transferred into a Teflon autoclave and
then sealed and placed in an microwave-hydrothermal equipment.
The solutions remained in an autoclave for 4 min at 100 �C. The
precipitated powder was washed several times with deionized
water and ethanol. Finally, the powder samples were dried at 80 �C
for 2 h in air atmosphere.
2.2. Graphite substrate preparation

Graphite substrates were prepared by the use of graphite bars
(0.75 cm2) extracted from commercially purchased pencils. All
graphite bars were polished using Al2O3 powder (0.3 mm) and
distilled water to guarantee the homogeneity of the surface before
the films deposition. After polishing, the graphite substrates were
washed several times with distilled water and acetone under ul-
trasound bath. Lastly, the substrates were dried at 100 �C for 2 h in
air atmosphere.

2.3. CeO2 and Eu-doped CeO2 films preparation

The films were prepared by the interfacial method.49e51 Briefly,
thismethod consists in the addition of 3.0mg of the oxides in 20mL
of distilled water under magnetic stirring for 30 min, followed by
ultrasound bath for 30 more minutes. The resulting dispersion was
transferred to a 50 mL round-flask containing 20 mL of toluene
under magnetic stirring, with consequent formation of a two-phase
system. After 24 h, the magnetic stirring was interrupted and a thin
filmwas obtained in the liquideliquid interface. To deposit the films
on the graphite substrates surface, the two-phase system contain-
ing the interfacial film was added to a beaker containing the sub-
strates previously prepared. Lastly, using tweezers, the graphite
substrates were pulled against the interface for film deposition. The
films were dried at 70 �C for 2 h in air atmosphere.

2.4. Physical characterization

CeO2 powders were characterized by X-ray diffraction (Shi-
madzu XRD 6000) with a Cu Ka radiation source (l ¼ 0.15406 nm).
The structure was refined using the Rietveld method and the
General Structure Analysis System (GSAS) package, with an EXPGUI
graphical user interface.52 Raman spectra were recorded at room
temperature using a HORIBA Scientific's Raman spectrometer
(LabRAM HR Evolution microscope) with 1 mm resolution and a
532 nm argon ion laser with an incidence power of 2 mW. Scanning
electron microscope (SEM) and transmission electron microscopy
(TEM) images were obtained using a field emission gun (FEG)
(TESCAN, BrnoKohoutovice, Czech Republic) operated at 10 kV, and
FEI American, Tecnai G2TF20) operating at 25 kV, respectively. The
micro-analysis by energy-dispersive X-ray (EDX) spectroscopy was
performed using an Oxford Instruments system, operating at 20 kV.
X-ray photoelectron spectroscopy (XPS) analyses were performed
on a Scienta Omicron, model ESCA ± spectrometer using mono-
chromatic Al Ka (1486.6 eV) radiation. Peak decomposition was
performed using a GaussianeLorentzian line shape with a Shirley
nonlinear sigmoid-type baseline. The binding energies were cor-
rected for charging effects by assigning a value of 284.8 eV to the
adventitious C 1s line. The data were analyzed using Casa XPS
software (Casa Software Ltd., U.K.). The N2 adsorptionedesorption
isotherms were performed at �196 �C using a NOVAtouch surface
area and pore-size analyzer with Quantachrome TouchWin soft-
ware (version 1.1.). Specific surface area was calculated using the
Brunauer, Emmett and Teller method (BET) and the Barrett, Joyner
and Halenda (BJH) method was used to calculate the pore size
distribution.53,54 All powders were degassed in vacuum at 150 �C
during 10 h for the surface area determination.

2.5. Electrochemical studies

Cyclic voltammetry (CV) and galvanostatic chargeedischarge
analyses were carried out using a PGSTAT12 Autolab potentiostat.
Experiments were conducted in a conventional one-compartment
three-electrode cell containing the working CeO2 film electrode, a
graphite rod as a counter electrode and an Ag/AgCl (3.0 mol/L KCl)
electrode as reference. Electrochemical tests for evaluation of CeO2
films as Mn-battery component weremeasured using as electrolyte
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an aqueous solution of manganese sulfate (0.3 mol/L) and sulfuric
acid (1.0 mol/L). Cyclic voltammetry (CV) tests were obtained at a
scan rate of 5.0 mV/s in the potential range of 0.4e1.5 V. Galvano-
static chargeedischarge measurements were carried out in the
potential range of 0.9e1.5 V. All the experiments were performed at
ambient temperature.
3. Results and discussion

3.1. Characterization studies

The XRD patterns of pure and doped CeO2 samples refined by
the Rietveld method are presented in Fig. 1(a). All diffraction peaks
were indexed according to the face-centered cubic structure of
CeO2 with lattice constant a ¼ b ¼ c ¼ 0.541 nm (JCPDS 34-0394).
Eu-doped CeO2 samples present a single pure phase with a fluorite
structure (fm3m space group), without formation of secondary
phases. The FWHM (full width at half maximum) values (Fig. 1(b))
referring to [111] lattice planes of fcc CeO2 indicate a decrease in
crystallinity associated with the insertion of Eu3þ ions in the oxide
lattice.

The peak position (2q) was shifted to lower angles values in
comparison to pure CeO2. According to Pikalova and collabora-
tors,55 this fact can be assigned to insertion of dopant with larger
ionic radius (0.1066 nm for Eu3þ) when compared to Ce4þ ions
(0.0970 nm). This behavior can be ascribed to the insertion of Eu3þ

ions in the CeO2 matrix, substituting Ce4þ ions and creating oxygen
vacancies in the ceria crystal structure, as reported by Sahoo and
collaborators.56 Moreover, the broadening peaks also can be
attributed to crystallite size decrease. DebyeeScherrer formula was
used to estimate the crystallite size of all CeO2 samples.57,58 The
crystallite size decreased with the insertion of Eu into CeO2 lat-
tice,58 as shown in Table 1.

Table 1 displays the data obtained after Rietveld refinement. The
c2 and profile parameters (Rp, Rwp) values indicate a high quality of
refinement. The change in lattice parameters and cell volume
expansion indicates that Eu3þ ions were incorporated in the CeO2
matrix occupying preferentially the Ce4þ position rather than
interstitial sites.9,55,59,60

FEG-SEM and TEM images of the pure CeO2 and Eu-doped CeO2
samples are shown in Fig. 2(aec). Electron microscopy images
show that samples exhibited hexagonal shape morphology with a
significant particle agglomeration level. TEM images and the
respective histograms related with the average particle size dis-
tributions of the pure CeO2 and Eu-doped CeO2 samples are
Fig. 1. (a) Rietveld refinement plots for Ce1exEuxO2 samples obtained by the MAH
presented in Fig. 2(aec). It can be observed that all samples
exhibited a uniformity of size distribution, ranging from 12 to 5 nm
for pure CeO2 and Ce0.99Eu0.01O2 samples, respectively. In addition,
the presence of characteristic elements of materials are confirmed
by EDX spectra shown in Fig. 2(aec), indicating the presence of
europium in the doped CeO2 samples. The peaks observed for sil-
icon (Si) element were derived from the substrates used in the
samples preparation to EDX analysis.

This method is widely used for presenting a uniform heating
which provides a good control in the formation of homogeneous
particles with reduced preparation time when compared to con-
ventional hydrothermal method. Besides this characteristic, MAH
method is environmentally friendly, easy to operate and supports
the growth of particles in nanometer size.46,61e63

Raman spectra of CeO2 samples are shown in Fig. 3. Pure CeO2
sample presented an intense band at around 464 cm�1 corre-
sponding to F2g mode, which is characteristic of CeO2 cubic struc-
ture.64 This F2g mode is attributed to the symmetric vibration of
oxygen atoms around the Ce4þ. Two small bands are observed for all
samples: a band near to 600 cm�1 can be attributed to Oh vibrational
mode, assigned to existence of intrinsic oxygen vacancies in the
oxide structure, and other band at around 1050 cm�1, attributed to
the primary A1g asymmetry, combined with small additional con-
tributions from Eg and F2g symmetries.58,65,66 For both doped sam-
ples were observed the broadening and shift of the F2g vibrational
mode to lower wavenumbers, 459 and 463 cm�1 for Ce0.99Eu0.01O2
and Ce0.96Eu0.04O2, respectively. This displacement occurs due to
changes in the lattice parameters, with increase of oxygen vacancies
concentration and decrease of nanoparticle size caused by the
insertion of Eu3þ ions.9 Additionally, Raman spectra of doped oxides
presented a band around 530 cm�1, which is more evident for the
sample with larger amount of Eu3þ dopant.67 This band is assigned
to the increase of punctual defects in the oxide structure caused by
extrinsic oxygen vacancies generated by the presence of Eu3þ

ions.9,58,67 Hern�andez and collaborators9 observed the same
behavior for rare earth ions doped CeO2. The authors reported that
insertion of La3þ, Gd3þ and Eu3þ ions in CeO2 lattice causes losses in
selection rule for Raman scattering and, consequently, phonons at
all parts in the Brillouin zone contribute to the optical spectra and
modifications in the width and position of F2g mode besides new
bands may occur between 500 and 600 cm�1.68 The Raman modes
observed for CeO2 samples are in accordance to XRD patterns,
indicating the obtained structure and purity of the samples.

Fig. 4(a) shows the XPS survey spectra of the pure and doped
CeO2 samples. The peaks in these spectra were indexed and
method (x ¼ mol of Eu3þ ions); (b) Extended region of X-ray diffractograms.



Table 1
Parameters obtained from Rietveld refinement method and crystallite size values calculated for Ce1exEuxO2 samples (x ¼ mol of Eu3þ ions).

Samples Crystallite size (nm) Cell parameters Rwp (%) Rp (%) Rbragg (%) c2

a ¼ b ¼ c (nm) V (10�3 nm3)

0.0 11.7 0.54144(18) 158.733(16) 5.48 4.30 1.93 1.16
0.01 4.9 0.54271(51) 159.849(46) 6.19 4.93 1.12 1.09
0.04 10.1 0.54165(27) 158.913(24) 5.62 4.37 1.78 1.19

Fig. 2. FEG-SEM and TEM images of the Ce1exEuxO2 samples (x ¼mol of Eu3þ ions). (a) x ¼ 0.0; (b) x ¼ 0.01; (c) x ¼ 0.04. EDX spectra and histograms are presented on the right side
of the corresponding microscopy images.
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revealed the presence of Ce, O, and C; however, it was not possible
to detect the presence of europium in the doped CeO2 samples due
to low concentration of this element, which limits the use of this
technique. In order to confirm the presence of characteristic ele-
ments of materials the EDX analysis was performed, indicating the
presence of europium in the doped CeO2 samples.

In the high-resolution Ce 3d XPS spectra shown in Fig. 4(b), a
spineorbit components were observed, in which each spineorbit
component (Ce 3d3/2 and Ce 3d5/2) is further split by multiplet
splitting. As can be observed the Ce 3d spectra contain three indi-
vidual doublets associated to Ce4þ cations and two spineorbit
doublets associated to Ce3þ cations,69 suggesting the coexistence
of Ce3þ and Ce4þ in all samples. A comparison of the high resolution
Ce 3d XPS spectra of the samples shows that the pure sample ex-
hibits a higher contribution of the components associated with the
Ce3þ cations, while the europium addition contributed to increase
of the fraction of the Ce4þ state.
Fig. 4 (c) shows the high-resolution Eu 3d XPS spectra. It is
possible to observe the presence of weak peaks associated to
spectral doublet Eu 3d3/2 and Eu 3d5/2 with binding energies of
about 1166.4 and 1134.1 eV, respectively. The values of BE are
consistent with the Eu trivalent state taken from literature.70,71 As
can be observed in Fig. 4 (c), the Eu 3d3/2 and Eu 3d5/2 peaks
assigned to Eu2þ ions are usually located at 1156.4 and 1126.3 eV,
respectively.71 However, due to low concentration of europium
dopant ion the analysis does not achieve good signal-to-noise and
the presence of the Eu2þ can not be confirmed.

The adsorptionedesorption isotherms for CeO2 samples are
presented in Fig. 5. All samples can be related with the typical IV
isotherms with H1 hysteresis type. These isotherms are corre-
lated to mesoporous particles (pores diameters ranging from 2 to
50 nm) with uniform pore size distribution.9,72,73 The surface
areas, pore diameters and pore volume values are shown in
Table 2.



Fig. 3. Raman spectra of the Ce1exEuxO2 samples (x ¼ mol of Eu3þ ions).

Fig. 4. XPS spectra (a), high-resolution Ce 3d XPS spectra (b) and Eu 3d XPS spectra for Ce1exEuxO2 samples (x ¼ mol of Eu3þ ions) (c).

Fig. 5. N2 adsorption/desorption isotherms of the Ce1exEuxO2 samples (x ¼ mol of Eu3þ ions).
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The surface area values varied from 55 to 163 m2/g. Small pore
sizes and high pore volumes, usually, increase the surface area
values.74 Moreover, smaller particles have high surface areas due to
elevated contact surface.75 Table 2 shows that Ce0.99Eu0.01O2
Table 2
Specific surface area and pore size data obtained for the Ce1exEuxO2 samples
(x ¼ mol of Eu3þ ions).

Samples SBET (m2/g) Dpore (nm) Vpore (cm3/g)

0.0 69.24 11.48 0.274
0.01 163.51 6.64 0.333
0.04 55.53 6.64 0.093
presents higher surface area (163 m2/g) when compared to the
other CeO2 samples. The pore volume for Ce0.99Eu0.01O2 and
Ce0.96Eu0.04O2 samples is different, which may be due to high
concentration of Eu3þ in the Ce0.96Eu0.04O2. The surface area in-
creases with a low dopant concentration in the lattice, however,
high concentrations of dopant may block the pore of cerium oxide
(due to the higher Eu3þ ratio in comparison to Ce4þ) and, conse-
quently, the surface area and pore volume decrease, as reported by
Chen and collaborators.76
3.2. Electrochemical studies

Electrochemical studies of CeO2 samples were performed using
the films deposited at graphite substrates. The electrochemical
activity was investigated by cyclic voltammetry in 0.3 mol/L man-
ganese sulfate in acid medium. The scan rate was 5.0 mV/s and
potential range was 0.4e1.5 V. Cyclic voltammetry (CV) studies for
graphite background was included for evaluate the deposition of
CeO2 at substrate. The application of manganese ions as electrolyte
in batteries is limited byMn3þ ions disproportionation reaction (Eq.
(1)).36

2Mn3þ
ðaqÞ þ 2H2OðlÞ#Mn2þ

ðaqÞ þMnO2ðsÞ þ 4Hþ
ðaqÞ (1)

In aqueous solution, the Mn3þ ions are spontaneously converted
intoMn2þ ions andmanganese dioxide,which decreases the battery
efficiency. High concentrations of H2SO4 were added in the system
to move the equilibrium towards the formation of Mn3þ ions.44 For
this reason, we firstly evaluated the electrochemical profile of the
different films in different sulfuric acid concentrations: 0.5, 1.0, 3.0



Table 3
CVs data of graphite substrate and Ce1exEuxO2 films in different acid concentrations
(x ¼ mol of Eu3þ ions).

Acid
concentration/(mol/L)

Samples

Graphite x ¼ 0.0 x ¼ 0.01 x ¼ 0.04

0.5 aDEp 204 186 199 208
ipa 2.4 1.9 2.9 4.1
ipc 1.2 0.5 0.9 1.6
ipa/ipc 2.1 3.5 3.2 2.6

1.0 DEp 212 168 195 208
ipa 3.0 2.1 1.6 2.7
ipc 1.9 1.2 0.8 1.2
ipa/ipc 1.6 1.7 2.0 2.2

3.0 DEp 181 159 186 182
ipa 2.6 1.0 0.4 0.8
ipc 1.8 1.5 0.8 1.1
ipa/ipc 1.4 0.6 0.4 0.7

5.0 DEp 181 164 168 173
ipa 3.5 2.4 1.8 2.4
ipc 1.8 1.3 0.7 0.8
ipa/ipc 2.0 1.8 2.7 3.2

a DEp values in mV and ipa and ipc in mA/cm2.
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and 5.0 mol/L. The cyclic voltammograms for the Ce1exEuxO2 films
are shown in Fig. 6 and the respective data are presented in Table 3.

The voltammograms present a redox pair characteristic of
the Mn2þ/Mn3þ redox couple. According to the results obtained
from CV, all samples presented good redox reversibility
(DEp ¼ 159e212 mV) and a regime of mass transport mainly
controlled by diffusion, since the values of R2, obtained by the I vs
v1/2 graph, were close to the unit (Fig. S1, Supporting Information).
DEp values for the same sample do not display great variationswhen
H2SO4 concentration increased. However, it is possible to observe
that the deposition of CeO2 films (pure and dopedwith Eu3þ) on the
graphite substrate increased the reversibility of redox process
(taking into account the same acid concentration). In this work, we
propose that CeO2 acts as a catalyst by the electron transfer and
reversible adsorptionedesorption and intercalation-de-intercala-
tion of Mn3þ and Mn2þ on the electrode surface.77 The presence of
intrinsic defects in Ce1exEuxO2, such as oxygen vacancies as
observed by Raman and, the coexistence of Ce4þ and Ce3þ ions
confirmed by XPS measurements, increase the kinetics of redox
reactions between Mn3þ/Mn2þ, which is in agreement with CVs
data. Zhou and collaborators26 reported a similar behavior when
studying the addition of CeO2 on graphite felt as electrode for va-
nadium redox flow batteries. They observed that the addition of
CeO2 on graphite felt increased the reversibility of VO2þ/VO2

þ redox
process and attributed this behavior to catalytic action of Ce4þ/Ce3þ

redox pair along with high capacity to store and transport oxygen
present in the CeO2 structure deposited on the graphite surface.26,78

The high values of current peak ratio (ipa/ipc) indicate that the
redox process is quasi-reversible for all the samples analyzed.
Fig. 6. Cyclic voltammograms of Ce1exEuxO2 samples in MnSO4 0.3 mol/L in diff
Therefore, considering the use of a low H2SO4 concentration (to
avoid inhibition of the charge transfer due high viscosity), the good
current intensity and DEp values, all the further electrochemical
activity measurements were performed using an aqueous solution
of manganese sulfate (0.3 mol/L) and sulfuric acid (1.0 mol/L) as the
electrolyte. Additionally, according to Xue and collaborators,36 the
absence of cathodic peak around 0.76 V, relative to MnO2 presence,
indicates once again that the use of CeO2 films deposited on graphite
erent H2SO4 concentrations at a scan rate of 5 mV/s (x ¼ mol of Eu3þ ions).

http://www.linguee.com.br/ingles-portugues/traducao/inhibition.html
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electrodes in this pH value provided a control in the equilibrium of
the reaction, avoiding the Mn3þ ions disproportionation reaction.

Galvanostatic chargeedischarge tests (Fig. 7) were performed to
evaluate the application of CeO2 films as electrodes in manganese
ions batteries.

Different values of current density (1.6, 2.0, 2.4, 2.8, 3.2, 3.6 and
8.0 mA/cm2) were evaluated with the potential range of 0.9e1.5 V
for each CeO2 film. The results show that for lower current values
the graphite substrate presents the best performance, however,
when higher values of current density (�3.2 mA/cm2) are applied
the performance of CeO2 films and Ce0.99Eu0.01O2 increases
considerably compared with the neat carbon substrate. However,
Ce0.96Eu0.04O2 presents lower electrochemical activity in all current
density values. This behavior may be due to lower reversibility of
redox process when compared to other CeO2 films, in accordance to
cyclic voltammogram results. These results may be associated to
irreversible ion adsorption processes in this sample due to the
higher quantity of defects, in according to Raman.

These results can be attributed to the excellent ion storage and
transport properties of CeO2, therefore, higher current density
values can be associated with an increase in redox reaction kinetics
(Ce4þ/Ce3þ). In addition, cerium oxide exhibits a pseudocapacitor
electrochemical behavior, i.e., CeO2 has the capacity to store energy
through fast and reversible redox reactions which occur on the
surface or near the surface of the nanoparticle deposited on the
electrode.77,79e81 This mechanism of energy storage is related to
Fig. 7. Galvanostatic chargeedischarge curves of the Ce1exEuxO2 samples in MnSO4 0.3
faradaic chemical processes, either by transfer of electrons or
transport of ions. On the other hand, carbonaceous materials (e.g.
graphite) provide the electrical double-layer formation by the
accumulation of electrostatic charges on the electrode/electrolyte
interface, constituting a non-faradaic process.82,83

The Ce1exEuxO2 film addition on the graphite electrode surface
promotes a synergistic effect between the energy storage mecha-
nisms of both materials.84 Thus, the electrical double-layer for-
mation and the ionic transfer between the electrode and the
electrolytic solution occur simultaneously, increasing the battery
efficiency. For this reason, the presence of charged species in
cerium oxide facilitates the electric double-layer charging and in-
creases the storage and exchange of ions between the electrode
surface and the electrolyte during the chargeedischarge
processes.84

Moreover, the deposition of CeO2 nanoparticles in the form of a
two-dimensional film structure can promote the fast ionic trans-
port and dynamic processes. Furthermore, reorganizations in the
surface of the oxides films may be responsible for this behavior,
since the mobilization of CeO2 particles to form films provides an
accumulation of high density defects, with consequently large
amount of active sites for ionic conduction.85e87 Other possibility is
the formation of a CeO2-graphite composite, since several papers
report an increase in electrochemical activity of oxides when
associated with carbonaceous materials.28,39,84,88 The comparison
of different currents for the same sample was also performed and
mol/L and H2SO4 1.0 mol/L at potential range of 0.9e1.5 V (x ¼ mol of Eu3þ ions).



Fig. 8. Coulombic (a) and voltage efficiencies (b) of CeO2 samples obtained from 500 galvanostatic chargeedischarge cycles in MnSO4 0.3 mol/L and H2SO4 1.0 mol/L at potential
range of 0.9e1.5 V.
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specific capacity values were calculated for each current (Fig. S2
and Table S1, Supporting Information).

Stability tests for charge/discharge process were performed
using a current density of 3.6 mA/cm2 during 500 cycles (Fig. 8). All
the films presented coulombic (8 (a)) higher than 80% and voltage
efficiency (8 (b)) higher than 90% after 500 cycles. It is notable that
the values of coulombic efficiency increased during the initial cy-
cles, which indicates that the films go through an initial surface
reorganization processes before efficient operation. This reorgani-
zation is related to irreversible process of ion adsorption at CeO2
surface in first cycles, however, these process decrease during the
chargeedischarge cycle due to reduction of the charge transfer
resistance, as reported by Ma and collaborators.89

These results are quite encouraging and CeO2 films show to be
very promising for application in batteries based on manganese
ions. Galvanostatic chargeedischarge tests performed using a cur-
rent density of 3.6 mA/cm2 showed that the Ce0.99Eu0.01O2 film
presents the best result, with specific capacity for the third cycle of
372.49 mAh/g compared with CeO2 (334.84 mAh/g) and
Ce0.96Eu0.04O2 (75.15 mAh/g) films. However, when the Eu-doped
samples were compared, Ce0.96Eu0.04O2 film showed lower value
of specific capacity, indicating that the electrochemical activity
decreases with the increase of the dopant concentration. This fact
can be assigned to Eu3þ excess in the film, which decreases the
oxygen mobility in the structure.90,91 Krishna and collaborators
reported that higher storage and transport capacity of ions during
redox process may be associated with an elevated volume of pores
and consequently a more open structure of CeO2 particles.92 Li and
collaborators93 also reported that small mesopores and high sur-
face areas facilitates mass and ion diffusion/transport, which may
explain the higher electrochemical activity of Ce0.99Eu0.01O2. These
results corroborates with the surface area values obtained, since the
best electrochemical performancewas obtained for the sample that
presented higher surface area and pore volume.

4. Conclusions

In summary, CeO2 nanoparticles of hexagonal shape were suc-
cessfully synthesized by microwave-hydrothermal method. Ac-
cording to XRD analysis and Raman spectroscopy, the Eu3þ ions
were incorporated into CeO2 matrix occupying the Ce4þ sites and
generating oxygen vacancies. The coexistence of Ce4þ/Ce3þ ions in
CeO2 samples was confirmed by XPS measurements. Moreover, this
redox pair acts as catalyst of Mn2þ/Mn3þ redox reaction. The
samples exhibit high values of specific surface area. Galvanostatic
chargeedischarge tests indicate that electrochemical properties are
dependent of the adsorption capacity of the samples and dopant
concentration, with lower quantities of Eu3þ providing the best
electrochemical results. CeO2 films present different behaviors in
different current densities which expands their electrochemical
applications. High values of coulombic efficiency and specific ca-
pacity indicated that deposition of CeO2 films at graphite substrates
are promising systems for application in batteries based on man-
ganese ions.
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