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A facile synthesis of perovskite-type CeMnOs nanofibers as a high performance anode material for lithium-
ion batteries was demonstrated. The nanofibers were prepared by the electrospinning technique. The
characterization of CeMnOsz nanofibers was carried out by X-ray diffraction, Fourier transform infrared
spectroscopy, scanning electron microscopy (SEM), transmission electron microscopy (TEM), and X-ray
photoelectron spectroscopy. SEM images manifested nanofibers with a diameter of 470 nm having
a rough surface with a porous structure. TEM images were consistent with the observations from the
SEM images. The electrochemical properties of CeMnOs perovskite in lithium-ion batteries were
investigated. The CeMnOs anode exhibited a discharge capacity of 2159 mA h g~ with a coulombic
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density of 1000 mA g~* can be effectively maintained due to the high Li* conductivity in the CeMnOs
DO 10.1039/c9ra07660c anode. This study could provide an efficient and potential application of perovskite-type CeMnOsx
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Introduction

With the rapid development of science and technology, elec-
tronic equipment has also undergone exponential evolution
during the past 5 decades. The electrical power unit (EPU)
makes people’'s life more convenient. In the meantime, it leads
to many serious issues, such as the damage and pollution of the
environment. It is extremely urgent to develop environmentally
friendly and efficient energy storage systems for current electric
vehicles." The lithium-ion battery (LIB) is one of the most
desired electrochemical energy storage devices thanks to its
high voltage, high energy density, small self-discharge, long
cycle retention, no-memory effect, and eco-friendliness. At
present, graphite is the most common anode material for the
commercial LIBs with a relatively low theoretical specific
capacity of 372 mA h g "2 The slow evolution of electrode
materials seriously restricts the further development of LIBs
commercialization. Therefore, in the cause of meeting market
requirements, it is an emergency to develop anode materials
having high energy density, high safety, and long cycle life for
high performance energy storage system.**®

So far, many researchers have studied a variety of materials
for high performance LIB anodes. Silicon has attracted much
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attention thanks to the ultra-high theoretical specific capacity
(4200 mA h g~ !). However, there is a critical issue that the large
volume expansion ratio limits its application in LIBs.'*** It was
reported that transition metal oxides exhibited favorable elec-
trochemical performances as anode materials for LIBs, such as
C0,0,,7'% Fe;04,"** Ni,O,,'>** and Mn,0,.*** Specially, Mn,O,
is regarded as a promising material for LIB anode owing to
abundance, low cost, and eco-friendliness.>® But low conduc-
tivity gives rise to structural collapse of the anode material
during Li" ion insertion/deinsertion, leading to poor cycle
stability.***” For purpose of solving this critical issue,
researchers focused on improving the conductivity of anode
material. Graphene-wrapped MnO, nanoribbons synthesized by
hydrothermal reaction showed a specific capacity of
890 mA h ¢! at a current density of 100 mA g~ *.?® The chemi-
cally fabricated coaxial MnO,/CNT nanocomposites presented
a specific capacity of 474 mA h g™' at a current density of
1600 mA g~ '.?° In addition, MnO,@TiO, nanocomposites with
core@shell structure, which greatly improved the anode
stability, presented a specific capacity of 938 mA h g™' at
a current density of 300 mA g~ ".*° As a stable oxide, CeO, is used
in the fields of electronic devices, catalysis, and electrochemical
energy storage due to its favorably thermal stability, catalytic
activity, and suitable valence states.**** The charge mass
transfer resistance is greatly reduced, and the electrochemical
performance is highly improved by constructing ternary
perovskite structure.*® Till now, the application of CeMnO;
nanofibers with perovskite structure in lithium-ion batteries
has not been studied.
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In this work, a facile synthesis of perovskite-type CeMnO;
nanofibers by electrospinning technique as high performance
anode material for lithium-ion batteries was demonstrated.
This technique is easy to operate and applicable to synthesize
many kinds of nanomaterials. Those nanofibers showed rough
surface with mesoporous structure. The surface area and pore
volume of CeMnO; are 108.772 m* g ' and 0.176 cm® g7,
respectively. The high surface area and mesoporous structure
facilitate the penetration of electrolyte and the diffusion of Li"
to the active electrode material. CeMnO; anode exhibited
a discharge capacity of 2159 mA h g ' with the coulombic
efficiency of 93.79%. And a high reversible capacity of
395mAhg ' at200 mAg " for CeMnOj; can be obtained even at
a high discharge rate of 1000 mA g~ ' after 60 cycles. The
perovskite CeMnO; with nanofiber-like structure exhibits
favorable electrochemical behaviors. The layered structure from
Mn-O octahedra in perovskite facilitates the insertion and
extraction of Li*. In addition, CeMnOj; with perovskite structure
improves the diffusion of Li', alleviates the structure collapse
resulting from Li" insertion and extraction, and enhances the
cycle stability. It indicates the potential application of
perovskite-type CeMnO; nanofibers for lithium-ion batteries.

Experimental

The CeMnO; nanofibers were fabricated by effective electro-
spinning technique at room temperature and subsequent
calcination process at 500 °C. Cerium nitrate hexahydrate
(Ce(NO3)3-6H,0, 1.086 g) and manganese acetate (MnAc, 0.4326
g) were served as the sources of Ce and Mn. Poly-
vinylpyrrolidone (PVP, M,, = 1 300 000, 2.25 g) was worked as
nanofiber template. N,N-dimethylformamide (DMF, 16.5 mL)
was used as the solvent. The precursor solution was prepared by
mixing Ce(NOj3);-6H,0, MnAc, and PVP into DMF, and stirring
for 14 h. Then, this brownish solution was loaded into a 10 mL
plastic syringe and electrospun at 18 kV with the distance
between a collector and a needle of 15 cm at the flow rate of
0.75 mL h™'. The as-spun Ce(NO;);-MnAc/PVP nanofibers were
dried at 55 °C overnight in a vacuum oven. The calcination
process was performed at 500 °C for 2 h with a heating rate of
1 °C min~"' in a muffle furnace under air atmosphere. In addi-
tion, control samples of CeO, and Mn;O, nanofibers was
fabricated under the same condition without Mn and Ce source,
respectively.

Brunauer-Emmett-Teller and Barrett-Joyner-Halenda (BET
and BJH, Quadrasorbsi) methods were performed to determine
the specific surface area and pore size distribution of CeMnOj;
NFs. The crystal structures of CeMnOj3;, CeO,, and Mn;0, were
studied using X-ray diffractometer (XRD, Bruker D8 Focus) at
room temperature. The Fourier transforms infrared (FT-IR,
Bruker Vector 22 Spectrometer) spectra of as-spun Ce(NOs);-
MnAc/PVP NFs and CeMnO; NFs were detected in the range
from 4000 to 400 cm ™' using KBr as dispersant. The micro-
structures and morphologies of CeMnO; NFs were analyzed on
a scanning electron microscope (SEM, Hitachi S-4800, 20 kV)
and a transmission electron microscope (TEM, JEOL JEM 2100,
200 kV). X-ray photoelectron spectroscopy (XPS, Al Ko, Thermo
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Escalab 250) was carried out to analyze the valence states of
CeMnO; NFs.

The electrochemical characteristics of CeO,, Mn;0,, and
CeMnO; were performed by assembling 2032-type coin cells.
Electrodes were fabricated by adding CeMnOj; (80 wt%), acety-
lene black (10 wt%), and polytetrafluoroethylene (PTFE, 10 wt%)
into N-methyl-2-pyrrolidone (NMP) to form a homogeneous
slurry. Then, the slurry was roll-pressed on aluminum foil and
dried at 60 °C overnight in a vacuum oven. Electrochemical cells
were fabricated with an active material as an anode, a lithium
foil as a cathode, a Celgard 2400 microporous membrane as
a separator, and 1 mol L ™" LiPF, as electrolyte solution. Those
cells were assembled in an Ar-filled glove box with both oxygen
and moisture content below 1 ppm (Vigor, Co. Ltd., Suzhou,
China). Galvanostatic charge/discharge behaviors of CeO,,
Mn;0,4, and CeMnO; were detected using a battery testing
system (Land Co. Ltd., Wuhan, China) with a voltage window of
0.01-3.0 V vs. Li/Li* for setting current rates. Electrochemical
impedance spectroscopy (EIS) measurements were imple-
mented via an electrochemical workstation (Bio-Logic, Co. Ltd,
Seyssinet-pariset, France). The AC perturbation signal was 5 mV
with the frequency ranging from 0.01 to 10> Hz. Impedance data
were analyzed using an electrochemical impedance software of
EC-Lab.

Results and discussion

According to BET and BJH methods, the surface area and pore
volume of CeMnO; are 108.772 m> ¢ ' and 0.176 cm® g ',
respectively. In addition, the average pore diameter is 4.89 nm,
indicating the mesoporous structure. The high surface area is of
great importance to facilitate the diffusion of Li* from electro-
lyte to electrode material. The schematic illustration of CeMnOj;
with perovskite structure is depicted as shown in Fig. 1. The
crystal structures of CeMnOj;, CeO,, and Mn;0, were recorded
by XRD pattern which are displayed in Fig. 2(a). For CeO,
sample, the diffraction peaks are assigned to (111), (200), (220),
(311), (222), (400), (331) and (420) planes of cubic fluorite CeO,.
The XRD pattern matches well with the JCPDS card (34-0394)
implying a face-centered cubic fluorite structure of CeO, with
space group Fm3m.** The diffraction peaks of Mn;0, are related
to (112), (200), (103), (211), (004), (220), (105), (303), (321), (224),
and (400), which are agree with the JCPDS card (24-0734).%° For
CeMnOj; NFs, the diffraction peaks slightly transfer to higher
Bragger angle and the intensities become weaker and broader.
The four major diffraction peaks of CeMnO; correspond to the
(111) plane of CeO, and the (022), (02-2), and (220) planes of
CeMnO;.>* The FT-IR spectra of as-spun Ce(NO3);~MnAc/PVP
NFs and CeMnOj; NFs are depicted in Fig. 2(b). The peaks at
3434 and 1625 cm ™' correspond to the stretching and vibration
mode of O-H. The peak at 2919 cm ' is assigned to the
stretching C-H vibration of alkyl groups. The peaks at 1651,
1438, and 1259 cm™ ' are ascribed to C=0, C-H, and C-N
functional groups.*** Those peaks from Ce(NO;);—MnAc/PVP
NFs after calcination were weakened or vanished. The peaks
at 520 and 433 cm ' refer to the metal-oxygen stretching
vibrations of Ce-O and Mn-0.*>*

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 The schematic structure of perovskite-type CeMnOs.

The SEM images of Ce(NO;);-MnAc/PVP NFs and CeMnO;
NFs are shown in Fig. 3. The morphology of the precursor NFs
was beige and uniform with the diameter of 550 nm. After
calcination, the surfaces of CeMnO; NFs were no longer
smooth, and those nanofibers were broken up into sections
which could be originated from the combustion of PVP, the
decomposition of nitrate and acetate, and the crystallization of
Ce-Mn-0.>>** The diameter was reduced to 470 nm. The
nanofiber-like structure provides a short diffusion path for ion
transport.*> The detailed morphology and structure of an indi-
vidual CeMnO; NF were further investigated by TEM micro-
graphs (Fig. 4). The TEM images indicate that the diameter of
the individual nanofiber is 470 nm. The nanofiber shows rough
surface with porous structure, which is greatly agree with the
observations from SEM images.

The chemical bonding states and compositions of the
fabricated CeMnO; NFs have been detected as shown in Fig. 5.
In the survey spectrum, the peaks of O 1s, Mn 2P, Ce 3d, and Ce
4d have been shown in Fig. 5(a). Ce 3d spectrum was analyzed as
shown in Fig. 5(b). Six major peaks can be observed, including
three peaks at 882.32, 888.73, and 898.1 eV corresponding to the
component of Ce 3ds,,, and three peaks at 900.71, 907.33, and
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916.49 eV being assigned to the component of Ce 3ds;,.*® It
confirms the existence of Ce*' in the CeMnO; NFs.*” The
detailed information of Ce 3d spectra is shown in Table 1. The
binding energy peak at 108.6 eV with the component of Ce 4ds,
from final state of 4d°4f" + 4d°4f> can be clearly seen in Ce 4d
spectrum (Fig. 5(c)), indicating the presence of Ce**.** Mn 2p
spectrum is exhibited in Fig. 5(d). Two major peaks at 642.18
and 653.99 eV are assigned to the component of Mn 2p;/, and
Mn 2py,,, respectively, implying the existence of Mn**.% As
shown in Fig. 5(e), the main O 1s peaks at 529.73 and 530.90 eV
are related to the oxygen atoms in the lattice and the oxygen
ions of the oxygen deficient region in CeMnO; NFs,
respectively.**

To further clarify the electrochemical performances of CeO,,
Mn;0,4, and CeMnOj; anodes, CV curves of electrodes for the 1st,
2nd and 5th cycles were analyzed. In Fig. 6(a), two reduction
peaks V1 and V2 located at 0.2 and 0.6 V are detected in the first
scan, which originated from the formation of solid electrolyte
interphase (SEI) and the initial reduction of CeO, to Ce (CeO, +
4Li" + 4e” = Ce + 2Li,0), respectively. The oxidation peak at
about 2.5 V (V3) as a result of the reaction between Ce and Li,O
(Ce + 2Li,0 = CeO, + 4Li" + 4e7).” In Fig. 6(b), the major
cathodic peaks in the 1st cycle for Mn;O, located at 0.2 and
1.35 V. And the peak at 0.2 V is related to the formation of SEI
layer and the reduction of Mn,O,, with Li ions, which can be
depicted by Mn;O, + 8Li" + 8¢~ = 3Mn + 4Li,0.% After five
repetitive cycles, the oxidation-reduction peaks decreased
slightly, and a good stability can be carefully maintained. As
show in Fig. 6(c), compared with CeO, and Mn;0,, CeMnOj3;
shows relatively different peak positions. The oxidation peaks at
1.2 and 2.4 V are attributed to the oxidation of Ce** and Mn*",
and there is a wide plateau at 0.5-1.0 V, which originates from
the reduction of Mn®" to metallic Mn.** A small CV curve was
shown in the first cycle, which might be due to the super ion-
conduction of perovskite CeMnOs;.

Fig. 7 displays the initial discharge profiles of CeO,, Mn;O,,
and CeMnO; anodes. The cells were charged and discharged at
a current density of 200 mA g~ in the voltage range of 0.01-
3.0 V versus Li'/Li. The three fabricated samples exhibit
discharge capacities of 338, 592, 2159 mA h g~ with coulombic
efficiencies of 94.67%, 84.63%, and 93.79%, respectively. The
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(a) XRD patterns of CeO,, Mnz04, and CeMnO= NFs. (b) FT-IR spectra of as-spun Ce(NOz)3—MnAc/PVP NFs and CeMnOs NFs.
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Fig. 3

SEI layer formed between electrode and electrolyte leads to the
irreversible capacity reduction in the first cycle.”® From the
discharge curve, CeO, and Mn3;O, cells exhibit considerably
narrow discharge platforms. However, it is obvious that perov-
skite CeMnO; has a relatively stable discharge platform at 0.5 V.
As shown in Fig. 1, the layered structure from Mn-O octahedra
is constructed by sharing one oxygen atom. Between the layers,
the insertion and deinsertion of Li* can achieve from this
perovskite structure.*® Therefore, CeMnO; NFs exhibit high
reversible capacity compared with the other two samples.

The cycling performances of CeO,, Mn;O,, and CeMnO;
anodes under a current density of 200 mA g~ with the voltage
ranging from 0.01 to 3.0 V are presented in Fig. 8. Within 20
cycles, the capacities of the three samples rapidly declined. The
discharge specific capacity of CeO, reduces to lower than
200 mA h g~ after ten cycles and that of Mn;0, after 20 cycles is
about 300 mA h g~'. Due to the Jahn-Teller effect, Mn®" is
gradually converted into Mn>" and Mn*", and then dispersed in
the electrolyte, resulting in irreversible capacity reduction after
consecutive cycling. A stable capacity can be achieved in
CeMnO; anode. For CeMnO; anode, after 60 cycles the capacity
gradually increases, because the anode undergoes a rapid acti-
vation process.*® The reaction of CeMnO; + Li,O = CeO, + MnO,
+2Li" + 2e” is gradually strengthened, which further improves
the electrochemical performance. Compared with Mn;0,, the
unique perovskite structure of CeMnO; can improve the diffu-
sion of Li', alleviate the structure collapse resulting from Li"
insertion and extraction, and improve the cycle stability.*® After

Fig. 4
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(a) SEM image of as-spun Ce(NOsz)s—MnAc/PVP NFs. (b) SEM image of CeMnOz NFs.

200 cycles the capacities of CeO,, Mn;0,, and CeMnO; anode
are 175.6, 315 and 322.9 mA h g™, respectively. In comparison
with common CeO, with the reversible capacity of 315 mAh g™*
after 50 cycles, the fabricated CeMnO; as anode material
exhibits more stable cycle life and higher capacity.®”

Fig. 9 exhibits the rate capabilities of CeO,, Mn;O, and
CeMnO;. The three kinds of assembled cells were measured at
the current density of 200 mA g in the first 10 cycles, and then
measured at various current densities ranging from 400 to
1000 mA g~ '. Among the three samples, CeMnOj; displays the
best performance and the highest reversible capacity of
530 mA h g~ " at the current density of 200 mA g~ " after 10
cycles. When the current densities increased, the capacity
slightly decreased. Particularly, after discharging at
1000 mA g ', CeMnO; anode still presents a reversible
discharge capacity of 276 mA h g~ '. Furthermore, an ultra-high
reversible capacity of 395 mA h ¢~ ' at 200 mA g~ ' can be ob-
tained even at a high discharge rate of 1000 mA g~ " after 60
cycles. As illustrated in Fig. 10, the sloping line in the low
frequency region is ascribed to Warburg impedance (Z).*® The
R, value of CeMnOj is 36.78 Q, which is much lower than those
of CeO, (49.18 Q) and Mn;0, (67.99 Q), implying the high
conductivity of the electrochemical system consisting of
CeMnO;. In order to further clarify the Li" diffusion perfor-
mance, the Warburg impedance (Z,) for the equivalent circuit
(as illustrated in the inset of Fig. 10), the exchange current
density (i°) and the diffusion coefficient of Li" (D) can be
depicted by the following equation.>

(@) TEM image and (b) high resolution TEM image of CeMnOsz NF.

This journal is © The Royal Society of Chemistry 2019
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Table 1 Information of the Ce 3d spectrum of XPS*6~48 3.0
— —Ce0
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CeMnO,
Ce(v) 882.32 3ds, 3d%f* a0
Ce() 888.73 3ds), 3d°4f! 2« ’
Ce(v) 898.1 3ds, 3d%f° &
Ce(v) 900.71 3ds), 3d°%4f* s 15
Ce(w) 907.33 3ds) 3d°af! %
9
Ce(v) 916.49 3ds 3d°%4f° > 1.0
05 2159 mAh g’
_ 8SmAh g 52 MANE
|Z] = Re + Rt + o™ 1 1) i 592 mAh g’
b T ¥ T v T v v T v
___rRT @ 0 500 1000 1500 2000 2500 3000
- 204 F4C2 52 . . -1
24 Cr Discharge capacity (mAh g)
P = RT (3) Fig. 7 The initial charge—discharge profiles of CeO,, MnzO,4, and
nFR CeMnOs in the voltage of 0.01-3.0 V.

where, w is the angular frequency, R is ideal gas constant, n is
number of transfer charge, F is the Faraday constant, and C is
the concentration of Li'. ¢ is the Warburg coefficient which can
be calculated from the slope of the Bode plot (as show in

Fig. 11). CeMnOj; exhibits the highest Li" diffusion coefficient of
6.7261 x 107 '® cm? s™'. It confirms that CeMnO; anode
exhibits a favorable Li* diffusion performance. The detailed
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Fig. 6 CV curves of electrodes for 1st, 2nd and 5th cycles at a scan rate of 0.05 mV s~ of (a) CeO, (b) MnzO4, and (c) CeMnOs.
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circuit voltage. Inset: equivalent circuit corresponding to the imped-
ance diagrams.
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Fig. 11 Fitting line of the |Z| vs. w2 relationship of CeO,, Mn304, and
CeMnOs.

Table2 Electrochemicalimpedance parameters of CeO,, MnzO,4, and
CeMnO3

Sample R.(Q) R (Q) o (Qs %) D(em?s™) © (mA cm?)

CeO, 7.669 49.18  49.94 3.5876 x 107" 5.2134 x 10~
Mn;O, 2.99 67.99 158.88 3.5423 x 10°'% 3.8293 x 10~*
CeMnO; 2.596 36.78 11.53 6.7261 x 10~ '® 7.0787 x 1073

electrochemical impedance parameters of CeO,, Mn;O,4, and
CeMnO; anodes were summarized in Table 2.

The perovskite CeMnO; with nanofiber-like structure
present favorable electrochemical behaviors. The perovskite
structure facilitates the insertion of Li" into Ce-site vacancies
and stabilize the cycling performance after the initial discharge
process.” The nanofiber-like structure can effectively improve
the contact area between electrolyte and anode and shorten the
path of Li" entering anode material, thus reducing the electro-
chemical impedance of the material.®*

Conclusions

Perovskite-type CeMnOj3; nanofibers as high performance anode
material for lithium-ion batteries was effectively synthesized by
electrospinning process. These nanofibers with a diameter of
470 nm present rough surface with mesoporous structure. The
electrochemical properties of CeMnOj; perovskite in lithium-ion
batteries were investigated. CeMnO; anode exhibited
a discharge capacity of 2159 mA h g~* with a coulombic effi-
ciency of 93.79%. A high reversible capacity of 395 mA h g™ ' at
200 mA g ' for CeMnO; can be obtained even at a high
discharge rate of 1000 mA g ' after 60 cycles. This study
provides the feasibility of perovskite-type CeMnO; nanofibers
for the application into lithium-ion batteries. This result opens
a new path for a more efficient and convenient chemical storage
method in the near future.

This journal is © The Royal Society of Chemistry 2019
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