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manganese oxalate anode material for lithium-ion
batteries
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Manganese oxalates with different structures andmorphologies were prepared by the precipitationmethod

in a mixture of dimethyl sulfoxide (DMSO) and proton solvents. The proton solvents play a key role in

determining the structures and morphologies of manganese oxalate. Monoclinic MnC2O4$2H2O

microrods are prepared in H2O-DMSO, while MnC2O4$H2O nanorods and nanosheets with low

crystallinity are synthesized in ethylene glycol-DMSO and ethanol-DMSO, respectively. The

corresponding dehydrated products are mesoporous MnC2O4 microrods, nanorods, and nanosheets,

respectively. When used as anode material for Li-ion batteries, mesoporous MnC2O4 microrods,

nanorods, and nanosheets deliver a capacity of 800, 838, and 548 mA h g�1 after 120 cycles at 8C,

respectively. Even when charged/discharged at 20C, mesoporous MnC2O4 nanorods still provide

a reversible capacity of 647 mA h g�1 after 600 cycles, exhibiting better rater performance and cycling

stability. The electrochemical performance is greatly influenced by the synergistic effect of surface area,

morphology, and size. Therefore, the mesoporous MnC2O4 nanorods are a promising anode material for

Li-ion batteries due to their good cycle stability and rate performance.
1. Introduction

Since their success in the 1990s, Li-ion batteries (LIBs) have
become a promising candidate for large-scale energy storage
systems (ESSs) and (hybrid) electric vehicles (EVs).1–3 To meet
the rapid development of ESSs and EVs, the next-generation
LIBs need to further improve their energy/power density, cycle
life, and safety.4 Anode materials play a key role in determining
the performance of LIBs. However, the low specic capacity
(372 mA h g�1) and poor reaction kinetics limit the application
of traditional graphite in the next-generation LIBs.4,5 Therefore,
it is still a challenge to develop advanced anode materials to
replace graphite anode.4,6–10

The Tirado group's works show that conversion reaction-
based transition metal oxalates are promising anode materials
with high reversible specic capacity for the next-generation
LIBs.11–16 For example, the capacity of CoC2O4

(�900 mA h g�1) is more than twice that of graphite.17 However,
the cost and toxicity of cobalt limit the application of CoC2O4.
Compared with cobalt oxalate, manganese oxalate is more
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suitable to be used as anode material for LIBs due to its abun-
dant resources, low toxicity, and small volume change during
charge/discharge processes.11,20 However, the cyclic-stability
and the rate performance of manganese oxalate are lower
than those of cobalt oxalate.11,20 Therefore, it is necessary to
further improve the performance of manganese oxalate.

Like other transition metal oxalates,15,16 the poor perfor-
mance of manganese oxalate originates from its low conduc-
tivity. Designing nano-structural electrode material is an
effective approach to overcome this drawback15–17 because of its
improved electrode kinetics and structural stability.18 For
example, FeC2O4 nanorod delivered a capacity of 640 mA h g�1

aer 100 cycles at 10C, exhibiting an enhanced performance.17

Among the approaches to synthesize nanostructured transition
metal oxalates, the most common used method is the precipi-
tation method due to its low cost and ease of mass produc-
tion.17,19–27 The precipitation reaction of transition metal
oxalates in strong protic solvent (H2O) is very fast due to their
insolubilities in water, making it difficult to control their
nucleation and growth processes to obtain the desired
morphology. To overcome this difficulty, aprotic solvents have
been used to regulate the precipitation reaction, nucleation,
and growth of transition metal oxalates.17,20–27 Therefore, many
efforts have been carried out to investigate the effects of
temperature and time,17,22 aprotic solvent,23,24 and water
content25–27 on the synthesis of oxalate in H2O-aprotic solvents.
For example, higher temperature and longer time can
RSC Adv., 2021, 11, 23259–23269 | 23259
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reinstitute the hydrogen bonds between interlayers, resulting in
various structures andmorphologies.17,22 Madhavi et al.23,24 have
prepared different morphologies of CoC2O4$2H2O and FeC2-
O4$2H2O in H2O-DEAc and H2O-NMP, which can be ascribed to
the selective interaction between the aprotic solvents and crys-
tallographic planes. Zhang et al.,25 Shen et al.26 and Madhavi
et al.27 pointed out that water content in the mixed solvents can
change the polarity, viscosity, and ionization power of the
solvent and the anisotropic growth of oxalates, resulting in
various morphologies. In addition to temperature and time,17,22

aprotic solvents,23,24 and the water content,25–27 the proton
solvent also has an important inuence on the properties of the
reaction medium such as the polarity, viscosity, and ionization
power, which also affects the nucleation and growth process of
manganese oxalate, thus affecting its structure and
morphology. However, there are few reports about proton
solvents could control the structure and morphology of transi-
tion metal oxalates.

In this work, manganese oxalates with various structures and
morphologies were prepared via precipitation method in H2O-
DMSO, ethanol (ET)-DMSO, and ethylene glycol (EG)-DMSO,
respectively. The effects of proton solvents (water, ethanol,
and ethylene glycol) on the structure and morphology of
manganese oxalate were studied. It is found that proton
solvents can adjust the structure andmorphology of manganese
oxalate. Among them, the mesoporous MnC2O4 nanorod
prepared in EG-DMSO can provide a reversible specic capacity
of 838 mA h g�1 aer 120 cycles at 8C, exhibiting good rate
performance and cyclic-stability.
2. Experimental
2.1 Materials synthesis

All of the reagents are analytic grade and purchased from Xilong
Chemical Reagent Co. Ltd. 20 mmol H2C2O4$2H2O was dis-
solved in 75 ml of DMSO to form a solution A. 20 mmol
MnAc2$4H2O was dissolved in 25 ml of deionized water,
ethanol, and ethylene glycol to form a solution B, C, and D,
respectively. Solution B, C, and D were added dropwise to
solution A, respectively. Aer vigorously stirring for 10 minutes
at 40 �C, the precipitate was ltered and washed with water to
get a hydrated manganese oxalate precursor. The precursor was
dried under vacuum at 150 �C for 3 h to obtain dehydrated
manganese oxalate.
2.2 Materials characterization

The phase, crystal structure, and morphology of the prepared
samples were characterized by X-ray diffraction (XRD, Rigaku
Ultima IV, Rigaku Corporation, Tokyo, Japan), scanning elec-
tron microscopy (SEM, S-3400N, Hitachi, Ltd., Tokyo, Japan),
and transmission electron microscope (Tecnai G2 F20, FEI
Corporation, Oregon State, USA). Thermogravimetric analysis
(TG, SDT-Q600, TA, DE, USA) was performed under nitrogen at
a temperature rise rate of 10 �C min�1�1 from room tempera-
ture to 600 �C. X-ray photoelectron spectroscopy (XPS, Thermo
Fisher Scientic, ESCALAB 250XI+, USA) was applied tomeasure
23260 | RSC Adv., 2021, 11, 23259–23269
the surface condition of the prepared samples. The products
were also characterized with Fourier-transform infrared (FT-IR;
IS50, Thermo Nicolet, USA) spectroscopy. A Micromeritics
TriStar II 3020 surface area and porosity analyzer (Micromeritics
Instruments Corporation, Georgia, USA) was used to performN2

adsorption/desorption isotherm experiments, and the specic
surface area and the pore size distribution were calculated by
the Brunauer–Emmett–Teller (BET) and Barrett–Joyner–
Halenda (BJH) methods.
2.3 Electrochemical measurements

The electrochemical performances of the prepared dehydrated
manganese oxalate were evaluated by CR2032-type coin half-
cells. The CR2032 cell was assembled in a glovebox in a dry,
high-purity argon atmosphere. The CR2032 cell was composed
of a working electrode, a lithium foil anode, a polypropylene
porous separator (Celegard 2400), and an electrolyte (1 M LiPF6
+ 1% VC/EC-DEC-EMC). To prepare the working electrode, the
prepared dehydrated manganese oxalate, acetylene black, and
Li-PAA binder were mixed thoroughly in water with a mass ratio
of 70 : 20 : 10, and then the mixed slurry was coated on a copper
foil and dried under vacuum at 120 �C overnight. The working
electrode was punched and weighed. The galvanostatic charge/
discharge tests were carried out on a battery cycler (BTS 4000,
Shenzhen NEWARE Electronics Co., Ltd., Shenzhen, China)
under different C rates in range of 0.01–3.0 V (vs. Li/Li+) at 25 �C,
and 1C is 375 mA g�1. The active material load is 0.9 � 0.1 mg
cm�2. The specic capacity and the charge/discharge current
were calculated according to the mass of the dehydrated
manganese oxalate in the working electrode. The interface
1010E electrochemical workstation (Gamry Instruments, War-
minster, USA) was used to perform cyclic voltammetry (CV) in
the range of 0.01–3.0 V and electrochemical impedance spec-
troscopy (EIS) from 105 Hz to 10�3 Hz at 25 �C.
3. Results and discussion
3.1 Structure and morphology characterization

To investigate the effect of proton solvents, the hydrated
manganese oxalate precursors were synthesized in H2O-DMSO,
ET-DMSO, and EG-DMSO, which were namedWH, EH, and GH,
respectively. Aer the dehydration, the corresponding dehy-
drated manganese oxalates were obtained and named WA, EA,
and GA, respectively. XRD, XPS, FT-IR, TG, SEM, and TEM were
used to characterize the phase, the structure, and the
morphology of the prepared precursors and their dehydrated
products.

Fig. 1 presents the XRD spectra of the precursors and their
dehydrated products. As shown in Fig. 1(a), the precursor
prepared in H2O-DMSO can be indexed to monoclinic a-phase
MnC2O4$2H2O with a C2/c space group (PDF # 25-0544).13,31 As
depicted in Fig. 1(a), the crystallinities of the precursors
synthesized in ET-DMSO and EG-DMSO are poor, and their
characteristic peaks cannot be indexed into the monoclinic
structure (PDF # 25-0544) and the orthorhombic structure (PDF
# 32-0647).30 The different structures of the precursors can be
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XRD patterns: (a) precursors, (b) dehydrated products prepared
in different solvents, and (c) comparison with other Mn-based
materials.

Fig. 2 XPS spectra and high-resolution spectra of Mn 3s for the
precursors.
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ascribed to the different microenvironments of Mn2+ in
different solvents. When manganese acetate is dissolved in
water, it reacts with water to form a solvated manganese ion
[Mn(H2O)n]sol

2+.27 When [Mn(H2O)n]sol
2+ is added to the aprotic

solvent DMSO, DMSO cannot replace the water in [Mn(H2O)n]-

sol
2+ and coordinates withmanganese ion, because the solvation

ability of DMSO is far less than that of H2O.29 Only water
molecules exist in the rst solvation layer of Mn2+ in H2O-
DMSO, so the microenvironment of Mn2+ in H2O-DMSO is the
same as that of Mn2+ in single solvent water.28–30 Therefore, the
precursor obtained in H2O-DMSO is consistent with that in
aqueous solution.13,31 When MnAc2$4H2O is dissolved in
protonic solvents ET and EG, since the amount of crystallization
water in MnAc2$4H2O is much less than that of ET and EG, ET
and EG can coordinate with Mn2+ to form [Mn(EA)n]sol

2+ and
[Mn(EG)n]sol

2+.28–30 Therefore, the microenvironment of Mn2+ in
ET-DMSO and EG-DMSO is different from that in H2O-
DMSO,28,29 thus resulting in different structures. As displayed in
Fig. 1(b), the XRD pattern of the dehydrated product WA is
consistent with orthorhombic b-phase MnC2O4 with Pmna
space group (PDF # 32-0646), indicating that the monoclinic
structure transforms into the orthorhombic structure aer
dehydration.13,31 The crystallinity of the dehydrated products EA
and GA are still poor. To further determine the composition and
the structure of EA and GA, Fig. 1(c) compares them with other
manganese-based materials. As seen in Fig. 1(c), the XRD
© 2021 The Author(s). Published by the Royal Society of Chemistry
patterns of EA and GA are different from those of MnCO3

(PDF#85-1109), MnO (PDF#71-1177), Mn2O3 (PDF#76-0150),
Mn3O4 (PDF#130162) and MnO2 (PDF#42-1169), suggesting
that EA and GA is not MnCO3, MnO, Mn2O3, Mn3O4, and MnO2.

Fig. 2 shows XPS spectra of the precursors. As shown in
Fig. 2(a), the precursors prepared in three types of solvents have
similar XPS spectra, which consist of the peaks related Mn, O,
and C, respectively. In XPS, the characteristic peak of Mn2p3/2

and Mn3s is related to the oxidation state of manganese.
However, the characteristic peak of Mn2p3/2

is not suitable for
analyzing the oxidation state of manganese because it can be
affected by the difference coordination environment of
manganese.32 On the other hand, Mn3s electrons exhibit unique
bimodal structure due to its photoelectric effect.33 The interval
of this bimodal structure varies according to the oxidation state
of Mn, that is, MnO (Mn2+) �6.0 eV, Mn2O3 (Mn3+) �5.3 eV, and
MnO2 (Mn4+) �4.7 eV.33 Therefore, Mn3s is more suitable than
Mn2p3/2

to determine the oxidation state of manganese. As
shown in Fig. 2(b–d), the two peaks at 83 and 89 eV are the
characteristic peak of Mn3s.32,33 For WH, GH, and EH, the
bimodal interval of Mn3s is 5.99, 5.97, and 5.99 eV respectively,
which is close to that of Mn2+ (6.0 eV). XPS results show that the
precursors prepared in H2O-DMSO, ET-DMSO, and EG-DMSO
are divalent manganese compounds containing Mn, C, and O.

Fig. 3(a) presents FT-IR spectra of the prepared precursors.
As shown in Fig. 3(a), the precursors prepared in H2O-DMSO,
ET-DMSO, and EG-DMSO have similar FT-IR spectra. The
peak at 1361 and 1317 cm�1 corresponds to the asymmetric and
symmetric stretching vibrations of C–O, respectively, and the
peak at 1590 cm�1 is attributed to the stretching vibration of the
carbonyl group, indicating that the four oxygen atoms of oxalate
anion coordinate with Mn2+.20,34,35 The band at 540 cm�1 origi-
nates from Mn–O, and the strong peak at 805 cm�1 is related to
C–C–O asymmetric vibration.20,34,35 The large broad peak at
3385 cm�1 indicates the presence of crystalline water.20,34,35 To
RSC Adv., 2021, 11, 23259–23269 | 23261
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Fig. 3 (a) FT-IR spectra and (b) Raman spectra for the precursors
prepared in H2O-DMSO, ET-DMSO and EG-DMSO.
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further gain insight into EH and GH, we employed Raman
spectroscopy to characterize three precursors. As shown in
Fig. 3(b), WH, EH and GH display prominent peaks at 516, 903,
1470, 1610, and 3335 cm�1, which agree well with the previously
reported metal oxalates.36,37 The results of FT-IR and Raman
spectra analysis demonstrate that the three precursors are
hydrated manganese oxalate (MnC2O4$xH2O).

Fig. 4 gives the TG curves for the precursors and the dehy-
drated products. The TG curves of the precursors in Fig. 4(a)
have are two distinct weight loss stages, and the corresponding
temperature range is 100 to 200 �C and 300 to 450 �C, respec-
tively. The weight loss of WH in the rst stage is 20.27%, which
is close to the theoretical weight loss of the dehydration reac-
tion of MnC2O4$2H2O (MnC2O4$2H2O ¼ MnC2O4 + 2H2O,
20.1 wt%).31 The weight loss of EH and GH in the rst stage is
Fig. 4 TG curves in N2 for (a) precursors, and (b) dehydration products.

23262 | RSC Adv., 2021, 11, 23259–23269
10.3%, which is close to the theoretical weight loss of the
dehydration reaction of MnC2O4$H2O (MnC2O4$H2O¼MnC2O4

+ H2O, 11.1 wt%). The weight loss of WH in the second stage
(41.7%) is close to the theoretical weight loss of MnC2O4$2H2O
decomposition into MnO (MnC2O4$2H2O ¼ MnO + CO + CO2 +
H2O, 40.2 wt%),25,31 while the weight loss of GH and EH in the
second stage (44.6%) is close to the theoretical weight loss of
MnC2O4$H2O decomposition intoMnO (MnC2O4$H2O¼MnO +
CO + CO2 + H2O, 44.4 wt%). As given in Fig. 4(b), the weight loss
is 48.4% between 300 and 450 �C for the three dehydrated
products, which is close to the theoretical weight loss of the
decomposition of anhydrous MnC2O4 to MnO (MnC2O4 ¼MnO
+ CO + CO2, 49.6 wt%).25,31 Thus, the precursor prepared in H2O-
DMSO is MnC2O4$2H2O, and that prepared in ET-DMSO and
EG-DMSO is MnC2O4$H2O. All dehydration products are anhy-
drous manganese oxalate MnC2O4.

Fig. 5 exhibits the SEM images of the precursors and their
dehydrated products. As seen in Fig. 5, the proton solvent has
a great inuence on the morphology and the size of the
precursors. The precursor WH prepared with DMSO-H2O is
microrods with a length of about 30–40 mm and a diameter of
about 1–3 mm (Fig. 5(a)). The precursor GH synthesized by
DMSO-EG is one-dimensional nanorods with a diameter of 70–
100 nm and a length of 1–1.5 mm (Fig. 3(c)), while precursor EH
synthesized with ET-DMSO is composed of many irregular
nanosheets with a length of 1–3 mm and a width of 500–800 nm
(Fig. 3(e)). The morphologies of the dehydrated products in Fig.
5(b, d and f) are similar to those of the corresponding precur-
sors. The dehydrated product has some cracks or pores due to
the removal of crystalline water.17–27,31
Fig. 5 SEM images of the prepared precursors in different solvents (a,
c and e) and the corresponding dehydration products (b, d and f).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 TEM images of MnC2O4 from precursors prepared in (a, c and e)
EG-DMSO and (b, d and f) ET-DMSO.

Fig. 7 N2 isothermal absorption/desorption curves of the samples
prepared in different solvents: (a) H2O-DMSO, (b) EG-DMSO, and (c)
ET-DMSO.
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Fig. 6 displays themicrostructure of MnC2O4 prepared in EG-
DMSO and ET-DMSO. The GA is one-dimensional rod with
porous structure (Fig. 6(a and c)), and the lattice fringes with
a spacing of 0.36 nm can match the (200) crystalline plane of
MnC2O4 (Fig. 6(e)). EA is a porous nanosheet (Fig. 6(b and d)),
but there are no obvious lattice fringes (Fig. 6(f)).

N2 isothermal absorption/desorption experiments were per-
formed to further investigate the porous structure of the
prepared samples. Fig. 7 gives the measured absorption/
desorption curves, and Table 1 lists the surface area, pore
size, and pore volume calculated from the absorption/
desorption data. As presented in Fig. 7(a), WH has a type III
isotherm adsorption/desorption curves, suggesting that the
precursors are non-porous particles,38 which is further
conrmed by the lower specic surface area and the pore
volume listed in Table 1. However, GH and EH have H3-type
hysteresis loop with higher surface area because of their
nanostructure.38 All anhydrous manganese oxalates have a H3-
type hysteresis loop at a relative pressure of 0.5–1.0, indi-
cating their mesoporous structure.38 As seen in Table 1, the
specic surface areas and the pore volumes of the dehydrated
products are larger than those of the hydrated precursors,
indicating that the removal of crystalline water can produce
more pores, thus increasing the specic surface areas and pore
volumes. Compared with WA, EA and GA have larger specic
surface areas and pore volumes, which can provide more active
sites and more channels for Li+ migration. Therefore, EA and
GA should have better electrochemical performances.
3.2 Formation process of manganese oxalate

Hydrated manganese oxalate precipitation can be expressed by
the following processes.
© 2021 The Author(s). Published by the Royal Society of Chemistry
½MnðsolventÞn�sol2þ þ ½C2O4�sol2þ ������!Reaction

MnC2O4$xH2Oðsol; supersaturationÞ

����!Nucleation
MnC2O4$xH2OðnucleiÞ ��!Growth

MnC2O4$xH2OðsolidÞ (1)

In eqn (1), the precipitation of hydrated manganese oxalate
includes chemical reaction, nucleation and growth. When
MnAc2$4H2O is dissolved in protonic solvents H2O, EG, and ET,
the solvated manganese cations [Mn(H2O)n]sol

2+, [Mn(EG)n]sol
2+,

and [Mn(ET)n]sol
2+ are formed, respectively. However, oxalic

acid cannot be dissociated in aprotic solvent DMSO and exists
RSC Adv., 2021, 11, 23259–23269 | 23263
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Fig. 8 Schematic illustration of (a) the structure and (b) the formation
process of manganese oxalates. Rz is growth direction vectors
perpendicular to the crystal plane, and Rx and Ry are growth direction
vectors parallel to the crystal plane.

Table 1 Specific surface area, pore size and pore volume of the
samples prepared with different solvents

Sample
Specic surface
area (m2 g�1)

Mean pore size
(nm)

Pore volume (10�2

cm3 g�1)

WH 7.4 5.26 0.97
GH 43.4 4.97 5.85
EH 28.6 5.32 3.94
WA 12.1 5.27 1.32
GA 58.6 5.55 8.34
EA 48.9 5.94 7.73
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in the form of oxalic acid molecule. Aer adding the protonic
solvents containing [Mn(solvent)n]sol

2+ into DMSO, oxalic acid is
dissociated into solvated hydrogen ions [H(solvent)n]sol

+ and
C2O4

2�. Therefore, the dissociation rate of oxalic acid and the
concentration of C2O4

2� depend on the ionization power of
proton solvent. According to eqn (1), the supersaturation of
MnC2O4$xH2O is also determined by the ionization power of the
proton solvent. The ionization power of the proton solvent is
positively correlated with the electronegativity of hydroxyl (–OH)
group.39 The electronegativity of hydroxyl group in the three
solvents is H2O [ ET > EG, that is, the ionization power of the
three proton solvents is H2O [ ET > EG.39 Therefore, the
supersaturation of MnC2O4$xH2O in H2O-DMSO is much
greater than that in ET-DMSO and EG-DMSO. The higher
supersaturation means the faster of the nucleation rate and the
growth rate, and larger particles will be formed. Therefore, the
size of MnC2O4$xH2O particles prepared in H2O-DMSO is much
larger than those prepared in ET-DMSO and EG-DMSO, which
further explain micro-sized WH and nanosized GH and EH
shown in Fig. 3.

The morphology of MnC2O4$xH2O is not only related to its
supersaturation, but also to the crystal structures and the
interactions between solvents and crystal. Fig. 8 illustrates the
formation process of MnC2O4$xH2O with different morphology,
where Rz is growth direction vectors perpendicular to the crystal
plane, and Rx and Ry are growth direction vectors, which are
parallel to the crystal plane. As shown in Fig. 8(a), manganese
atoms in MnC2O4$xH2O coordinate with two oxalate anions in
the equatorial plane and the two coordinated water molecules
in the axial direction, forming a square planar conguration
with Mn2+ as the center.40 The preferred growth direction of
MnC2O4$xH2O is perpendicular to the molecular plane (Rz),
rather than that parallel to the molecular plane (Rx and Ry) due
to the hydrogen bond and p–p interactions between adjacent
molecules. Therefore, MnC2O4$xH2O mainly grows in the face-
to-face stacking of square plane, which tends to form one-
dimensional structure in H2O or mixed solvents with high
water content.23,27,31 Similar phenomena have been found in
other transition metal oxalates.17,19–26,34,35 The hydrogen bond
formed by water is the strongest, followed by ethylene glycol and
ethanol. Therefore, the hydrogen bond and p–p interaction in
adjacent molecules follow the same order: H2O > EG > ET. As
displayed in Fig. 8(b), MnC2O4$xH2O tends to grow in one-
dimension rod-like structure in H2O-DMSO and EG-DMSO
23264 | RSC Adv., 2021, 11, 23259–23269
due to the strong hydrogen bond and p–p interaction in the
adjacent molecules of H2O or EG.17,19–27,27,34,35 However, the
growth perpendicular to the plane (Rz) is greatly weakened due
to the weak hydrogen bond and p–p interaction between
adjacent molecules in ET-DMSO. Therefore, MnC2O4$xH2O
tends to grow in two dimensions and form sheet-like structure
in ET-DMSO. In addition, the difference of surface energy
between crystal planes41,42 and the selective interaction between
the crystal surface and solvent23,24 also promote the anisotropic
growth of crystal, which is conducive to obtaining MnC2O4-
$xH2O particles with special morphology.
3.3 Electrochemical performance

The performances of the prepared MnC2O4 were evaluated by
various electrochemical technologies. Fig. 9(a–c) give the galva-
nostatic charge/discharge curves of as-synthesized MnC2O4 at 5C
in the range of 0–3 V. All discharge curves are composed of three
parts: a rapid decline curve from 3.0 to 0.3 V, a discharge platform
at 0.3 V, and a slope below 0.3 V. The platform at 0.3 V can be
attributed to the conversion reaction of ðMnC2O4 þ 2Liþ þ 2e�

) *dischargeðconversionÞ
chargeðdecomposition reactionÞ Mnþ Li2C2O4Þ.11,13,20,31 The slope

below 0.3 V corresponds to the pseudo capacitance behavior of the
polymer surface gel layer and the interface lithium storage
behavior.11,13,17,19–27,31,41 Aer 1st cycle, there is a small plateau at
�0.8 V related to the SEI lm formation.11,13,20,31 As shown in
Fig. 9(a, c and e), there are some differences in the voltage plat-
forms (such as discharge platform voltage, platform width, etc.).
The possible reason is that the volume expansion of EA during the
discharge/discharge process causes the formation of the larger
agglomerates, whichmakes the polarization larger and reduces the
reversibility of the conversion reaction. The initial coulombic
efficiency of WA, GA and EA is 49%, 48%, and 50%, respectively.
The lower initial coulombic efficiency can be ascribed to the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Electrochemical performance of WA, GA and EA: (a–c)
discharge/charge profiles at 5C and (d–i) cycle performance at various
C rates, respectively.
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irreversible crystal-to-amorphous transformation and the forma-
tion of SEI lm during the rst discharge,11,13,20,31 which is
a common phenomenon for the conversion electrodes.15–17,19,21–27,41

The cyclic-stability and the rate performance are given in Fig. 9(d–
g). As shown in Fig. 9 (d–g), the discharge capacity decreases rst
and then increases at the initial stage due to the formation and
activation of the polymeric gel-like layer.11,13,17,19–27,31,41 This poly-
meric gel-like layer formed in the rst discharge is irreversible and
gradually thickened during the initial cycles,15,16,31 which hinders
© 2021 The Author(s). Published by the Royal Society of Chemistry
the diffusion of Li+ and the conversion reaction. As a result, the
capacity decreases with the increase of cycles in the initial charge/
discharge processes. However, this polymeric gel-like layer can be
gradually activated and becomes reversible aer several
cycles.15,16,31 Therefore, the capacity increases gradually aer
several cycles. As shown in Fig. 9(d–g), the cycle stability and the
rate performance of manganese oxalate are nanorods > microrods
> nanosheets. Manganese oxalate nanorods deliver a discharge
capacity of 1509, 983, 938 and 838 mA h g�1 at 3, 5, and 8C,
respectively. As shown in Fig. 9(h), WA, GA and EA can provide
reversible capacities of 666, 777 and 211 mA h g�1 aer 600 cycles
at 15C, respectively. Even charged/discharged at 20C, WA, GA and
EA can provide reversible capacities of 599, 647, and 171 mA h g�1

aer 600 cycles (Fig. 9(i)), GA exhibits better long-term cycle
performance. Table 2 compares the electrochemical properties of
the prepared MnC2O4 nanorod with other metal oxalates in liter-
ature. As listed in Table 2, The performance of manganese oxalate
nanorods is superior to that of Fe0.75Co0.25C2O4 nanoribbons,11

Fe0.5Mn0.5C2O4 nanorods,12 Mn0.33Co0.67C2O4 rambutan,20 Co0.52-
Mn0.48C2O4 microrods,24 Fe0.5Mn0.5C2O4 nanorods,12 CoC2O4

nanorods,19,24 MnC2O4 microtubes,31 FeC2O4 microrods,23 and
multilayer FeC2O4.43 The improvement of manganese oxalate
performance can be attributed to the nanorods have a higher
specic surface area and mesoporous structure.

As seen in Fig. 9, the specic capacity of manganese oxalate
is higher than its theoretical capacity (375 mA h g�1), and the
extra capacity originates form the pseudo capacity from surface
reactions of polymeric gel-like layer.31,44,45 Therefore, CV curves
were performed to analyze the faradaic and capacitive contri-
butions to the total capacity. The total current in CV is
composed of the faradaic and capacitive contribution, which
can be expressed by the following equation.44,46–48

i(v) ¼ icap + idiff ¼ avb

log i(v) ¼ log a + b log v (2)

where v, i(v), icap, and idiff is the potential sweep rate, the total
current, the capacitive current, and the faradic current,
respectively; a and b are adjustable parameters. When b-value is
0.5, it is a diffusion-controlled faradaic process. When b-value is
1.0, it represents a surface-controlled capacitive process.

Fig. 10 gives the CV curves at different sweep rates, and Table
3 lists the parameters obtained by tting the CV datas in Fig. 10
with eqn (2). All R2-values in Table 3 are higher than 0.95,
indicating a good linear relationship between log i(v) and log v
in the range of 0.5 to 3.0 mV s�1. The b-values in the range of 0.5
to 1.0 demonstrate the total current includes both the faradaic
contribution and the capacitive contribution.

To further distinguish the contribution from the capacitive
and the faradaic processes, a more general eqn (3) is used to
express the relationship of current and sweep rate.

iðvÞ ¼ k1vþ k2v
1
2

iðvÞ

v
1
2

¼ k1v
1
2 þ k2

(3)
RSC Adv., 2021, 11, 23259–23269 | 23265
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Table 2 A summary for the lithium storage capability of as-prepared anhydrous MnC2O4 nano-rod and metal oxalates reported previously

Materials Shape Current Capacity (mA h g�1) Cycle Ref.

MnC2O4 Nano-rod 20C 647 600 This work
CoC2O4 Nano-rod 1C 959 100 20
FeC2O4 Microrods 1C 825 100 19
MnC2O4 Microtube 0.375 A g�1 998 100 27
FeC2O4 Multilayer 0.25 A g�1 993 200 39
CoC2O4 Nano-rod 0.2 A g�1 700 200 15
Mn0.33Co0.67C2O4 Rambutan 0.5 A g�1 836 100 16
Fe0.75Co0.25C2O4 Nanoribbons 5C 600 75 7
Fe0.5Mn0.5C2O4 Nano-rod 2C �200 75 8
Co0.52Mn0.48C2O4 Microrods 1C 1072 100 23

Fig. 10 CV curves and capacitive contributions to the total capacity of
the prepared MnC2O4 at different sweep rates (v mV s�1).
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In eqn (3), k1v represents the contribution of capacitive
processes, and k2v

1
2 stands for the contribution of faradaic

processes. The values of k1 and k2 can be obtained from the
slope and intercept of a linear plot of iðvÞ=v

1
2 vs. v

1
2, respec-

tively.25,30 Fig. 10(b, d and f) shows the capacitive contribution
calculated by tting the CV data in Fig. 10(a, c and e) with eqn
(3). As depicted in Fig. 10(b, d and f), the capacitance contri-
butions of the three samples increase with the increase of the
potential sweep rate. The capacitance contribution of nanorods
and nanosheets is larger than that of microrods due to their
higher specic surface area. The greater capacitance
23266 | RSC Adv., 2021, 11, 23259–23269
contribution means the better rate performance. Therefore, the
nanorods have better rate performance, which is consistent
with Fig. 9(b, d and f).

To further understand the effects of the morphologies, TEM
was applied to investigate the changes of microrods, nanorods
and nanosheets during charge/discharge processes. Fig. 11
displays the morphologies and microstructures of MnC2O4

electrode at 1st, 4th (minimum capacity) and 18th cycle
(maximum capacity aer activation). As shown in Fig. 11(a–h),
the microrods and the nanorods remain stable aer 18 cycles,
while the nanosheets are broken in the 4th cycle, indicating that
1D rod-like structure possesses better stability. The breakage of
nanosheets will destroy the integrity of the electrode and make
the active material lose its conductive contact, resulting in the
decrease of capacity and poor cycling performance (Fig. 9(b,
d and f)). However, the active particles in the rod structures can
keep good conductive contact with the conductive agent and
collector due to their better stability than nanosheets, which
make the active materials be fully utilized, thus exhibiting
better cycle stability (Fig. 9(b, d and f)). There is no obvious SEI
layer on the image of the 1st discharge electrode of GA
(Fig. 11(d)), suggesting that no stable SEI lm is formed during
the rst discharge. However, the SEI layer with a thickness of
�39 nm can be clearly observed in the images of the discharged
electrodes at the 4th and 18th cycles, respectively (Fig. 11(e and
f)). These results indicate that the SEI layer gradually forms,
thickens and remains stable in the initial charge/discharge
stage, further proving that the capacity rst decreases and
then increase during the initial charge/discharge stage (Fig. 9(b,
d and f)). As shown in Fig. 11(f and i), the thickness of SEI lm
in the 18th charging process of the GA electrode is much smaller
than that in the 18th discharging process, indicating that the
formation/decompose of the SEI layer aer activation is
reversible. The reversible formation/decompose of the gel-like
lm can provide the extra capacity of the conversion reaction,
which becomes the origination of the capacity beyond the
theoretical capacity.

XRD was applied to further clarify the change in oxidation
state and phase evolution aer long cycle. Fig. 12 provides the
phase compositions of the prepared samples aer 600 cycles at
20C. The strong peaks in Fig. 12 are the characteristic peaks of
copper collector in the electrode. As shown in Fig. 12, WA, EA
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra03669f


Table 3 Parameters of logarithmic linear relationship between peak current and sweep rate

WA GA EA

Oxidation Reduction Oxidation Reduction Oxidation Reduction

a �2.52 �2.68 �2.27 �2.33 �2.45 �2.72
b 0.78 0.67 0.80 0.71 0.80 0.67
R2 0.99 0.99 0.99 0.98 0.97 0.99
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and GA are transformed into amorphous state aer long-term
cycling, and Li2C2O4, Li2CO3 and Mn3O4 can be observed at
the same time. Li2C2O4 can be attributed to incomplete
conversion reaction. Li2CO3 may be related to the reaction
between lithium oxalate and electrolyte, and Mn3O4 may origi-
nate from the oxidation of manganese (II) compound during
charge discharge process.

EIS was applied to further explore the effects of morphology
on the electrode kinetics, and Fig. 13 compares Nyquist plots of
MnC2O4 with different morphologies. All Nyquist curves consist
of two parts: a depressed semicircle at high-to-medium
frequencies corresponding to the SEI layer resistance and the
charge transfer resistance, and a sloped line in the low-
frequency region associated with the Warburg impedance rep-
resenting the diffusion of Li+ in the active solid.17,21,31 Re, RSEI,
Rct, ZW, and Cdl of the equivalent circuit in Fig. 13(a) are elec-
trolyte resistance, SEI resistance, charge-transfer resistance,
Warburg impedance, and capacitive elements, respectively.
Fig. 11 Morphologies of the samples during charge/discharge
processes at 3C: (a–c) discharge state of 1st, 4th and 18th cycle of WA,
(d–f) discharge state of 1st, 4th and 18th cycle of GA, (g and h)
discharge state of 1st and 4th cycle of EA, and (i) charge state of 18th
cycle of GA.

© 2021 The Author(s). Published by the Royal Society of Chemistry
Table 4 lists the values of Rs, RSEI, Rct, and ZW obtained by
tting the EIS datas in Fig. 13 using the equivalent circuit in
Fig. 13(a). The diffusion coefficient of Li+ (DLi) in the active solid
can be calculated by the following equation.

DLi ¼ 0:5

�
RT

n2F 2ACZW

�2

(4)

Where R, T, n, F, A, and C is gas constant (8.314 J mol�1 K�1),
absolute temperature (K), charge transfer number (n ¼ 2),
Faraday constant (96 500 C mol�1), the total surface area of the
Fig. 12 XRD for the prepared samples after 600 cycles at 20C.

Fig. 13 Nyquist plots of MnC2O4 prepared by different solvents at 3C:
(a) WA, (b) GA, (c) EA, and (d) 4th discharge.
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Table 4 EIS Parameters of MnC2O4 prepared at different reaction solvents

Cell (tested) Re (U) RSEI (U) Rct (U) ZW (U s�1/2) DLi (cm
2 s�1)

WA 1st discharge 4.02 73.2 9.93 27.42 1.09 � 10�15

4th discharge 3.98 199.3 51.2 7.63 1.41 � 10�14

18th discharge 4.91 103 22.6 13.07 4.81 � 10�15

30th discharge 4.35 57.2 14.6 10.03 8.17 � 10�15

GA 1st discharge 2.03 33.1 3.60 84.22 1.16 � 10�16

4th discharge 2.76 170.2 39.8 15.27 3.53 � 10�15

18th discharge 3.66 49.64 12.9 8.89 1.04 � 10�15

18th charge 3.61 18.7 6.04 13.49 4.52 � 10�15

30th discharge 3.97 15.1 8.78 7.81 1.35 � 10�14

EA 1st discharge 2.38 47.48 9.10 20.46 1.96 � 10�15

4th discharge 2.60 141.1 40.7 7.58 1.43 � 10�14

18th discharge 2.58 66.2 21.8 12.89 4.95 � 10�15

30th discharge 4.23 61.7 19.1 28.02 1.05 � 10�15
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electrode (1.54� 10�4 m2) and the molar concentration of Li+ in
the active materials (3.37 � 104 mol m3). As listed in Table 4,
MnC2O4 with different morphologies have similar electrolyte
resistance. All RSEI values increase rst and then decrease with
the increase of cycle numbers, indicating that SEI lm experi-
ences accumulation/activation and gradually becomes stable
state during the initial charge/discharge processes.20 Rct also
increases rst and then decreases with the increase of cycling
number, indicating that the growth and thickening of SEI lm
in the early stage is a barrier to charge transfer, while the acti-
vated SEI lm in the later stage can effectively improve the Li+

transfer ability through the interface.20,31,42 The increase of DLi

values of WA and GAmay be related to the activation of SEI layer
and the utilization of more pores to accelerate the migration of
Li+.16,27,43 The decrease of the DLi value of EA aer the fourth
cycle can be ascribed to the broken nanosheets. The synergistic
effect of SEI lm diffusion, charge transfer, and Li+ diffusion
makes the variation trend of discharge capacity in Fig. 9. RSEI

and Rct of GA in the charge state of the 18th cycle are smaller
than those in the discharge state of the 18th cycle, which can be
ascribed to its thinner SEI lm of the charging state in the 18th

cycle (seen in Fig. 11(i and f)). The larger DLi and smaller RSEI

and Rct of GA at the 30th discharge state can be attributed to its
higher surface area and more stable nanorod-like structure,
further demonstrating its better performance in Fig. 9.

4. Conclusions

Manganese oxalates with different structures and morphologies
have been prepared in different proton-DMSO mixed solvents.
The structure, the morphology, and the size of manganese
oxalate can be adjusting by protonic solvents. MnC2O4 synthe-
sized in EG-DMSO is mesoporous nanorod-like particles with
a specic surface area of 58.6 m2 g�1. This nanorod-like sample
delivers a discharge capacity of 983 and 838 mA h g�1 aer 120
cycles at 3 and 8C, respectively, exhibiting better cycle stability
and rate performance. The improved performance can be
ascribed to the more stable structure, and the faster kinetics
resulting from the mesoporous nanorods with higher surface
area. Thus, the as-synthesized mesoporous MnC2O4 nanorods
23268 | RSC Adv., 2021, 11, 23259–23269
can act as a potential promising anode material for next-
generation LIBs.
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