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The 3D porous MnO/C anode materials with controllable pore size are rationally designed and

synthesized by a facile template-free strategy. The Mn,Zn,_,CO; (x=1, 2/3, 1/2, and 1/3) precursors are

prepared by the ultrasonic-assisted co-precipitation method, and then heated with glucose in a reducing

atmosphere to obtain a series of MnO/C microspheres through the topochemical conversion. These

MnO/C microspheres consist of nanosized primary particles and have the interconnected pore

architectures with high specific surface areas of up to 111.4 m”? g”'. Adjusting the Zn/Mn molar ratio of

Mn,Zn;_,COs; can easily tune the pore size of MnO/C materials from 14.9 to 31.8 nm. Electrochemical

performances of MnO/C materials are found to be strongly correlated with porous structures. The MnO/C

material with optimized pore size exhibits a high reversible capacity (846 mAh g™' at 100 mA g™"),

superior rate capability (406 mAh g™ at 3200 mA g™'), and excellent cycling stability. This strategy can

be extended to prepare other candidate electrode materials.

Introduction

Lithium-ion batteries (LIBs) as one of the most promising power
sources have attracted much attention due to the growing market
demand for portable electronic devices and electric vehicles."?
Tremendous efforts have been made to develop -electrode
materials to improve the performance of LIBs.*” In the last
decade, transition metal compounds have been explored as anode
materials.'" Among them, MnO is admirable due to its high
theoretical capacity (756 mAh g'), low cost, environmental
benignity, high density (5.43 g cm™), and low electrochemical
motivation force (1.032 V ws. Li*/Li).'*® However, the
conversion reaction during the lithium storage causes drastic
volume change, leading to severe pulverization of particles and
loss of the electronic contact.' In addition, MnO anode materials
suffer from poor rate capability as a result of kinetic
limitations."***

Recently, the porous structure is quite attractive in the design
of MnO materials owing to its advantages of relieving the volume
change in the electrochemical reaction and increasing the contact
area between the active material and the electrolyte.' Despite
some achievements have been made, these existing uncontrolled
porous structures are unable to meet the requirement for further
optimizing the electrochemical performance of MnO anode
materials. It is well known that the pore size and the distribution
of pores in porous configuration largely determine the
electrochemical performance of materials.”*?’ The ideal void
space can maintain the structure of materials for good cycling
stability without wasting volume in porous electrodes. Moreover,
the well-defined porous structure would possess the nanosized
features, high specific surface area and appropriate pore size,
which can improve the rate performance of materials. To the best

w
b

of our knowledge, no report has focused on synthesis of 3D
porous micrometer-sized MnO materials with controllable pore
size, and the effect of pore size on the electrochemical
performance of MnO materials.

It is quite a challenge to prepare a series of porous materials
with controllable pore size. Up to now, several strategies
including templating and template-free methods are developed to
regulate the pore size in the fabrication of porous materials. KIT-
6 and SBA-15 have been used as the hard templates to synthesize
ordered mesoporous materials with various pore sizes.®%
Template-free protocols, such as chemical etching,®® thermal
decomposition,®' solvothermal,> anodization,® and sol-gel,**
have also been attempted to tune the pore size of materials.
However, most of the current approaches have the disadvantages
of high cost, tedious synthetic steps, or limited controllability.
Therefore, it remains necessary and meaningful to develop a
simple strategy towards the synthesis of 3D porous materials with
controllable  pore for effectively optimizing the
electrochemical performance.

Herein, for the first time, we report a facile template-free
strategy by combining the ultrasonic-assisted co-precipitation and
the topochemical conversion to synthesize the 3D porous MnO/C
microspheres with controllable pore size for high-performance
lithium-ion battery anodes. The Mn,Zn;_,CO; (x=1, 2/3, 1/2, and
1/3) microspheres as the precursors were first prepared by the co-
precipitation method with the aid of ultrasonic. Then, the mixture
of precursor and glucose was heated in a reducing atmosphere to
obtain a series of porous MnO/C microspheres through the
topochemical conversion. We investigated the influence of the
Zn/Mn molar ratio of the precursors on the physical and
electrochemical behaviors of the resultant MnO/C materials in

size
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detail. The results confirm the rationality of this strategy for
controllable synthesis of porous MnO/C materials and the
feasibility of tuning electrochemical performance. This work
provides a simple and universal strategy to prepare other
electrode materials with porous structure and controllable pore
size for advanced lithium-ion batteries.

Experimental section
Synthesis of Mn,Zn,_,COj; (x=1, 2/3, 1/2, and 1/3) precursors

The mixed solutions of MnSO,; and ZnSO, for MnCOs;,
Mn2/3Zn1/3CO3, Mnl/ZZn1/2C03, and Mn1/3Zn2/3CO3, were
prepared by adding MnSO4-H,O (1.77, 1.18, 0.89, and 1.77 g)
and ZnSO,7H,0 (0, 1.01, 1.51, and 6.02 g) to deionized water
(700 mL), respectively. The NH,HCO; solutions for MnCO;,
Mny;3Zn;3CO3, Mn;,Zn;,CO; and Mn;;3Zn,;CO3 were prepared
by dissolving NH,HCO; (8.31, 8.31, 12.47, and 24.93 g) in
deionized water (700 mL), respectively. Then NH;HCOj5 solution
was poured into the mixed solution of MnSO, and ZnSO,, which
was placed in the ultrasonic bath. The precipitation process was
continued for 8 h. The obtained precipitates were washed for
three times by deionized water and dried in air at 80 °C overnight.
Here the concentrations of the MnSO,~ZnSO, mixed solution and
the NH,HCO; solution are varied for synthesizing the Mn,Zn,_
+CO; precursors with the similar diameter.

Synthesis of MnO/C composites

MnCO; (0.6 g), Mn,3Zn;,3CO5 (0.6 g), Mn;,Zn,,CO3 (0.6 g), or
Mn,3Zn,;3CO; (0.6 g) was mixed with glucose (0.1, 0.12, 0.13, or
0.14 g) in deionized water (2 mL), respectively. Then the
solutions were evaporated in air at 80 °C to obtain the white
powders. These mixtures were put in the porcelain boat and
heated at 650 °C in the 5% H,/N, atmosphere for 5 h to obtain the
MnO/C composites. Here the quantity of glucose is varied for the
synthesis of the composites with the similar carbon content.

Characterization

The crystal structures of Mn,Zn;_,CO; precursors and MnO/C
composites were identified by a D/max2400 power X-ray
diffractometer (XRD) (Rigaka, Japan) with Cu-Ka radiation
(4=1.5405 A) in a 20 range of 10-80°. The morphologies of the
prepared materials were observed with an S-4800 scanning
electron microscope (SEM) (Hitachi, Tokyo, Japan) and a Tecnai
G2 F20 transmission electron microscope (TEM) (FEIL, Portland,
USA). Focused ion beam (FIB) (FEI, Portland, USA) was applied
to analyze the cross-sections of MnO/C composites. Carbon
contents of MnO/C composites were determined by a Vario EL
III elemental analyzer (Elementar, Germany). An ASAP2010
apparatus (Micromeritics, USA) was empolyed to investigate the
pore structures and the specific surface areas of MnO/C
composites.

Electrochemical measurements

The electrochemical experiments were performed using 2032
coin-type cells. The working electrode consisted of 80 wt% active
material (MnO/C composites), 10 wt% conductive carbon black,

and 10 wt% carboxyl methyl cellulose (CMC) as the binder. The
electrolyte was a solution of 1 M LiPFs in ethyl
carbonate/dimethyl carbonate (EC/DMC) (1:1, v/v). Pure Li foil
sswas used as the reference and counter electrode. The
charge/discharge measurements were carried out in the voltage
window from 0.01 to 3.0 V using a Land battery test system. The
cyclic voltammetry measurements were performed on a
CHI660D electrochemical station (Chenhua, Shanghai, China).

« Results and discussion

Rational of design strategy for synthesis of porous MnO/C
microspheres with controllable pore size

A facile template-free strategy, combining the ultrasonic-assisted
co-precipitation and the topochemical conversion, is designed to
os synthesize 3D porous MnO/C microspheres with controllable
pore size, as illustrated in Fig. 1. Firstly, the Mn,Zn, ,CO;
precursor microspheres are prepared by the precipitation process
which is carried out in an ultrasonic bath after the NH,HCO;
solution is poured into the mixed solution of ZnSO, and MnSO,.
70 Subsequently, glucose as the carbon source is mixed with the
Mn,Zn,_,CO;3 precursor in water. During the following heat
treatment at 650 °C in the 5% H,/N, reducing atmosphere, the
mixture of Mn,Zn;_CO; and glucose is decomposed to the
composites of MnO/C and ZnO/C in the first stage, resulting in
75 the formation of pores in the microspheres. In the second stage of
the topochemical conversion, the reduction of ZnO and
concurrent vapor-phase leaching of Zn further create the voids in
situ. Finally, a series of 3D porous micrometer-sized MnO/C
spheres with controllable pore size are obtained through adjusting
s0 the Zn/Mn molar ratio of Mn,Zn,_COj; precursors.

&

A

Ultrasonic bath

A: MnSO,-ZnSQO,solution
B: NH,HCO; solution

Mn,Zn;_,CO;,

MnO/C

MnO/C-ZnO/C
® MnO/C Zn |

(e Mnzn,_,CO, e ZnO/C

Fig. 1 Schematic representation of the design strategy for synthesis of 3D
porous MnO/C microspheres with controllable pore size.
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Fig. 2 XRD patterns of Mn,Zn, ,COs (x=1, 2/3, 1/2, and 1/3) precursors (a), and SEM images of MnCO; (b), Mn,;3Zn;,;3CO; (c), Mn;2Zn;2,COs (d), and

Mn1/3an/3C03 (e)

Crystal structures and morphologies of Mn,Zn,_CO; (x=1,
5 2/3,1/2, and 1/3) precursors

The X-ray diffraction (XRD) patterns (Fig. 2a) present the
crystallographic structures of four Mn,Zn;_,COj; precursors. The
diffraction peaks of these precursors can be indexed as a
hexagonal structure with a R3¢ space group corresponding to
10 MnCO; (JCPDS No. 44-1472). The peak positions of Mn,Zn,_
CO;3 (x=2/3, 1/2, and 1/3) are just located between those of
MnCO; and ZnCOj;, and shift to higher 26 values with the
increase in the Zn/Mn molar ratio of the precursors. The results
indicate these precursors are the solid solutions of MnCO; and
15 ZnCO;.
The scanning electron microscope (SEM) images of Mn,Zn,_
CO; (x=1, 2/3, 1/2, and 1/3) (Fig. 2b—e) show that these
precursor materials are composed of microspheres with a uniform

(@
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MnO/C-2

|

MnO/C-1

'lJ _
1

e
L

A A
JCPDS No. 07-0230 MnO

20 30

distribution and the average diameter around 2 pm. The

2 corresponding  high-magnification SEM images of these
microspheres (Fig. 2b—e, insets) illustrate that the precursor
microspheres have rough surfaces and consist of primary
nanoparticles. From the control experiment where Mn,;3Zn;,;CO;
was prepared without the aid of ultrasonic, the aggregates and

25 irregular-shaped particles are found in this precipitate (Fig. S1). It
is confirmed that the ultrasonic in the co-precipitation process
plays a vital role in the formation of Mn,Zn;_CO; microspheres
with a high uniformity.

Crystal structures and morphologies of MnO/C composites

30 Fig. 3a displays the XRD patterns of four MnO/C composites
(described as MnO/C-1, MnO/C-2, MnO/C-3, and MnO/C-4)
prepared from the corresponding Mn,Zn,_ COs (x=1, 2/3, 1/2, and

Fig. 3 XRD patterns of four MnO/C composites (a), and SEM images of MnO/C-1 (b), MnO/C-2 (c), MnO/C-3 (d), and MnO/C-4 (e).
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1/3) precursors, respectively. All the peaks of these products can
be indexed as a cubic phase of MnO with a space group of Fm3m
(225) (JCPDS No. 07-0230). The five diffraction peaks located at
26=34.9°, 40.5°, 58.7°, 70.2°, and 73.8° are assigned to the (111),
(200), (220), (311), and (222) lattice planes of MnO, respectively.
No impurity phase is found. The crystal sizes of MnO/C
composites are estimated by using the Scherrer’s equation based
on the half-width of the (200) reflection. These composites have
the similar crystal sizes as the calculated crystallite sizes of
MnO/C-1, -2, -3, and -4 are 38, 30, 33, and 31 nm, respectively.
It is noticed that the Zn/Mn molar ratio of the precursors has little
impact on the crystal size of the resultant MnO/C composites. In
the topochemical conversion, the annealing conditions
(temperature and time) are crucial for the remove of ZnCO; and
the maintenance of porous network. As shown in Fig. S2, short
annealing time and low heating temperature are not beneficial for
removing ZnCOj;, while high temperature causes the shrinkage
and the solidification of microspheres (Fig. S3), resulting in a
large decrease of porosity.>® The optimal heating temperature and
annealing time are 650 °C and 5 h, respectively.

TEM

HRTEM

SEM

MnO/C-1

Fig. 4 TEM, HRTEM, cross-sectional SEM images of MnO/C microspheres.
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Fig. 3b—e present the SEM images of four MnO/C composites.
As displayed in Fig. 3b—e, these composites have similar
morphologies with the precursors, indicating that the spherical
morphologies are perfectly kept after the calcination process. The
average diameter of MnO/C microspheres is about 1.5 pm and
slightly smaller than that of the corresponding precursors. The
high-magnification SEM images (Fig. 3b—e, insets) show that
these microspheres remain rough surfaces and consist of
nanosized subunits. The carbon contents of MnO/C-1, -2, -3, and
-4 composites, determined by the elemental analyzer, are 6.51%,
5.18%, 5.71%, and 5.35%, respectively. Fig. S4 depicts the SEM
images of bare MnO sample prepared from Mn;,Zn,;,CO;
precursor in the absence of glucose. The broken microspheres are
found in this MnO sample. Meanwhile, the primary particle size
is larger than that of MnO/C-3. Therefore, the carbon coating
assists the preservation of the spherical morphology of MnO/C
composites during the topochemical conversion. The growth of
primary particles is also restricted by the carbon coating to
shorten the diffusion distance of Li* for the improvement of the

40 rate capability of MnO/C composites.

MnO/C-2

MnO/C-3 MnO/C-4

This journal is © The Royal Society of Chemistry [year]
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Porous structures of MnO/C microspheres

The transmission electron microscope (TEM) is applied to
examine the structures and crystallographic characteristics of
MnO/C microspheres. As seen in Fig. 4a—d, the pore volume in
the MnO/C microspheres obviously is increased with increasing
the Zn/Mn molar ratio of the precursors from 0 to 2, while porous
network architectures are formed inside these microspheres. The
results confirm that ZnCOj in the precursors acts as the porogen
to successfully generate more voids in the microspheres through
the topochemical conversion. In comparison with the uniformly
distributed pores in the other MnO/C composites, the porous
structure of the MnO/C-4 microsphere possesses randomly
distributed pores and some aggregated nanoparticles. Fig. 4e-h
depict the high resolution TEM (HRTEM) images taken from the
outside edges of four MnO/C composites. The atomic layers of
MnO/C-1, -2, -3, and -4 have the d-spacing values of 0.220,
0.256, 0.254, and 0.258 nm, which are assigned to the (200),
(111), (111), and (111) reflections of MnO, respectively.
Moreover, the surfaces of MnO crystals are uniformly covered by
an amorphous carbon coating of 1-3 nm.

The cross-sectional SEM images of MnO/C microspheres (Fig.
4i-1) clearly display the internal nanostructures of MnO/C
composites. These MnO/C composites present abundant
nanosized pores which distribute throughout the micrometer-
sized MnO/C spheres. The primary nanoparticles are connected
with each other to form the 3D network. In coincidence with the
TEM results (Fig. 4a—d), MnO/C composite has an obvious
increase in the pore size with increasing the Zn/Mn molar ratio of
the precursors. The results confirm the rationality of presented
strategy for the synthesis of well-defined porous MnO/C
composites and the control of porous structure by adjusting the
Zn/Mn molar ratio of the precursors.
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Fig. 5 Nitrogen adsorption-desorption isotherms for four MnO/C

35 composites, the inset shows the corresponding pore size distributions.
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Table 1 Physical properties from N, sorption studies of porous MnO/C
microspheres.

Sample Pore size Pore volume Specific surface area
(nm) (cm’ g (m’ g

MnO/C-1 14.9 0.152 85.0

MnO/C-2 17.5 0.324 1114

MnO/C-3 21.0 0.389 109.7

MnO/C-4 31.8 0.449 104.6

The pore structures and the Brunauer-Emmett-Teller (BET)
surface areas of MnO/C composites were further investigated by
the nitrogen sorption technique. As shown in Fig. 5, these MnO/C
composites exhibit the typical IV isotherms along with the
obvious H2 hysteresis loops, indicating the presence of pores in
these samples. The corresponding pore size distributions of
MnO/C composites, which are derived from the adsorption
branches, are illustrated in the inset of Fig. 5. The physical
properties of four MnO/C microspheres are listed in Table 1.
While the Zn/Mn molar ratio is increased from 0 to 2, the pore
size of the resultant MnO/C composites can be tuned from 14.9 to
31.8 nm. Accordingly, the pore volumes of MnO/C composites
also can be regulated in the range from 0.152 to 0.449 cm® g™'.
The increasing trends in the pore size and the pore volume are in
accordance with the TEM and SEM images in Fig. 4.
Additionally, MnO/C-1, -2, -3, and -4 have the high specific
surface areas of 85.0, 111.4, 109.7, and 104.6 m’ g’l,
respectively. In comparison with those reported MnO materials
(Table S1), four MnO/C composites all have higher specific
surface areas owing to 3D porous architectures. It is revealed that
the regulating element, the Zn/Mn molar ratio of the precursors,
can be used to tune the physical properties of MnO/C
microspheres.

Electrochemical MnO/C

materials

performances of the porous

We investigated the impact of the porous structure on
electrochemical properties of MnO/C materials in detail. Fig. 6a
presents the cycling performances of four MnO/C materials at the
charge and discharge current densities of 200 and 800 mA g,
respectively. It is found that the capacity of MnO/C-1 decays
with cycling, and MnO/C-2 also displays a decreasing capacity
when the capacity reaches to the maximum value. The reversible
capacities of MnO/C-3 and MnO/C-4 increase gradually within
the initial 30 cycles, and then remain stable in the following
cycles. The capacity increase of MnO/C-3 and -4, which is
consistent with the increasing peak intensity in the corresponding
CV curves (Fig. S5), is mainly ascribed to the activation of the
electrode materials®'***7 and the formation of higher oxidation
state products (Fig. S6)."%% After 100 cycles, the capacities of
MnO/C-1, -2, -3, and -4 are retained 68.2%, 94.5%, 110.1%, and
121.0% of the corresponding second cycle discharge capacities,
respectively. The SEM and TEM are applied to further examine
the morphologies of MnO/C materials after 100 cycles and
explore the impact of the structure stability on the cycling

This journal is © The Royal Society of Chemistry [year]
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Fig. 6 Cycling stability (a) and rate capability (b) of four MnO/C
materials. The cycling behaviors are tested at the charge and discharge
current densities of 200 and 800 mA g', respectively.

of materials. Fig. 7a,b show that the microspheres of
MnO/C-1 and MnO/C-2 collapse after intensive cycling. It is
supposed that the void spaces in MnO/C-1 and MnO/C-2 are not
large enough to reversibly accommodate the volume change
during lithiation and delithiation, leading to the fracture and
pulverization of microspheres. Instead, the original spherical
shapes of MnO/C-3 and MnO/C-4 are preserved (Fig. 7c,d) as the
higher porosities prevent the volume expansion and contraction
of materials. Meanwhile, as shown in Fig. 7e,f, the internal
porous structures of MnO/C-3 and MnO/C-4 are still kept,
indicating the insertion and extraction of lithium ion have little
impact on the porous structures. Therefore, the larger void space
contributes to the superior structure stability of 3D porous
materials, giving rise to the excellent cycling stability.

The rate capabilities of four MnO/C materials with various
pore sizes are shown in Fig. 6b. MnO/C-1 displays the relatively
lower specific discharge capacities at the current densities of
100-3200 mA g'. It is supposed that the small pores of MnO/C-1
cause a restricted access of the electrolyte to active material.
While increasing the Zn/Mn molar ratio of precursors from 0.5 to
2, the resultant MnO/C-2, -3, and -4 with enlarged pore size have
the obvious increase in the reversible specific capacities due to
the improved electrolyte transport. At low current density of 100
mA g, MnO/C-2, -3, and -4 have the high specific capacities of

30 865, 846, and 813 mAh g’l, respectively. When the current

(b) MnO/C-2

composites after 100

cycles.

density increases to 3200 mA g ', MnO/C-2, -3, and -4 exhibit
s the specific capacities of 295, 406, and 221 mAh g,
respectively. MnO/C-3 shows the best rate performance as the
stable porous structure and the appropriate pore size can facilitate
Li" transport in the electrolyte phase. The results reveal that the
pulverization of MnO/C-2 microspheres (Fig. 7b) has a negative
40 influence on the electrolyte diffusion. It is also demonstrated that
the aggregation of particles (Fig. 41) deteriorates the rate
capability though MnO/C-4 with larger pore size provides more
void space as the reservoir for lithium ions. Therefore, the 3D
porous network of MnO/C-3 with nanosized primary particles,
45 high specific surface area, and optimized pore size makes the
most efficient enhancement in the rate performance. The rate
capability of MnO/C-3 is superior among those of the reported
MnO materials (Table S2). The research results prove that the
electrochemical performance of MnO/C materials can be
so effectively controlled by tuning the pore size of materials.

Conclusions

In this work, we successfully developed a novel template-free
strategy to prepare the 3D porous MnO/C microspheres with
controllable pore size. The Zn/Mn molar ratio of Mn,Zn,_,CO;
ss precursors is a crucial regulating element to achieve the

6 | Journal Name, [year], [vol], 00—00
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formation of tunable 3D porous network in MnO/C microspheres
for controlling the electrochemical performances of MnO anode
materials. MnO/C-3 exhibits the superior rate cappability and
excellent cycling stability, which is ascribed to the unique stable
porous architecture with nanosized features and optimized pore
size. We anticipate that our strategy can also be applied to
prepare a series of other candidate electrode materials with
controllable pore size for high-performance lithium ion batteries.
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3D porous MnO/C anode materials with controllable pore size are synthesized for
effectively optimizing the electrochemical performance.
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