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Abstract In this article, Ag1.8Mn8O16 microcrystals assembled from nanosphere building blocks

were successfully fabricated via a one-pot hydrothermal route using silver nitrate and potassium

permanganate as raw materials. The particles were characterized by X-ray powder diffraction

(XRD), energy dispersive X-ray microanalysis (EDX), field emission scanning electron microscopy

(FE-SEM), transmission electron microscopy (TEM), high-resolution transmission electron micros-

copy (HR-TEM), cyclic voltammogram, galvanostatic charge–discharge and Nyquist plane plot.

Ordinary differential equations (ODEs) and the electrode kinetics were used to investigate the syn-

thesis and electrochemical activity. The as-prepared Ag1.8Mn8O16 microspheres reveal the highest

reversible discharge capacity �1468 mAh even after 100 cycles in the potential range of 3.4–4.2 V

and the best cycling stability.
ª 2014 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction

Rechargeable Li-ion batteries are widely used in multifarious
applications which include portable electronic devices, toys,
mobile phones, laptop, watches . . . etc. They are also expected

to power electric vehicles in the near future due to their ability
to provide fast response to energy demand, ease for sitting and
their high energy efficiency (Aronson et al., 1999; Choi et al.,

2012; Cairns and Albertus, 2010). Micro/nanometer-scale
materials often exhibit intriguing physical and chemical prop-
erties that are rarely present in bulk materials. The controlled
synthesis of inorganic micro- nanostructures with well-defined

shapes and sizes has attracted increasing interest because of
their widespread potential applications, including batteries
(Lou et al., 2008; Wu et al., 2006; Zeng et al., 2007), sensors

(Wingert et al., 2007; Zhao et al., 2006; Gao et al., 2008), catal-
ysis (Yu et al., 2007; Li et al., 2007), drug delivery (Zhu et al.,
2005; Cai et al., 2007; Ma et al., 2008), and biomedical imaging
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Figure 1 (a) XRD pattern of Ag1.8Mn8O16 product synthesized

by hydrothermal process at 140 �C for 14 h and (b) the standard

data from JCPDS card No. 18–0802.
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(Chen et al., 2005; Caruso et al., 1998; Lou et al., 2008). In
recent years, great effort has been exercised to fabricate
nanomaterials with different shapes. The simplest synthetic

method to obtain these structures is probably self-assembly,
in which ordered aggregates are formed in a spontaneous
process.

Among different kinds of transition metal oxides, manga-
nese oxide nanomaterials are of great importance in magnetic,
catalyst, ion-exchange material, electrochemistry and batteries

(Vries et al., 2002; Ma et al., 2004; Han et al., 2006; Zhu et al.,
2008; Ragupathy et al., 2010). More recent battery research
and development have focused on rechargeable lithium and
lithium-ion battery chemistries, which offer the advantages

of higher voltages and higher energy densities with the ever-
increasing power and energy needs of advanced consumer elec-
tronics and related technologies (Thackeray, 1997; Benhaddad

et al., 2009; Messaoudi et al., 2001). The intense interest in
manganese oxides for battery applications is driven by their
low cost and low toxicity, particularly when compared to other

metal oxides of relevance for batteries such as nickel- and
cobalt-oxides. They have a relatively long history in the world
of battery chemistry, dating back to the work of Leclanché in

the 1860s, which ultimately formed the basis for the now-ubiq-
uitous primary alkaline cell (Bélanger et al., 2008). As a gen-
eral class of materials, manganese oxides exhibit a very rich
chemistry and can be synthesized in dozens of crystalline and

disordered forms, each with distinctive physical and electro-
chemical characteristics (Nagaraju et al., 2008; Ma et al.,
2007. However, the selection of transition metal ions incorpo-

rated in the framework of manganese oxides can improve the
conductivity properties of the semiconductor material
(Brousse et al., 2004; Yin et al., 2011; Sawangphruk et al.,

2012; Zhang et al., 2004). The doping elements such as bis-
muth, vanadium, magnesium and cobalt into manganese oxi-
des to be introduced serve to vary the conductivity

properties of the semiconductor material (Nakayama et al.,
2005; Bach et al., 1995; Hashem et al., 2011; Aronson et al.,
1999; Tsuda et al., 2002). Dopant metal such as silver into bir-
nessite not only stabilizes the layer structure but also it

increased the conductivity efficiency (Ahn et al., 2008).
Herein, in this paper, we report the preparation of Ag1.8-

Mn8O16 microcrystals assembled from nanosphere building

blocks for the first time using the simple hydrothermal route.
The varieties of techniques were employed to estimate the crys-
tal structure, morphology and electrochemical property of

product. Based on the time dependent experiments, we note
that the formation of the as-prepared microstructure can be
accompanied by the Ostwald ripening process and re-
crystallization mechanisms. Their electrochemical property of

Ag1.8Mn8O16 microcrystals as cathode material for lithium
ion battery has been addressed. ODEs and the electrode kinet-
ics theoretic were also estimated.

2. Experimental section

2.1. Synthesis and characterization of the sample

For the synthesis of silver manganese oxide microcrystal, all

chemicals were of analytical grade from Shanghai Chemical
Reagents Co., China. In the typical synthesis process, 1 mmol
of KMnO4 and 0.25 mmol of AgNO3 were dissolved in 35 ml

deionization water. The solution was stirred for 10 min at
room temperature and then transferred into a 40 ml Teflon-
lined stainless steel autoclave sealed at 140 �C for 14 h. The
autoclave was cooled to room temperature naturally when

the reaction time was finished. The product was collected by
centrifugation at 8000 rpm for 5 min and washed with distilled
water and absolute ethanol several times to remove the exces-

sive reactants and byproducts, followed by drying in a vacuum
at 50 �C for 24 h.

Characterization techniques such as X-ray diffraction

(XRD, Panalytical v’Pert Pro., Netherlands), use a Cu target
(CuKa = 1.5418 ) at an angular 2h speed of 2� per minute.
EDAX Eagle III energy-dispersive micro-XRF (mXRF) spec-
trometer was used to identify the elements present. Field emis-

sion scanning electron microscope (FESEM) observations
were performed on a FEI Sirion 200. Transmission electron
microscopy (TEM) images were collected using a Tecnai

G220, Netherlands. High-resolution transmission electron
microscopy (HR-TEM) images were carried out on a JEM-
2010 FEF TEM.

2.2. Electrochemical measurements

Electrochemical characterizations were carried in lithium foil

was used as both the counter and the reference electrodes.
The composite electrodes were prepared by 80% silver manga-
nese oxide powder and acetylene black 10% was mixed with
10% poly(tetrafluoroethylene) (PTFE) binder in ethanol sol-

vent. The composite material was mixed and pressed with a
twin roller and then dried under vacuum at 60 �C for 24 h.
Finally, the cathode was prepared by pressing the composite

into film. The electrolyte solution of 1 M LiClO4 was dissolved
in ethylene carbonate (EC) and a (1:1 by volume) mixture of
EC and diethylene carbonate (DEC), respectively. Because

lithium is very sensitive to oxygen and causes fire, the cell must
be fully purged and refilled with argon gas. The galvanostatic
charge–discharges were measured in the voltage of 3.4–4.2 V.

3. Results and discussion

3.1. Morphology and structure

Fig. 1(a) shows the typical powder XRD pattern of the as-syn-
thesized product. Diffraction peaks are assigned to Ag1.8Mn8-
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O16 tetrahedral structure with lattice parameter of a = 9.725
and c= 2.885 (JCPDS No.77–1987) (Fig. 1(b)). The interpre-
tation of the powder X-ray diffraction data is often limited to

the analysis of the reflection position and the comparison
between the interlayer distance and the size of the intercalated
molecule, so EDAX spectra occurred in Fig. 2. From figure,

the ratio of Ag to Mn elements is about 0.8:1. The peaks at
2.98 and 3.16 keV results are attributed from AgLa1 and
AgLb1, respectively. Furthermore, the peaks at 5.90 and

6.5 keV represented the MnKa1, and MnKb1, respectively.
The crystal structure of silver manganese oxide (insert a
X-ray energy (Kev) 

Figure 2 EDAX spectrum of Ag1.8Mn8O16 samp

Figure 3 (a) Low- and (b) high-magnification of FE-SEM images; (c

prepared Ag1.8Mn8O16 microsrystals.
Fig. 2) shows MnO6 octahedra and O–Ag–O sticks (Koriche
et al., 2007).

Fig. 3(a) shows the typical field emission scanning electron

microscopy (SEM) images of the surface of Ag1.8Mn8O16

microcrystals. It is found from figure, the edge size of micro-
crystals is about 5.5 lm and length around 10.5 lm.

Fig. 3(b) shows the high panoramic SEM image of Ag1.8Mn8-
O16. The close-up SEM image in figure shows that the sample
okra-like crystal consisted of microspheres in the inner side.

The microsphere has a diameter size of 1–1.5 lm. The mor-
phology of microcrystal is also investigated by TEM images
(Fig. 3(c)), which is in agreement with the FE-SEM observa-
Element Wt% At%

AgL 38.84 15.51

MnK 61.16 84.49

AgK 00.00 00.00

le by hydrothermal process at 140 �C for 14 h.

) TEM and SAED (inset) patterns; (d) HR-TEM images of the as-



Figure 4 FE-SEM image of the as-prepared samples by hydro-

thermal route at 140 �C for different times (a) 5 h, (b) 8 h and (c)

10 h.
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Figure 5 (a) Discharge–charge voltage profiles and (b) specific

capacities of Ag1.8Mn8O16 microcrystals.
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tion. It also indicates that the samples consist of many Ag1.8-
Mn8O16 microspheres. The selected area electron diffraction
(SA-ED) pattern inserted in Fig. 3(c) shows that product has
a polycrystalline structure. The HR-TEM crystallographic

analysis in Fig. 3(d), reveals interplanar spacing of the lattice
fringes is 0.473 nm, corresponding to the {200} plane of tetra-
hedral silver manganese oxide.

To thoroughly investigate the evolution process of the
microstructures, time-dependent experiments were carried
out by keeping all other conditions constant. Small particle

crystals precipitate with an average size 50–60 nm when the
reaction time is following for 5 h (Fig. 4(a)). When the time
is increased to 8 h, the product collected together to form hier-

archical like microstructure on liquid phase precipitates
(Fig. 4(b)). When the reaction time is prolonged to 10 h, the
hierarchical structures are converted to spherical-like struc-
tures (Fig. 4(c)). Based on the above experimental results

and reports in the literature Ma et al., 2011; Bao et al., 2007,
suggest that the formation of silver manganese oxide micro-
spheres maybe accompanied by the Ostwald ripening process

and re-crystallization mechanisms. Owing to the energy differ-
ence, Ostwald ripening includes the formation of aggregates
with primary crystallites, followed by the gradual migration
of crystallites through a re-crystallization process. A three-step

growth model is proposed to display the formation of such a
sphere nanostructure. In the first step, the potassium perman-
ganate was reduced by water to obtain K-birnessite particles.

In the second step, the particles appeared in the solution,
and they might act as the primary particles for the formation
of sphere particle structure. Then sphere crystallites of the

aggregate went to the solid silver manganese oxide microcrys-
tals by ionic exchange as in the third step. Due to dissolution
re-crystallization process, the hole of microstructures may
have occurred.

3.2. Electrochemical application

The electrochemical performances of the as-prepared silver

manganese oxide microspheres were studied subsequently.
The galvanostatic charge/discharge curves of the initial voltage
profiles of the silver manganese oxide electrodes with excessive

lithium content x are probed in LiClO4 electrolyte under a
charge–discharge current density of 0.2 mA and potential
range of 3.4–4.2 V (Fig. 5(a)). The initial discharge and charge
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specific capacity are 1468 and 1239 mAh, respectively. The CV
curves are shown in Fig. 5(b), reveals that the discharge spe-
cific capacity exhibits slight drop after every discharge cycle

the discharge specific capacity at the 100th cycle is still remain
of 1239 mAh. This result is better than that prepared of
undoped material such as KMn8O16 nanorods (Zheng et al.,

2013) and it also indicates that the silver manganese oxide
composite has a good cycling behavior and electrochemical
impedance technique. As illustrated in Fig. 6(a), the cyclic vol-

tammograms of silver manganese oxide microspheres have evi-
denced for the intercalation–deintercalation process of cathode
material which may be as follows:

x Liþ þ Silver manganese oxideþ xe�

$ Lix silver manganese oxide

The electrode voltage can be affected on rate of the electron
transfer is increased the reaction rate and therefore the current

will increase exponentially means that the possible to pass
unlimited quantities of current. Of course in reality this does
not arise and this can be rationalized by considering the

expression for the current that we encountered in the electrode
kinetics section: {ic = �nFAkred[O]o}; where (A) is electrode
area, kred rate constant and [O]o the surface concentration of
the reactant. Nyquist plane plot of the as-prepared material

is exhibited in Fig. 6(b), nearly straight line characteristic of
a diffusion-limiting step in the electrochemical process. The
mid-frequency semicircle is considered as the charge-transfer

impedance on electrode–electrolyte interface with less resis-
tance. However, the capacity is much higher than the incorpo-
ration metals such as magnesium and cobalt into birnessite

electrodes (Aronson et al., 1999; Tsuda et al., 2002). Additive
elements such as cobalt, vanadium, carbon black or Nafion
into birnessite can improve the cycle ability of the material
activity even at a high rate, owing to the enhanced electrical

or ionic conductivity (Matsuo et al., 2005; Liang et al., 2004;
Yang et al., 2002). Recently studies the conductivity of manga-
nese dioxide can significantly be increased by the morphology

phase and Ag additive in framework of manganese dioxide are
affected on the electrochemical capacitor of Li ion battery
(Ahn et al., 2008). In non-equilibrium hydrothermal dynamics,

chemical reactions between the constituent reactors must be
modeled along with the thermodynamics, required in certain
Figure 6 (a) Cyclic voltammogram and (b) Nyquist plot of Ag1.8Mn8
regimes of hypersonic aerodynamic modeling. Hence restrict-
ing our attention to in method condition, we have essentially
the Euler equations of solution dynamics, coupled with source

terms representing the chemistry. In two space dimensions
these equations take the form (LeVeque and Yee, 1990):

ut þ fðuÞx þ gðuÞy ¼ WðuÞ ð1Þ

where u is the vector of dependent variables including momen-

tum, energy, and concentrations for each species in the react-
ing mixture; f and g describe the dynamics as in the Euler
equations while the source term W (u) arises from the chemistry

of the reacting species. The classical participate of ordinary dif-
ferential equations (ODEs) arises in modeling chemical kinet-
ics with uniform stirred reactor where the hydrodynamics

terms drop out given:

ut þ ux ¼ WðuÞ ð2Þ

With

WðuÞ ¼ luðu� 1Þðu� 1=2Þ ð3Þ

This is the linear advection equation with a source term that is
stiff for large l. Along the characteristic x= xo + t, the solu-
tion to (2) evolves according to the ODE.

ðd=dtÞuðxo þ t; tÞ ¼ W½uðxo þ t; tÞ� ð4Þ

with initial data u(xo,0). This equation has stable equilibria at
u= 0 and u = 1 and an unstable equilibrium at u= 1/2. For

large p and arbitrary initial data the ODE solution consists of
a rapid transient with u approaching 0 (if u(xo,0) < 1/2) or 1 (if
u(xo,0) > l/2). W(u) could also be considered. The model cor-

responding is more closely to ignition temperature kinetics.

WðuÞ ¼
�lðu� 1Þ if u > 1=2

0 if u < 1=2

�

According to ODE controller, the energy conversion is the
simultaneous shuttling of electrons to and from electrodes
via complementary chemical reactions. During discharge, elec-

trons are delivered from the cathode through an electrolyte
medium by reduction and oxidation reaction is given good
electrochemical characterization. On the other hand, XRD

analysis and FE-SEM images of the as-prepared cathode were
investigated. Fig. 7 shows the morphology and structure of as-
O16 microcrystals at a scan rate of 0.2 mV/s in a LiClO4 electrolyte.



Figure 7 (a) XRD pattern and (b) FE-SEM images on the activity of the prepared cathode.
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synthesized cathode is changed by additive materials such as
acetylene black and PTFE. These results confirm that silver
may increase the manganese oxide skeleton and conductive

ability. The excellent electrochemical performances of silver
manganese oxide microspheres cathode materials are attrib-
uted to the peculiar structures. The particle structures reduce

Li+ diffusion length and improve the ionic diffusion.

4. Conclusion

In summary, silver manganese oxide microcrystals were pre-
pared by hydrothermal reaction. The morphology of Ag1.8-
Mn8O16 microcrystals is okra-like crystal in shape consisting

of microspheres in the inner side. The Ostwald ripening pro-
cess and re-crystallization mechanisms were suggested to
address the formation of the as-prepared microstructure. The

silver manganese oxide microcrystals showed the highest dis-
charge capacity, best electrochemical performance, and high
rate capability. After 100 cycles, the electrode exhibited a
reversible discharge capacity up to 1468 mAh with a current

density of 0.2 mA. Also ordinary differential equations
(ODEs) dependent variables including momentum, energy
and concentrations for each species in the reacting mixture

are predicted a good electrochemical characterization of this
material.
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