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The highly crystallized5-MnO, with the narrowest [1x 1] channels prepared by direct thermal
decomposition of Mn(Ng), does not provide much capacity due to the poor kinetics of the lithium
intercalation/deintercalation process. In the present work, we report the preparation and electrochemical
performance of an ordered mesoporg@e§inO, as a positive electrode for rechargeable lithium batteries.
The well-ordered mesoporogsMnO, prepared using mesoporous silica KIT-6 as a template by thermal
decomposition of Mn(N@), exhibits high initial capacity, reaching a chemical composition @f74i
MnQO,, and it also shows a good rate capability and cycling ability. The correlation between the specific
mesoporous structure and the superior electrochemical performance was discussed in detail.

Introduction The morphology and surface area of particles within an
o o electrode have a profound effect on the electrochemical
Manganese dioxides exists in many forms, for example, properties of a material. By creating electrode materials with
the hollandite structured-MnO, with [2 x 2] and [1x 1] unique nanostructure, the electrochemical performance of
channels, rutile structurg®#MnO, with the narrowest [« 1] many materials has been markedly impro¥&d? In recent
channelsy-MnO; containing domains of intergrowftMnO,, years, with the rapid development of mesoporous nanostruc-
ramsdellite MnQ with large [1 x 2] channels, and spinel e, the synthesis of electrode materials with mesoporous
structured-MnO, with a three-dimensional network of  pnanostructure has attracted intensive attention and shown
channels. Most of manganese dioxidesMnO,, y-MnO,, great promise for boosting the performance of rechargeable
and 2-MnO,, can accommodate significant lithium in the |ithjum-ion batteries. It has been found that the resulting
structure, giving a large capacity as a cathode material for energy density, cycle life, and rate performance of recharge-
lithium batteries.™” However,3-MnO, with the narrowest  gpje |ithium-ion batteries are dramatically improved by the
[1 x 1] channels among the channel-type manganese family nique mesoporous nanostructure of the active materials in
does not provide much capacity due to the poor kinetics of g electrodd?-26 since the larger specific surface area of

the lithium intercalation/deintercalation process when highly tnese materials leads to higher current density and the thin
crystalline products prepared by direct thermal decomposition
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pore wall can reduce the lithium ion diffusion path. In addi- at 350°C for 5 h. Thes-MnO, with ordered mesoporous structure
tion, the mesoporous structure facilitates the fast transportwas obtained through the solution etching of silica framework by
of electrolyte with lithium ion and can also act as a buffer @ 2 M NaOH solution. Centrifugation was preferred to separate
layer to alleviate the volume expansion of the electrode the final products, and washing vv_ith distilled water and ethanol
materials during lithiation/delithiation. was also performed. The conventiofgMnO, was prepared by

N i terial ially t it directly calcining Mn(NQ)2*H,O at 350°C for 5 h. Small-angle
on-siliceous mesoporous materiais, especially ransition- , wide-angle XRD measurements were performed on a Rigaku

metgl oxides, Cap be p_repared using a so-callled soft tem-p/max-1a X-ray diffractometer using Cu K radiation. SEM
plating method in a similar way to synthesize ordered jmages were obtained on Philip XL30. TEM was performed using
mesoporous silica. However, direct synthesis of these kindsa JEOL JEM-2010 electron microscope. Nitrogen adsorption
of mesoporous materials is quite difficult because, compareddesorption measurements were performed on a Micromeritics Tristar
to silica, the surfactant/oxide composition precursors are often3000 system at 77 K.

susceptible to lack of condensation, redox reactions, or phase Electrochemical MeasurementsThe charge/discharge test was
transitions accompanied by the thermal breakdown of the characterized in a CR2032-type coin cell. Metallic lithium was used
structural integrity?’-3* Another method, using the hard @S the negatiye electrode. The workiqg eIectrer was fabricated
templates to nanocast non-siliceous materials, has also beeffy ComMPressing a mixture of the active materials (mesoporous
developed in the recent yed#s Bruce's group has recently ~ ~-Mn©z or conventionafi-Mn0y), conductive material (AB), and

binder (poly(tetrafluoroethylene) (PTFE)) in a weight ratio of

been successful in using the three-dimensional caged me'ﬁ-MnozlAB/PTFE: 16:3:1 onto an aluminum grid at 10 MPa.

soporous silica, KIT-6, to SY“theS'Ze ordgrgd MESOPOrOUS The glectrodes were punched in the form of disks typically with a
metal oxides and even alkali metals containing oxides. diameter of 12 mm. The typical mass load of the active material is
Herein, we for the first time report the synthesis of a highly about 10 mg/ci The electrode was dried at 120 for 12 h before
ordered mesoporou8-MnO, and test its electrochemical assembly. The cell assembly was operated in a glovebox filled with
performance as a cathode material for lithium batteries by pure argon. The electrolyte solution svdd M LiPR/ethylene
means of cyclic voltammetry and a galvanostatic method and carbonate (EC)/dimethyl carbonate/ethyl methyl carbonate (1:1:1
compared the results with those of conventightainO, by by volume). Lithium insertion into Mn@electrode was referred
directly calcining Mn(NQ),*4H,0 at 350°C. The results to as qlischarge, and_ extraction was refgr.red to_as charg_e. The (_:ell
demonstrate that th&MnO, with mesoporous nanostructure capacity was determined by only the po_smve at_:tlve material. Cyclic
exhibits high initial capacity, giving rise to a composition voltammogram§ (Q\/_s) were characterized using a three-electrode

. . cell; the metallic lithium was used as the counter and reference
of L_|°'75,\_/|no_2’ gnd_a good rate dlsqharge performance and electrodes. The experiments were performed using a Solartron
cycling life, indicating thaj3-MnO, with mesoporous nano-  |nstryment model 1287 electrochemical interface controlled by a
structure is a promising cathode active material for advancedcorr]puter at a scanning rate of 0.1 mV/s.
rechargeable lithium batteries.

Results and Discussion

Experimental Section Following the synthesis procedure given in the experi-

Sample Preparation and Characterization.The 8-MnO, with mental section, a mesoscopically ordered arrag-6inO,
regular mesoporosity was synthesized using mesoporous silicawas obtained. Figure 1A shows the small-angle X-ray
KIT-6 as a template. Mesoporous silica KIT-6 was prepared accord- diffraction (XRD) pattern of thg8-MnO.. The characteristic
ing to the reported proceduf®® In a typical synthesisé g of diffraction peaks of the la 3d cubic structure of the meso-
Mn(NOs)2+4H;0 (50%) was dissolved in 25 mL of ethanol, and  horous-MnO, can be observed although the higher-order

thenlg ?K'T'e Y"ﬁs adgeﬂ to the abé)"e solution. The mti)xn!red_reﬂections are not very pronounced or well-resolved. The
was stirred overnight, and then a powder specimen was obtaine 'wide-angle XRD patterns of the as-synthesized mesoporous
the solid was then calcined in a muffle furnace with a heating rate

of 1 °C/min from room temperature to 33C and then maintained and conventlonaﬁ-Man are s_h(_)wn Ir.] Figure ;LB' It can .
be observed that there is no distinct difference in peak posi-

tion of the two products, whereas the peak intensity rather

(26) Yoshio, M.; Wang, H. Y.; Fukuda, KAngew. Chem., Int. E@2003

42, 4203. differs from one to the other. A little broadening of the peaks
gg gglhefm:; %?rgém%tgzﬂgqll_égé gﬁ&é_ PatariChem. Re. 2002 for the mesoporous sample is owed to the very fine grain

102 4093, T T T size and defect along the channel produced in the decom-
(29) g/glgk, A. S.; Duncan, M. J.; Bruce, P. G. Mater. Chem2003 9, position process. Both the diffraction peaks of the two

(30) Jiao, F.: Bruce, P. Gngew. Chem., Int. E®004 43, 5958 products can be readily indexed to the pure tetragonal phase
(31) Wang, Y. Q.; Yang, C. M.; Schmidt, W.; Spliethoff, B.; Bill, E;  Of 5-MnO; [space grougP4,/mnn]. No peaks from other
Schith, F. Adv. Mater. 2005 17, 53. phases have been detected, indicating that the products are

32) Ryoo, R.; Joo, S. H.; Jun, 3. Phys. Chem. B999 103 7743. . . . ,
§33§ Ti};:m, B. Z,; Liu, X. Y.; Yang, H.yF.; Xie, S. H.; \%u, g 2 Tu, B.. Ofhigh purity. According to Scherrer’'s method, one deduces

Zhao, D. Y.Adv. Mater. 2003 15, 1370. a crystallite dimension of about 25.5 nm along the [110]
(34) 36%03; 3':'2’ \7(;‘8 B. Zhu. K. K.; Zhao, D. Y. He, H.XChem. Lett.  giraction and 19.5 nm along the [002] direction for the
(35) Bruce, P. GSolid State Sci2005 7, 1456. conventionals-MnO,, while about 6.2 nm along the [110]

(36) Jiao, F.; Harrison, A.; Jumas, J. C.; Chadwick, A. V.; Kockelmann, djrection and 1 nm alona th 21 direction for th
W.; Bruce, P. GJ. Am. Chem. So2006 128 5468. direction and 13.5 along the [002] direction for the

(37) Jiao, F.; Shaju, K. M.; Bruce, P. @ngew. Chem., Int. EQ005 44, mesoporoug-MnO; are deduced, suggesting that the meso-
@8) ?((I)S_(t)- E- Chol S He R RChem. G 2003 17, 2136 porousfS-MnQO; tends to be oriented along tleeaxis.

elz, F.; Ol, S. H.; 00, em. Commu s . . . .
(39) Kim, T. W. Kleitz, F.. Payul, B. Ryoo, RJ. Am. Chem. $0@005, Figure 2 compares the scanning electron microscopy

127, 7601. (SEM) images of the mesoporodsvinO, and conventional
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Figure 1. (A) Low-angle XRD pattern of mesoporoysMnO,, and (B)
wide-angle XRD patterns of (a) mesoporous and (b) conventjsivihO,.
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Figure 2. SEM images of (A) mesoporoysMnO; and (B) conventional
B-MnO;.
B-MnOg; both MnG, consist of agglomerated small grains.
The mesoporous-MnO, has a rough surface and smaller
particle, while the convention@MnO; has a larger taping
particle and very smooth surface.

The replication of the KIT-6 silica by Mn©can also be

Luo et al.

Figure 3. TEM images of mesoporoysMnO, viewed down the (A) [111],
(B) [631], (C) [210], and (D) [311] zone axis.
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Figure 4. Nitrogen adsorptiondesorption isotherms at 77 K of (a) meso-
porous$3-MnO; and (b) conventiongB-MnO,. The inset is the pore size
distribution of mesoporous-MnOs.

channels are seen as bright contrast, indicates that the image
is viewed down the [111] zone axis of the KIT-6 related
cubic unit cell and the cell dimension is similar to that of
KIT-6, which is in good agreement with the small-angle
XRD in Figure 1A. Figure 3B-D are other TEM images of
mesoporous3-MnO;, viewed down the [531], [210], and
[311] zone axes of the KIT-6 related cubic mesostruc-
tural unit cell, respectively. Figure 4 shows the nitrogen
adsorption-desorption isotherms of mesoporous and con-
ventional3-MnQO,. The isotherms mesoporofgsMnO, are

of typical IV classification with a clear Htype hysteretic
loop, which is characteristic of mesoporous materials. The
mesoporoug-MnO, sample has a surface area of 84gnt

and a pore volume of 0.38 éng™?, which are much larger
than those of convention@-MnO, with a surface area of
0.6 n? g ! and a pore volume of 0.01 éng L. The pore
size distribution of mesoporoy&MnO, centers at 4.9 and
18.2 nm, while the former reflects the minimum wall thick-
ness of KIT-6 whereas the latter is corresponding to the wall

directly observed in the transmission electron microscopy junctions in KIT-6 or to the pores between the patrticles.

(TEM) images taken along different axes. The hexagonal

Cyclic voltammetry was used to investigate the electro-

image contrast pattern in Figure 3A, where the mesoporouschemical behavior of the highly ordered mesopoignO,.
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Figure 5. CVs of (a) mesoporous-MnO; and (b) conventiongs-MnO,
at a scan rate of 0.1 mv-&
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15 \ ) ) E
0 0 100 150 200 The f-MnO; has a rutile-type structure with tetragonal
Capacity (mAh/g) symmetry as shown in Figure 7A. The oxygen ions form a

Figure 6. First discharge curves of (a) mesopor@sMnO; at a current distorted hexagonal-close-packing array. Single strands of

rate of 0.03 mA/crf (b) mesoporoug-MnO; at a current rate of 0.1 mA/ _ ; ; ; ;
e, (c) mesoporous-MnO, at a current rate of 0. 3 mA/d (d) edge-sharing Mng@ octahedra propagate in a direction

mesoporoug-MnO; at a current rate of 1 mA/ctn(e) mesoporous-MnO, parallel to the crystallographic-axis. Due to this special
at a current rate of 2 mA/ciand (f) a conventional sample at a current  arrangement, Lfi diffusion in the rutile-type structure is

rate of 0.03 mA/crf highly anisotropic. As for the convention3MnO,, although

Figure 5 compared the CVs of the mesoporous and conven-the crystallite dimension is relative small, there is no pore
tional f-MnO; at a scan rate of 0.1 mV-& The trace A between the crystallites for electrolyte to transport ions, as
shows the synthesized ordered mesopoy®h4nO, while shown in the SEM images and BET analyzed above.
the trace B shows the conventional sample produced by directTherefore, the lithiation/delithiation probably proceeds only

decomposition. A pair of redox peaks at 2.6 and 3.2 V versus On the surface of secondary particles about 5 um in size,
Li*/Li was detected on the mesoporgfvinO,, while it and not much capacity is thus expected. But for the
was not observed on the conventional Mn®he reaction ~ Mesoporoug-MnO,, as demonstrated in the a high-resolu-

corresponding the redox peak can be expressed by thelion TEMimage in Figure 7B, there exists &8 nm meso-
equation porous void between the pore walls, and the pore wall

thickness was only-67 nm. Assuming that the Lidiffusion
xLi™ + MnO, + xe~ < Li,MnO, coefficient in thef-MnO, has the same order of that in the

o . same structure rutile TiEXD ~ 1071° m?/s) %42 the rapid
The galvanostatic first discharge behaviors of mesoporous j+ giffusion along thec-axis would suffice for a homog-

and conventiongB-MnO, at a constant current density of  anization of a microcrystalline grain if all tfeeaxis channels
0.03 mA/cnt are shown in Figure 6. The first discharge curve gre available from the surface (mean square displacement
of mesoporoug-MnO, shows a flat plateag in the voltage_ fort=1sis ca. 1Q«m). Therefore, the kinetics-determining
range between 2.9 and 2.6 V, and the discharge capacityprocess is the primary interfacial Liransfer at the meso-
reaches 219 mA hg to an end voltage of 1.5 V. This value  orous wall surface. The uniform mesopores can be easily
is several times larger than that in the reported data of accessed by an electrolyte containing” land the large
B-MnO, with one-dimensional nanostructuteand even  grganic solvent molecules of EC and diethyl carbonate. It

higher than that of the related poor crystalline matefials. hs provides an insertion and extraction space inside
As for conventiona3-MnO,, the first discharge capacity is

less than 30 mA h g, which is consistent with earlier (40) Koudriachova, M. V.; Harrison, N. M.; Leeuw, S. \Rhys. Re. Lett.

report$° that highly crystalline products prepared by direct 2001, 86, 1275. _ o
thermal decomposition of Mn(Ng» do not provide much ~ “) ﬂuz’l\;" S.; Kienle, L.; Guo, Y. G.; Maier, Adv. Mater. 2006 18,

capacity during the lithiation/delithiation. (42) Stashans, A.; Lunell, S.; Bergstroem,fys. Re. B 1996 53, 159.
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B-MnO; along the inner surface of the mesoporous, which

4.0

decreases the effective diffusion path and increases the

effective surface area for insertion/extraction of LThe
result in Figure 7B also shows clearly that the pore wall
consists of a microcrystalline grain oriented preferably along
the c-axis with 6 nm along the [110] direction and 12 nm
along the [002] direction. The result is well-consistent with
that by XRD analysis. As shown in Figure 7B, the11]
channel direction in some particles coincides with the
mesoporous direction, the (110) plane facing the pore, which
is less beneficial for the lithium insertion, but the mesoporous
B-MnO; surface is also dominated by the (002) faces in
which the lithium ion can easily intercalate along thaxis

N w @
n = n

Potential (V vs. Li/Li ")

g
)

channels. This is also the reason why the mesoporous

S-MnO, cannot yet deliver the theoretical capacity of 308
mA h gt even if it shows a higher capacity than that of the
highly crystallizeds-MnO..

Figure 6 also shows the discharge profiles for the first
discharge from the open circuit voltage (OCV, 3.5V) to 1.5
V of the mesoporoug-MnO, at different rates, 0.03, 0.1,
and 0.3, 1 and 2 mA/ctThe discharge capacity decreased
with increased discharge current density. The capacity of the
mesoporoug-MnO; electrode at 0.03 mA/chis 219.4 mA
h g%, while at 0.1, 0.3, 1, and 2 mA/cinit is 189.3, 169.0,
143.6, and 115.2 mA hg, respectively. That means at 0.1,
0.3, 1, and 2 mA/c) the capacity retentions are 86.3, 77.0,

200

150

100

Capacity (mAh/g)

0

65.5, and 52.5%, respectively. Those data of rate capabilities

of the mesoporoug-MnO, are among the highest values
attained for any manganese dioxidés'¢ This result dem-
onstrates the role of mesoporous structure3a¥inO, in

facilitating the fast transport and intercalation kinetics of ©f mesoporoug-MnO; at a current rate of 0.4 mA/cin

Luo et al.
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Figure 8. (A) Charge and discharge profiles of mesoporgu&nO, for
the 1st, 2nd, 6th, 10th, 25th, and 50th cycles at a current rate of 0.4 mA/
cn?; (B) charge and discharge cycle performance and Coulombic efficiency

lithium ions: the ordered arrangement guarantees that a rapid L . .
J 9 P knowledge, these data indicate that the cycling reversibility

charge-discharge process will be complete in a very short
time, resulting in a high specific capacity even at a hig
charge-discharge current.

Figure 8A shows the charge and discharge curves of
mesoporoug-MnO, at a constant current density of 0.4 mA/
cn? for the 1st, 2nd, 6th, 10th, 25th, and 50th cycles after
the first discharge/charge cycle from the OCV to 1.5V and
then from 1.5 to 4 V, and also the cycle performance and
Coulombic efficiency of mesoporoysMnO, can be directly
seen in Figure 8B. The first discharge capacity exceeds tha
of the first charge capacity, and the Coulombic efficiency is
about 95%. The irreversible capacity loss observed here is
due to the fact that a fraction of the lithium ions inserted
during the first discharge become locked within the crystal
structure of3-MnO; for the lattice stabilization purpogé.
There is no doubt, however, the charge/discharge efficiency
was close to 100% on the subsequent cycling, and the
capacity retention was excellent. The mesopo@dnO,
electrode shows a capacity fading of no more than 0.2% per
cycle, decreasing from a capacity of 158 mA h' dn the
first to 142 mA h g? at the 50th cycle. To the best of our

(43) Xu, J. J.; Jain, G.; Yang, J. Electrochem. Solid-State Le®002 5,
A152.

(44) Kim, J.; Manthiram, AChem. Mater199§ 10, 2895.

(45) Kim, J.; Manthiram, AElectrochem. Solid-State Lett999 2, 55.

(46) Kim, J.; Manthiram, ANature 1997, 390, 265.

(47) Sugantha, M.; Ramakrishnan, P. A.; Hermann, A. M.; Warmsingh,
C. P.; Ginley, D. Sint. J. Hydrogen Energ003 28, 597.

h of mesoporoug-MnO;, is better than those of any reported

B-MnO, and among the best for any manganese oxides. It
is well-known that the lattice parametarincreases from
0.440 to 0.454 nm on average with the lithium insertion,
while parametec rarely increase® because tha-axis is
perpendicular to and theaxis is parallel to the direction of
the [1 x 1] channels. The lithium ion insertion results in the
expansion of the lattice perpendicular to theq1] channels.
The expansion of the lattice resulting from the lithium

insertion produces a stress in the particle which will destroy

both the nanoarchitecture and the crystalline structure, thus

inducing poor performance after a number of charge

discharge cycles. However, the ordered mesoporous structure
with the mesoporous channels runs alongttasis and will

act as a buffer layer between theMnO, blocks to alleviate

the volume expansion caused by the insertion and extraction
of lithium ions, thereby, improving the cycle performance.

Conclusion

The ordered mesoporoysMnO, was successfully syn-
thesized using mesoporous silica KIT-6 as a template.
Electrochemical measurements of lithium-ion batteries showed
that the as-prepared ordered mesopoynO, electrode
exhibits high initial capacity, excellent high rate discharge
performance, and supreme cycling reversibility. The designed
mesoporous structure can provide larger specific surface area
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leading to higher current density and a thin pore wall reduc- in the present work may also provide a new approach to
ing the lithium ion diffusion path. In addition, the meso- improve the reaction activity of the materials.

porous structure facilitates the fast transport of electrolyte

with lithium ion and can also act as a buffer layer to alleviate ~ Acknowledgment. This work was partially supported by the
the volume expansion of the electrode materials during National Natural Science Foundation of China (No. 20373014)

lithiation/delithiation. Therefore, the ordered mesoporous @nd the program of New Century Excellent Talents in University

B-MnO; can be a promising cathode material in rechargeable ©F €hina (2005).
lithium-ion batteries. The mesoporous structure described CM0614580



