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A simple and cost-effective morphogenetic route has been developed for the fabrication of

a hierarchically nanostructured ‘‘cellulose’’ MoO2 monolith in large qualities, whereby the cotton

texture acts as both a template and a stabilizer. TheMoO2 monolith possesses hierarchical porosity and

an interconnected framework, which is demonstrated to be useful as a binder-free anode in

rechargeable lithium-ion batteries with both high specific capacity of 719.1 mA h g�1 and good

reversibility. Our single-component anode for lithium-storage devices also benefits from a simplified

fabrication process and reduced manufacturing cost, in comparison with conventional multicomponent

electrodes that are fabricated from a mixture of polymer binders and active materials. The present

morphogenetic strategy is facile but effective, and therefore it is very promising for large-scale industrial

production. It can be extended to prepare other metal oxides with elaborate textural characteristics.
Introduction

New materials hold the key to fundamental advances in energy

conversion and storage for addressing the challenges of global

warming and energy crisis. Much effort has been particularly
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Broader context

Rechargeable lithium-ion batteries (LIBs) have long been explored

applications including portable electronic devices, implantable med

been devoted to designing, fabricating, and engineering various LIB

cost. Nanostructuring of electrode materials may lead to reduced so

capacity, and enhanced collective performance of LIBs with higher

with hierarchically nanostructured frameworks are highly attractive

Here we describe a cost-effective morphogenetic strategy to fabricat

large qualities. The combination of unique macroscopically pattern

internal surfaces makes the resulting ‘‘cellulose’’ MoO2 monolith

applications.

2870 | Energy Environ. Sci., 2011, 4, 2870–2877
devoted to fabricating a great number of nanostructured mate-

rials as electrodes in a range of lithium-ion batteries.1 This

research trend has been evidenced by many interesting pioneer-

ing works published during the past decade.2 As expected, the

nanostructuring of electrode materials leads to reduced solid-

state diffusion lengths for both Li+ and e� because of the

confining dimension effect, increased charge capacity due to their

high surface area, and eventually enhanced collective perfor-

mance of lithium-ion batteries with higher power and energy

density.3 In particular, materials with hierarchically nano-

structured frameworks are highly attractive in lithium-ion

batteries because of their high porosity, high surface area, and

excellent performance (e.g., enhanced cyclability).4 While studies

are actively being pursued on a variety of inorganic nano-

structured metals and metal oxides as electrode materials in

lithium-ion batteries, little work exists towards the
as an increasingly important power source for a wide variety of

ical devices, and electric vehicles. So far, significant efforts have

materials with high reversible capacity, long cycle life, and low

lid-state diffusion lengths for both Li+ and e�, increased charge

power and energy density. In particular, the electrode materials

for LIBs because of their high porosity and high surface area.

e a hierarchically nanostructured ‘‘cellulose’’ MoO2 monolith in

ed nanostructures, inter-nanocrystallite and porosity, and large

an ideal candidate as a binder-free anode for lithium-storage

This journal is ª The Royal Society of Chemistry 2011
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morphosynthesis of electrochemically active, hierarchically

nanoarchitectured monoliths with precise multi-scale control.

Efficient methods are much needed for the fabrication of novel

nanostructured monolithic materials, for instance, as binder-free

electrodes for rechargeable lithium batteries.5

Morphosynthesis consists of the chemical construction and

patterning of inorganic materials with unusual and complex

architectures at different length scales.6 In fact, nature has ever

fascinated scientists and engineers with numerous examples of

exceptional building materials. These materials often possess

complex hierarchical configuration from the nanometre to the

macroscopic scale.7Based onbottom-up self-assembly processes,8

a wide variety of organisms have been found to be capable of

growing nanostructured inorganic components into functional

inorganic nanomaterials with complex architectures on flexible

length scales that cannot be exactly achieved by traditional pro-

cessing technologies.9 Taking MoO2 as an example, here we

present the use of commercial cotton textile, a natural cellulose

derivation, as both the template and the stabilizer for the mor-

phosynthesis of hierarchically porous MoO2 nanoarchitectures

via amild impregnation process followed by calcination in air and

H2/Ar. Scheme 1 illustrates the formation process of hierarchical

MoO2 nanostructures. Three major processes are involved:

impregnation, decomposition, and reduction.

Molybdenum oxides (MoOx) have received much attention as

host substances for lithium insertion owing to their rich chem-

istry associated with multiple valence states, low electrical resis-

tivity, high stability, and affordable cost.10 Several synthetic

approaches have been reported for preparing well-defined MoOx

nanostructures including (i) nanoparticles,11 nanosheets,12

hybrids13 and mesoporous structures of MoO2,
14 and (ii) nano-

particles,15 nanorods,16 nanobelts,17 nanosheets,18 and hybrids of

MoO3.
19 The fabrication of complex monolithic MoOx archi-

tectures, particularly with hierarchically nanostructured patterns

in a macroscopic length, has never been reported. In particular,

complex hierarchical architectures of MoOx over multiple scales

would hold great promise for use in lithium storage devices. This

work reports for the first time on a novel MoO2 monolith that is

utilized as a binder-free alternative anode to conventionalMoO2-

based electrodes that are fabricated from the mixture of a poly-

mer binder and an active material. When evaluated as an anode

material for lithium-ion batteries, the as-formed MoO2 monolith

with a hierarchically porous configuration exhibits a high

reversible lithium-storage capacity of 719.1 mA h g�1.
Scheme 1 Schematic illustration o

This journal is ª The Royal Society of Chemistry 2011
Experimental

Materials synthesis

All chemicals were used as received without further purification.

Deionized (DI) water was used throughout. Cotton cloth

was collected from the general market and cleaned with DI

water. In a typical synthesis, phosphomolybdic acid (PMA,

H3PMo12O40$xH2O, 1mmol) was dissolved into ethanol (10 mL)

at room temperature to form an homogeneous solution under

stirring. A piece of cotton cloth (0.2 g) was cut and immersed into

the solution. After stirring for 2 h, the cotton cloth was taken out,

dried at 60 �C for 5 min in a preheated oven, and cured at 90 �C
for 3 h. The obtained PMA/cotton cloth hybrid was calcined at

600 �C in air for 4 h to generate MoO3. The as-formed product

was subsequently treated at 600 �C (ramp rate: 1 �C min�1) in

a 5% H2/Ar atmosphere for 5 h. Finally, the black-coloured

product of MoO2 was collected for further characterizations.
Materials characterization

X-ray diffraction (XRD) patterns were collected using a X’Pert

PRO (PANalytical B.V., Holland) diffractometer with high-

intensity Cu Ka1 irradiation (l ¼ 1.5406 �A). The accelerating

voltage and the applied current were 40 kV and 40 mA, respec-

tively. The general morphology of the products was character-

ized by field-emission scanning electron microscopy (FE-SEM,

FEI, Sirion 200) coupled with an energy-dispersive X-ray

(EDX, Oxford Instrument) spectrometer. Transmission electron

microscopy (TEM) observations were carried out on a JEM-

2100Fmicroscope (JEOL). The thermogravimetric (TG) analysis

and differential thermal analysis (DTA) were performed with

a PerkinElmer Diamond TG/DTA apparatus. TG and DTA

were measured simultaneously at a heating rate of 10 �Cmin�1 in

flowing air. X-ray photoelectron spectroscopy (XPS) measure-

ments were performed on a VG MultiLab 2000 system with

a monochromatic Al Ka X-ray source (ThermoVG Scientific).

Infrared spectra were recorded using a Bruker VERTEX 70

FT-IR spectrometer.
Electrochemical measurement

The electrochemical behavior of the as-formedMoO2 product, as

a proposed binder-free anode in lithium-ion batteries, has been

investigated in typical coin cells (half-cells). The coin cells were
f hierarchical MoO2 formation.

Energy Environ. Sci., 2011, 4, 2870–2877 | 2871
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laboratory-assembled by a CR2032 press in an argon-filled glo-

vebox where moisture and oxygen concentrations were strictly

limited to below 1 ppm. A lithium foil was used as the counter

electrode, and a Celgard 2300 membrane was used as the sepa-

rator. A piece of hierarchically nanostructured MoO2 monolith

was dried in a vacuum at 80 �C for 24 h, and used directly as the

working electrode without any polymeric binder involved. The

commercial electrolyte was composed of 1 mol L�1 LiPF6 in

a mixture of ethylene carbonate (EC) and dimethyl carbonate

(DMC) (v/v ¼ 1 : 1). Cyclic voltammetry (CV) curves were

recorded on a PARSTAT 2273 potentiostat at a scanning rate of

0.1 mV s�1 at room temperature. The galvanostatic charge-

discharge tests were carried out on a Land Battery Measurement

System (Land, China) at a current density of 200 mA g�1 with

a cutoff voltage of 3.00–0.01 V vs. Li/Li+ at room temperature.
Fig. 1 (a) Representative XRD pattern of the MoO2 product prepared

by reducing MoO3 replica at 600
�C for 5 h in 5% H2/Ar. (b) Survey XPS

spectrum of the as-formed hierarchically structured MoO2.
Results and discussion

Cotton has been used by mankind for at least 7000 years.20

Nowadays, the production of cotton worldwide is approximately

20 million tons per annum, mainly for clothing, paper, and

medical applications. As the oldest and most commonly used

nanoporous material, it is constructed from polysaccharide

chains arranged into crystalline and amorphous regions, where

the amorphous regions are slit pores of a few nanometres in

width and are sandwiched between crystallites.20 Knitted cotton

fabric such as terry cloth is cheap and widely available for con-

structing new materials and immobilizing biomolecules.21 Acti-

vated with a variety of reagents (e.g., CNBr, sulfonyl chlorides,

and periodate), cotton fibers made of a cellulose backbone can

form a covalent bond with enzymes.22 In this study, the primary

hydroxyl groups of cellulose in cotton cloth may react with PMA

in a nonaqueous solvent through an esterification mechanism to

produce an homogeneous PMA/cotton composite.22 As illus-

trated in Scheme 1, a sheet of cotton cloth made of natural

cellulose was firstly immersed in a polyoxometalate (POM)

solution of PMA. Then, the freshly formed POM/cotton hybrid

was converted into a crystalline hierarchical MoO3 replica

through a thermal-treatment process at 600 �C for 4 h in air. The

cellulose fiber was removed during the process, and the MoO3

replica maintained the original configuration of the cloth

template. Eventually, a hierarchically nanoparticle-organized

MoO2 monolith was formed in situ by reduction of Mo(VI) to Mo

(IV) at 600 �C for 5 h in a 5% H2/Ar atmosphere. The as-formed

MoO2 monolith is relatively robust for subsequent processing.

The digital camera images of the cotton template, hybrid PMA/

cotton, and hierarchical MoO2 are shown in Fig. S1 (see ESI†).

This present strategy may allow for easy control of the scale and

microstructure of the final MoO2 product because the original

cellulose templates could be well ‘‘spun’’, ‘‘woven’’ and ‘‘tailored’’

via state-of-the-art textile fabrication techniques. This strategy is

also highly promising for the large-scale industrial production of

MoO2 nanostructures with tunable hierarchical patterns serving

as electrode materials for energy conversion and storage devices.

Powder XRD patterns provide crystallinity and phase infor-

mation for the products. The results indicate that the interme-

diate obtained through the decomposition and combustion of the

cotton/PMA hybrid in air is pure orthorhombic MoO3 (JCPDS

No. 35-0609, Fig. S2, ESI†). Fig. 1a shows the representative
2872 | Energy Environ. Sci., 2011, 4, 2870–2877
XRD pattern for the final MoO2 product prepared by reducing

theMoO3 replica at 600
�C for 5 h in a 5%H2/Ar atmosphere. All

the diffraction peaks are readily indexed to a pure monoclinic

phase [space group: P21/c (14)] of MoO2 (JCPDS No. 65-5787;

a ¼ 5.6109 �A, b ¼ 4.8562 �A, c ¼ 5.6285 �A; b ¼ 120.95�). No

characteristic peaks were observed for impurities such as phos-

phates and MoO3 as well as other kinds of molybdenum oxides.

Important information on the surface electronic state and the

composition of the final product can be further provided by XPS.

The binding energies obtained in the XPS analysis were corrected

for specimen charging by referencing the C 1s line to 284.5 eV. A

typical survey XPS spectrum for the MoO2 product (Fig. 1b)

involves four distinct peaks at 233.9 (Mo 3d), 398.0 (Mo 3p3/2),

415.6 (Mo 3p1/2), and 531.9 (O 1s) eV, characteristic of molyb-

denum oxides.23 The Mo 3d peak was further examined by high-

resolution XPS (Fig. S3, see ESI†). TheMo 3d5/2 peak is centered

at 229.3 eV whereas the Mo 3d3/2 peak is found at 232.4 eV, with

a spin energy separation of 3.1 eV. This characteristic doublet of

core-level Mo 3d5/2,3/2 indicates the Mo(IV) oxidation state of

MoO2.
23 In addition, a peak at 235.6 eV could be ascribed to Mo

(VI) 3d3/2 of MoO3, arising from the slight surface oxidation of

the metastable MoO2 in air.11a

Representative FE-SEM images of the products are shown in

Fig. 2. The original cloth used in this work is actually an artificial

pseudo-2D network of cotton threads in compact bundles

through simple weaving (Fig. 2a). Each bundle comprises many

strips with an average diameter of �10 mm. After impregnation

of PMA clusters and subsequent calcination at 600 �C for 4 h in

air, the obtained MoO3 product exhibits perfect replication of

the configuration from the original cloth network (Fig. 2b).

Interestingly, close observation confirms that a great number of
This journal is ª The Royal Society of Chemistry 2011
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Fig. 2 (a) Low-magnification FE-SEM image of the original cloth template. (b,c) FE-SEM images of theMoO3 replica obtained at 600 �C for 4 h in air.

(d) TEM image of a single MoO3 ‘‘batten’’. Inset: ED pattern indicating the single-crystal nature of the ‘‘batten’’ (upright); HRTEM image (bottom).

Representative SEM (e,f) and TEM (g) images of the MoO2 product obtained at 600 �C for 5 h in H2/Ar, indicating a hierarchically porous architecture.

(h) Typical HRTEM image and the corresponding fast Fourier-transform (FFT) pattern (inset) taken from a MoO2 nanocrystal. (i) EDX spectrum of

the MoO2 product, where the signal of C is generated from the sample holder.
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batten-like crystallites are formed with well-defined and smooth

facets (Fig. 2c), serving as building blocks to construct a typical

hierarchical patterning. The dimensions are in the range of 5–15

mm in length, 1–4 mm in width, and 100–500 nm in thickness.

TEM andHRTEM images provide further insight into structural

information on the secondary structure composed of MoO3

batten-like crystallites. Fig. 2d shows a typical bright-field TEM

image for an individual batten with a length of �8 mm and

a width of �1 mm. Its corresponding selected area electron

diffraction (SAED) pattern is shown in the top-right inset of

Fig. 2d. It can be indexed to the [010] zone axis of the ortho-

rhombic-structured MoO3. Experiments show that the SAED

patterns on different ‘‘battens’’ or different positions of a given

single ‘‘batten’’ were essentially identical, which indicates that the

MoO3 ‘‘battens’’ are single-crystalline in nature. The fringes in

a typical HRTEM image (at the bottom of Fig. 2d) are separated

by�4.0 �A, which agrees well with the {100} lattice spacing of the

orthorhombic MoO3. This indicates that MoO3 ‘‘micro-battens’’

had preferential two-dimensional (2D) growth directions along

[001] and [100] of the crystal lattice.

The MoO3 ‘‘micro-battens’’ could be reduced to MoO2 by

thermal hydrogen reduction. The size and thickness of the
This journal is ª The Royal Society of Chemistry 2011
monolith would depend on the original cloth used, and therefore

could be controlled easily by ‘‘weaving’’ and ‘‘tailoring’’ of the

original cellulose templates. Fig. 2e shows the general

morphology for the final MoO2 product, indicating that it has

a similar hierarchical topology to that of the MoO3 replica. Very

interestingly, each original batten-like single microcrystal has

evolved into an assembly comprising a great number of tinyMoO2

grains of 10–50 nm that align crystallographically in a specific

orientation, leading to the formation of a nanoporous framework

(Fig. 2f). Fig. 2g displays a typical TEM image of MoO2 nano-

crystals that evolved from an individual father ‘‘batten’’ ofMoO3.

Fig. 2h shows the HRTEM image taken from the edge of an

individual MoO2 nanoparticle, which provides more detailed

structural information on these nanoparticles. The periodic fringe

spacing of �4.9 �A agrees well with interplanar spacing between

the {0�10} planes of the monoclinic MoO2. The crystalline

monoclinic structure is alsomirrored in the fast Fourier transform

(FFT) pattern shown in the inset of Fig. 2h. EDX microanalysis

(Fig. 2i) confirms that the nanocrystals are composed of Mo and

O, which is consistent with the XPS and XRD results (Fig. 1).

The influence of reaction temperature on the morphology and

composition of the products was investigated. When the
Energy Environ. Sci., 2011, 4, 2870–2877 | 2873
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Fig. 3 (a) Molecular structures of PMA. (b) Structural mode of a trun-

cated batten-like shape. (c) Unit cells of the orthorhombic phase ofMoO3

(left) and the monoclinic phase of MoO2 (right). (d) Crystal models of

orthorhombic MoO3 projected along [001] and [100]. (e,f) Schematic

illustration for the transformation from MoO3 ‘‘battens’’ into porous

MoO2 nanocrystal assemblies.
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calcination temperature was lower than 400 �C, the phase of the
product revealed by XRD was not crystalline MoO3 anymore.

Verified by TG/DTA analysis, the decomposition of pure PMA

to MoO3 indeed occurs at a temperature of higher than 400 �C
(Fig. S4, see ESI†). At calcination temperatures ranging from 450

to 500 �C, no ‘‘battens’’ but only irregular sub-micrometre MoO3

particles were formed (Fig. S5, see ESI†). Also, the macroscopic

patterned configuration was not well replicated from the cotton

template, and evident deformation and collapse somewhere in

the framework appeared. At the optimized temperature of

600 �C, well-defined hierarchical patterning of MoO3 ‘‘battens’’

was achieved (Fig. 2b and 2c). TG/DTA results reveal that the

decomposition of PMA and removal of cotton are completely

carried out at 600 �C (Fig. S6, ESI†). However, larger MoO3

crystallites could be observed when the calcination temperature

was further increased. In a control experiment, we obtained

a MoO2 sample directly by the same two-step procedure of

decomposition in air and reduction in 5% H2/Ar without using

any cotton template. FE-SEM images show that the resulting

MoO2 sample is composed of irregular-shaped particles with

a broad size distribution of 0.5–5 mm (Fig. S7, ESI†). Obviously,

the cotton texture functions not only as the template but also as

a stabilizer in the formation of the ‘‘batten’’-organized

patterning. As displayed in the FT-IR spectrum (Fig. S8, ESI†),

the cotton template possesses plenty of functional groups such as

OH and C]O that are highly beneficial for a bottom-up-type

self-assembly of PMA on the template surface.8 It was found that

the reduction of MoO3 ‘‘battens’’ to assembled MoO2 nano-

crystals should be carried out at a minimum temperature of 500
�C in order to form a pure phase of MoO2. The optimal PMA

concentration for the impregnation process was found to be 0.1

mol L�1. These results suggest that it is feasible to achieve well-

defined hierarchically structured MoO2 nanoarchitectures by

controlling the reaction temperature as well as the concentration

of the POM precursor solution.

It is well known that POMs are anionic metal oxide clusters

with a polynuclear metal-oxo structure, and are widely exploited

as versatile inorganic building blocks for constructing functional

hybrid materials. They can also be viewed as an array of MOx

polyhedral units (e.g., M ¼ MoVI, WVI, VV; x ¼ 4–7) linked via

edge, corner, and occasionally face sharing modes.24 We chose

PMA (a typical POM) with a cluster diameter of approximately 1

nm as the molybdenum source, as schematically depicted in

Fig. 3a. Since cellulose fibers of cotton are highly porous and

readily accessible to external agents,25 PMA tends to be

impregnated into the template through stirring of the cellulose

template in PMA solution. After the traditional drying and

curing procedures, a POM/template hybrid is formed, in which

the cotton template also functions as a stabilizer. This route

belongs to the general ‘‘nanocasting’’ method and is closely

related to the sol–gel process. Subsequently, small POM clusters

are decomposed to generate MoO3 nuclei by heating treatment at

600 �C in air. Meanwhile, the freshly formed nanocrystals are

unstable due to their high surface energy, and thus they have

a great tendency to aggregate and grow into MoO3 micro-

crystallites with well-defined shapes (Fig. 2b and 2c). The cotton

template combusts during the heating process, and the resulting

heat release prompts the above aforementioned crystal growth.

As evidenced by SAED and HRTEM results (Fig. 2d), the
2874 | Energy Environ. Sci., 2011, 4, 2870–2877
batten-like crystal of MoO3 was proven to grow along the [001]

and [100] directions. The exposed planes are dominated by (010)

planes as well as their equivalent (0�10) planes. As depicted in

Fig. 3b, the as-grown shape of MoO3 crystals (Fig. 2c) matches

very well with the ‘‘batten’’ model that is enclosed with {010},

{110}, {111}, and {021} faces. Such a growth habit may be

attributed to the intrinsic nature of orthorhombic MoO3. In

general, the fast-growing planes are eliminated quite rapidly,

whereas the final morphology of the crystals depends on the

slow-growing planes.26 The crystal structure of orthorhombic

MoO3 can be viewed as a layered structure that is parallel to

{010} planes, and each layer involves two kinds of sub-layers

(Fig. 3c). Both the sub-layers are constructed by corner-shared

octahedra along [001] and [100], and stack together by sharing

the edges of the octahedra along [010]. A much longer spacing

exists between the {010} planes (perpendicular to [010]) resulting

in a lower affinity, thus restraining the crystal growth along [010].

This would lead to the crystal growth rate of {001} > {100} [

{010} planes, which often occurs on naturally grown MoO3

crystals of the orthorhombic type.27 From another perspective,

the equilibrium morphology of MoO3 crystallites can be deduced

in terms of the well-known Curie–Wulff construction.28 In this

regard, the distance (dhkl) of a facet (hkl) from the crystal’s centre

increases proportionally to its surface energy (dhkl/d
0
h0k0l0 ¼

Esurf(hkl)/E
0
surf(h0k0l0)). That is to say that the growth rates of the

crystal facets are proportional to their surface energies. As

a result, the most stable surfaces that possess the smallest dhkl
values dominate the overall shape of the crystallite. Corre-

spondingly, the (010) surface of the MoO3 crystallite should

dominate the final equilibrium shape of ‘‘batten’’ according to

the Wulff construction, and the (010) surface is the most stable in

the as-formed MoO3 ‘‘battens’’. Eventually, the as-formed

‘‘batten’’-based hierarchical structure of MoO3 was reduced to

MoO2 in hydrogen at 600 �C. As clearly displayed in Fig. 3d for
This journal is ª The Royal Society of Chemistry 2011
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the crystal model of orthorhombic MoO3 projected along [001]

and [100], a high density of O anions exist between the layers

perpendicular to [010], and they could react with hydrogen easily.

Compared with other directions in the layered structure, the

chemical bonding along [010] are relatively weak and thus pref-

erentially broken during the reduction process. Moreover, some

defects such as oxygen deficiency and dislocation on the surface

of MoO3 crystals with relatively low activation energy could

facilitate the hydrogen reduction. It is also important to note that

reducing MoO3 to MoO2 causes a large volume shrinkage (about

37% as estimated by their bulk densities). The crystalline MoO3

‘‘battens’’ would collapse into fine MoO2 grains in nanometre

scales with numerous micro-/meso- pores between them (Fig. 4e

and 4f). Interestingly, each assembly of MoO2 nanocrystals still

remains a similar shape to that of the parent MoO3 ‘‘battens’’.

Prompted by such unique secondary and complex nano-

architectures of MoO2, we expect that the as-formed hierarchi-

cally porous MoO2 from our morphosynthesis would be

beneficial as anode materials for lithium-ion batteries, because

the existing nanoscale effects and macroscopic features would

enhance the electrochemical lithium storage capabilities.

The lithium storage properties of the as-synthesized hierar-

chically porous MoO2 sheet serving as a binder-free electrode

were explored. Fig. 4a and 4b show the CV curves of the hier-

archical MoO2 electrode at a scan rate of 0.1 mV s�1 and at

a voltage range of 0.01–3 V. It can be seen that there is
Fig. 4 (a,b) Cyclic voltammograms of hierarchically nanostructured MoO2

Galvanostatic discharge and charge curves of hierarchically nanostructured M

density of 200 mA g�1. (d) Cycling performance of the electrodes made of the

of 3–0.01 V vs. Li at a current density of 200 mA g�1.
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a substantial difference between the first and subsequent cycles.

In the first cycle, an irreversible broad peak centers at about 0.7 V

during the cathodic discharge process, which can be associated

with the irreversible reduction of electrolyte and the formation of

a passivating surface film. In the subsequent cycles upon cycling,

there exist two evident redox couples located at 1.53/1.74 V, and

1.23/1.50 V, respectively. They correspond to the reversible phase

transitions (monoclinic–orthorhombic–monoclinic) of partially

lithiated LixMoO2 during lithium insertion and extraction, which

agrees well with previous reports.13c,14 The CV curves remain

steady after the first cycle, indicating the highly reversible

reduction and oxidation of this material. This may benefit from

the unique hierarchical nanoarchitecture of MoO2 with

a network of interconnected hierarchical pores and inter-nano-

crystallites. Fig. 4c shows the representative discharge and charge

curves of the hierarchical MoO2 electrode at a current density of

200 mA g�1 between 3.0–0.01 V vs. Li+/Li. It is observed that the

initial discharge/charge capacities are 587.2 and 506.3 mA h g�1,

respectively, and hence there is an irreversible capacity loss of

23.8%. No obvious potential plateau appears in the first cycle.

From the second cycle onwards, however, two discharge plateaus

at about 1.55 and 1.33 V and two charge plateaus at 1.42 and 1.69

V were clearly observed. As suggested by Dahn et al. and Shi

et al.,10c the inflection point between these plateaus may be

ascribed to phase transitions between the monoclinic phase and

the orthorhombic phase in the partially lithiated LixMoO2.
at a scan rate of 0.1 mV s�1 in the voltage range of 3–0.01 V vs. Li. (c)

oO2 electrodes cycled in the voltage range of 3–0.01 V vs. Li at a current

hierarchical MoO2 monolith and free MoO2 particles in the voltage range

Energy Environ. Sci., 2011, 4, 2870–2877 | 2875
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These phase transitions are highly reversible in the reduction and

oxidation processes, in good agreement with the CV results. It is

believed that the unique network of assembled nanocrystals and

hierarchical inter-nanocrystallite porosity should contribute to

the significant improvement in the electrochemical performance

of hierarchically nanoarchitectured MoO2, since it allows the

electrolyte to be more accessible to all the surfaces of MoO2

crystallites included in the electrode. Thereby, the Li diffusion

kinetics is highly improved. This effect is similar to the already

reported anodes of porous Si–C composites,4a TiO2 nanosheet

spheres,4b and mesoporous MoO2.
14 In particular, the nanoscale

dimension of inter-connected MoO2 crystals renders the solid-

state diffusion of Li+ ions favorable. Another most distinctive

advantage is that the inter-connected framework structure is

expected to relieve well the local volumetric variation during the

Li insertion/extraction reactions, thus enhancing the structural

stability. Interestingly, the reversible capacity increases gradually

upon cycling and reaches 719.1 mA h g�1. This has been often

observed in MoOx-based electrode materials, possibly arising

from the improved Li diffusion kinetics that was induced by an

activation process associated with partial crystallinity degrada-

tion of the electrode to a disordered or amorphous-like structure

during cycling.14 As shown in Fig. 4d, the high reversible capacity

of 719.1 mA h g�1 at 200 mA g�1 after 20 cycles is double that of

the theoretical specific capacity of graphite (372 mA h g�1). Also,

it is important to note that high capacity and high reversibility

without the special effort required for electron percolation such

as carbon coating and without using any polymeric binder in the

electrode are attractive features of our hierarchical MoO2 anode.

We envision that the electrode made of hierarchically nano-

structured MoO2 can be significantly improved by further opti-

mization. As a comparison, we also studied the electrochemical

properties of the MoO2 particles (Fig. S7, See ESI†) prepared by

the same two-step procedure of decomposition in air and

reduction in 5% H2/Ar without using any cotton template. The

electrochemical performance of the electrode fabricated by

mixing these free MoO2 particles with carbon black and polymer

binder (polytetrafluoroethylene, PTFE) is much worse than that

of a binder-free hierarchically structured MoO2 monolith

(Fig. 4d and Fig. S9). Compared with the previously reported

anodes based on MoO2 nano-/micro-sized materials (e.g., MoO2

nanoparticles synthesized by reduction of MoO3 with ethanol

vapor: 318 mA h g�1 at 5.0 mA cm�2; MoO2 tremellas by

a Fe2O3-assisted hydrothermal reduction of MoO3: 600 mA h g�1

at 0.5 mA cm�2; MoO2/carbon hybrid nanowires converted from

the organic-inorganic hybrid precursors: 595.7 mA h g�1 at 200

mA g�1),11a,12,13a our electrode made of the binderless hierarchi-

cally structured MoO2 monolith has a higher specific capacity.
Conclusions

In summary, a hierarchically nanostructured ‘‘cellulose’’ MoO2

monolith has been successfully fabricated for the first time in

large qualities through a simple morphogenetic process, whereby

the cotton texture acts as both a template and a stabilizer. The

unique hierarchical and complex architecture of assembled

MoO2 nanocrystals renders them flexible building blocks for

advanced devices. Our preliminary results demonstrate that the

MoO2 monolith with hierarchical porosity and inter-connected
2876 | Energy Environ. Sci., 2011, 4, 2870–2877
framework is suitable for use as a binder-free anode in

rechargeable lithium-ion batteries with both high specific

capacity of 719.1 mA h g�1 and good reversibility. The as-formed

single-component anode for lithium-storage devices benefits

from the simplified fabrication process and reduced

manufacturing cost, in comparison to conventional multi-

component electrodes that are fabricated from a mixture of

polymer binder and active material. We believe that the hierar-

chically nanostructured ‘‘cellulose’’ MoO2 monolith would be an

ideal candidate for elucidating the nanoarchitecture-dependent

performance in sensing and catalytic applications, as well as in

electrochromic displays.4,8 The morphogenetic strategy in this

study is facile but effective, and therefore it is very promising for

cost-effective and large-scale industrial production. Future work

is underway to improve both the electronic conductivity and

reversible charge capacity at high current densities of hierarchical

MoO2 monoliths. Also, the facile morphosynthesis route could

be extended to prepare other metal oxides with elaborate textural

characteristics.
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