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A novel and economical microwave route has been developed for the synthesis of electrochemically active
LiV 30g material by using a domestic microwave oven. The heating behavior of the designed reaction system
guided the preparation of LiDg at a suitable irradiation power (i.e. heating rate), reaction time, and
temperature. At the lowest irradiation power, the conversion fraction of reactants was mainly controlled by
reaction temperature. Characterization results of X-ray diffraction (XRD), Fourier transform infrared (FTIR)
and Raman spectroscopy, scanning (SEM) and transmission (TEM) electron microcopy, and BET surface
areas indicated that the phases of samples prepared by microwave and traditional methods were in good
agreement. Nevertheless, the crystallinity, crystallite configuration, and morphology of the samples were
different, and were affected by the irradiation time and power. A floppy superposition structure of nanosheets
(the size of one nanosheet was about #n®d x 1.2 um x 3 nm) was preferentially grown at the lowest
irradiation power, and this effect on structure was more in evidence as the nanorods formed at the highest
irradiation power. Electrochemical studies on ionic conductivity, electrochemical impedance spectroscopy
(EIS), and chargedischarge capacity were carried out. It was found that the conductivity, first discharge
capacity, and cycle performances of the samples were affected by the crystal size, crystallinity, and crystal
configuration and defection concentration. The sample L30 prepared at the lowest irradiation power and the
shortest time (30 min) showed the highest discharge capacity (335 mAh/g), but its discharge capacity decreased
rapidly. By comparison, the sample L100 had a floppy superposition structure of nanosheets and a high

surface area, provided a good two-dimensional channel for the transitiort @S, and was stable during
the intercalation/deintercalation process of lions, therefore the high ionic conductivity, high discharge

capacity, and good cycle performance were presented. The relationship between the electrochemical properties

and the irradiation power was discussed.

1. Introduction of LiV 305 had the advantages of both higher discharge capacity
o (62% higher than that of the starting Li®s) and better cycling
Significant effort has been made on the development of herformance. West et #.obtained a finely dispersed form of
rechargeable cathode materials for secondary lithium batteries.| j/ +0s through dehydration of aqueous lithium vanadate gel,

L?V 30g has. been yvidely stud'ied for about”20 years due to its and the synthesized LDg showed a high capacity and good
high capacity, facile preparation, and stability in air. In fact, it eersipility. It is true that these treatments did improve the

is one of the p_romisi_ng sutlstitutes for the expensive and toXic gjactrochemical performance of Li@s, but they usually require
cathode material of LiCog}~ In the early development, Nassau  qre time and complicated equipment, and thus are not feasible
and Murphy realized that the preparation method of k{4 in large-scale production.

strongly influenced its electrochemical properties, such as Recently, microwave solid-state preparation as a novel

discharge capacity, rate capacity, and cycle performances. Sin(.:emethod has been developed to prepare cathode materials for
then, a great deal of research has been focused on the preparathlﬂhium batteriessS Since the microwave energy is absorbed by

{Egtsri];dasn((jeég'%or%d)rtootgenrhn;itesgﬁzI(,allgrt,recheenrlﬁs;Ia:)ﬂr?‘af}%]r- reactants or heating medium, uniform and rapid heating can be
Traditi,onal synthesis of LiOs is carried out by reacting kCO " achieved, and thus the high temperature needed in a solid-state
Y H y 9 reaction can be obtained within several minutes. Microwave

o 11 i

girr]ge\r/éfj)s St\é6o8£ I(\:/Icﬁ?éolvoe:. tOT?r'spr:(];tg%?];Sg::g}:rgéﬁgumﬁi; prepara}ion hasl already been applied to synthesize a numper of
performance of LiiOs, many succeeding treatments have been inorganic matenal_s, such as carbides, nitrides, complex oxides,
proposed, such as efficient grinding, rapid cooling, ultrasonic SII.'C'deS’ and zeolltps, and so forthGenerally speal_qng,_ the
treatment, and intercalation of inorganic molecules (e.g.5,NH microwave synthesis method need_s.a shorter reaction time and
H,0, and CQ) and polymer PEO betweenWs- layerss-i2.13 a Iowgr temperature than the traditional method. In addition,

2= : 8 the microstructure and property of the materials prepared by
For example, Kumagai et & reported that ultrasonic treatment different synthesis methods are quite different. Beneficial results

and application were found with the materials prepared by

phope, hom corfespondence should be %drf}LeZZﬁdc'nm'25833l776- microwave irradiation, and many researchers have reported the

t Nahjing University. ' ' DR substitution of traditional solid-state synthesis by the microwave

*Fudan University. method!” For instance, Subramanian et-# prepared LiCo@
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TABLE 1: Reaction Conditions of Samples Prepared by the 2.2. Characterization. The X-ray diffraction patterns were
Microwave Method recorded on a ARL X'TRA X-ray diffractometer operated with
actual exposure Cu Ka radiation and Ni filter (the scan rate was 1 deg/min, the
sample reaction temp and time) time/min step size was 0.0% FTIR and Raman spectra were obtained
L30 297°C, 30 min (4 s/22 s) 5.45 at room temperature on a Bruker VECTORTM 22 and a JY
L60 420C, 60 min (4 s/22 s) 10.91 HR800 spectrometer, respectively. The morphology was inves-
L80 485°C, 80 min (4 s/22 s) 14.54 tigated with a scanning electron microscope (SEM, Hitachi-
L100 530°C, 100 min (4 s/22 s) 18.18 X650 microscope, 20 kV) and a transmission electron micro-
w0 2oaes! o min (B5/22.5) 10.91 scope (TEM, JEOL JEM-200CX, 200 kV). BET surface area,
, 20 min (13 s/22 s) 11.82 . .
M25 769°C, 25 min (13 s/22 s) 14.77 pore diameter, and pore volume were obtained from N
MH12 609°C, 12 min (17 s/22 s) 9.27 adsorption isotherms measured at liquid nitrogen temperature
H8 542°C, 8 min (22 s/22 s) 8.00 with a Micromeritics ASAP-2010 instrument.

axis the duty cycle of the microwave reactar= toy/teycie; ton is the 2.3. Electroc_:hemlcal _Testlng.The Nyquist plot_s were
working-on time in every irradiation cycle angqeis the time of one  recorded by using the Princeton M398 Electrochemical Imped-
irradiation cycle. ance System between the frequencies of 0.1 Hz and 100 kHz at

room temperature. The sandwiched test cell was assembled as

by using the microwave solid-state method, and the synthesizedAu|sample disfAu, and the impedance data were fitted by using
material demonstrated remarkable electrochemical performanceZ-View software from Scribner Associates, Inc. Variable-

In the previous paper, the heating behavior of a modified temperature conductivity was obtained by the four-probe DC
microwave oven and the crystal growth mechanism of layered method at N atmosphere, and the chamber was placed in a
compounds in the microwave field have been discus&ddere, thermostatic bath to control the temperature of the samples. The
we report the microwave solid-state synthesis of 40% and sample Li\40g was sufficiently ground and pressed at a pressure
its electrochemical properties. The effect of microwave irradia- 0f 60 MPa for 10 min, and then the sample disk was placed
tion time and power on the microstructure and electrochemical between two electrodes of Au sheets. At every testing temper-
property of LiVsOg is discussed in detail. For clarifying the —ature, the temperature was kept constant for 30 min.
structure and morphology of Li¥Ds prepared under different Electrochemical chargedischarge cycle performance of the
conditions and their relationships with electrochemical perfor- samples was evaluated in model CR2025 coin cells. The
mance, the samples are characterized and studied by X-raycomposite cathode consisted of active @4 material as-
diffraction (XRD), Fourier transform infrared (FTIR) and Raman Prepared, acetylene black, and poly(tetrafluoroethylene) at a
spectroscopy, scanning (SEM) and transmission (TEM) electron weight ratio of 80:15:5. The mixture was coated onto a nickel
microcopy, the BET surface area and four-probe DC method, Net, pressed into a disk, and then dried under vacuum a€95
and electrochemical impedance spectroscopy (EIS). The elec-for 15 h. This disk and a foil of lithium metal were used as the
trochemical performance of Li¥Dg as a cathode material in  Positive and negative electrodes, respectively. The separator was

lithium secondary batteries has also been examined. a Celgard 2300 membrane. The 1.0 M solution of LR
anhydrous ethylene carbonate and dimethyl carbonate (the
2. Experimental Section volumetric ratio was 1:1) was used as electrolyte (Merck). The

charge-discharge cycling was galvanostatically tested at a

2.1. Preparation of Layered LiV3Og Material. The modified current density of 0.2 mA/cfr(or 15 mA/g) at room temperature
microwave reaction system was designed on the basis of ajn a voltage range from 1.8 to 4.0 V.
domestic microwave oven (National MN-MX26WF, frequency . )
2.45 GHz, maximum power 800 W, multimode ovéfdThe 3. Results and Discussion
temperature of the reaction system during irradiation was 3.1. Heating Behavior in the Microwave Field. The
monitored online by using a sheathed—Rh thermocouple reactants LiOFH,0 and \,Os could only absorb a small amount
connected with a computer. A 42 g sample of graphite powder of microwave at a relatively low temperature, and were not able
(<30 mm) was used as the secondary heater, sealed in a 5@Q0 generate the high temperature needed in the solid-state
mL alumina vessel. The vessel was placed inside the well- reaction!® Therefore, a dual crucible system was devised by
insulated cavity with Kaowool. The alumina crucible loaded using graphite powder as the heating medium to achieve the
with 3 g of reactants was placed in the center of the secondary high temperature. The sample was not completely surrounded
heater. A mode stirrer (a reflective and fan-shaped paddle) wasby the secondary heater of graphite, and there was a vent hole
used to ensure that the average field experienced by the sampléo air in the upper part of the sample holder. After the microwave
was approximately the same in all directiddsIn the upper penetrated the vessel of the secondary heater, the microwave
part of the crucible, there was a vent hole to air to ensure that power dissipated to the reactants was greatly decreased, but was
the expected oxidation of vanadium in Li®gs could be still enough to accelerate the solid-state reaction and complete
obtained. The starting materials LIGH,O and \,Os were it in several minutes. Periodically terminating the irradiation in
mixed in a stoichiometric ratio, and then irradiated at different every cycle led to the fact that the efficiency of microwave
irradiation time and power (L: the lowest power, ML: the energy converted to heat energy was not the same at different
middle lower power, M: the middle power, MH: the middle microwave power (controlled by the duty cycke Both the
higher power, and H: the highest power), and finally allowed temperature variation and heating rate of the reaction system
to cool in the microwave cavity. All the reagents were analytical were found to be closely associated with the microwave
grade without any pretreatment. The relevant experimental power!® Therefore, the layered compound L could be
details are listed in Table 1. For comparison, D4 was also conveniently and successfully synthesized under suitable mi-
prepared by traditional solid-state reaction with use of an electric crowave irradiation conditions, such as reaction temperature and
furnace according to the literatu¥eThe stoichiometric mixture irradiation power (see Table 1).
of LiOH-H,0 and \LOs was heated at 65TC for 10 h, and the 3.2. X-ray Diffraction Studies. The XRD patterns of samples
obtained sample was termed CP650. synthesized at the lowest microwave power (i.e., the lowest
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Figure 1. XRD patterns of Li\tOs prepared by conventional method conversion was measured by the intensity of the (100) peak of samples

(a) CP650 and at the lowest irradiation power for different irradiation With respect to that of sample L100).
times: (b) 100, (c) 80, (d) 60, and (e) 30 min.

heating rate) for different irradiation times are shown in Figure g - " HiosV20s
1. It can be seen that the materials irradiated for a relatively o 8 N8 we

short time (30, 60, and 80 min) presented the peaks from both 8 88 = &K (ayHs
phases of product and reactants, indicating that the irradiation

time and corresponding temperature attained in the microwave l " | OYMH12

field were still not sufficient to form a pure product phase. For =]

example, after irradiation for 30 min, the relative reaction A w
temperature was only 29T and there were strong peak®)(2 = M
= 20°, 34, and so forth) arising from unreacted®s, but the %

formation of LiVsOg was clearly in evidence. Along with the = wﬂ
increase of irradiation time, the intensities 0504 peaks - (f)L100
decreased while those of L{®@s increased. After irradiation

for 100 min, it was showed that all peaks of L100 (Figure 1b) 'L " | (9cPesg

T T

corresponded to the pure phase of @4 (JCPDS: 72-1193), T T
) . 10 20 30 40 50 60
and were in good agreement with those of the sample prepared 26 ()
by the traditional method (Figure 1a). The major difference _ . - .
’ . e - . Figure 3. XRD patterns of Li\4Og prepared with different microwave
bgtween the samples prepared at different |rrad|§t|on time (i.e., ;. 2 diation conditions and by conventional method.
different reaction temperature) and by the traditional method

was the relative intensity of some peaks of k4. For example, TABLE 2: Lattice Parameters of LiV 30g Synthesized with
the intensity of crystal plane (100) increased while that of (002) Different Irradiation Conditions
decreased along with the increase of irradiation time. Comparedsample a/A  b/A c/A B diodA  do11dA  Tiodl—111

with the trad'monal method, the mlcrowave'solld-state reaction ‘~peen 6 6146 3.5800 11.8943 107.6670 13.904 28341 561
was too rapid to have the chance of forming ordered phases,| 100 6.6611 3.5980 12.0036 107.7555 14.038 28.488 0.65
therefore, the small crystallites, low crystallinity, and different ML30 6.6589 3.5973 12.0010 107.7568 14.004 28.454  0.64

crystallite orientation were present, which gave rise to the broad M20 ~ 6.6619 3.5979 11.9999 107.7441 13.987 28.437  0.68
and weak diffraction peaks. MH25 6.6941 3.5942 11.9343 107.8346 13.936 28.386  3.31

. MH12 6.6635 3.5988 12.0066 107.8122 14.055 28.477  5.10
The XRD patterns can also be used to reflect the conversion HS 6.6509 35961 120021 1077781 13994 28.443 421

of reactants during the microwave irradiation. The plot of
conversion vs reaction time and temperature is shown in Figure
2. It can be seen that the reaction conversion was mainly
controlled by the reaction temperature, and was very low at a
relatively low temperature (less than 420). For example, the

reactants were only converted 10% (from 40% to 50%) in the . - . . .
time range of 30 to 60 min (the corresponding reaction synthesized within 8 min at the highest microwave power (duty

temperature achieved was between 297 and 22D By cycle,x = 1), and the corresponqling !reacﬁon temperaturg was
comparison, the net increase in the conversion was 35% (from 242 “C. However, for the materials irradiated at a relatively
65% to 100%) in the time range of 80 to 100 min (the higher microwave power (Figure 3a,b) or at avery high reaction
corresponding reaction temperature achieved was between 4g4emperature of 768C (Figure 3c), there was evidence of a small
and 530°C). amount of L 3V30g. There were two reasons for the presence

The XRD patterns of LiyOg synthesized at five different ~ Of LiogV3Os. First, the ratio of Li:V at some local areas was
irradiation powers are presented in Figure 3. These samplesnot 1:3, because the reaction was too rapid to allowians to
showed the same peaks with a layered lattice corresponding todiffuse sufficiently. Second, part of reactant LiOH was volatil-
the LiV3Os structure (JCPDS: 72-1193). By comparison, the ized or part of Li\50g was decomposed to the lithium-lacking
samples MH12 and H8 prepared at the relatively higher material of L 3V3Og at a very high reaction temperature, such
irradiation power had sharper diffraction peaks, and therefore as 769°C in the sample M25.

a higher crystallinity. These experimental facts also confirmed
that the pure phase of LiDs could be synthesized in a very
short time with the precondition that the needed reaction
temperature was achieved. For example, 0¥ could be
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Figure 4. FTIR spectra of Li\{Os prepared by conventional method 1200 1000 800 600 400

(a) CP650 and with different irradiation times at the lowest microwave Wavenumber( cm'1)
power: (b) 100, (c) 80, (d) 60, and (e) 30 min.

Figure 6. Raman spectra of Li¥Os prepared by conventional method
(a) CP650 and with different irradiation times at the lowest microwave
power: (b) 100, (c) 80, (d) 60, and (e) 30 min.

of V—0O—V appeared at 744.9 crhand the peaks between 600
and 400 cm? were attributed to the bending vibrations ofV
O and \-0—V.21be
At the lowest irradiation power, it can be seen in Figure 4
that the intensities of the peaks from unreacte®a/at 1020.9
[v(V=0)], 824.9 p(V—0-V)], and 476.8 cm* [6(V—O—
V)]?% decreased gradually along with the increase of irradiation
time. After irradiation for 100 min, the sample L100 showed
the same FTIR peaks as that prepared by the traditional method.
This further confirmed that the formation of L§®@s needed a
certain thermodynamic condition though microwave irradiation
could accelerate the reaction. As shown in Figure 5, at the other
microwave powers, the same phase of }@¢ could be rapidly
formed while the reaction temperature was proper. The intensity
1000 800 600 400 and position of some peaks showed a little difference due to
Wavenumber( cm ') the dissimilar crystal growth behavior at different irradiation
_Figz_fet_& FT'%_?DECUE(\ ?fﬁé\é%?\;i{pfg e(d ;N'\i/tlggifgg)fiﬂn;éﬂiff)ovhﬂvi\ég power. For example, the fine structure of three shes0/bonds
Irradiation conaitions: {a) Ho, (€ ' (€ *in the LiVsOg crystal cell was gradually not conspicuous alon
(f) L100, and by conventional method (g) CPE50. with the increage of irradiatiogn powe?/. The peapkv()\‘/—O— ’
The main difference of XRD patterns in the samples prepared V) (744.9 cntl) showed a blue shift in the samples L100,
at different irradiation powers was their relative intensities of ML30, and M20, and a red shift in the samples MH12 and H8
the characteristic peaks. The lattice parameters of these materialby comparison with that of CP650. On the other hand, the
were calculated by using the software of Unit cell with the sample M25, which was prepared at a very high temperature
function of zeroshif€® and are listed in Table 2. The calculated (769 °C), presented a structure of lithium-lacking material
parameters were similar in all samples except for M25, which Lig3V20s (see Figure 3c), and the peaks at 619.0 and 584.4
was prepared at a very high temperature of 79T he intensity cm~1 were attributed to VO stretching vibrations of ki3V,0s
ratio of 119/I-111 in the samples prepared at the relatively low (Figure 5c¢)22ab
irradiation power was much smaller than that prepared at the The Raman spectra of the samples prepared under different
higher irradiation power, indicating that the preferential growth irradiation conditions are shown in Figures 6 and 7, respectively.
of some crystal planes was quite different at different irradiation The Raman bands of LiDg at 992.1 and 968.3 cm could be
powers. assigned to the ¥O stretching vibrations of V@pyramids,
3.3. FTIR and Raman Spectra StudiesThe FTIR spectra and the band at 766.9 crhwas likely to be related to the atomic
of the samples prepared under different irradiation conditions motions of corner-sharing oxygen among the gy®0s, and
are shown in Figures 4 and 5, respectively. The structural LiOg polyhedrong?c At the lowest microwave power, the peaks
difference in the samples prepared by the traditional method appeared at the same positions in the samples synthesized for
and under different microwave irradiation conditions was mainly different irradiation times (Figure 6). Along with the increase
reflected by the ¥=O double bond peaks in the range of 1650  of irradiation time and reaction temperature, the intensity of
900 cntl. There are three short=%O bonds in the Li\{Og peakv(V=O0) increased gradually. At the other higher irradiation
crystal cell, and the corresponding bond lengths are 1.586, 1.584 powers, the samples of M20, M25, MH12, and H8 showed a
and 1.583 A, respectiveRt2 Therefore, the IR peaks at 955.6, notable decrease in the intensity of the peak at 968.3 camd
973.8, and 997.4 cm could be assigned to the three shortV  the shift of some Raman peaks (Figure-td. For example,
O bonds in the Li\{Og crystal cell. The stretching vibrations  the V=0 stretching vibration (992.1 cn4) of VOs bipyramids
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Figure 7. Raman spectra of Li¥Og prepared under different micro-
wave irradiation conditions: (a) H8, (b) MH12, (c) M25, (d) M20, (e)
ML30, (f) L100, and by conventional method (g) CP650.

1200

was shifted about 4 cnt, and the vibrations oBi4 and Ag
symmetry species (541.5, 470.3 thwere shifted more than
20 cntL. It might be due to the rapid formation of \AGand
VOg polyhedrons, and thus a little distortion of the crystal
cells22c Moreover, the intensity ratio of the two peaks at 992.1
and 766.9 cm! in samples M20, M25, MH12, and G8 prepared
at a relatively high irradiation power was higher than that in

samples L100 and ML30 prepared at a lower irradiation power.

This indicated that the formation rate of ¥Cand VQ
polyhedrons of ¥Os~ layers was much faster than the super-
position rate of \Og~ layers linked by the interlayered Li
ions. At a very high temperature of 76€, the Raman peak at

Yang et al.

high temperature (i.e., long irradiation time) were more clear
than those of samples L30 and L80 prepared at the lower
temperature, indicating that a high synthesis temperature was
beneficial to form more independent particles in the microwave
field. An increase of crystallinity with the irradiation time was
observed in Figure 8bd and Figure 9bd. After irradiation

for 100 min (the corresponding reaction temperature reached
530°C), the SEM and TEM images of sample L100 presented
a relatively high crystallinity and big crystals that were
composed of some curved thin nanosheets (the size of one
nanosheet was estimated as g4rd x 1.2 um x 3 nm from
Figure 9d). Because microwave irradiation not only promoted
the ion diffusion but also decreased the reaction activation
energy, the crystallites of Li3Og could be formed quickly at a
relatively short irradiation time. This was confirmed by the same
SAED analysis results (the inset images of Figure-8p
However, these crystallites still need enough time to grow bigger
and more regular.

At the other irradiation powers, the samples presented
disordered and bar-like crystals (Figure-8g The samples
M20, MH12, and H8 exhibited irregular bar-like particles
(Figure 8h,i) whose sizes were widely distributed. The largest
one had its longest side as long asutf and the smallest one
had its longest side less tharufn. The higher the irradiation
power was, the smaller and more irregular were the crystals
formed. For example, irregular and small crystals were formed
in samples MH12 and H8 at the highest irradiation power in
contrast with the sheetlike crystals of L100 and ML30 (Figure
8d,e). A similar result was also demonstrated in their TEM
images (Figure 9). Especially, at the highest irradiation power,
the TEM image (Figure 9i) of H8 presented a nanorod (about
¢ 70 nm) structure. The different crystal morphology of the
samples revealed that the crystal growth was preferential at a
certain crystal axis and plane in the microwave field.

766.9 cnmt disappeared in sample M25, because the interlayered 1€ different morphology of crystals formed at different

lithium ions were not enough to form the corner link among
VOs, VOg, and LiG; polyhedrons. In addition, it should be noted
that the peak at 400.7 crhof Lig3V20s appeared, and it might
be due to the rapid formation of ;@3 layers and the
insufficient diffusion of Li" ions. Therefore, a too high

irradiation time and irradiation power was mainly due to the
pondermotive force that acted at the interfaces and cavities to
bring about a rapid growth of the grains and a systematic
elimination of porosityt®¢ 1t is now established that microwave
fields are very intense at interfaces, surfaces, and cavities during

irradiation power and temperature was disadvantageous to formirradiation?4 During the formation of materials, in particular,

the pure phase of LiyOg in the microwave field.

layered metal oxides, the pondermotive effect was responsible

In general, the main peaks were the same in both IR and for the rapid growth along the layers. For example, with the

Raman spectra for the samples prepared by the traditionalincreased irradiation time and reaction temperature, the particles
method and under different microwave conditions. However, ©f L100 became larger and more crystallized, and finally formed
the relative intensity and position of some peaks in Raman & floppy superposition structure of nanosheets that was greatly
spectra showed a little difference. As is well-known, the different from the ordered morphology of Li®s prepared by
scattering behavior and peak intensity of Raman spectra arethe traditional method. On the basis of the theory of crystal
usually affected by the thin layer structure of layered compounds chemistry, the growth of basic cells of crystal involves
with different grain boundaries and curvatd?elhe following coordination polyhedron according to the relationship between
SEM and TEM images (Figures 8 and 9) also showed that the the crystallographlc. orientation and crystal c.onflguratlon.. Actu-
morphology and grain size of the samples prepared underally, there may be different crystal configurations under different
different conditions were quite different. physical and chemical conditions, such as irradiation power (i.e.,
3.4. Surface Morphology and BET Surface Area Studies. ~ heating rate).
As shown in Figures 8a and 9a, the sample prepared by the LiV30ghas a monoclinic structure with the space gré2y
traditional method presented big and ordered crystals becausen, and is composed of two basic structure units {\éCtahedron
of the high reaction temperature, long reaction time, and few and VG distorted trigonal bipyramid). The 30s~ layers are
disturbances during crystal growth. By comparison, the micro- held together through the interaction with the interlayered
wave synthesis method required a much shorter time and lowerlithium ions (Figure 12% The polyhedrons grown in the

temperature to complete the solid-state reaction.

The SEM and TEM micrographs of LiDs synthesized under
different irradiation conditions are shown in Figure-8kand
Figure 9b-i. At the lowest irradiation power, the divisions

microwave field and by the traditional method could be
connected to form the basic cells with different construction
and dimensionalities, which were reflected in the crystal
configurations. The superposition of basic cells in different

between the particles of sample L100 prepared at a relatively dimensionalities had different stability, which directly influenced
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\ 2.0 um

Figure 8. SEM images of Li\{Og prepared by conventional method (a) CP650, and with different microwave conditions: (b) L30, (c) L80, (d)
L100, (e) ML30, (f) M20, (g) M25, (h) MH12, and (i) H8.

the growth rate of each family of crystal planes. The crystal and there was an observed increase in grain size, therefore its
growth of the layered materials in the microwave field might pore size, pore volume, and BET surface area were lower than
be briefly proposed as follows: the crystallites of the product those of L30 and L80. Due to the floppy superposition structure
were quickly formed at first, and then the extended growth rate of nanosheets, the surface area of L100 (3.88m) was higher
of the polyhedrons onto one monolayer was much faster thanthan that of CP650 (2.69 g~1) with the ordered structure.
the superposition rate of monolayers, therefore the nanosheetAt the other higher irradiation powers, the average particle size
structure of LiV4Og (such as L100) was preferentially formed and BET surface area decreased rapidly along with the increase
in the microwave field. At the higheset irradiation power, this of irradiation power. The surface area of the electrode material
effect was more in evidence as the nanorod was formed. always has a direct effect on the electrochemical perform&HAce.
Generally, the floppy morphology and high surface area of  3.5. Electrochemical StudiesVariable-temperature conduc-
the electrode materials are beneficial to the intercalation/ tivities of LiV 30g synthesized at different irradiation conditions
deintercalation of LT ions, and can lead to a high discharge are shown in Figure 10. At the lowest irradiation power, the
capacity and good cycle abili8?.The BET surface area, pore  sample L100 had the highest conductivity at a temperature range
size, pore volume, and average grain size of the samplesof 22—400 °C. This might be due to its floppy superposition
prepared under different conditions are summarized in Table structure and high BET surface area. At a relatively lower testing
3. At the lowest irradiation power, because the samples irradiatedtemperature (less than 130), the conductivity of samples L30,
for 30 and 80 min presented random structure and aggregationL60, and L80 was much lower than that of the sample CP650
of microcrystals respectively, the high pore size and pore volume synthesized by the traditional method. When the testing tem-
of L30 and L80 could be attributed to the interstice among the perature was increased, the conductivities of L30, L60, and L80
adjacent LiViOg microcrystals. When the irradiation time was increased rapidly, and were beyond that of CP650. This might
increased up to 100 min, the pure phase ofddywas obtained result from the fact that the transition phase of the samples
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.- (9) h)

Figure 9. TEM images of Li\4Og prepared by conventional method (a) CP650 and with different microwave conditions: (b) L30, (c) L80, (d)
L100, (e) ML30, (f) M20, (g) M25, (h) MH12, and (i) H8. (The inset images are the typical SAED patterns.)

TABLE 3: The Average Particle Size, Pore Volume, and
BET Surface Area of the Samples -1+ -11

particle size/ pore size/ porevol/  surface area/
sample um A cmi-gt m2-g~1 -2
CP650 5.5 14.25 0.009396 2.69 = =
L30 / 2291  0.02480 4.28 E -3 5 %
L80 1.0 17.99 0.02647 5.83 % 125
L100 3.6 8.01 0.007580 3.68 ot 8
ML30 3.1 12.61 0.004515 1.49 8;"4' 2
M20 2.6 16.82 0.006233 1.46 9 = 4
M25 / 17.36 0.006682 54
MH12 1.5 72.43 0.005027
H8 1.7 65.05 0.008639 0.53

57 ,L30)

. . . . . . I : 4 _ R .
formed in the microwave field for less than 80 min would be % 20 B8 30 3% T T
converted to the phase of Li®g, and the crystallites grew 1000/T (K™ 1000/T (K”)
bigger on condition that the higher testing temperature was

. . - - Figure 10. Variable-temperature conductivity of Li@s prepared with
applied and kept constant for 30 min at every testing point. different irradiation time at the lowest irradiation power (left) and at
Moreover, the samples MH12 and H8 showed a lower conduc-

v different irradiation power (right).

tivity than the samples L100 and M20 beyond room temperature

(Figure 10, right). The possible reason was that the defectionin Figure 11. The plots of Li¥Og prepared by the microwave

concentration in MH12 and H8 formed in a higher irradiation method for 30 and 80 min at the lowest irradiation power

power was decreased at a relatively higher temperature duringpresented disordered data points, and could not be fitted, thus

the long testing time. were not shown here. For the samples prepared at different
The Nyquist plots recorded for LiDs prepared by the microwave power, the impedance spectra mainly showed a high-

traditional method and at different microwave power are shown frequency semicircle and a low-frequency spik&The imped-
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Figure 11. Nyquist plots of LiV5Og synthesized under different conditions: (a) CP650, (b) L100, (c) ML30, (d) M20, (e) M25, (f) MH12, (g) H8,
and (h) equivalent circuit model.

ance plots were fitted by using an equivalent circuit model (see 445.1 Q, respectively, and relatively its calculated ionic
Figure 11h), and the fitted impedance parameters are listed inconductivity was the lowest at 1.1% 10~* S/cm. This was
Table 4. This model included the grain-body resistari®g, ( attributed to the different crystal growth mechanism of layered
grain-boundary resistanc®&,), and a constant phase element material in traditional and microwave methods. In general, the
(CPE) attributed to the interface effect between the particles of crystal of LiV30s provides a two-dimensional channel for the
LiV 30g.26 transition of Li ions. However, the different crystal configura-
Two interesting results could be concluded from Table 4. tions and local lattice distortion will affect the ionic transition
First, all the calculated and experimental ionic conductivity of route and grain-boundary resistance. Actually, there may be
LiV 30g prepared at different irradiation power was higher than different crystal configurations and lattice distortion under
that of CP650 prepared by the traditional method, and the samedifferent physical and chemical preparation conditions. In the
result was also demonstrated in their EIS fitting data. For traditional method, the crystals grew under high reaction
example,R, and Ry, of CP650 were the highest at 21.71 and temperature, long reaction time, and few disturbances, therefore
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TABLE 4: Various Impedance Parameters, lonic
Conductivity, and Diffusion Coefficient of Li* lons for . CPB50
LiV 30g Synthesized with Different Microwave Conditions tfgn
b 4 GQuem-1 0
orT™/1074 S'cm Dt/ 3 mlz_go
Ry CPE-TY CPE-PY 10710 s «— M25
samplesR/Q Q  10°%F F Calcd  Exptl crs > fatiis
>
CP650 21.71 445.1 1.668 0.288 1.12 0.87 7.74 ®
L100 16.96 198.0 0.275 0.416 2.45 2.40 8.02 %’
ML30 11.33 297.4 0.423 0.381 1.71 1.75 2.46 %
M20 3.43 2223 1.132 0.347 2.33 1.98 1.73 -
M25 0.91 211.8 5.396 0.225 2.47 2.80 3.13 .
Mz12  1.28 274.6 3.264 0.205 1.90 2.19 5.76 0 50 100 180 200 250 300 350

H8 0.63 1934 2.001 0.327 2.71 2.63 4.68
specific capacity mAh/
@ Capacitances for constant-phase element (CHEBndP are the ) ] .p pactty _ g )
CPE parameters of the equatigh= 1/[T(I*w)?] used to fit the Figure 12. The first discharge curves of LiDs prepared under dif-

depressed semicircle of the Nyquist pl8t.? orr was the conductivity ~ ferent conditions. Discharge current density: 0.2 mA/¢ab mA/g)

at room temperature. Calcd: The conductivity was calculated by the

EIS data. Exptl: The conductivity was measured by the four-probe Generally speaking, the grain surface (or hetjd@s a major

DC method. . ; . - . .
contributor to the value of diffusion coefficieBt The diffusion

big and ordered crystals presented (Figure 8a). By comparison,coeﬁ!qem (in Table 4) of L'\é_os prepared with dlfferzent
the crystals could be rapidly formed within a very short reaction conditions was calcula_lted by using the form_ﬁlg - (”_fTr )
time in the microwave fieid. Therefore, the samples showed 194 Where is the radius of the sample particles, dnds the
disordered crystallites with different crystal size and random fréquency at which the impedance spectrum shows a transition
configuration, and simultaneously formed local lattice distortion from semi-infinite diffusion behavior to a finite-length behav-
with higher defection concentration. In the region of lattice 10>’ Ther in the equation was an average value; however, the
distortion, both the interaction betweentLlions and negative  size distribution of samples ML30, M20, and MH12 was very
layer Vs0g~ and the transition energy of tiions were uneven. Therefore, the diffusion coefficidhit; decreased along
decreased. Second, the grain body resistaRgedf samples with the increase of irradiation power and the decrease of BET
LiV 30g decreased along with the increase of irradiation power, surface area, but did not correspond to their calculated and
but the grain-boundary resistand®,f) and the calculated and  experimental ionic conductivities.
experimental ionic conductivity de.monstrat.ed diversity. For  +4 see how the microwave preparation conditions affect the
?Xa”?p'.e’ the samples prepared in the highest and IOW(ESteIectrochemical behavior, the first discharge capacities of
|rrad|at|pn powers showed the lowe, (198 and 193'@’ samples prepared under different conditions are shown in Figure
respectively). Generally, the samples prepared under dlfferen'[12 The sampl d at the | ¢ iddle hiah
conditions showed a relatively stabR resistance, and the 7" " pies prepared a e. owes .or middie hig .er
irradiation power showed much higher discharge capacity

resistance of samples was mainly dependent on the grain- . ; i
boundary resistance (usualy < Ry). Under different irradia- ~ (-30: 335 mAh/g, L100: 236 mAh/g, and MH12: 222 mAh/

tion power, periodically terminating the irradiation in every cycle 9) than the sample prepared by the traditional method (CP650:
resulted in a different heating rate, and the crystal configuration 207 mAh/g). However, the sample prepared at the medium
of the samples would be affected. At the lowest irradiation irradiation power demonstrated a relatively lower discharge
power (the oven works in a cycle mode: 4s on 8s off), the capacity (ML30: 208 mAh/g, and M20: 181 mAh/g). This
crystallites of L100 were formed quickly in the period of could be explained by the strained®" layers formed in the
irradiation working-on, and then preferential growth could occur microwave field, because the Peierls energy was resisted by
along a certain crystal plane in the longer working-off time. At microwave irradiation energd?.The strained WOg™ layers were
the highest irradiation power (continuous irradiation), the thermodynamically unstable compared with those perfe@sV
crystallites of H8 with a narrow distribution of crystal size were |ayers of CP650. The sample L30 prepared at the lowest reaction
formed in a very short time, and these crystallites had a similar temperature (297C) and the shortest reaction time (30 min)
crystal conformation. Therefore, the samples L100 and H8 presented very tiny crystallites and high BET surface area, which
presented the lowesky, and the highest ionic conductivity.  resulted in the highest discharge capacity. The crystallites of
However, at th_e other irradiation power, because only a portion LiV 305 grew bigger with enough irradiation time (100 min)
of the crystallites of samples ML30, M20, and MH12 were 5.4 4 high temperature (53G). And during the longer period
prgferentlglly grown during a relatively s_horter time in the .pe.nod of irradiation working-off time, the interlayered tions could
of |rrad|at|on worklng-qﬁ, the crystallltes showgd ghss.lmllar diffuse sufficiently to lead to the formation of nanosheet
crystal configuration with a relatively broader distribution of I . .
superposition structure. Moreover, at the lowest irradiation

crystal size. ower, the as-prepared crystallites presented a similar crystal
On the other hand, the local lattice distortion was changed power, the prep ystallites p ) Y’
configuration and a narrow distribution of crystal size. This

under different irradiation power. At the lowest irradiation . . . . .
power, the lattice distortion was formed during irradiation structure was beneficial to the intercalation/deintercalation of

working-on time, and crystallites grew along the lattice distortion i~ ions, thus sample L100 showed a higher capacity than
under the longer working-off time. However, at the other CP650. By comparison, the crystallites prepared at a medium

irradiation power, because only a portion of the crystals grew irradiation power had dissimilar crystal configurations and a
along the distortion during the shorter time of irradiation broader distribution of crystal size; hence the intercalation/
working-off, the lattice distortion of the adjacent particles was deintercalation of L ions in these crystals would suffer much
dissimilar, and thus the samples ML30, M20, and MH12 showed interference, and relatively the electrochemical properties
a relatively higherRy, and lower ionic conductivity. decreased.



Microwave Solid-State Synthesis of Li®g J. Phys. Chem. B, Vol. 109, No. 22, 20061195

T floppy superposition structure of nanosheets (the size of one
: nanosheet was estimated as 46 x 1.2 um x 3 nm) was
. 35 preferentially formed at the lowest irradiation power, and this
= effect was more in evidence as the nanorod (algodd® nm)
¢ 3.0- formed at the highest power.
> ; The samples prepared at different irradiation power and time
g25¢ presented different sizes of crystallites with different crystal
S configuration and defection concentration in the microstructure,
il which affected ionic conductivity, first discharge capacity, and
- cycle performance. The sample L30 prepared at the lowest
o 50 100 150 200 250 reaction temperature (297C) showed the highest discharge
specific capacity mAh/g capacity (335 mAh/g), but then the discharge capacity decreased
400 rapidly during the first four cycles. The sample L100 had a
350 —+—CPES50 floppy superposition structure of nanosheets which provided a
= B good two-dimensional channel for the transition of ions and
£ \ - was stable during the intercalation/deintercalation process of
£ 2804 \ ——M25 Li* ions, therefore the high ionic conductivity, high discharge
% ] o T T capacity, and good cycle performance were present. Moreover,
g s v WS *ET.:?'*:—«« the samples prepared at a relatively higher irradiation power
8 O - and at a very high temperature presented a very stable cycle
%o‘ 160+ \f—’"“—--—ﬂ—#“—"w:_:f—«a_yﬂ_‘ performance, because the as-prepared crystallites had a similar
1201 fi T crystal configuration and a small distribution of crystal size. It
o & 10 15 20 was revealed that the electrochemical properties would be
cycle number /n affected by the periodical irradiation.
Figure 13. The eighth chargedischarge curves (upper) and variation
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