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Abstract

The application of micro-systems, designed to contain monitoring or actuating devices is often hampered by energy supply. For systems witl
low power demands, the use of implanted battery and inductive links for wireless energy transfer to the remote system is widely acknowledge
solution. But these energy supply system are limited by the energy shortage and inductive coils alignment. The misalignment of wireless
energy transfer loops causes the low energy transfer efficiency and inexact induced potential. Although the implanted battery can offer mor
stable energy supply, the shortage in energy storage limited its application and durability. In this work, we developed the wireless microwave
charging module to overcome the disadvantages of previous methods. The wireless microwave charging module can charge the implante
lithium ion battery in a suitable distance by tuning the power input and the implanted lithium ion battery shows excellent cycleability after
20 cycles of wireless charging. Although the conversion of the wireless microwave charging is only 2-5%, it can be improved by using
other designs of antenna (microwave generation part) and rectify antenna (receive and conversion part). The cell performance of the spin
compound for the wireless energy transfer is better than that of the layered compound.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction module. The wireless microwave charging device with a
suitable capacitor has been reported for rechargeable lithium
Wireless power transmission (WPT) has been proposedion battery in our previous studis]. Since rechargeable
for many years and is expected to be one of the mostlithium ion batteries have long cycle life, high energy
promising energy transfer methods in the near fufliré], density and good safety record, they are good candidates for
especially in space power supply and emergency powerimplanted power sources. Traditionally, a primary battery is
recovery. However, short-range and low-power microwave used as implanted power source, since there is no efficient
WPT has not been well developed. The short-range andway to charge the power source (i.e. a rechargeable battery).
low-power WPT can be extensively applied in micro- A capacitor charged by a body-mounted rf-generator with
systems such as implanted pace-makers, implanted medicatwo inductively coupled loop antennas is also employed for
micro-systems and sensors. an implanted power source. Recently wireless power trans-
To improve the performance of a conventional wireless mission (WPT) is considered to be a potential way to charge
power transmission system, we develop an implantable animplanted battery. WPT can deliver power without any cir-
energy storage system with arechargeable lithium ion batterycuit connection to a device. The first demonstration of WPT
which can be charged by a wireless microwave charging was successfully completed in 1976 by NASA-10]. WPT
techniques can also be employed in remote micro-systems
mpondmg author. Tel.: +886 6 2757575x62630: sqch as medical microsensors. Thef service Ii_fe of a system
fax: +886 6 2366836. with a rechargeable battery can be improved if WPT can be
E-mail addresstcchou@mail.ncku.edu.tw (T.-C. Chou). utilized effectively. To reveal the difference in conventional
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and WPT charging process, a conventional charging process z
is chosen as a blank test for comparison in this study. A
conventional charging procedure includes two steps, in
which the battery is initially charged by a constant current

until the potential reaches the upper voltage limit and then by [ rectenna

a constant voltage until the current reaches a predetermined K o

value. Microwaves in WPT are converted directly into dc

power by a receiving antenna (rectenna). A wireless charg-

ing module can charge an implanted energy storage device [~Skin package

m

without any mounted device and physical contact. In order to
investigate the feasibility for using a wireless charging mod- dipole //’
ule to charge an implanted energy storage device a rectenna Ce”terhﬁ ”\\
array with a charging circuit embedded in a pig’s skin tissue power
was used to simulate the implanted system. In this work, ] amplifier I
the cell performance of the implanted lithium ion batteries !
made of the cathodes with spinel or layered structures were
investigated.

000 000 00000y
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Fig. 1. Power transmitter and rectenna modules packed in a pork skin
tissue.

2. Experiment
electrolyte. The cells were assembled in an argon-filled dry

2.1. Cathode material synthesis box where both the moisture and oxygen contents were less
than 1 ppm.

Nano-sized LiNg45Mng 45Co 102 powders were
synthesized by the sol-gel method using citric acid as 2.2. Wireless microwave charging test
a chelating agenff11-13] Stoichiometric amounts of
lithium acetate (Li(CHCOO)2H,0), nickel acetate The scheme of the wireless power transmission system
(Ni(CH3COO)-4H,0) and cobalt nitrate (Co(N£)»-6H20) developed in this study is shown ifig. 1 The wireless
were dissolved in distilled water and mixed with an aqueous power transmission module includes a continuous 900 MHz
solution of citric acid. The resulting solution was mixed with microwave generator and a rectenna array. The rectenna
a magnetic stirrer at 80—9C for 5-6h to obtain a clear (rectify antenna) array is embedded in pig’s skin tissue (ca.
viscous gel. The gel was dried in a vacuum oven at°’2l0 2 mm in thickness) to simulate a wireless power transmission
for 24h. The layered LiNj45Mng 45C0p.102 compounds system implanted in a human body. This power transmit
were ground and calcined at 750-9@after precalcining module can transmit microwave power to air and receiver
the precursor at 450C. The heating and cooling rate of the steadily. The rf/dc conversion component is able to convert
heat treatment was°Z min—1. the transmitted power and charge a lithium ion battery. The
The Li, Co and Ni contents in the resulting materials capacitor in the charging circuit is set in parallel with the fab-
were analyzed using an inductively coupled plasma/atomic ricated lithium ion battery to modify the converted dc power
emission spectrometer (ICP/AES, Kontron S-35). The [6]. The charging cycles are carried out over a potential range
phase purity was verified from powder X-ray diffraction of 3.0-4.3 V.
measurements (XRD, Rigaku D/max-b) using Cu K
radiation. The particle morphology of the powders after cal-
cination was obtained using a scanning electron microscopy3. Results and discussion
(SEM, Hitachi S-4100). Electrochemical characterization
was carried out with a coin-type cell. The synthesized The converted potential profile of the packed rectenna
LiNig.45Mng 45C0p.102 and commercial spinel LiMyO4 array is shown inFig. 2 The open circuit potential and
(Merck) cathode were prepared by mixing an 85:3.5:1.5:10 conversion efficiency depend on the conditions such as
(w/w) ratio of active materials, carbon black, KS6 graphite the distance between the antenna and the rectenna array
and polyvinylidene fluoride binder, respectivelyNamethyl (receiver), the ambient media of the rectenna array, the
pyrrolidinone. The resulting paste was cast on an aluminum efficiency of the rectenna array and the energy consumption
current collector. The entire assembly was dried under of the charging circuit. The output of the antenna (generator)
vacuum overnight and then heated in an oven at°@0 was set at 40 mW. It was found that the converted potential
for 2 h. Lithium metal (FMC) was used as an anode and a is disproportional to the distance between the antenna
polypropylene separator was used to separate the anode andnd the rectenna array. The rectified open circuit potential
the cathode. 1.0 M LiPfdissolved in a 1:1 mixture of ethy-  obtained from the charging circuit with a capacitor in
lene carbonate (EC)/diethyl carbonate (DEC) was used as arparallel decreases from 4.64 to 0.565V with an increase
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5 wireless charging process and similar to that (168 mAH g
Implanted antenna test . . . . .
obtained in the conventional process in the potential range
4 of 3.0-4.3V. The discharge capacity of the synthesized
LiNig.45Mng 45C0p 102 cathode is higher than that of the
. n LiCoxNi1_xO> cathode at same charging-discharging con-
i \ ditions[14—16] The higher discharge capacity results from
the changes of the redox pair reaction fron?MNi** in
\\. LiCoxNi1_xO2 to Ni2/Ni**in LiNi 9.4sMng_45C00.102. Mean-
while, the presence of manganese in lgbiMng 45C0p 102
1 "~ \ leads to an oxide network more favorable for lithium ion
intercalation. It was also found that the capacity retention
in the conventional charging process is better than that in
5T #® 0 6" de T o the wireless charging process. The reason for the serious
Distance(cm) capacity fading in the wireless microwave process is due
to the poor quality of the converted dc power. The ripple
Fig. 2. Converted potential vs. distance between antenna and implantedof the converted dc power in the wireless charging process
rectenna array for 900 MHz wireless microwave charging module. is more serious than that in previous work and the rapid
potential vibration may directly affect the capacity retention
in the distance from 0.2 to 20cm, respectively, in the qf the cell[6]. In order to investigate the relationship of the
studied setup. The conversion efficiency of this wireless gtrycture and the capacity fading, X-ray powder diffraction
charging module is found to be only about 2-5% in the a5 ysed to examine the structural changes of these cathode
studied setup, indicating that it can be further improved materials charged in different ways.
by focusing the microwave radiation and minimizing the Shown inFig. 4 are the XRD patterns for the fabricated
energy consumption of the conversion circuit in the future. LiNi 9.4sMng.4sC0p 10, batteries charged by the wireless
Meanwhile, the dependence of the cell performance in the charging process and the conventional charging process. All
wireless charging process on the cathode structure is also ofpe peaks appearing on the XRD pattern were identified with
great interest. The synthesized LiMsMno.45C0p.10, ma- the characteristics peaks of Lifi,_yCoMnyO; reported

Output voltage(V)

terial with layered structure and the commercial Lid in the X-ray powder data file of JCPDS. No impurity related
dependence. samples. It reveals that all the charged samples exhibit

To simulate an implanted wireless charging process the some structural changes. It is particularly interesting to note
rectenna array was packed in a pig’'s skin tissue (ca. 2mm inthat the value olgo4/l104 for the LiNig 45Mng.45C0p 102
thickness). The cycleability for the LiblusMno.45C00.102 material charged by different processes. The intensity ratio
cathode charged by the conventional charging process afs reported to be closely related to the undesirable cation
0.1C rate and the wireless charging process is shown inmixing which is reduced as the value of the ratio is increased

Fig. 3 The initial discharge capacity (162 m.Ahb of [17-19] The value oflgg3/lio4 for the hexagonal unit
the LiNig.45Mng 45C0op 102 cathode is pretty high in the
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Fig. 3. Charge/discharge capacity vs. cycle number of the synthesized Fig. 4. XRD patterns for the layer LiliksMng 45C0p 102: (a) pristine, (b)
LiNi g.45Mng 45C0p 107 in a range of 3.0-4.3V: (a) conventional charging charged by a wireless microwave charging process and (c) charged by a
process and (b) wireless microwave charging process. conventional process.
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Table 1
lood/l104 ratio of different treated samples
loos l104 loo3/l104 graphite "
Pristine 144 1061 136 . ﬂ, ok h
Charged by a wireless microwave 9.96 1609 0.54 = c
charging process S
Charged by a conventional charging  6.30 5065 1.244 2
process 2 " N
E Wdocomated A n A }u. ik )
cell of these samples charged by different processes was
determined and shown imable 1 It indicates the cation
mixing is more serious in the vaeless charging process than
that in the conventional charging process. a
In order to overcome the serious capacity fading of the 0O 10 20 30 40 5 60 70 8 90
layered cathode material in the wireless microwave process, 20

the commercial spinel LiMgO4 was selected to be instead

of the layered one. The fabricated spinel battery was also Fig. 6. XRD patterns for commercial LiM@;: (a) pristine, (b) charged by
charged in conventional charging process and wireless mi- & wireless microwave charging process and (c) charged by a conventional
crowave charging process in the potential range of 3.0-4.2 V. process.

The cycleability of the spinel LiMsO4 battery charged by

the conventional charging process at 0.1 C rate and the wire-structural stability and equal lattice expansion and shrink-
less charging process are giverFiig. 5. It can be seen that  age in spinel LiMaO,4 during the discharging and charging
the cell performance of the spinel LiM®, charged by the  processef20-22]

wireless charging process is as good as that by the conven- Comparing the capacity fading between the layered
tional process. The capacity fading for the spinel cathode in LiNio.45Mng 45C00.102 cathode and the spinel LiM@y

the wireless charging process and the conventional chargingcathode charged by a wireless charging process, the spinel
process is 2.7 and 1.9%, respectively. In order to discover LiMn;04 cathode shows lower capacity fading and better
the structural change of these samples, the XRD patterns ofstructural stability. From these results, it can be concluded
the charged and pristine samples are showFign6. All the that the spinel structure cathode material is more suitable to
peaks appearing on the XRD pattern were identified with the be applied in a wireless microwave charging process.
characteristics peaks of LiM@4 reported in the X-ray pow-

der data file of JCPDS. It reveals that all the charged samples .
exhibit no structural changes and no impurity related peaks4' Conclusions

has been observed from the XRD pattern of these samples.

These observations demonstrate the ripple potential in the, The gffect of cathp de structure.on th? cell performance
converted dc power does not affect the cell performance ofthe" the wireless charging process with an implanted rectenna

battery with a spinel cathode. This result may due to the high array was |n\_/est|gate_d. The spinel Lk ca_\t_hode shows
better capacity retention and structure stability than the lay-

_— ered LiNip.45Mng 45C0p.107 cathode in the wireless charging
] process. It can be also concluded that the lithium ion battery
AGRlTeTaTAS A AN A A pA-A-A-A 8 . . . .
B 120 R e T made of cathode with spinel structure is more suitable to be
£ A ¢ applied in a wireless microwave charging process and can
£ 100+ offer the micro-system a steady energy supply.
=
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