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All-solid-state lithium microbatteries 
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Ah-solid-state lithium microbatteries were fabricated using the ceramic superconductor 
YBa2Cua0,_l, as cathode, and a PAN-based polymer as electrolyte. The employed cathode 
films had a thickness of about 10 Frn. The charge and discharge current can reach values 
up to 100 Ncn-? at room temperature. The performance of the microbatteries was evaluated 
by cyclic voltammetry and a.c. impedance spectroscopy measurements. The batteries exhibit 
a good cycle life, capacity and efiiciency. 

Introduction 

Solid polymer electrolyte lithium batteries have been investigated for many years 
[l]. They combine the use of thin-film Li ion-conducting polymer electrolytes with Li 
ion reversible electrodes. Improvements in the electronics industry and the miniatur- 
ization of electronic devices have reduced the current and power requirements for 
some devices to extremely low levels. The volumetric energy density of a battery 
(W h/l) is sometimes more important than the gravimetric energy density (W h/kg), 
because the volume of a battery is limited. 

YBazCu307_a has been investigated as cathode material [2]. It has a high electronic 
conductivity, an open layer structure, a high density and exhibits good Li+ diffusion. 
PAN-EC-PC-LiC104 has a high Li ionic conductivity at room temperature and shows 
a very good mechanical strength [3, 41. 

In this paper the properties of a composite film comprising a YBazCu307-b cathode 
film and a PAN-based electrolyte fihn will be presented. 

The preparation of the PAN-EC-PC-LiCI04 has been described in detail in 
ref. 4. The starting material of YBazCus07-6 was prepared by a convenient ceramic 
processing technique [S]. Ball milling was used to obtain the powder. 

We prepared two kinds of cathode-electrolyte Iaminar structures: (A) 90 wt.% 
YBazCus07--8+ 10 wt.% electrolyte covered with electrolyte, and (B) 95 wt.% 
YBa&r,O,_,+S wt.% carbon black covered with electrolyte. 
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In the preparation, the electrode powder was dispersed in dimethyl formamide 
to form a paste. Using doctor blading, a smooth film of the cathode material on a 
stainless-steel current collector was made of this paste. The cathode film thickness 
was about 10 pm. Subsequently, a dilute solution of the PAN-based electrolyte in 
DMF was applied on the surface of the cathode film. The electrolyte film was formed 
during evaporation of the solvent. The laminar structure had a total thickness of about 
20 pm. 

In order to form the thin-film battery a Li foil with a thickness of about 10 pm, 
which was made by pressing a Li pellet between two stainless-steel plates, was pressed 
against the laminar structure. The Li foil was covered with a stainless-steel end plate. 
A schematic presentation of the microbattery configuration is given in Fig. 1. 

The charge, discharge and cycling behaviour of the batteries were recorded using 
a PAR 273 potentiostat. The batteries were cycled between 1.8 and 3.6 V at 
0.2 mVfs. About 60% of the total capacity was utilized in a charge/discharge cycle. 

Impedance spectroscopy of the microbatteries was performed using a Solartron 
1270 frequency response analyser and a Solartron 1286 electrochemical interface. The 
impedance spectra were analysed using a non-linear least-squares (NLI-S) computer 
fit programme developed by Boukamp of the Faculty of Chemical Technology, University 
of Twente, the Netherlands. Impedance data were recorded at the equilibrium potential, 
i.e., under conditions of absence of d-c. current flow. 

Fig. 1. Schematic of microbattery: (1) st :ainless-steel plate; (2) lithium film; (3) PAN-based 
electrolyte, and (4) YBa2Cu30,_,-cathode film. 

Fig. 2. Surface microstructure of cathode film of battery B. 
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Results and discussion 

Scanning electron microscopy (SEM) picture of a cathode film of battery B is 
shown in Fig. 2. Since the PAN-based electrolyte film is soft and exhibits high mechanical 
strength, both the contact between cathode and electrolyte, and the contact between 
electrolyte and Li is good. 

Figures 3(a) and 3(b) show the impedance spectra of battery A and B, respectively. 
Figures 3(d) and 3(e) show the data plotted as real part and imaginary part against 
a-lR. This type of plot was introduced in a slightly simpler form by Randles [6]. 
Here, the relaxation in the real part is due to the double layer and the corresponding 
hump in the imaginary part should extend over several decades of frequency as observed. 
At lower frequencies, the curves become straight lines which are not quite parallel. 

As a circuit, a battery may always be represented as an ideal voltage source 
(i.e., without any internal impedance) in series with a combination of a reactance 
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Fig. 3. (a) Impedance spectra of battery A: (+) new battery; (A) after first discharge, and (0) 
after 54 cycles. (b) Impedance spectra of battery B: (+) new battery; (A) after 33 cycles; (0) 
after 85 cycles, and (0) after 151 cycles. (c) Impedance spectra of battery B at different OCV 
after 85 cycles: (+) after 85 cycles and charged to OCV=3.35 V (equilibrium), and (A) after 
85 cycles and discharged to OCV=2.02 V (equilibrium). (d) Frequency dependence of the real 
(R,) and imaginary (l/C,) part of the impedance of battery A: (+) real part, and 2 (A) imaginary 
part. (e) Frequency dependence of the real (R,) and imaginary (l/C,) part of the impedance 
of battery B: (t) real part, and (A) imaginary part. 
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(usually capacitive) and a resistance in either a parallel mode (R&J or a series 

mode (GG) 171. 
The impedance of each electrode of a cell forms the double layer capacitance 

and leads inductance. The electrolyte solution will contribute a resistance to the battery 
impedance. Finally, the battery electrodes will contribute a ‘geometrical’ capacitance 
due to their close parallel spacing. Taking into account the above-mentioned facts, 
the equivalent circuit of a battery may be represented, as shown in Fig. 4(a). Taken 
into account that the inductive reactance and geometric capacitance are small compared 
with the measured capacitance by several orders, L,, L, and C, have been omitted. 
Thus, a modified equivalent circuit of a cell can be used. The form of the complex 
plane plot suggests that the equivalent circuit of Fig. 4(b) would be a first approximation 
to the electrode analogue. Figure 5 shows the NNLS fit results compared with the 
experimental results of battery A and battery B. 

Impedance spectroscopy (IS) of battery A and B shows that the resistance of the 
electrolyte and charge-transfer resistance are the same (see Table 1). The charge- 
transfer resistance is influenced by the deepness of the discharge as shown in 
Fig. 3(c). The Warburg impedance is represented by: 

Fig. 4. (a) General equivalent circuit of a battery: E,, E, -single electrode potentials; L,, L,= 
lead inductances; C,*, C, = double layer capacitance; R,, R, - charge-transfer resistances; W,, 
WC = Warburg impedances; Rn = resistance of electrolyte, and Cs = geometric capacitance. 
(b) Simplified equivalent circuit of a battery: V’ = EC - E, = emf of the battery; R, = charge-transfer 
resistance; W= Warburg impedance; Cd = double-layer capacitance, and Rn = resistance of the 
electrolyte. 
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Fig. 5. (a) Non-linear least-square (NNLS) fit data comparing with the experimental impedance 
spectra of battery A after first discharge: (+) experimental, and (A) simulation. (b) NNLS fit 
data comparing with the experimental impedance spectra of battery B after first discharge: (+) 
experimental, and (A) simulation. 
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TABLE 1 

Non-linear least-square (NNLS) fit results versus impedance spectra of battery A and B after 
first discharge 

Battery A Battery B 

Rn (a) 
R, (a) 
Warburg, Yo (Cl-‘) 
Capacitance (F) 

128.7 130.8 
244.8 253.4 
6.673 x lo-’ 4.01 x lo-” 
5.385 x lo-’ 1.271 x lo+ 

Zw=Kw(iw)-‘n (1) 
where, Kw is the Warburg coefficient. The value of the Warburg coefficient, Kw, can 
be obtained from the low-frequency slope of either real or imaginary part in the plot 
0 . -lR The Warburg impedance was found to be the main reason for the high polarization 
losses of battery A. This is also apparent from the discharge curve in Fig. 5. 

The negative electrode is metallic Li, and the electronic conductivity is more than 
sufficient for the current density to be expected in the battery. 

The electronic conductivity of positive materials, YBazCu307-s is high, but the 
electronic conductivity of cathode film is lower by mixing with electrolyte to improve 
the ionic conductivity. 

High Warburg coefficient is due to a low Li+ diffusion coefficient. In battery A, 
Li+ diffused slowly because little electrolyte permeated into the cathode film with a 
compact texture. In battery B, the cathode film became looser when carbon was added, 
a part of the electrolyte permeated into the cathode film, and the Warburg resistance 
decreased. The battery was found to discharge efficiently at considerably higher current 
densities. Figures 6(a) and 6(b) show the discharge curves of battery A and B under 
different current density, respectively. For the battery using cathode film A, the d.c. 
polarization lowered after 54 cycles. This phenomenon may be ascribed to the non- 
uniformity of the electrolyte layer and the interface-contact problem for a new battery. 
Figure 3(a) shows the impedance spectra of the new battery after first discharge, and 
after 54 cycles. It is observed that the Warburg impedance of the new battery is high, 
and most probably caused by slow diffusion through the interface layer. 

Figure 6(c) shows the discharge curve of battery B at 40 &cm2. The d.c. 
polarization increases slowly with the number of cycles. Compared with the impedance 
spectra, we find that the Warburg resistance increases slowly with the number of 
cycles. The electrolyte resistance (Ro) is almost constant. The difference in charge- 
transfer resistance (R,) may be ascribed to the different charge state of the battery. 
Figure 3(c) shows impedance spectra of battery B with different open-circuit voltage 
after 85 cycles. R, increases with the depth-of-discharge. 

Conclusions 

A microbattery comprising a ceramic superconductor YBa2CuJ07_s cathode, and 
PAN-based polymer electrolyte exhibits high discharge efficiency at high current density 
and has a good cyclic behaviour. In general, the added carbon improves the electronic 
conductivity of the cathode film and reduces the charge-transfer resistance. In this 
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Fig. 6. (a) Discharge curve of battery A on first and after 54 cycles at 4 &cm*: (+) first 
discharge, and (A) after 54 cycles. (b) discharge curve of battery B at different current densities: 
(+) 100 pm/cm*; (A) 40 pm/cm*; (0) 20 pm/cm*, and (Cl) 10 /&cm*. (c) Discharge curve of 
battery B at 40 &/cm* under different cycles: (+) 4; (A) 34; (0) 85; (+) 152, and (A) 202 
cycles. 

experiment, it is found that the diffusion process has been improved and the Warburg 
resistance has been reduced by the added carbon. 
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