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The electrochemical intercalation of alkali metals into several superconducting oxide phases has been carried out by galvanostatic discharge of an electrochemical cell. In each case intercalation appears to result in a decrease in the volume fraction of the superconducting phase. Intercalation of lithium into an indium-doped Bi-Sr-Ca-Cu oxide gave a material of approximate composition Li0.23Bi1.9ln0.1Sr2CaCu2O8+ which the superconducting onset temperature, Tc was increased by ca. 15 K above that of the original compound. Intercalation into other superconducting bismuth oxides produced increases in some cases, and decreases in others. Intercalation into the thallium 2212 superconductor produced no discernible change in Tc.

Introduction

Transition-metal oxides and sulfides capable of the reversible intercalation of small guest ions such as Li + are of interest as possible solid-state electrodes in high-energy density secondary batteries and electrochromic devices [1,2]. In this connection attention has focused on a number of layered compounds, including the metal oxides V2O5 [3], MoO3 [4] and Cu2V2O7 [5]. The intercalation process involves a co-injection of lithium ions and electrons into the host structure. This usually results in a change in the interlayer separation in order to accommodate the guest Li + ions, together with a modification in the electron energy-band structure of the host material. Similar intercalation reactions are to be expected from the layered copper perovskite structures currently being studied for high temperature superconductivity. Indeed, recently, the intercalation of silver into the superconductor Bi2Sr2CaCu2O8+ was reported to enhance the Tc, by ca. 15 K [6] and the intercalation of lithium has been reported to produce a similar effect.

On the other hand, the chemical intercalation of lithium into YBa2Cu3O7- causes a degradation in superconducting properties [9], and the electrochemical intercalation of lithium fails to render PrBa2Cu30, superconducting [10]. The intercalation of iodine from the vapour phase causes substantial increases in the c axis of BiSCCO phases but only small decreases in Tc [11].

In this paper we report the electrochemical intercalation of lithium and sodium into a number of high-Tc, superconducting oxide phases, including indium-and lead-doped materials, and the effect on their superconducting behaviour. The substitution of alkali metals into the Bi-Sr-Ca-Cu-O system during conventional synthesis can lead to a significant decrease in the temperature of formation of the 2212 phase, and result in an increase in Tc, with the smaller alkali-metal ions such as lithium. An onset temperature of 98 K has been reported for a Bi-Sr-Ca-Cu oxide 2212 phase in which lithium is partially substituted for copper [12]. Furthermore, the inclusion of lithium in superconducting Bi-Sr-Ca-Cu oxide flexible whiskers, prepared by heating a melt-quenched plate in oxygen, is effective in raising the Tc, in both the 2212 phase and the 2223 phase [13]. Electrochemical intercalation affords not only the advantage of room-temperature implementation, but also the ease of control of the level of doping in the superconductor. Given the present incomplete explanation of the mechanism of superconductivity in the high-Tc, ceramic materials the structural and electronic changes observed in the host as a consequence of the intercalation of alkali metals and their effect on the superconductivity may provide useful insight into understanding this phenomenon.

Experimental

Bi-Sr-Ca-Cu oxide samples were prepared by solid-state reaction. Powders prepared by mixing the appropriate quantities of Bi2O3, CuO, SrCO3, together with In2O3 or PbO for the doped samples, were pressed into pellets and sintered at 860°C for 72 h. The Bi2Sr2CaCu2O8+ and indium-doped phases were sintered in air, while the lead-doped Bi-Sr-Ca-Cu oxide material was sintered in an argon-oxygen atmosphere. Thallium compounds were prepared by similar methods starting with mixtures including Tl2O3rather than Bi2O3 and firing at 916 °C specimens wrapped in gold foil inside a sealed evacuated silica tube.

X-Ray diffraction patterns were obtained using a Siemens D500 diffractometer employing Cu-K radiation and incorporating pulse height discrimination and a curved graphite secondary monochromator. Data collection and processing over the range 4°< 2 theta <70° were controlled by a PDP11/23 plus computer. Magnetic inductance measurements were made by measuring the self-inductance of a transversely wound coil adjacent to the specimen using a Hewlett Packard 4274 A LCR meter. The sample probe was lowered down the temperature gradient set up above the surface of liquid helium. The temperature gradient was ca. 1 K mm -1 depending on the level of liquid in the dewar. For routine measurements, the magnetic flux density produced by the coil was < 10 -4 T.

The intercalation of lithium and sodium into superconducting phases has been carried out by galvanostatic discharge of electrochemical cells containing a superconductor working electrode, alkali-metal counter electrode and alkali-metal ion conducting electrolyte. In the two-terminal Teflon cell configuration, the working and counter electrodes were separated by pads of Whatman filter paper soaked in the electrolyte, a 1 mol dm -3 MClO4 (M=Li or Na) solution in propylene carbonate. Cells were assembled in a dry room (T=20°C, dew point temperature = -30 °C). The accuracy of the temperature measurements was checked by occasional calibration with a standard specimen of YBa2Cu3O7- (Tc = 93 K). This process repeatably indicated that the temperature for sharp conductivity onsets was measured to an accuracy of +/-1 K.

The cells were discharged at room temperature, to a voltage of 1.0 V, using a microprocessor-controlled multichannel galvanostat. The current densities were in the range 10-100 A cm -2 . The mole fraction of the intercalated alkali metal in the superconducting phase was calculated from the capacity obtained on the discharge together with the weight of the pellet. After discharge, cells were dismantled, and the electrolyte was removed from the pellet surface prior to the measurement of susceptibility.

Results and Discussion

Details of the oxides used as cathodes and the compositions after intercalation are given in Table 1. X-Ray diffraction indicated that the samples were essentially single phase, but after intercalation the diffraction lines were significantly broadened. The intercalation process did not bring about any change in the lattice parameters of the materials as great as the relevant standard deviation. Although the open-circuit voltages on assembly of the lithium cells were in the range 2.9-3.4V, there was no significant capacity at these high voltages and the discharge voltage rapidly fell below 2 V in each case. Voltages in the sodium cells were typically 0.3 V lower than those in the analogous lithium cells. Discharge curves for electrochemical cells containing three of the superconducting BiSCCO pellets and lithium anodes are given by way of example in Fig. 1.

The discharge voltages were comparable to that observed in the lithium-copper oxide primary cell [14], which exhibits a plateau at ca. 1.5 V. The discharge curves for the indium-and the lead-doped samples decreased monotonically with alkalimetal insertion, indicative of a single-phase reaction, whereas the discharge curve for the Bi2Sr2CaCu2O8+ material had a short step at ca. 1.4 V which may be associated with a two phase region in the intercalation process.

Inductance versus temperature plots, before and after intercalation of the two doped phases are given in Fig. 2. In each case there appeared to be a decrease in the volume fraction of the superconducting phase as a result of intercalating lithium. The lithiated samples no longer demonstrated the sharp downturn in inductance at the critical temperature, but rather had a smoother decrease in inductance with decreasing temperature. The onset of the decrease in inductance appeared to have moved to higher temperature after lithium intercalation. In the case of Bi1.9In0.1Sr2CaCu2O8+d the intercalation of lithium resulted in a significant increase in the onset temperature of ca. 15 K and the data [Fig. 2(a)] closely resembled the data reported for intercalation of lithium into Bi2Sr2CaCu2O8+

Overall, the lithium intercalation in these experiments appeared to produce two contrasting effects: a decrease in the fraction of the material that was superconducting, but an increase in the T, onset of that fraction. These observations may be rationalised by assuming that the method used to introduce lithium to the starting material was not producing a homogeneous modification, for example grain surfaces might accept lithium than the bulk.

However, intercalation experiments with other materials produced (Table 1) somewhat different results. The decrease in the volume fraction of superconducting material was a general feature, but the effect on the superconducting transition temperature, Tc was only positive in cases where the initial oxide had a Tc, significantly lower than the optimum value known to be achievable by thermal redox adjustment. In cases where the oxide had initially exhibited a Tc, near the known maximum value, the effect of intercalation was to cause a decrease in the transition temperature.

Intercalation of both lithium and sodium into the thallium 2212 superconducting oxide left the superconducting transition unchanged for smaller amounts of alkali-metal incorporated but the volume fraction of superconducting material decreased significantly.

Conclusions

It is clear that stoichiometric changes that affect the oxidation state of the original metal ions play an important role in determining the superconducting properties of complex copper oxides. In the past such changes have been effected largely by appropriate choice of oxygen partial pressure during thermal treatment [15].

The intercalation of alkali metals at room temperature represents an alternative method by which the oxidation state of the metals originally present in the superconductor may be modified, probably without altering the oxygen inventory. The experiments described have indicated that the employment of relatively minor alkali-metal loadings can have rather large effects.

The optimum transition temperature achievable by using electrochemical intercalation to control the redox chemistry of the superconductor appears to be similar to that achievable by conventional thermal means.
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