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Abstract

Cells using polyethylene oxide as a sodium ion conducting electroiyte, P2
phase N éxCoOz as the positive and either sodium or sodium/lead alloy.as the
negative were assembled, discharged and cycled. NayCoOj intercalates sodium
overa rangerf x =0.3-0.9, giving theoretical energy densities of 1600 Wh/L (for
sodium) or 1470 Wh/L (for sodium/lead alloy). Cells could be discharged at rates
up to 2.5 mA/cm?2 corresponding to 25% depth of discharge and were typically
diScharged and charged at 0.5 mA/cm2 (100% depth of discharge) or
approximately 1-2 Crate. Over one hundred cycles to 60% utilization or more,
and two hundred shallower cycles at this rate have been obtained in this-
laboratory. Experimental evidence suggests that the cathode is the limiting factor
in determining cycle life and not the Na/PEO interface as previously-thought.
Estimates of practical.energ'y and power densities based upon the cell performance -
and the following configuration are presentéd: 30 to 45 w/o electroactive material
in the positive electrode, a two-fold excéss- of sodium, 10 pm separators and 5 um -
current collectors composed of metal coated plastic. On the basis of these
calculations, praétical power densities of 335 W/L for continuoﬁs discharge at 0.5
3 mA/cm? and up to 2.7 kW/L for short periods of time should be attainable. This
level of performance approaches or exceeds that seen for some lithium/polymer
systems under consideration for electric véhicle applicatio.ns, but with a lower

anticipated cost.



Introduction .

Advanced battery systems combining an alkali metal, a .Solid polyx\ner :

_ electrolyte (SPE) and an inte;calatiori compound as cathode have récently been
proposed for use in electric vehicle énd'other applications. The all solid state
components allow 'ﬂexibility of cell design, ease of stack assembly and improved
safety characteristics, and the polymer electrolyte allows operation at moderate
temperatures (from aboﬁt 70 - 100° C). The Va_st majority of studies have been

directed towards the very promising lithium systems, but recent results obtained

on amorphous MoS3!, NaxCr_o,'Og2 and vanadium 6xides3 prove that sodium cells -

. can indeed function with solid polymer electrolytes. HoWevef, much
improvement in energy density, rate capability and cyclabiﬁty is required before -
sodium/SPE batteries can be considered for practical uses. ‘Because of the lower
capacity density alid voltage (Vs. SHE) compared to lithium, energy densities are

| expected to be lower for_.cells utilizing sodium. 'Additionally host materials
cdmmonly used as cathodes tend to intercalate sodium to a lesser extent than
lithium due to the larger ionic radius, further reducing energy. densities. Still, the
much lower cost of sodium? compared to lithium makes de\}elopment of Na/SPE
systerhs a compelling goal (Table 1). |

Clearly, the challenge is to find a cathode material that' can intercalate
sodium to a :large extent and thus allows a high theorétical energy density in
sodium batteries. Furtherrnore; the material should exhibit good réversibility and
rate capability. Sodiﬁm cobalt bronzes héwe recently been shown to exhibit these

characteristics as well as excellent performance in cells with liquid organic
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electroiytes5. These compounds exist in several phases depending upon
composition (X in NaxCoO2) and the method of preparation®’. Most notably the
P2 phase NaxCoO7 has been shown to undergo electrochemical intercalation and
de-intercalation of sodium reversibly over a range of approximately x= 0.3 - 0.9

~ without structural changes. For the present study, the P2 sodium coBalt bronze
was used as a cathode for cells with solid polymer electrolytes and sodium or
sodium/lead alloy anodes; As will be shown, cells utilizing this material have
exhibited the highest performance for a sodium/SPE system to date in ierms of
rate capability, cyclability and energy densities. Sodium/polymer batteries can,
therefore, now be considered as practical alte:rnatives for applications in which

cost control as well as performance is critical, such as in electric vehicles.

Experimental

The sodium cobalt bronze Nag 7Co0O was prepared in the P2 phase as
described previously>6. In brief, mixtures of NapO9 and Co304 in the desired
stoichiometric ratio were ground and well mixed, and then formed into pellets.
The pellets were heated to 750° C under oxygen for thirty hours, and the resulting
product ground into fine powders of less than 2 m in diameter, as determined by
- scanning electron microscopy. The product was identified by X-ray diffraction.
The density of Nao_fCooz was determined by Corning Incorporated, Coming N..
Y.

Composite electrodes were made by casting mixtures of the electroactive
material, carbon, polyethylene oxide (PEO), sodium trifluoromethanesulfonate

- (NaTf{, in a ratio of eight ethylene oxide units per sodium) and a carbon dispersant



in acetonitrile onto Teflon coated glass plates. *After air drylng, the electrodes

were cut to the desired size arld dried in vacuum for seventy-two hours or longer.

Polymer electrolytes of compositio_h P(EO)gNa’l‘f were made in a sirnilai fashion.

- Sodium from Alfa products was purified prior to use in cells in the

following manner. The metal was melted, filtered thlough coarse stainless steel

wool, and then heated to 400° with snlall amounts of titanium sponge. The |
purified sodium was rolled between sheets of polyethylene to form thin foil .

| electrodes. Naj5Pbg alloy was lnade by melting sodium with lead and then
purified as above. The é.lloy was heated in a stainless steel ﬁng to form flat
electrodes for use ln cells. |

_ Cathode-limited cells were assembled in a heliu’m—ﬁlled glove box with Oy
levels below 1 ppm, and heated to 90° C (for sodium)' or\ 100° C (for sodium/lead
allqy) i)ﬂor to use to rehder the polymer electrolytes conductive. Galvanostatic :
charges and discharges were performed at 0.1-3.0 mA/cm? usirlg a computer

"~ controlled PAR 173 or 371 potentiostat/galvanostat and software developed in

this laberatory. The current was interrupted periodically (for some experiments)
to estimate cell open circuit voltages (OCVs).

| A four-pfobe technique developed for solid polyfner electrolyte cells3 was
used to evaluate the limitations ef each compon_ent on performance. Sodium foils
were used as lntemal reference electrodes, end cells were subjected to |

‘_galvanostatic charges and discharges as well as to seciuential bipolar squa:re-wave

current pulses.



Results and Discussion

Charge and Discharge Characteristics of Nag,7C002/Na and
Nag 7C002/Naj5Pby Cells ' '

The open circuit potential of Na/P(EO)gNaTf/Nag 7Co0O; cells is
approximately 2.8 V (slightly lower when Naj5Pby anodes are used). The cells
were assembled in the half-discharged state, and are charged initially. Figure 1
shows a single galvanostatié charge and discharge for the cases with Na and
Nay5Pb4 anodes respectively. The extent of intercélation, x in NayCoOp, was
calculated based upon the amount of charge passed and corresponds to Ax =0.5 -
0.6. An assumption was .m_adc that the only process occurring during charge or
discharge is eléctro’chemiéal intercalation or de-intercalation. In many _casés, the
calculated x deviated slightly from the expected range of x = 0.3 -0.9. This was
attributed to a variation of the true stoichiometry of the synthesized sodium cobalt
bronze from that expecteci based upon the proportiohs of the starting materials.
No attempt was made to correct for this in the voltage curves. The discharge
curves appear quite similar to those obtained for P2 sodium cobalt bronze cells
© with liquid electrolytes at room témperature5; they are quite sloping and show
several small steps. Plateaus are typically associated with a two phase region (i.e.,
a phase transition) and sloping curves witﬁ changes of composition of a Single :
phase. However, no evidence for phase change has been found for this material
over this range of intercalation; instead, the presence of steps in the voltage

profiles has been attributed to ordering transitions. Although the solid polymer



electrolyte cells are operated at higher temperatures (90-100° C) than those with
liquid electrolytes, the similarities in discharge characteristics strongly suggest the
existence of a single phase under these conditions as well. Furthermore, previous
structural studies on the sodinm cobalt bronzes indicate that interchahge between
the P2 arAld other phases occurs with difficulty and only at temperatures above
700° C. | |

Figure 2 shows one cycle of an Naj 5Pbyg/P(EO) gNaT{/NayCoO cell that
was ove_rcharged (correspending to the remof/al of Na to composition
Nag,1C002). The subsequent diécharge showed that this process . was
irreversible; It was possible to cycle 'this.cell, but the discharge capacity was
decreased. ‘In all likelihood, it is not possible to_remove sodium ions in the P2
sodium cobalt bronze beyond a composition of Na0.3-Co<)2 without disrupting the
structure. Therefore; in order to obtain good cycling results, some care had to be
taken in chooéing the upper voltage limit.; (Cyclic voltammetry experiments in
this laboratory show that P(EO)gNaTf is stable to at least 4.2 V vs. Na?, but lower
voltage limits than this Were' chosen to minimize over-extraction of s’odiuni ions
from the bronze.) o

Figure 3 shows'discharge curves at different current densities up to 2.5 -
. mA/cm? for Na/P(EO)gNaTf/Nag 7Co0» cells. The rate capability of this system |
is clearly quite high. In fact, the entire capacity of the cell can be dischaige_d as
well as charged in under an hour at 0;5 mA/cm?2, and 2;5 mA/cm?2 can be
sustajﬁed for se\}eral minutes, corresponding to a 25% depth of discharge. Similar .

behavior is seen when sodium/lead alloy anodes are used.



Cycling Results

Cycling results show that the P2 sodium cobalt bronze is very reversible
when used in sodium or sodium/lead alloy SPE cells. Figure 4 shows capacity as
a function of cycle number for an example discharged and charged at 0.5 mA/cm?2
continuously two hunglred times. A rapid decrease in capacity is seen initially, but
then the utilization le\;els out at more than 60% theréafter. This capacity fading is
typical of all of tlle cells that were cycled under these conditions. Some of the
capacity decrease may be attributed to mass transfef effects; when cells were
allow-ed to rest between cycles for several hpurs or discharged at lower current -
densities, the capacity of the subsequent cycle increased (but not to the level seen
initially). Figure 5 shows the charge efficiency for the same cell, defined as the
ratio of coulombs passed duriﬁg chargé to that passed during dischérge. For most
- cycles this is close to one, but occasional overcharges are necessary to compensate
for dendrltic shorting during the charge process. (This is manifested as a voltage
 instability during charge.) Usually, overcharging below 4.0 V c@rrects the |
capacity loss associated with this phenomenon. However, after cycle 110 for this.
example, there was a dramatic decrease in capacity from which it was not possible
to recover, in spite of overcharging.

Besides the obvious decrease in capacity, a change in the shape of the
discharge curve as cycling progresses is evident (Figure 6). In particular, a long

plateau at about 2.2-2.3 V appears as early as the 50th cycle. To test the
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hypothesis that structural changes in the cathode cause this modification in the
voltage profile, x-ray diffraction experiments were performed on cathodes that

had been cycled to failure, and were compared to those obtained on fresh . -

. cathodes. However, no differences were seen. While x-ray diffraction may be

able to detect grOss strqctural modiﬁcatiovrzls,, itis noi certaih whether sub_tlc
changes (such as increases m the number of defeét sites) would be discernible.
Another possible explanation is that the sodiufn cobalt oxide reacts \;ery slowly
(perhaps with the polymer electrolyfe), to give a pfoduct fhat is undetectable in the
x-ray experiment, but that has some (diminished) electrochemical actiVity.

| Inadvertent rises'in temperature occurred;during.somé ’experiments,\causin‘g
the sodium anodes to melt (the melting point of Na is 97° C). Although this
sometimes caused shorting, fheré seemed to be no other deleterious effects. .'In
fact, cells thaf had completely shorted (voltages read 0) could often be rendered

functional again simply by removing excess sodium, lowering the temperature and’

‘recharging. Complete recovery often occurred after several cycles.

D¢ndrite formation generally occurs less frequently in cells with
sodium/lead anodes, and overcharging is vnot required ‘as often as with pure
sodium. Another advantage to the sodium/lead anode is its higher melting point,
allowing a greater temperature range of operation. Two hundred medium to
shallow depth cycles  (Ax = 0. 1 -0.4 in NaxCoO2) have been obfained for a cell
with a Naj5Pby anode. (Figures 7 and 8).v /This is the same cell that was
overchafged_to composition Na(,;CoO (Figure 2). The effect of various voltage

limits on perfc_)rmancé is also shown. Whereas overcharging above 4.0 V tended

-
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to causé a decreasé in capacity, cells are relatively impervious to over discharge
and can withstand low voltage cutoffs.

Cells with two sodlum cobalt bronze electrodes of matched capacity and a
polymer electrolyte separator were also assembled and tested. Initially, the
vdltage is 0, but rises to 2.0 V upon charge, or drops to -2.0 V upon discharge.
This éorresponds to a total range of intercalation equivalent to Ax = 0.6. (Again,
there was a slight deviation of stoichiometry from the range expected.) Because
Na0.7C002 is apprqximately halfway discharged, one electrode acts as a sodium
ion acceptor and the othe_r as a sodium ion donor upon passage of current. The |

| overall half—ceﬂ reaction for the theoretical range is shown below.
1) Nay;Co0,+0.6Na +0.66 «—— NagoCoO,

Figure 9 shows the results of three hundred cycles at 0.5 mA/cm?2. For this
example, capacity fading is clearly seen which can be attributed mainly to
processes occurring in the sodiurn cobalt bronze electrode, in the polymer
electrolyte and/or in the interfaces of the cathode with the polymer electrolyte and
current collectors, rather than at the sodium/PEO interface. The effect may be due
to mass transfer phenomena, chemical or structural changes in the sodium cobalt
bronze or modifications in the structure of the composite positive electrode. AC
impedance studies!? on cycled intercalation electrodes show an increase in |
resiétance that has been attributed to disconnection processes rather than structural
changes in the electroactive material. The volume expansion and contraction

associated with the insertion and de-insertion of ions may cause exfoliation and

10



_cracking of the electroactive particles and concomitant disruption of th¢ paths for
electronic and/or ionic conductivity in the composite electrode. Not only does the
| isolation of the elec&oacﬁve particles lead to lowered capacity énd increased
resistance, but loss of interfacial contact may also result. |

While dendritic shorting certainly may cause premature failure, the sodium
electrode or sodiurn/PEO interface does not seem to be a major cause of capacity
fading. (Further evidence for this is presented in the next section). While more
study is needed to determine how 'much‘ each of the factors discussed above
contributes to éycle life, it should 5e possible to improve performance simply . -
based upon the information already obtained. Changes in the composition of the
electrolyte may improve conductivity or minimize reaction with thé sodiuni cobalt
bronze. Modifications in the fabricatioﬁ of the composite electrodes (varying the
amount or type of electronically conducting additive, loading levels, etc.) or in the
way the cell is assembled may dramatically improvg cyclability particularly if

disconnection or loss of interfacial contact is occurring.

Four Probe DC Experiments

To détermine how the various components in tﬁe _
Na/P(EO)gNan/N axCoO7 system contribute to performance, cells with two
sodium foil réference electrodes were constructed and tested. These were referred
to the sodium aﬁode. A polymer electrolyte layer separates each eleétrode fora
total of three in the cell. A simple arithmetic pro.cedufe then alloWs calculation of
the overpotentials for each component (i.e., the cathode, the polymer electrolyte,

. and the Na/PEO interface) during galvanostatic charge and discharge or pulsing?.

11



Because it is performed in sifu, this experiment can provide a great deal of
information about processes dccurring during conditions of actual cell use.
Sequential bipolar squ‘are-wave current pulses were applied to the four
probe cell and the response of the overall cell potential and the reference
electrodes were recorded. This allows determination of the contribution of the
various components to the res'istance of the cell with'a. minimum of disturbance to
the systém. The pulse' time wés chosen to minimize complications due to mass
transport and double layer charging. Subtraction of the response of reference 1
(the electrode closest to the‘ negative) from that of reference 2 gives the resistance
due to the polymer electrolyte (ohmic response). The reference 1 response less
the ohmic response gives the resistance due to Na and the Na/PEO interface, and
the overall cell overpoten’tiai less the response of reference 2 and the ohmic
~ response gives the resistance due to the cathode. Results of this experiment
performed after the second cell .dischaige are shown in Figure 10. By far the
major cohtributor to overall cell resistance under these conditions is the cathode
(52.5 € ), as might be expected. -The polymer electrolyte (2.0 Q) and the sodium
and sodium/PEO interface (4.2 Q) make only minor ccmtriinutions to cell

resistance.
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The four-probe method can aléo be applied to cells unde_rgoing galvanosfatic
charge or discharge. The end of discharge or charge is marked by a dramatic
increase in the cell overpotential, dominated strongly by the cathode polarization.
The sodium/PEO interface resistance is so low as to be nearly undetectable
throughout the course of the experiment. There is,bhowever, an 1mt1a1 increase in
the resistance of the PEO électrolyte as chérging or discharging progresses (Figure
11), which then levels to a constant value. Thls was seen for all of the four probe
discharge and charges over several cycles, and marks the transition to single ion
conduction. In this regard, it is equivalent to experiments m which a cell is
potentic')staticélly,polarized, and the resultanf de;:ay in cur’rentv measured in order
to calculate transference numbers. These results give a value éf about t_; =013

| for sodium ions ih P(EO)gNan under‘ these conditiohs. Accurate measurement
‘and iﬁterpretation of tra;isference numbers in PEO complexes is a complicated
issue“,.but growing evidence shows that anions tend to be more niobile than ,
cations in PEO™2, | |

Figure 12 shows the change in resistance of the various cell components as
a function of the cycle number, determined by pulsing after charge or discharge.

It is clear that the electrolyte and sodium/PEO interface contribute only slightly, if
at all, to vthev overall resistance increase seen in the cell in the first few cycles. |
Clearly, this vproc'ess is dominated by the cathode resistance. Previous AC
impedance results on Na/P(EO)gNaClOy4 syétemsl3, in contrast, suggest fhat
corrosion at the sodium/electrolyte interface is the major factor contributing to
increasing cell resistance ‘upon cycling. Corrosion i)rocessés, however, are

expected to be highly dependenf upon the purity of the sodium and dryness of

13
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components. Results 6f AC experiments can also be quite different from those
obtained during DC polarization of cells. Indeed, the high interfacial impedances
that were seen in the .study by West et al.!3 always decreased upon passage of a
DC current, suggesﬁng that the corrosion layer breaks down upon cell
polarization. The four probe experiments, the cycling resuits on Na and
Na5Pbg/P(EO)gNaT{/N _zGCbOZ cells, and the cycling results on
positive/positive cells all indicate that the sodium/PEO interface is stable in these
cells and that the cycle life is primarily determined by the cathode.

Figure 12 a_.lso shows that the cathode resistance is consisténtly higher after -
discharge than after charge. This suggests that the conductivity of NaxC002
increases With decreasing x, or that there is a consistent change in thevpart.icl‘e
connéctivity due to the volume changes occurring during the'intercalation and de-

intercalation processes.

Power and Energy Density .Calculations

AHigh theoretical volumetric eﬁergy densities of 1600 and 1470 Wh/L are
calculated for the P2 sodium cobalt bronze with sodium and sodium/lead alloy
anodes respéctiVely, based upon the discharge characterisﬁcs and measured
density of 4.81.g/cc. The theoreticai gravimetric energy densities of 440 Wh/kg
for Na and 350 Wh/kg for Naj5Pby alsd could meet. the requirements of electric -
vehicle batteries. In cells with liquid electrolytes, it ié usually possible to attain -
pr-actical energies of about one-fourth that of the theoretical. One advantage to
using solid state ¢6mponents, however, is that light weighf ultra thin current,

collectors may be used to maximize practical energy densities, because there is no
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' dangér of electrolyte leékagei“. To illustrate this, practical energy densities were
estimated, assuming 5 pm metallized plastic current collectors with sodium bobalt
bronze électrodes, 10 pm thick polymer electrolyte separators and a two-fold
vexcess of sodium are used, and are given in Figure 13. These calculations show
that up to 150 Wh/kg for this configuration is attainable, depending upon the
loading level and cai)acity of the positive electrode. It may be possible to increase
this further, by incréasing the loading level in the cathode to 60%, but this haS not
.yet been ‘tested for the sodium cobalt bronze.

Pract:tical powér densitieé based.upbn_the. configuration described above and
th(: data shown in Figure 3 are presented in Figure 14. At 0.5 mA/cm?2, the en.tire.
capacity of the positive electrode can be discharged in less than an hour (varying
'somewhat c_lép_ending upon the cell capacity). This corresponds to a practical
power density of 335 W/L for continuous operation. Up to 2.7 kW/L is attainable
_ fo£ short periods of time (several vminutes) for a depth of dischar:ge of 25% of the -
available capacity in the positive. |

Because less capacity can be discharged at higher cﬁrrent levels, cells
designed for high rate and thus high power density applicaﬁons should use thinner
electrodes (i.e., fewer coulombs per unit area in the cathode). If energy density is
the primary cdnéideration, cells with larger capacities should be built. The
Ragone plot presented in Figure 15 indicates the relationship between energy and
'power densities. _For electric vehicle applications, Both high’énergy densities and
high power densities for at least short periods of time are important attributes. It
appears that the NaxCoO5/P(EO) gNan/N a system has the potential for fulfilling

these requirements. -
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- Conclusions

Nay CoO2/P(EO)gNaTf/Na and Naj 5Pby cells have been evaluated in terms
of discharge characteristics, rate capability, cyclability and poWer and energy
densities. One hundred cycies to 60% depth of discharge or betterat 0.5 mA/cm2
and two hundred shallower cycles at t‘he> same rate have been obtained .
Experiments in which positive/positivé cells were cycled suggest that the limits to
cyclability lie with the cathode and not with the Na/PEO interface, but x-réy
diffraction experiments failed to reveal any structural changes in the sodium
cobalt bronze itself. Four probe DC expeﬂments also show that the major
cbntribution to overall cell resistance is in the cathode, and that there is little or no
change of the Na/PEO interfacial chara_cteriétics with cycling. Léss of interfacial
contact, disconnection in the cathode, chemical or structural changes in the
sodium cobalt bronze and mass trahsfer effects are suggested as factors
contributing to eventual cell failure, but more exploration is needed. In terms of
cyclability, theoretical energy density and rate capabiiity, these aré the best results
obtained on a sodium/polymer electrolyte system to date. Furthermore, énérgy
‘ %nd power density projections show that NaXCoOZ/PEO/N a batteries may meet
the requirements for electric vehicle use. The low cost of sodium relative to
lithium makes sodiuni polymer battén'eé an attractive alternative for these and

other applications.
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Table 1. Characteristics of Anode Materials for Polymer Batteries

Charécteristic - Na . _ Li

| Cost/equiv. (dollars) for i 0.01 ‘ 0.54
Bulk Metal |

Capacity Density (Ab/g) 116 : 3.86

V vs. S.H.E" - 27 3.0

Tonic radius (A) 098 . | . 0.68
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Figure Captions

Figure 1. Cell potentials vs. x in NaxyCoO» in a) a cell with a sodium anode at
90° C and b) a cell with an NajsPby anode at 100° C. The current density was
0.5 mA/cm? for both charge and discharge. Voltage was plotted as a function of x

in NaxCoO» based upon the amount of charge passed.

Figure 2. Overcharge of an Naj5Pbyg/P(EO)gNaT{/NaxCoO9 cell (cutoff
potential 4.0 V). The subsequent discharge showed reduced capacity. The charge
current density was 0.1 mA/cm? and the discharge éurrent density was 0.2

mA/cmZ;

Figuré 3. Discharge curves at various current densities up to 2.5 mA/cm? for

Na/P(EO)gNaTf/Nag 7C005 cells at 90° C..
Figure 4. Capacity as a function of cycle number for a
Na/P(EO)gNaTf/NaxCoO> cell. The current density was 0.5 mA/cm? for both

charge and discharge, and the temperature was 90° C.

Figure 5. Charge efficiency for the cell in Figure 4, defined as the ratio of

coulombs passed during charge to that passed during discharge.
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Figure 6. Discharge curves as a function of cycle number for the

Na/P(EQ)gNaTf/NayCoO» cell from Figures 4 and 5.

Figure 7. Capécity as é. function of cycle number for an ,
Naj 5Pbg/P(EO)gNaT{/N axCoOZI cell. Various discharge and charge rates were
used for the first ten cYcles (these are not shown), and the cell was overcharged

- during the second cycle, leéding to reduced capacity. A discharge.and charge
current density of 0.5 mA/cmz_was used for the subsequent cycleé, except as

noted. The effect of various voltage limits is also shown..

Figure 8. Charge efficiency for the cell in Figure 7 defined as the ratio of

coulombs passed during charge to that passed during discharge.

Figure 9. Capacity as a function of cycle number for an - _
- Nag 7C002/P(EO)gNaTf/Nag 7C007 cell at 90° C.. The current density was 0.5
mA/cm?2 for both charge and discharge. |
Figure 10. Overpotentials of cell components and interfaces upon the application
. of sequential bipolar scjuare wave pulses to a four probe cell after the second cycle

at 90° C. The time for each pulse was 50 ms.  Only the discharge response is

shown for clarity.
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Figure 11. The change in resistance of the polymer electrolyte and at the sodium
electrode in a four probe cell undergoing galvanostatic discharge at 0.33 mA/cm?2.
The' cathode resistance as a functivon of time is not shoWn, but exaétly fbllows that

of the cell as a whole.

Figure 12. Change in resistance of compo‘nents in a four probe cell as a function
of cycle number, obtained from sequential square wave pulse data sinﬁlar to that
shown in Figure 10. The values obté.ined after discharge are plotted on the

positive axis, and those obtained after charge are plotted on the negative axis for

clarity.

" Figure 13. Practical energy density as a function of loading level and capacity in
the sodium cobalt bronze electrode. These calculations assume a cell being
discharged at 0.5 mA/émz, metallized plastic current collectors 5 pm thick, PEO

separators 10 pm thick, and a twofold excess of sodium in the anode.

Figure 14. Gravimetric (lower line) and volumetric (upper line) practical power

densities for NayCoO,/P(EO)gNaT{/N a cells with 5 um thick metallized plastic -

| current collectors, 10 wm thick polymer electrolyte separators and a twofold
excess of sodium in the anodes. The loading level in the cathode is assumed to be
45 wt. % electroactive material. The graph shows the amount of time that the
corresponding currents can be sustained as well as the depths of dischafge based

on the data shown in Figure 3.
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Figﬁre 15. Ragone plot for NaxCoOo/P(EO)gNaTf/Na cells, using the
calculations shown in Figﬁre 14. The cell dimensions are the sa.fne as in Figure
13, and the loading level in the cathode is assumed to be 45 Wt. %. vThe Zero
power density point corresponds to the e_ﬁergy density of a cell with a capacit_y of

_ 3 C/c'm,2 in the cathode.
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