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process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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Abstract

The dependence of Na/P(EO),NaX/Na,MnO, (P(EO) = poly(ethylene oxide),

X=CF3S03 or (CF3SO,);N)) cell cycle life and rate capability on polymer electrolyte
composition is described. Transition time experiments and mathematical modeling
indicate that failure due to salt precipitation occurs at it'?= 10.5-21.4 mAs?/cm?, when
high initial concentrations of NaCF3;SO; are used in operating cells. Evidence for large
ionic clusters in concentrated PEO/NaCF3;SO; solutions is also seen in the Raman
spectroscopic data. Salt precipitation is a direct consequence of the concentration

gradients that arise during operation, due to the negative cationic transference numbers
(tg) of the binary sélt/polymer electrolyte. By decreasing the initial salt concentration, tg

is increased, cell rate capability is doubled and the cycle life is enhanced nearly threefold.

Similar improvements are obtained when PEO/NaN(CF3S0,), electrolytes are used.
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Introduction

A recent repért described Na/P(EO)sNaCF3;S03/Na,MnO, cells' that exhibited
100% utilization of the cathode active material at a discharge rate of 0.1 mA/cm?,
although this decreased markedly when the current density was increased. Furthermore,
only sixty cycles were obtained before the capacity diminished to less than 50% of
. theoretical. Corrosion at the sodium/polymer interface’ and structural changes in the
orthorhombic Na,MnO, posifcive electrode material were ruled out as major causes of -
capacity fading in these unoptimized devices.! The excellent reversibility of Na,MnO,
towards electrochemical sodium ion insertion processes’ was subsequently confirmed by
electrochemical potential spectroscopy experiment:s.3 Clearly, there were other
limitations to performance in these first generation devices.

Significantly, it has recently been shown that the transport properties™’
(conductivity, salt diffusion coefficient and cationic transference number, t?_) of binary
sodium salt/polymer solutions vary considerably with salt type and concentration, and

that tg is 10\& or even negative. Based on these results, it is predicted that premature
failure will occur due to the build-up of concentration gradients in the cells during -
galvanostatic charge or discharge. Depending upon the initial salt concentration and
conditions used, this can result in salt depletion or precipitation on one side of the cell,
causing incomplete utilization during discharge at high rates. 6 |
The present paper describes a study of the effect of electrolyte composition on the
rate capability and cycle life of Na/P(EO),NaX/Na,MnO, cells. The.results presented

herein indicate that salt concentration and type in the polymer electrolyte can have a




profound effect on performance, and that a thorough understanding of polymer electrolyte

transport properties is critical for cell optimization.

Experimental

The cathode active material, orthorhombic Na,MnO,, with a nominal composition
of x=0.44, was prepared by conventional solid state reactions, or the glycine-nitrate
combustion method, as described previously.7 PEO (Aldrich, average M.W.=5 x 10%
was used as received. NaTFSI (TFSI=N(CF5S0,);) was preﬁared from LiTFSI (3M
Company) by ion-exchange. The lithium salt was dissolved in acetonitrile, and an excess
of Nag44sMnO, was added (approximately 0.22 Na'/Mn in Nag4sMnO; are replaced by
lithium ions during 24 hours of equilibration with a stoichiometric amount of lithium _salt
at room temperature). ° The solution was stirred for 24 hours and filtered .to remove
manganese oxide, and the process was repeated. Acetonitrile was removed from the -
filtrate by rotary evaporation, and the product was dried in air and under vacuum. The
white powder was analyzed for Mn, Na, Li, C, N and S content (University of California
at Berkeley Micro-analytical Laboratory). Neither manganese nor lithium was detected,
and Na, C, N, and S'analyses were consistent with a formula of NaN(CRSOz)z. NaTf
(Tf=CF3S03) was obtained from Johnson-Matthey (Alfa Products). Prior to use, both
salts were stringently dried at elevated temperature under vacuum for several days.

Sodium anodes,‘composite cathodes, polymer electrolyte separators and cells were
prepared as described previously.® The capacity per unit areé was 0.45 + 0.11 mAh/cm®
and the porésity was 0.77+.02 for all composite electrodes. The separator thickness was

approximately 70 pm.



Cells, equilibrated for at least one hour at 85°C, were galvanostaticélly charged
and discharged between 1.8 and 3.5 V, using either a computer-controlled EG&G
* Princeton Applied Research 173 potentiostat/galvanostat. or a MacPile II (Biologic SA,
Claix, France). Charges were performed at 0.1 mA/cm?® and discharge rates were varied
as described in the text. There was a half hour open circuit period between half-cycles.
For the transition time experiments, current densities of 0.55 mA/cm® were applied to
symmetrical cells. Rest periods of one hour were used between experiments, except
where otherwise noted.

FT-Raman spectra with a wavenumber resolution of 1 cm™ were recorded
at 85°C using a Bruker IFS 66 equipped with a Raman module FRA 106. During

measurements, the sample cell was placed in an evacuated thermostat with a temperature

stability of + 0.3°C.

Results and Discussion

The ionic conductivity (o), salt diffusion coefficient (D), and t?_ for
several binary salt/P(EO) compositions are listed in Table 1. These examples illustrate
the dependence of the electrolyte transport properties upon salt concentration and type.*’

For the P(EO),NaTf system, both D, and tg decrease markedly with increasing salt

concentration, and tg is negative for all but very dilute salt solutions.* Negative cationic
transference numbers are a consequence of the non-ideality of the salt/polymer solutions,
and strongly imply that the ionic current is primarily carried by negatively charged

aggregates.




In spite of this, devices containing P(EO),NaTf electrolytes still operéte
successfully, because diffusion of cation-containing species (ion pairs, etc.) due to the
induced concentration gradient will occur in a direction opposite to that of cationic
migration due to the electric field.® According to Doyle et al.'’, however, the

concentration gradient, Ac, that develops upon passage of current will become more

pronounced as tg decreases (equation 1).

i(1-t° )L |
AczW (1)

(i=current density, L=electrolyte thickness , Ds= salt diffusion coefficient).

Depending upon component dimensions, initial salt concentration and current
density, either salt precipitation or depletion can occur during operation, resulting in
- premature failure. Mathematical modeling of a Na/P(EO)i;Nan/Na cell® undergoing -
galvanostatic polarization shows that a steeper concentration profile is generated at the
anode than the cathode; thus, salt precipitation on the anode side is more likely to occur
than depletion on the cathode side. The profile is asymmetrical because of the
concentration dependence of the transport properties.

Raman spectroscopy shows that large aggregates of ions are present in

concentrated PEO/NaTf electrolyte solutions.>'!

Figure 1 shows the 3s(CF3) spectral
region for crystalline NaTf salt and several PEO/NaTf compositions at 85° C.
Components at 747-762 cm™ can, by analogy to the LiTf salt,'? be assigned to free anions
and anions in dissolved aggregates (pairs, triplets, etc.). The feature at 768 cm™ is

attributable to anions in larger clusters, possible precursors to salt precipitation, by
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ana;logy to the 1058 cm™ component of the vs(SO3) mode.>!! The Raman data shows
that P(EO)gNaTf solutions contain a significant amount of the clusters, whereas fewer are
seen in P(EO)yoNaTf. ;fhe corresponding vs(SO3) and 3s(CF3) bands of the\ dry
crystalline salt appear at 1059 cm™ and 775 cm™ at 85°C.

Transition time experiments, in which Na/P(EO)sNaTf/Na cells are
galvanostatically polarized, illustrate the phenomenon of salt precipitation (Figure 2).

Thick (70 um) electrolyte membranes and fairly high current densities are used so that

semi-infinite diffusion conditions apply (,/Dst << L). For a fresh cell, polarization

occurred after approximately 0.4 hours at 0.55 mA/cm?’, corresponding to a transition
time of 21.4 mAs"?cm?®.  This shortened for cells in which current had already been
passed, and depended upon the length of the rest and the number of previous
polarizations. For a series of consecutive expeﬁments with one hour open circuit periods
between applfcations of current, the transition time converged upon a value of 10.5
mAs"?/cm?®. Note that the initial cell potential upon application of current did not vary
signiﬁca.ntly. over the course of the experiments; thus, these results cannot’ be explained
by increasing interfacial resistance caused, for example, by a reaction Vbetween the sodium
anode and the polymer electrolyte.

Salt concentrations at the cathode and anode are calculated to be 0.1 M and 12.8
M, respectively, for the pristine cell at the transition time® (the.starting concentration is
2.58 M for P(EO)gNaTf). The latter value is well above 5.94 M, expected for-a possible
3:1 polymer salt crystalline complex similar to those observed in other PEO/sodium salt.

systems,'> which perhaps represents the limit of solubility. In fresh cells, the electrolyte




solution may become super-saturated, but in previously operated cells, the presence of
nucleation sites allows precipitation to occur sooner (for 10.5 mAs'%cm?, the
concentration reaches 0.7 M at the cathode and 7.83 M at the anode). The dependence
upon the length of the rest reflects the slow kinetics of salt re-dissolution in the polymer.

| These results, and the variation of transport properties with salt concentration for
the P(EO),NaTf system, indicate that better performance at higher current densities
should be obtained for an electrolyte cdmposition of P(EO)yNaTf rather than
- P(EO)%NaTf. Indeed, the transition time experiments strongly suggest that salt
precipitation caused the incomplete utilization at higher current densities of the
Na/P(EO)gNaT{f/Na,MnO, cell in reference 1. To test this theory, cells of identical
configuration, but wnh P(EO),oNaTTf electrolytes, were built and cycled.

Figure 3 shows galvanostatic discharges for the Na/P(EO),oNaTf/Na,MnO, cell at
85°C. Nearly the full theoretical capacity (approximately 150 mAh/g based on the.
equivalent weight of Nag ;sMnQO;) between 3.5 and 1.8 V was obtained during the first
discharge at 0.1 mA/cm®. The curve resembles the open circuit potential profile, which is
sloping with several small plateaus.’> The second and third discharges, at 0.2 and 0.5
mA/cm’ respectively, were similar to the first, except that the utilization decreased.
Capacity fading during the first few cycles is generally not great for this system; thus,
Figure 3 shows the rate limitations of the device. Even so, performance was markedly
better at higher current densities than for the Na/P(EO)gNaT{/Na,MnO; cell in the earlier
report. In fact, the utilization at 0.5 mA/cm? of the cell in Figure 1 was approximately
equal to that previously obtained at 0.25 mA/cm?, corresponding to a doubling of the rate

capability. The porosities and cathode area capacities for the two cells were nearly
p



identical; therefore, the improvement is primarily due to the better transport properties of
P(EO)yoNaTf. Furthermore, there is less tendency for precipitation to occur at the anode
when lower initial salt concentrations are used, allowing better utilization at higher rates.
For more dilute electrolyte_solutions, the possibility of salt deplétion during
operation should be considered. The rate limitations exhibited by the cell in Figure 3
may, however, have been caused by other factors, such as slow ionic diffusion in the
cathode active material.' T@sition time experiments and mathematical modeling will
be useful in prédicting when a limiting current is reached in P(EO),oNaTf cells.
Somewhat surprisingly, the change in electrolyte composition also strongly
influenced the cycling characteristics of the cell (Figure 4), even at lower rates (0.1-0.2
mA/cm?). When the P(EO)sNaTf solution was used, capacity fading was severe; after 27
cycles, there was only 60% utilization, and after 60, less than 50%. For the P(EO),oNaTf
example, however, the cycle life was nearly tripled (83 cycles to 60% utilization, and 140 .
to 50%. were obtained). For the Na/P(EO)sNaT{/Na,MnO, cell, diminishing transition
times may have caused the observed capacity fading, especially during earlier discharges.
- Many factors can influence cycling behavior, but it is clear that the poor transport
properties of the P(EO)sNaTf electrolyte predominated in the above example.
P(EO)/NaTFSI electrolytes are more conductive than the P(EO)/NaTf analogs,

and cationic transference numbers and salt diffusion coefficients vary less with
comppsition (Table 1).° In particular, tg is less negative at high salt concentrations in the
PéEO)/NaTF SI system than it is for P(EO)/NaTf. These results suggest that pérformance
will be less critically ) dependent upon initial electrolyte composition, although

concentration gradients will still develop in operating cells. There is also less likelihood
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that pfecipitation will occur during discharge in cells with concentrated electrolytes,
provided that the solubility limit of NaTFSI in PEO is similar to, or greater than, that of
other sodium salts, as a recent report has suggested.'> Thus, compositions ﬁay be chosen
on the basis of other criteria; e.g., cost, or thermal and mechanical properties, with the.
caveat that salt depletion is more likely to occur during operation when very dilute
solutions are used.

The rate capabilities of cells with P(EO)sNaTFSI, P(EQ);(NaTFSI and
P(EO)20NaTFSI electrolytes, indeed, did not vary substantially. They also did not differ
much from that of the P(EO),oNaTf example. No additional improilement in cycling was
seen when P(EO)gNaTFSI or P(EO);(NaTFSI electrolytes were used (Figure 4). This
indicates that the transport properties of the electrolyte are no longer limiting performance
- in cells of this configuration, and other factors should be considered for future advances.
There is, for example, evidence that irreversible oxidation of the electrolyte, corrosion or
other parasitic reactions contributed to the cycling behavior because all of the cells
demonstrated slight coulombic inefficiencies during most charges.

The better transi)ort properties of the P(EO)/NaTFSI electrolytes suggest that
higher cathode area capacities and loading levels (lower porosities) may be used to
increase pi'acticel energy density without adversely affecting performance.16 Transition
time experiments, Raman spectroscopy, and mathematical modeling based on knowledge
of transport in P(EO)/NaTFSI electrolytes should aid in the design of these improved

devices.



Conclusions

It has been shown that performance in Na/P(EO)sNaT{/NaMnO, cells was
limited primarily’ by the transport properties of the P(EO)sNaTf electrolyte. Most
importantly, mathematical modeling, Raman spectroscopic evidence, and transition time
experiments indicated that salt precipitation during operation, especially at higher
discharge rates, caused premature failure. This is a direct consequence of the low value -
of tg for the highly concentrated electrolyte solution. The rate capability can be doubled
and the cycle life approximately tripled by using electrolytes with higher cationic
transference numbers; e.g., P(EO)oNaTf or P(EO)/NaTFSI solutions. The higher ionic
- conductivities of the P(EO)/NaTFSI electrolytes suggest that cells with higher practical

energy densities than are currently being tested may be used successfully.
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Table 1. Electrolyte Characteristics

Electrolyte Electrolyte Characteristics at 85°C

o [S/em] D; [em?/s] t?
P(EO)gNaTf* 1.54x10* |1.47x10° -4.37
P(EO);NaTf* 1.99x 10* [3.59x10° -3.43
P(EO)oNaTf® 3.13x 10 [4.98x10° -0.78
P(EO):NaTFSI° | 6.60x10* [5.16x10° -1.12
P(EO)oNaTFSI° | 6.38x10* [5.59x 10° -1.05
P(EO),oNaTFSI> |[1.09x10° [5.24x107% -0.80

a) From reference 4.

b) From reference 5. (* = interpolated)
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Figure Captions

. Figure 1. The CF; deformation region of the Raman spectrum for several P(EO)nNan
eléctrolytes and crystalline- NaTf at 85° C P(EO)NaTf (O), P(EO)NaTf (W),
P(EO)gNan (<€) and NaTf (@). Compbnents at 747-762 cm™ can be assigned to free
anions and anions in dissolved aggregates such as ion-pairs or triplets; and the peak at
768 cm’ is attributable to anions in larger clusters, possible precursors to salt

-precipitation. The crystalline salt exhibits a narrow band at 775 cm’™.

Figure 2. Transition time experiments for a Na/P(EO)sNaT{f/Na cell at 85°C. The
electrolyte thickness was 70 um. A current density of 0.55 mA/cm® was passed across
the cell, and a one hour rest period was used between experiments. The number of

consecutive polarizations that the cell has undergone is indicated on the graph.

Figure 3. Galvanostatic discharges of a Na/P(EO);oNaT{/Na,MnO, cell at 85°C. The
first discharge was at 0.1 mA/cmz, the second at 0.2 mA/cm? and the third at 0.5 mA/cm>.
The small spikes in the curves are due to periodic current interrupts lasting a few seconds

each.

Figure 4. Discharge capacity as a function of cycle number for Na/Na,MnO; cells with a
P(EO)sNaTf electrolyte at 0.1 mA/cm? (from reference 1) (O), a P(EO),0NaTf electrolyte
at 0.1 mA/cm? (@) or 0.2 mA/cm? (A), a P(EO)sNaTFSI electrolyte at 0.1 mA/em? (O1)

~

and a P(EO),oNaTFSI electrolyte at 0.1 mA/cm’ (@).
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