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ABSTRACT
Solid-State Sodium Batteries Using Polymer Electrolytes and
Sodium Intercalation Elc;,ctrode Materials
By
Yanping Ma
Doctor of Philosophy in Materials Science and Mineral Engineering
University of California, Berkeley

Professor Lutgard C. De Jonghe, Chair

Solid-state sodium célls using polymer electrolytes (polyethylene oxide mixed with
sodium triﬂuorometﬁanesulfonate: PEO,NaCF;S0s) and sodium cobalt oxide positive
electrodes are characterized in terms of discharge and ch&ge c}}aracteristics; rate
capability, cycle life, and energy and power densities. The experimental results are the
best ever reported in the literature for sodium/polymer cells. The P2 phase Na,CoO, caﬁ
reversibly intercalate sodium in the range of x = 0.3 to O.é, giving a theoretical specific
energy of 440 Whv/kg and energy density of 1600 Wh/l. Over one hundred cycles to 60%
depth of discharge have been obtained at 0.5 mA/cm?® (C/1h). Experiments show that the |
e}ectrolyte/N a interface is stable and is not the limiting facto‘r to cell cycle life.

Nao7Co0; composite electrodes containing various amounts of carbon black
additive are investigated. The electronic conductivity of these electrodes is found to be
. dominated by the volume fraction of carbon. The additive is also critical to cell cycle life.
The transport properties of polymer electrolytes are the critical factors for

performance. These properties (the ionic coriductivity, salt diffusion coefficient, and ion

1



transference number) are measured for the PEO,NaCF3SO3 system over a wide range of
concentrations at 85°C. The ionic conductivity and the salt diffusion coefficient are
measured using the ac-impedance technique and the restricted-diffusion method,
respectively. A novel method to measure the ion transference number is developed and
used in the present study. This method is based on dc polarization experiments in
combina}ion with concentration cell measurements, and is theoretically rigorous for any
binary electrolyte and also experimentally simple. The thermodynamic factor (a factor
that is related to the mean activity coefficient) of the electrolytes is determined, as well,
using this method. All the three transport properties of the PEO,NaCF3;SO; system are
very salt-concentration dependent. The ionic conductivity exhibits a maximum at about n
= 20. The transference number, diffusioﬁ coefficient, and thermodynamic factor all vary
with salt concentration in a similar fashion, decreasing as the concentration increases,
except for a local maximum. These results verify that polymer electrolytes cannot be
treated as ideal solutions.

The measured transport-property values are used to analyze and optimize the
eléctrolytes by computer simulation and also cell testing. Salt precipitation is believed to
be the rate limiting process for cells using highly concentrated solutions, as a result of
" lower values of these properties, while salt depletion is the limiting factor when a dilute
solution is used. Moderately concentrated solutions (about n = 20) are found to have the

optimum rate capability for the PEQ,NaCF3S0; system.
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Chapter 1 Introduction

In recent years, consumer demand for electronic products such as portable
computers, cellular phones, and video camcorders as well as environmental interests in
prombting electric-powered vehicles héve heralded the call for more advanced batteries.
The criteria for superior batteries for these applications are high energy and/or high
power density and long cycle lives. A great deal of attention has been given to lithium
batteries " because lithium has an extremely high charge capacity and very negative
electrode potential. |

Alongside efforts to develop lithium batteries, there has also been exploration of
similar systems that substitute lithium with other alkali metals or even divalent metals.
Among the various proposed alternatives to lithium cells, the sodium battery is the most
attractive. Sodium has a reasonabl); low equivalent weight and very negative electrode _'
poténtial. More importantly, it is readily available and inexpensive. In addition, sodium
ion conductors tend to have slightly higher ionic conductivity than their lithium
analogues. Sodium, unlike lithium, does not form alloys with aluminum, making it
feasible to use aluminum as curre'nt collectors in place of the heavier and more expensive
nickel used in lithium cells. Though sodium has a lower charge capaéity and less
negative electrode potential than lithium, and consequently a lower cell energy density,
the advahtages of sodium make the developrhent of sodium battery a compelling goal. >

The most attractive positive electrodes for lithium and sodium cells are
intercalation materials, which contain a continuous network of empty sites of appropriate

sizes. Mobile guest species can intercalate into and deintercalate out of these sites easily



without strongly perturbing the host structures. In intercalation processes, the kinetics
are favorable because the reactions maintain a close structural relationship between the
existing phase and the product so that the nucleation and growth of product phases are
rapid. In additiop, these intercalation materials contain empty sites that are connected so
that guest species diffuse at high rates.

A wide range of host structures has beén investigated. These materials include 1)
three-dimensional network structures containing empty sites that form channels, 2) two-
dimensional layered structureé with van der Waals gaps between the layers, and also 3)
one-dimensional chain structures or amorphous materials. Layered materials have been
proven to be particularly versatile host materials, as they can adapt to guest species of
very different sizes by changing interlayer spacing. The high degree of dimensional
stability that is required of a host lattice stipﬁlates strong and directional bonding. This is
only obtained in compounds with an appreciable degree of covalence, such as metal
oxides, of chalcogenides (sulfides, selenides, and tellurides), or in carbon-based materials
such as graphite. Great attention has been paid to transition metal oxides as host
materials.’ Oxides possess potentially higher specific energy and energy density as well
as lower toxicity than chalcogenides.

The first row transition metal oxides have been extensively studied for lithium
and sodium cells, some second row and third row transition metal oxides and sulfides
have also been studied, but the capacity density of these materials is expected to be lower

due to the higher equivalent weight of these transition metal elements. The most widely

4 59

studied materials are - lithium-intercalating titanium disulfide, ® vanadium oxides,
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manganese oxides, and cobalt and nickel oxides '*?° for lithium cells, and the




sodium analogues of these for sodium cells. 2!-¢

Lithium and sodium batteries are attractive not only for their potential high
energy dgnsity but also because a battery assembly that is completely solid state is
possible using solid-state lithium or sodium ion conducting"electrolytes. Solid-state
polymer electrolytes were proposed by Armand in 1979 for lithium battery use, *’ and
have attracted great attention since then. The adhesivenesé and elastomerity of a polymer
allow good contact between electrolytes and electrodes, which is problematic when solid
ceramic electrolytes are useci. Most importantly, polymer electrolytgs allow a greater
‘ ﬂexibility in cell design and cell assembly due io their plastic characteristics.

The first part of this work explores further the feasibility of solid-state sodium
batteries, employing polymer electrolytes and sodium intercalation electrode materials. 38

23,24,27.35 '
2735 and other

Preliminary studies on sodium batteries using vanadium oxides
materials >**¢ demonstrate that sodium cells can function with solid polymer electrolytes.
However,. improvement in energy density, rate capability, and cycle life 1s required
before sodium/polymer electrolyte batteries can be considered for practical uses. Sodium
cobalt oxide, which has recenﬂy been shovscn to  exhibit promising
intercalation/deintcrcalation characteristics and excellent p'erformance in nonaqueous
liquid electrolyte sodium cells, * was chosen as the positive electrode material for the
present study.

For polymer electralytes to be useﬁil they must be riom'eactive with positive
electrodes which are usually very oxidizing, and nonreactive with negative electrodes, as

well, which are usually very reducing. They should have an appropriate electrochemical

“window in order to be stable within the entire operating potential range during charge and



discharge. They also need to be stable at elevated temperatures since polymer
electrolytes usually need to be heated to the melting state in order to be conductive.
Other than these basic requirements, good transport properties are the primary factors in

determining the performance of electrolytes. 3941

The most widely studied polymer
electrolytes are poly(ethylene oxide) complexed with one of the various lithium salts
(LiCF3S03, LiClOq, LiAsFs, LiPFs, or LIN(CF3SO,),).

Transport properties of an electrolyte determine how fast a celi can be discharged

and charged while still attainihg reasonable utilization. Knowledge of these properties is

essential to understand transport processes in the electrolyte, to optimize the solution, and

A
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also to scale-up. These properties are determined by the interaction parameters
between the cation and solvent, between the anion and solvent, and between the cation
and anion for a binary electrolyte. For a dilute solution, interaétions between the cation
and anion are usually ignored; therefore two parameters are sufficient to describe the
transport processes in the solution. This interaction parameter, however, can not be
ignored for polymer electrolytes, as demonstrated from studies of activity coefficients, “

434 and the concentration dependence of ionic conductivity. *** Therefore,

ion-pairing,
three independent transport properties that result from the three interaction parameters
are necessary to describe completely a polymer electrolyte. Much attention has been
given to the conductivity of the lithium-conducting electrolytes based on polyethylene
oxide. Attempts are also been made to measure the ion transference number in these
solutions. Since polymers are solid materials, traditional methods of measuring the

transference number such as the Hittorf method * have met with much difficulty.

Several novel methods have been developed, the most well-known of which are the

<




5053 and the ac

potentiostatic pélarization method (steady-state current method)
impedance method. ** However, there has been many variations among the results
obtained with these methods énd other methods. *>*® The discrepancies can probably be
explained by invalid assumptions made in the analysis, including not‘accounting for the
concentration dependence of transport properties or the assumption of an ideal solution.
Detailed critiques of the potentiostatic polarization method and the ac-impedance
methods from the standpoint of concentrated-solution theory have appeared in literature.
578 There has been no combrehensive study on the transport properties of any single
polymer electrolyte due foremost to the difficulties in transference number
measurements. Clearly,. there is a need for new approaches to measure the ion
transference number that are theoretically rigorous and are also experimentally easy to
perform.

The second part of the present work focuseston these 1ssues. A novel method to
measure the transference number that satisfying the above criteria is developed from
concentrated solution theory. * The new method is based on galvanostatic polarization
experiments in combination v;/ith concentration-cell measurements. A complete set of
transport properties of a polymer system (PEO,NaCF3SO;), which is the analogue of the
widely used PEO,LiCF3S0s, is determined over é. wide range of concentration. These
properties are used to analyze and optimize the electrolyte system to achieve the best rate
capability. Thig is doné with computer simulation using the measured property values

and also with cell testing.
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Chapter 2 Na,CoO,/PEO/Na and Na,CoO,/PEO/Na,;sPb, Cells

2.1 Introduction

Various trz;nsition metal oxides and chalcogenides have been investigated as host
materials for lithium intercalation. The most popular of these include lithium titanium
disulfide, ! vanadium oxides (L114xV30s, V6013), 26 lithi_um manganese oxides (Li,MnO,,
Li,Mn,O4), 2 lithium cobalt and lithium nickel oxides (LiyCoO,, LiNiO,, and
LixCoyNi;.- 02)‘. 317" A comprehensive review on these materials is given by Desilvestro
and Haas. '® Parallel to the inQestigation of lithium intercalation materials, efforts have
also b_eenv made in investigating sodium intercalation compounds. Abraham reviewed the
development of intercalation materials for rechargeable sodium batteries in 1982. ¥ Up
to that time most of the attention had been given to layered stl;uctures, especially
transitiOn metal disulfides. Since then transition metal oxides and three dimensional
network structur& for sodium intercalation have also been extensively studied. This
work has been reviewed by West. 20 Compared to sulfides, transition metal oxides have
potentially higher épeciﬁc energy and also higher energy density because they have lower
equivalent weight, smaller volume, and higher electrode potential. 21

The framework of these intércalationstructures is mainly determined by oxyg.en
or sulfur atoms that are nearly close packed. Small lithium ions (r = 0.068 nm) can
usually fit into the octahedral interstitial sites and are able to move easily in these Spaces.
Larger ions such as sodium (r = 0.098 nm) are more sensitive to the size and shape of

these sites. Layered structures are considered to be better host materials for sodium
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intercalation since the interlayer space can be adapted to accommodate foreign ions quite
easily. Typical layered structures of transition metal oxides or chalcogenides consist of
sheets of edge-sharing transition metal polyhedra, MOs. These sheets are kept together
by van der Waals forces. The intercalation ions are accommodated between these layers
in either octahedral sites, tetrahedral sites, or prismatic sites depending on the oxygen
. 22

packing sequence.

Among the sodium intercalation materials, sodium cobalt oxides are found to be

particularly attractive. 324

Sodium cobalt bronzes are layered oxides in which layers are
found in the sequence of OMOAOMOA (O = oxygen, M = Co, and A = Na.). Within the
composition range 0.5 < x <1, up to four phases have been identified in which the sodium
coordination is either octahedral or trigonal prismatic, depending on composition (X in
Na,Co0,) and the method of preparatic;n. In all structures the lattice is built up by sheets
of edge-sharing CoOs octahedra between which sodium ions are inserted with trigonal
prismatic.(P) or octahedral (O) environment. The packing also differs in the number of
sheets within the unit cell: 2 or 3. The monoclinic distortions of P3 and O3 packing
result in P’3 and O’3 structures, respectively. During the electrochemical process the
reversible structural transitions O3 <> O’3 <> P’3 occur. The transformations between
these phases are kinetically favorable because the transformations predominantly involve

v(;nly a relative displacement of adjacent cobalt-oxygen planes. Any transformation
between the P2 structure and P3, O3, or O’3 structures, however, is energetically

unfavorable since such a transformation would involve bond breaking and rotation of

cobalt-oxygen octahedra. %
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The intercalation characteristics of the four types of sodium cobalt oxide have
been studied by Shacklette et al. ** These compounds exhibit attractive properties as
electroactive materials in ambient temperature secondary cells employing a nonaqueous
electrolyte. The O3, O’3, and P3 phases have a réversible capacity of Ax = 0.47 and an
average discharge potential of 2.‘71 V. These give a theoretical specified energy of 300

Wh/kg based on the weight of fully discharged composition, NaCoO,. Most notably, the

P2 phase' has a reversible capacity of Ax = 0.6. The tﬁeoretical specific energy of this
material can reach as high as 440 Wh/kg, based on a discharged composition of
Nagy ¢Co0s.

- The electrode potential of sodium cobalt oxides is 10§ver than 4 V during the
entire intercalation range. This implies that these compounds can function with polymef
electrolytes since the commonly used electrolytes such as poly(ethylene oXide) are stable
within this potential range. The suitability of the P2 phase sodium cobalt oxide in cells
utilizing solid polymer’clectrolyte is.investigated in the present work. 2> The commonly
used poly(ethylene oxide) (PEO) complexed with sodium trifluoromethanesulfonate |
(NaCF;S0;) is employed as the electrolyte. - Cells are characterized in terms of charge
and discharge characteristics, rate capability, charging efficiency, and cycle life. A
sodium alloy (Na,sPba) is also used as an anode material. 2627 Na, sPbg, which has a high
melting point (375°C), can be used in place of sodium in cells éhat are operatéd at close

or above the sodium melting temperature.

2.2 Experimental
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The sodium cobalt bronze Nag;Co0O, was prepared in the P2 phase through high
temperature reaction of chemicals Na;O, and Co030s. Mixtures of NayO, and Co304
powders in the desired ratio were ground and well mixed, and then formed into pellets.
The pellets were heated to 750°C under okygen for 30 hours, and the resulting product
was ground into powder of about 1 pm in diameter, as determined by scanning electron
microscopy. The product was identified by x-ray diffraction. The density of Nay7CoO,
was determined by Coning Incorporated, Corning, New York.

Composite electrodes were made by casting mixtures' of the electroactive
material, Shawinigan carbon  black, poly(ethylene oxide), sodium
trifluoromethanesulfonate, and brij (a carbon dispersant) ifx acetonitrile onto Taflon
coated glass plates. The mixture without acetonitrile has 30 w/o electroactive material,
20 w/o carbon black, and 48 w/o poly(ethylene oxide) with NaCF3SO; in a ratio of 8
ethylene oxide units per sodium, and 2 w/o brij. After air drying, the electrodes were cut
to the desired size (3 cm? in a circular shape) and weighed, and then dried in vacuum for
a week before use. Polymer electrolytes of composition PEOgNaCF3;SO3; were made in a
similar fashion. The electrode and electrolyte membranes were about 40 to 100 pm in
thickness.

Sodium, from Alfa, was purified through the following procedure. The metal was
melted, filtered through coarse stainless steel wool, and then heated to 400°C with a small
amdunt of titanium sponge. The pﬁriﬁed sodium was rolled between sheets of

polyethylene to form thin foil electrodes. Na;sPbs alloy was made by melting sodium
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with lead and then was purified as above. The alloy was heated in a stainless steel ring to
form flat electrodes for use in cells.
Cathode-limited cells were assembled as shown in Figure 2-1 in a helium-filled

glove box with Oy levels below 1 ppm, and heated to 90°C (for sodium) or 100°C (for

sodium/lead alloy) prior to use to render the polymer electrolytes conductive.
Galvanostatic charges and discharges were performed at 0.1 to 3.0 mA/cm® using a
computer controlled PAR 173 or 371 potentiostat/galvahostat and software developed in
this laboratory. The current was interrupted periodically (for some experiments) in order
to estimate cell open circuit voltages (OCVs).

A foﬁr—probe technique developed for solid polymer electrolyte cells %8 was used
to evaluate how each compc.ment might limit the performancé. Sodium foils were used as
internal reference electrodes (Figure 2-2), and cells were subjected to ‘galvanostatic

: |
charges and discharges as well as sequential bipolar square-wave current pulses.

2.3 Results and Discussion
2.3.1 Charge and Discharge Characteristics of Na/Nag;CoO; and

N215Pb4/N 30,7C002 Cells

The open-circuit potential of Na/P(EO)sNaCF;SO3/Nag7Co07 - cells is

approximately 2.8 V (slightly lower when Na,sPbs anodes aré"us.:ed). The cells. are
assembled in the halfway discharged state and are charged initially. Figure 2-3 shows a
single galvanostatic charge and discharge for the cases with Na and NasPbs anodes,

respectively. The extent of.intercalation, x in Na,CoO,, was calculated based on the
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amount of charge passed and corresponds to Ax = 0.55 fo 0.6. An assumption was made
that the only charge-transfer process occurring during charge or discharge is
electrochemical intercalation or deintercalation. The discharge curves appear quite
similar to those obtained for P2 sodium cobalt bronze cells with liquid electrolytes at

* that is, they are quite sloping and show several small steps.

room temperature;
Plateaus are typically associated with a two phase region (i.e., a phase transition) and
sloping curves with 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 potential profiles has been attributed to ordering transitions.
Although the solid polymer electrolyte cells are operated at higher temperatures (90 to
100°C) than those with liquid eleétrolytes, the similaritieé in discharge characteristiés
strongly suggest the existence of a singvle phase under these conditions as well.

Furthermore, previous structural studies by Delmas et al. #

on the sodium cobalt bronzes
indicate that interchange between the P2 and other phases occurs with difficulty and only
at temperatures above 700°C.

Figure 2-4 shows one cycle of a Na1stdPEOgNaCF3SO3/NaxCoOZ cell that was
overcharged (corresponding to‘ the removal of Na to composition Nag;Co0,). The
subsequent discharge showed that this process was irreversible. It was possible to cycle
this cell, but the discharge capacity was de;:reased. In all likelihood, it is not possible to
remove sodium ions in the P2 sodium cobalt bronze beyond the composition of
Nag3Co0, without disrupting the structure. Therefore, in order to obtain good cycling

results, some care has to be taken in choosing the upper potential limit. If the OCV of the

cell was allowed to reach 4.0 V, overextraction of the sodium cobalt bronze occurred,
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causing reduced performance. Where fairly high current densities (0.5 mA/cm’ or more)
were used to charge the cell, the operating potential, however, could reach 4.0 V without
adverse effect, because the open-circuit potential was actually somewhat lower. At low
current densities, such as for the charge shown in Figure 2-4, there is little overpotential,
and the operating potential is close to the open-circuit value. Thus, a lower potential
limit is required at low current densities. Most cells were charged at 0.5 mA/cm® or

higher, however, without any evidence of deleterious overcharge. .

Figure 2-5 shows discharge curves at different current densities up to 2.5 mA/cm?
for Na/PEOgNaCFsS03/Nay 7Co0O; cells. The rate capability of this system is clearly
quite high. The entire capacity of the cell can be discharged as well as charged in under
an hour at 0.5 mA/cm?, and 2.5 n_'xA/cm2 can be sustained for several minutes,
corresponding to a 25% deptﬁ of discharge. Similar behavior is seen when sodium/lead

alloy anodes are used.

2.3.2 Cycling'Results

Cycling results show that the P2 sodimﬁ cobalt broﬁze 1s very reversible when
used in sodium or sodium/lead alloy SPE cells. Figu;e 2-6 shows cell capacity as a
function of cycle number for an example cell discharged and charged at 0.5 mA/cm®
continuously two hundred times. A rapid decrease in capacity is seen initially, but then
the utilization levels out at more thén 60% thereafter (the iﬁitial capacity of this cell |
corresponded to .Ax = 0.55). Capacity fading is typical of all of the cells that were cycled

under these conditions. Some capacity decrease may be attributed to mass transfer
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effects; when cells were allowed to rest between cycles for several hours or discharged at
lower current densities, the capacity of the subsequent cycle increased (but not to the
level seen initially). As will be described in chapter 5, a large concentration profile is
built up in the electrolyte upon passing a large current due to the small sodium-ion
transference number for highly concentrated electrolyte solutions such as
PEOgNaCF3;SO;. The salt solubility limit can be exceeded in the region near the
electrodes at high current densities Because of this. For cells that use thinner electrolyte
and are charged or discharged at lower current densities like the cells used in the present
study, mass transfer polarization is much less severe, but the electrolyte structure may not
recover completely to its initial state due to the large composition vchange, perhaps
forming sait complexes that do not easily relax back to the initial state. Mass transfer
polarization could become severe upon continuous cyciing because of the electrolyte
modification. The strong operating-history dependence of the electrolyte may be a
reflection of this point. It is found that the mass-transport limiting process (manifested as
a rapid change in cell potential) occurs much earlier on the subsequent cycles than the
initial cycle when pass a current through a cell Na/PEOgNaCF;SO;3/Na. (Detailed
description of this can be found in chapter 5.) The transition time (time to reach the rapid
potentiél change) also. varies depending on the relaxation periods between cycles; a
smaller transition time is obtained when a shorter rest period is used. Upon conﬁnuous
cycling (allowing one hour relaxation period in between), the transition-time decreased
and reached a stable value. |

Figure 2-7 shows ;he charge efficiency for the same cell, defined as the ratio of

coulombs passed during discharge to that passéd during charge. For most cycles this is
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close to one, but occasional overcharges are necessary to compensate: for dendritic
shorting during the charge process. (This shorting is manifested as a potential instability

during charge.) Usually, overcharging below 4.0 V corrects 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, there is a change in the shape of the
discharge curve as cycling progresses (Figure 2-8). In particular, a long plateau at about
2.2 to 2.3 V appears as early as the 50th cycle. To test the hypothesis that structural
changes in the cathode cause this modification in the potential profile, x-ray diffraction
experiments were performed on cathodes that had been cycled to failure and compared to
those obtained on fresh cathodes, but no differences were seen. While x-ray ciifﬁaction
~ may be able to detect' gross structural modifications, it is hot certain whether subtle
changes (such as increases in the number of defect sites) would be discernible. X-ray
line broadening often is associated with a decrease in' cr'ystallinity‘or decrease in
crystallite size, but this broadening was not detected in these experiments. Another
possible explanation is that the sodium cdbalt oxide reacts very slowly (perhaps with the
polymer electrolyte) to give a product that is undetectable in the X-ray experiment but
that has some (diminished) electrochemical activity.

Inadvertent rises in -temﬁerature occurred during some experiments, causing the
sodium anodes to melt (the melting point of Na is 97°C). Although this sometimes
caused shortiné, there seemed to be no other deleterious effects. Cells that had

completely shorted (potentials read zero) could often be rendered functional again simply
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by removing excess sodium, lowering the temperature, and recharging. Complete
recovery often occurred after several cycles.

Dendrite formation generally occurs less frequently in cells with sodium/lead
anodes, and overcharging is not required as often as with 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 to 0.4 in Na,CoO,)
have been obtained for a cell with a Na;sPbs anode. (ngu:es 2-9 and 2-10). This is the
same cell that was overcharged to composition Nag;CoO, (Figure 2-4), and the
overcharge had a deleterious effect upon cycling (compare to Figure 2-6). The effect of
various potential limits on performance is also shown. Whereas overcharging above 4.0
V tends to cause a. decrease in capacity, cells are relatively impervious to overdischarge,
and can withstand low potential cutoffs.

Cells with two sodium cobalt bronze electrodes of matched capacity and a
polymer elec&olyte separator were also assembled and tested. Initially, thé potential was
0, but rose to. 2.0 V upon charge, or dropped to -2.0 V upoh discharge. This corresponds
to a total range of intercalation equivalent to Ax = 0.4. Because Nag;Co0O, is
approximately halfway discharged, one electi‘od'e acts as a sodium ion acceptor, and the
other as a sodium ion doﬁor upon passage of current.

Figure 2-11 shows the results of three hundred cycles at 0.5 mA/cm®.  For this
example, capacity fading is seen which has a similar pattern as the cell shown in Figure
2-6. This indicates that sodium/PEO interface is not a major factor causing capacity
fading. The capacity decrease in this cell may be due to the mass-transfer effect as

discussed earlier, or due to chemical or structural changes in the sodium cobalt bronze or
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modifications in the structure of the composite positive electrode. AC impedance studives

» on cycled intercalation electrodes show- an increase in resistance that has been
attributed to disconnection processes rather than structural changes in the electroactive
material. The volume expansion and contraction associated with the deintercaiation and
intercalation of ions may cause exfoliation and cracking of the electroactive particles and
concomitant disruption of the paths for electronic and/or ionic conductivity in the
composite electrode, leading to lowered capacity and increased resistance.

While dendritic shorting may cause premature failure, the sodium electrode or
sodium/PEO interface does not seem to be a major cause of capacity fading. V(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 cycle life, it
should be possible to improve perfdrmance simply based upon the information already
obtained. Changes in the electrolyte may improve conductivity, sodi@ ion ﬁansference
number, and salt diffusion coefficient or minimize reaction with the sodium cobalt
bronze. Modifications in the fabrication of the composite electrodes (varying the amount

" or type‘of electronicélly conducting additive, loading levels, etc.) or in the way the bcell is

-assembled may dramatically improve cycle life paljticularl_y if disconnection or loss of

. interfacial contact is occurring. .

2.3.3 Four Probe DC Experiments

~N

To determine how the various components in the Na/PEOgNaCF3S03/Na,CoO-

system contribute to performance, cells with two sodium foil reference electrodes were
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constructed and tested. These are referred to the sodium anode. A polymer electrolyte
layer separates each electrode for a total of three in the cell (Figure 2-2). 2 A simple
arithmetic procedure then allows calculation of the overpotentials due to each component
(i.e., the cathode, the polymer electrolyte, and the Na/PEO interface) during galvanostatic
charge and discharge or pulsing. Because it is performed in situ, this experiment can
provide much information about processes occurring during conditions of actual cell use.
Sequential bipolar square-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 resistance
of the cell with a minimum of disturbance to the system. The pulse time was chosen to
- minimize complications due to mass transport and double-layer charging. This procedure
was done by applying single pulses of varying times to the cell and observing the
potential response. On application of a‘current pulse, the interfacial polarization rises
rapidly (within a few milliseconds or less) due to double-layer charging and reaches a
plateau. After a much longer period of time (many seconds), the interfacial po}arization
increases greatly due to mass-transfer effects. A pulse width of about 50 ms allowed the
potential response to reach the plateau after double-layer charging but before mass-
transfer polarization. Subtraction of the response of reference 1 (the 'electrode closest to
the negative) from that of reference 2 gives the resistance due to thé 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 overpotential 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 discharge are shown in Figure 2-12. By
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far the major contributor to overall cell resistance under these conditions is the cathode
(157.5 Q-cm?). The polymer electrolyfe (6.0 Q-cm?®) and the sodium and sodium/PEO
interface (12.6 Q-cm®) make only minor contributions to cell resistance.

The four-probe method was also be applied to cells uhdergoing galvanostatic
charge and discharge at 0.3 mA/cm®. The sodium/PEO interface resistance is low
throughout the course of the experiment. There isl, however, an initial increase in the
resistance of the PEO electrolyte -as charging or discharging progresses (Figure 2-13),
which then levels to é constant.vaiue, indicating the transition to steady state due to the
nonunity sodium-ion transference number. (The detailed discussion of this matter is
given in chapter 4.)

Figure 2-14 shows the change in resistance of the various cell components as a
function of tﬁe cycle number, determined by pulsing after charge or discharge. The
electrolyte and sodium/PEO interface contribute only slighﬂy to the overall resistance
increase seen in the cell in the first few cycles. The cell impedance increase is dominated
by the cathode. Previous AC impedance results *° on Na/PEOgNaClO; systems,'in
contrast, suggest that corrosioﬁ at the sodium/electrolyte interface ié the major factor
contributing to increasing cell resistance upon cycling. Corrosion processes, however,
are expected to be highly dependent jupon the puﬁfy of the sodium and dryness of
components. Results of AC experiments can also be quite different from those obtained
during DC polarization of cells. The high interfacialvimpedance that were seen in the
previous study always decreased upon passage of a DC current, suggesting that the
corrosion layer breaks down upon cell polarization. The four probe experiments, cycling

results on Na and Na,;sPbs/PEOgNaCF3;S03/Na,CoO, cells, and cycling results on

25



positive/positive cells in this study all indicate that the sodium/PEO interface is stable in
these cells and is not the limiting factor to cycle livfe.

Figure 2-14 also shows that the cathode resistance is consistently higher after
discharge than after charge. This indicates that the conductivity of Na,CoO, increases
with decreasing x. For the sodium stoichiometric phase NaCoO,, the t;, band is fully
filled, resulting in a poor conductivity at this state. When sodium ions are removed from
the intersheet space, an equivalent number of cobalt ions are tetravalent; correspondingly
holes are formed in the band. Smaller x corresponds to a larger amount of holes in the
band and greater electronic conductivity. One other contribution to the higher resistance
after discharge may come from a higher electrode fesistance due to Na,CoO; contraction

upon intercalation, which may lead to disconnection for some particles with others.

2.3.4 Power and Energy Density Calculations

High theoretical energy densities of 1600 and 1470 Wh/I are calculated for the P2
sodium cobalt bronze with sodium and sodium/leadv alloy anodes respectively, based
upoﬁ the discharge characteristics and rﬁeasmed density of 4.81 g/cm®. The theoretical
specific energy of 440 Wh/kg for Na and 350 Wh/kg for Na,;sPb, are also very attractive.
In cells with liquid electrolytes, it is usually possible to attain practical energies of only
about one-foﬁrth that of the theoretical. One advantage to using solid state components,
however, is that light weight ultra thin current collectors may be used in order to
maximize practical energy densities, because there is no danger of electrolyte leakage.

To illustrate this point, practical energy densities are estimated and given in Figure 2-15,
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assuming 5 pum metallized plastic current collectors with sodium cobalt bronze
electrodes, 10 um thick polymer electrolyte se;;arators, and a two-fold excess of sodium
are used. These calculations show that up to 150 Wh'kg for this configuration is
attainable, Aepending upon the loading level and capacity of the positive électrode. It
may be possible to increase this further By increasing the loading level in the cathode, but
this has not yet been tested here.

Practical power densities based upon the configuration described above and the
data shown in Figure 2-5 are presented in Figure 2—16_. At 0.5 mA/cm? the entire
capacity of the positive electrode can be discharged in less than an hour (this time varies
somewhat depending upon the cell capacity). This corresponds to a practical power -
density of 335 W/l for continuous operation. Up to 2.7 KW/ is attainable for short
periods of time (several minutes) for a depth of discharge of 25% of the available
capacity in the positive electrode. |

Because less capacify can be discharged at higher current levels, cells designed
for high rate and thus high power density applications éhould use thinner electrodes (i.e.,
fewer coulombs per unit area in the cathode). If energ)" density is the primary
consideration, cells with larger capacities should be built. The Ragone plot presented in
Figure 2-17 indicates the relationship between energy and power densities. For some
applications such as Ielectric vehicles, both high energy densities and high power
densities for at least short periods of time are important attributes. It appears.that the

NaCoO,/PEOgNaCF3S03/Na system has the potential for fulfilling these requirements.

2.3.5 Comparison with Other Sodium Systems
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As with lithium batteries, various transition metal oxides, especially the first row
transition metal oxides, have been studied for sodium intercalation. These materials,
besides sodium cobalt oxides (Na,CoQ,), include vanadium oxides (Na,V,Os, 31-34
Naj+xV30s, 4332 Na,V¢Ons, 35), manganese oxides (Na,MnO,), 36-40 ‘molybdenurn oxide
(NaxMosz4), “! and amorphous MoS3, ? and also ternary host structures (NaxKCr3bg and
Na,KV30s). ®* The performance of these compounds is briefly reviewed to compare
with the sodium cobalt oxide results.

o-phase V,0s, a layered structure, has been studied for sodium cells using PEO-
NaClOq polymer electrolytes. at 80°C. *'** ‘This compound undergoes two sequential
irreversible phase transformations. With the final phase (unknown structure), 1.7 sodium
atoms can be intercalated and deintercalated quite reversibly, while the other 0.3 sodium
atoms strongly bond to the lattice. The new phase intercalates sodium at higher potential,
indicéting that the new structure has higher affinity to the intercalation ions. The
theoretical specific energy and energy density of the system calculated from the second
discharge are 430 Wh/kg and 1040 Wh/l, respectively. This cell was cycled at 0.075
mA/cm® (C/8h rate), and 100 cycles had been achieved before the electrode capacity
dropped below 40% of the electrode capacity (of the secdnd discharge).

The three-diménsional structure B-Na,V,0;s has been tested in sodium cells using
PEO-NaClO4 polymer electrolytes at 80°C. *'*? . This material was able to intercalate
sodium electrochemically from x = 0.25 to x = 1.6, but the structure was believed to
break down during the process, probably to an amorphous state. In spite of the phase

transformation, 30 cycles at 0.075 mA/cm® (C/25h) were obtained with a capacity larger
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" than 1 sodium per V2Os unit. The stoichiometric energy density calculated from the first
discharge is 245 Wh/kg. In addition to high temperature synthesis, $-Nag33V20s has

been synthesized by a sol-gel process and tested in a liquid cell at room temperature. **>*

The structure of this material was maintained during cycling, manifested by the similar
shape of the discharge curves. A total ‘of one sodium \'per mole of bronze can be
intercalated into the structure between 3v.4vV and 2 V at 0.1 mA/cm?, corrésponding to an
electrode capacity of 100 mAh/g. This cell was cycled at 0.03 mA/cm? in the potential
range of 3.6 to 2.4 V; the capacity was 85 mAh/g for the initial discharge and decreased
to 50 mAh/g after 30 cycles. |

Naj+xV30s is a layered structure madé of edge sharing VOg octéhedra sheets.
One sodium ion per formula unit must be present to stabilize the structure. This structure
was sfudied in a polymer electrolyte cell and was found to be_ able to intercalate two extra

sodium atoms per formula, *'~2

giving a stoichiometric energy density of 340 Wh/kg.
One cell using Na;+,V30s and PEO-NaClO4 polymer electrolyte was cycled at 0.05
mA/cm?; the cell capacity decreased duﬁng th; first 40 cyc}es but gradually increased in
later cycles to almost its original capécity at about 80 cycles before it quickly dropped to
a very low value. Another cell which was cycled at 0.1 mA/cfnz, however, éhowed much
less utilization and a decreasing capacity with cycling. No phase transformation upon
cycling was detected with this material.

A three-dimensional network structure V¢Oi3 was tested in polymer electrolyte

(PEO-NaCF3S03) sodium cells. 35 This material intercalates only a limited amount of

sodium and has rather poor retention of capacity.
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Sodium manganese oxide bronzes have been extensively studied. Several phases
were obtained with sodium contents x = 0, 0.4, 0.44, 0.7, and 1 in Na,MnO,. ** The two
structures with lower sodium content, Nag 4MnQO, and Nag 44MnO,, are three-dimensional
structures composed of edge-sharing and also corner-sharing MnOg oc;tahedra. The other
two materials with higher sodium contents are layered structures made of edge-sharing
MnQg octahedra. Nag7MnO, has P2 structure, an isostructufé of the P2 phase Nag 7Co0O,.
Two different strtii:tures, a- and B- phases are idenﬁﬁed with NaMnO,, where o has'a
0’3 structure and B is composed of a double stack of edge-sharing MnOg¢ octahedra
sheets. Nag4sMnO; and Nag7;MnO, are able to intercalaté sodium reversibly from x = 0.3
to x = 0.58 and from x = 0.45 to x = 0.85, respectively, and the two NaMnO, phases
intercalate only limited amounts of sodium. 3¢ Interestingly, Nag 4MnO, has been shown
to have the best performance among these materials. *’*® It was thought this material
would not undergo reversible intercalation because sodium hopping was considered
difficult within this structure.. To the contrary, Nag+4MnOQO; is able to intercalate sodium
reversibly from x = 0.2 to x = 0.75, the largest range among these manganese oxides, at a
current density of 0.1 mA/cm® at 85°C, corresponding a stoichiometric energy density of
440 Wh/kg. More than 60 cycles were obtained before the capacity dropped to 40% of
its initial value.

Besides the thermodynamically stable phases, a three-dimensional spinel
‘structure, prepared by the “chimie doucg” method at room temperature, has been studied
for sodium intercélation. 3% This structure undergoes an immediate phase transition to an

unknown structure upon sodium intercalation. But more than 0.6 sodium ions per
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formula unit can be intercalated into the structure in spite of the phase transition. The
reversibility of this system, however, was‘not éatisfactory. 40

Molybdenum dxide, Na,Mo,0,, was tested in liquid electrolyte cells and was able |
to intercalate sodium in the composition range of 0.55 < x <1.9. *' The parent oxide is a
layered structure made of MoQOg octahedra, bﬁt molybdenum atoms are off the centers of
their coordination, forming Mo double-chains. Upon electrochemical intercalation, a
series of five phase transitions was identified within the above composition range. The
stoichiometric energy density of this material is 270 Wh/kg, with an average cell
potential of 2 V. Cycling data on this material are not available.

Amorphous molybdenum sulfide, MoS3, was shown to be able to intercalate 1.4
sodium ions per formula initially in a polymér electrolyte cell, but the capacity decreased
to 0.4 sodium ions in the following cycle .and then dropped to zero after only 30 cycles.

Some ternary host materials such as KV3;03 and KCr303 with layefed structures
have also been investigated for sodium intercalation. KV3;0Og was able to intercalate 2
sodium atoms per fonﬁula unit at 80°C, ** giving a stoichiometric energy density of 310
Wh/kg. It became amorphous during cycling but was able to be cycled 20 times with
high electrode utilization before capécity rapidly dropped. 2 KCr;0g was able to
intercalate only 1 sodium (175 Wh/kg) and had poor reversibility. *

As indicated abéve, the P2 phase sodium cobalt oxide exhibited the best:
performance reported so far for sodium intercalation. Some general conclusions may be
drawn from the systemé that have been studied. Layered structures are attractive for
sodium intercalation since the larger size of sodium (compared to lithium) can be easily

accommodated between the layers by the inter-space change without strongly perturbing
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the host structure. Particularly, structures that are relatively stable upon sodium
intercalation without phase transition, such as the P2 phase Na,CoO,, are more attractive
for their better reversibility. Problems associated with three-dimensional network
structures for sodium intercalation rﬁay be minimized by choosing more rigid structures
with large tunnels for guest species such as the orthorhombic Nag44MnO,, so that the
host structures do not easily transforrri. Furthermore, the performance of the intercalation
materials is sensitive to the synthesis methods, indicating that the intercalation process is

influenced by the fine structures obtained with different fabrication routes. These fine
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structures may inciude aﬁisotropy of materials and lattice defects, which would
affect the electronic conductivity of the material and also the diffusion coefficient of the
guest species.

Limited by the scope of the present work, lithium intercalation systems have not
been discussed. In generél, intercalation host materials tend to take in less sodium ions
than lithium due to the larger size of the former. But with'proper choice of the host
material this differencé can be reduced. The rate capability of the sodium system is
comparable to lithium systems. Diffusion of sodium ion in structures such as the P2
phase Na,CoO, (D = 10 cm?s *) is not a limiting factor with fine particfe sizes (e.g., 1
). The major disadvantage of sodium cells is their lower theoretical specific energy due
to their lower cell potential and lower charge capacity density. On the other hand, highly
oxidizing materials such as Li,CoO, (4.7 V at x = 0.07) have the disadvantage of

decomposing the electrolyte or corroding the underlying metal support. These materials,

theréfore, can not be used with polymer electrolytes that are usually not stable above 4V.
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24 Conclusions

Na,Co0,/PEOgNaCF;S03/Na and Na;sPbs cells have been evaluated in terms of
discharge characteristics, rate capability, cycle life, and energy and power densities. The
P2 phase Na,CoO; can reversibly intercalate sodium in the range of x = 0.3 to 0.9, giving
a theoretical specific energy of 440 Wh/kg and energy density of 1600 Wh/l. One
hundred cycles to 60% depth of discharge have beeri obtained at 0.5 mA/cm? and two
hundred shallower cycles at the same rate. Experiments in which positive/positive cells
were cycled suggest that .the Na/PEO interface is not the limiting factor to cell cycle life,
but x-ray diffraction experiments failed to reveai any structural changes in the sodium
cobalt bronze itself. Four-probe DC experiments also show that the Na/PEO interface is
stable and makes only minor contributions to the cell resistance. Mass traﬁsfer
polarization, disconnection of particles in the céthode, and chemical or structural changes
in the sodium cobalt bronze are suggested as factors contributing to eventual cell failure.
In terms of c&cle life, theoretical energy density, and rate capability, these are the best
results obtained -on a sodium/polymer electrolyte system to date. Furthermore, energy
and power density calculations show that Na,CoO,/PEO/Na batteries are promising and
may meet the requirements for electric vehicle use. The low cost of sodium relative to
lithinm makes sodium polymer batteries an attractive alternative for these and other

applications.
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Chapter 3 Na,y;Co00O, Composite Electrodes

3.1 Introduction

The composite electrodes used in the present study contain the electroactive
Nao_7b002 particles, electronic conducting carbon black, and ionic conductive polymer
phase. The advantage of using composite electrodes is that a greater rate capability can
be achieved because they provide greater electrode/electrolyte interfacial area and also
have improved electronic conductivity contributed by the highly conductive carbons.
The draw back of a composite electrode configuration is that the energy density is
reduced by the nonelectroactive ﬁlling materials. Therefore, properly choosing the
fraction of electronic conductive phase and ionically conductive polymer electrolyte
phase is important. The electronic conductivity of various transition metal oxides differs
greatly for different materials. For example, Nag7CoO; has a much higher electronic
conductivity than Nag;MnO, (10% t010° S/cm vs. 107 S/cm at room temperature %)
even though they have the same P2 phase structure. Furthermore, Nay 7CoO; has metallic
conduction characteristics, the conductivity of which slightly decreases with increasing
temperature. In contrast, the conductivity of Nag7MnO, increases With increasing
temperature, a tjpical semiconductor behavior. Five to twenty percent of carbon black
are reported in the composite electrodes in the literature, >*''*!*? but there has been no

report on how carbon content affects the electrode performance. Considering the good

electronic conductivity of Nag;Co00,, the necessity of adding carbon in the composite
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electrodes is investigated in the present study. This is done by determining the effect of

the carbon additive on electrode conductivity and also on cell performance.
3.2 Experimental

The P2 phase sodium cobalt bronze Nag;CoO, was prepared by glycine nitrate
process. * A mixture of sodium nitrate, cobalt nitrate; and glycine in the desired
stoichiometric ratio in distilled water was heated to 180°C in a stainless steel container
that was covered by a fine stainless steel mesh. A dramatic combustion of the chemicals -
occurred when the solution dried, resulting in sodium cobalt oxide. The powders then
were heated to 750°C for 10 hours to complete the reaction and also convert the material
to the P2 ehase. The particles were Very fine in size, about 1 pm in &iameter, as
determined by scanning electron microscopy.

- - Sodium cobalt oxide composite cathodes were made by mixing the electroactive
materiai, carbon black, poly(ethylene oxide) and sodium trifluoromethanesulfonate in the
ratio of 20 ethylene oxide units per sodium, and a carbon dispersant (brij) in acetonitrile
and then cast into free standing films as described in chapter 2. Two series of electrodes
were made for conductivity measurements, one set has 30 w/o of Nay7Co0, vand 0 to 20‘
w/o of carbon black, and the other has 50 w/o of Nag7CoO; and 0 to 20 w/o of carbon
black, but the electrode films with 50 w/o Nag7Co0O, and 20 w/o carbon could not be
successfully made without cracking. The conductivity of these electrodes were measured

to assess the effect of_ carbon black.
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Electrodes were also made and tested in Na/PEQ,oNaCF3S03/Na,CoO, cells to
determine the effect of carbons on cell performance. Two sets of electrodes are designed
to have the same total volume fraction (30 v/0) of solid phases, but one with 10 v/o (11
w/o0) of carbon and the other without. Another electrode that has a greater volume
fraction (40 v/o or 74 w/o) of Nay7CoQ; but no carbon was also made and tested to probe
the carbon effect further.

Sodium (Alfa products) was purified prior to use in cells using the method
described previously in chapter 2. The metal was melted, filtered ‘through coarse
stainless steel wool, and then heated to 400°C with small amounts of titanium sponge.
The purified sodium was rolled between sheets of polyethylene to form thin foil
electrodes.

Electrode conductivity measurements were done in air at room temperature.
Electrodes were 1 ¢m’ in area and 60 pm to 170 pm in thickness. The electrode films
were placed between two platinum plates and connected to the PAR 371
potentiostat/galvanostat and a voltmeter. The potential drop was monitored when current
(5 mA and 10 mA) was passed to the electrodes. The. conductivity of the electrode was
calculated from the ohmic resistance (the ratio of the potential drop over the current) and
the film dimension.

The conductivity of the pure Nay;CoO; was also measured from a Nag7CoO;
pellet. The pellet was made by pressing the powders into a 0.5 in. (1.27 cm) diameter die
with 350 MPa load and then put into a hydrostatic press filled with oil that applied 140
MPa pressure to the sample. The resulting disk was 86% dense, calculated from the

theoretical density of the material.
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Electrochemical cells were assembled in a helium-filled glove box with oxygen ‘
level below 1 ppm, and tested at 85°C. Galvanostatic charges and discharges were
performed on the Na/PEO2oNaCF3803/Nag 7Co0; cell using a computer controlled PAR

371 potentiostat/galvanostat.
3.3 Conductivity of the Nay;C00O; Composite Electrodes

The electronic conductivity of the comp§site Nag7Co0; electrodes as a function
of volume fraction of the carbon is shown in Figure 3-1 (a). The conductivity increases
dramatically when a §mall amount of carbon is added to these electrodes, and then
increases less significantly when more carbon is added. 10 v/o of carbon can effectively .
increase the electrode ponductivity from 107 to 10" S/cm. The two sets of electrodes
that have 30 w/o (9.3 v/o) and 50 w/o (19.3 v/o) of Nag,CoO, show very similar
electronic conductivity values at the same carbon content, indicating that the elecu'o\de
conductivity is dominated by the volume fraction of carbon. This effect can be further
seen in Figure 3-1 (b). The volume fractions \of the phases in the composite electrodes
are calculated from the densities of egch component, where the density of the polymer
phase is measured with the method that will be described in the Experimental section in
Chapter 4. These calculated values could be lérger than the actual volume fractions since
the electrodes could contain small voids (though not visible). Nevertheless, the relative
effect of the carbon additive and Nag;CoO; on the electrode conductivity would not be

affected by this.
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The electronic conductivity of the pure Nag;CoO; pellet (86% volume) made
from hydrostatic compression is 8.7x10™* S/cm. It is higher than the two more porous
electrodes that contain 9.3 v/o Nag7Co0O, ;nd 90.7 v/o polymer, or 19.3 v/o Nay;Co02
and 80.7 v/o polymer, but is much less than the values from electrodes with some carbon
black additive. Also, this conductivity value is considerably lower than the one reported
for Nag7Co0; in the literature, *® in which the sample was sintered at high temperature.
The difference indicates that the interfacial resistance between the Nag;CoO, particles is
high. Though the synthesis cqndition of Nay 7Co0, powders could contribute some to the
conductivity difference, the interfacial impedance likely dominates. It is then interesting .
to note thatlthere is something special about the carbon additive. These extremely fine
powders seem to have better connections to each other and also to Nay7CoO; particles,

making the interfacial resistance much less of a problem. -
3.4 Charge and Discharge Characteristics

A cell that utilizes an electrode of 10 v/o (11 w/0) of carbon black and 20 v/o (48
w/0) of Nay;Co0O, was assembled anci tested. The cell was first éharged to 3.7 V and
then discharged to 1.7 V as shown in Figure 3-2. The characteristics of the curves are
very similar to the charge and discharge curves that were observed with the cells in
chapter 2, for which the electrodes have 16 v/o (20 w/o) of carbon black and 11.5 v/o (30
w/0) of Nag7C00,. The separation between the charge curve and discharge curve is very
small, indicating a fairly small overpotential across the cell. This cell has been cycled

and discharged at various current densities (Figure 3-3). A good rate capability similar to
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that of the cell in Figure 2-5 is observed, although less electrode capacit}; is obtained
from this cell. The difference in capacity utilization may be attributed mainly to the
different Nag ;CoO, synthesis rﬁethods (a high temperature reaction was used for the cell
shown in Figure 2-5, and the glycine nitrate process was used for the present). Operating
at lower temperature (85°C vs. 90°C) and no current interruption during discharges, and
thus less mass transport relaxation time, also contribute to some of the utilization
differences.
The cell with the electrode that contains the same volume fraction of solid phase
(30 v/o of Nag;Co0O, but no carbon additive) exhibits quite different charge and
discharge characteristics (Figure 3-4). The separation between the charge and discharge
curves is much greater, although the cell has a similar cell configuration as fhe other (the
electrolyte and electrode thickness are shown in the figures) and was tested at the same
current density (0.1 mA/cmz). This indicates a greater ohmic drop across the écll that
resulted mainly from the cathode résistance. Both the charge and discharge curve do not
have distinctive plateau charac_:teristics but rather straight lines, resembling the discharge
characteristics at higher discharge current for the cell shown in Figure 3-3, where larger
“ohmic drop was experienced. The capacity utilization of the electrode is only about 40%
of the previous éell at the same discharge current density level. This cell was also cycled
at 0.1 mA/cm’, but the cell capacity dropped dramatically in the subsequent cycles.
Clearly, the larger overpotential and lower electrode utilization are caused by the lower
electronic conductivity of the élec&ode. The shorter cell cycle life may be attributed to
particle iso.lation caused by Na,CoO, volume changes during

intercalation/deintercalation, and hence a reduced electrode capacity. The better
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performance for the cell shown in Figures 3-2 and 3-3 indicates that fine carbon black
particles not only improve the electrode conductivity, but also likely help to keep
Nay7CoQ, particles connected during intercalation/deintercalation processes. ' During
these processes, Nag7CoO, particles may disconnect from each from each other and from
vcarbon particles, as well, due to the volume changes.

The first charge and discharge curves of the electrode that has a bigger solid
volume fraction (40 v/o of Nay7CoO,, but no carbon additive) are shown in Figure 3-5
(the electrode and electrolyte thickness are also indicated in the figure). The utilization
of this electrode is less than the electrode that has 20 v/o of Nao,7CoOZ and 10 v/o of
carbon (Figure 3-2), but is much better than the cell that has 30 v/o of Nag7CoO; and no
carbon additive (Figure 3-4). Improved electrode conductivity by adding more
Nag7CoO, phase is likely responsible for the better electrode performance. But this cell
again does not cycle well. This may also be attributed to particle isolation caused by

Na;CoO, volume changes upon intercalation and deintercalation.
3.5 Conclusions

The effect of carbon black additive on the composite Nag;Co0O, electrocies 1S
evaluated in terms of electronic cor;ductivity and cell performance. The electronic
conductivity of the electrodes is dominated by the volume fraction of carbon, increasing
as carbon content increases. Adding 10 v/o of carbon can effectively raise the electrode
conductivity from about 1x107 S/cm to 1x10" S/cm. The conductivity of the Nag7CoO,

pellet made from hydrostatic compression is much less than the reported value for a
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dense sintered material, indicating that a large interfacial impedance exist between
Nag7Co0; particles. Adding carbon particles can greatly reduce this impedance. Three
electrodes with different Nagy;,CoO, content and differenf carbon content have been
charged, discharged, and cycled. The electrode with 10 v/o of carbon exhibits
significantly better performance in terms of electrode utilization and cycle life than the
ones with the éar_ne or larger volume fraction of solid phase (Nag7Co0,) but no carbon

additive. The difference may be explained by the better connection between Na6_7C002

particles established by the very fine carbon black additive.
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Figure Captions: Chapter 2
Figure 2-1. Solid-state thin-film Na(or NasPbs)/PEO;NaCF3S03/Nag 7Co0; cells.
Figure 2-2. The four-probe cell configuration with two sodium reference electrodes.

Figure 2-3. Cell potential vs. x in Na,CoO; in (a) a cell with a sodium anode at 90°C, and
(b) a cell with Na;sPbs anode at 100°C. The current density was 0.5 mA/cm® for both

charge and discharge.

Figure 2-4. Overcharge of an Na;sPbs/PEOsNaCF3;S03/Na,CoO, cell (cutoff potential
4.0 V). The subsequent discharge showed reduced capacity. The charge current was 0.1
mA/cm?, and the discharge current was 0.2 mA/cm>.

Figure 2-5. Discharge curves at various current densities up to 2.5 mA/cm® for a
Na/PEOgNaCF3;S03/Na,CoO, cell at 90°C. For this experiment, the current was

periodically interrupted to estimate open-circuit potentials.

Figure 2-6. Capacity as a function of cycle number for the Na/PEOgNaCF3S03/Na,CoO,
cell in Figure 2-3(a). The current density was 0.5 mA/cm? for both charge and discharge,

and the temperature was 90°C.

Figure 2-7. Charge efficiency for the cell in Figure 2-6, defined as the ratio of coulombs

passed during discharge to that passed du.rihg charge.

Figure 2-8.  Discharge curves as a function of cycle number for the
Na/PEOgNaCF3S01/Na,CoO, cell from Figure 2-6 and 2-7. The theoretical capacity of
3.2 C corresponds to Ax =0.6 in'NaxCoO;,.

Figure 2-9. Capacity as a function of cycle number for a
Na;sPby/PEOgNaCF3;S03/Na,CoO, cell at 100°C. Various discharge and charge rates

47



were used for the ﬁrst’ten cycles (these are not shown), and the cell was overcharged
during the second cycle, leading to reduced capacity. A discharge and charge current
density of 0.5 mA/cm* was used for the subsequent cycles, except as noted. The effect of
various potential limits is also shown. The capacity of the first cycle éorresponded Ax =

0.6 in Na,CoO, (100% utilization).

Figure 2-10. Charge efficiency for the cell in Figure 2-9, defined as the ratio of

coulombs passed during discharge to that passed during charge.

Figure 2-11. Capacity as a function of «cycle number for a
Nag 7C00,/PEOgNaCF3S03/Na,CoO; cell at 90°C. The cell was cycled between -2 to +2
V at 0.5 mA/cm’ for both charge and discharge.

Figure 2-12. Overpotentials of cell cofnponents and interfaces on the application of
sequential bipolar square wave pulses to a four-probe cell after the second cycle at 90°C.
The cell area was 3 cm’®. The time for each pulse was 50 ms. Only the discharge

response is shown for clarity.

Figure 2-13. 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®. The
cell area was 3 cm?. The cathode resistance as a function of time is. not shown, but

exactly follows that of the cell as a whole.

Figure 2-14. Change in resistance of components in a four-probe cell as a function of
cycle number, obtained from sequential square wave pulse data similar to that shown in
Figure 2-12. Cell area was 3 cm®. The values obtained after discharge are plotted on the

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

Figure 2-15. Practical energy density as a function of loading level and capacity in the

sodium cobalt bronze electrode. These calculations assume a cell attaining the
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theoretical capacity,, metallized plastic current collectors 5 pm thick, and a twofold

excess of sodium in the anode.

Figure 2-16. Practical power density for Na,CoO,/PEOgNaCF;SO3/ Na cells with 5 um
thick metallized plastic current collectors, 10 um thick polymer electrolYte separators,
and a twofold excess of sodium in the anodes. The loading level in the cathode is
assumed to be 45 w/o electroactive material. The graph shows the amount of time that
the corrésponding currents can be sustained as well as the depth of discharge (DOD)

based on the data shown in Figure 2-5.

Figure 2-17. Ragone plot for Na,CoO»/PEOgNaCF3;SO;/Na cells, using the calculations
shown in Figure 2-16. The cell dimensions are the same as in Figure 2-15, and the
loading level in the cathode is assumed to be 45 w/o. -The zero power density point

corresponds to the energy density of a cell with capacity of 3 C/cm? in the cathode.
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Figure Captions: Chapter 3

Figure 3-1. The electfonic conductivity of composite Nag;Co0O, electrodes as a function
of (a) volumetric fraction of carbon black in the electrodes, and (b) total volume fraction
of both Nag;Co0; and carbon black at room temperaturé. Two series of electrodes that

have 30 w/o and 50 w/o Nag,Co0O, are shown.

Figure 3-2. The first charge and discharge curve of a Na/PEO;NaCF3S03/Na;CoO, cell
at 85°C. The composite positivé electrode contains 20 v/o (48 w/0) of Nay7Co0O; and 10
v/o (11 w/o) of carbon black. The current density was 0.1 mA/cm? for both charge and -

discharge.

Figure 3-3. Discharge curves at various current densities for the

- Na/PEO,oNaCF3S03/Na,CoO; cell in Figure 3-2 at 85°C.

Figure 3-4. The first charge and discharge curve of a Na/PEO2NaCF3S01/Na,CoO, cell
at 85°C. The composite positive electrode contains 30 v/o (64 w/0) of Nay,CoO, but no
carbon black additive. The current density was 0.1 mA/cm® for both charge and

 discharge.

Figure 3-5. The first charge and discharge curves of a Na/PEO;(NaCF3S03/NaCoO; cell
at 85°C. The composite positive electrode contains 40 v/o (74 w/o) of Nag7CoO, but no
carbon black additive. The current density was 0.1 mA/cm® for both charge and

discharge.
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Na;sPby/PEOgNaCF3S03/Na,CoO, cell at 100°C. 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, leading to reduced capacity. A discharge and charge current
density of 0.5 mA/cm?® was used for the subsequent cycles, except as noted. The effect of

various potential limits is also shown. The capacity of the first cycle corresponded Ax =
0.6 in Na,CoO, (100% utilization).
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sequential bipolar square wave pulses to a four-probe cell after the second cycle at 90°C.
The cell area was 3 cm®. The time for each pulse was 50 ms. Only the discharge
response is shown for clarity.
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Figure 2-13. 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® The
cell area was 3 cm® The cathode resistance as a function of time is not shown, but
exactly follows that of the cell as a whole.
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Figure 2-14. Change in resistance of components in a four-probe cell as a function of
cycle number, obtained from sequential square wave pulse data similar to that shown in
Figure 2-12. Cell area was 3 cm®. The values obtained after discharge are plotted on the
positive axis, and those obtained after charge are plotted on the negative axis for clarity.

64




160

140 '
45% loading
%ﬂ 120
= 3
= 100 | 30% loading
>
oy
o 80
=
= 60 |
'S
2.
»vn 40 f
20 |
O 1 [ 1 L
0 1 2 3 4 . 5

C/cm’ in cathode

J
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theoretical capacity, metallized plastic current collectors. 5 pm thick, and a twofold
excess of sodium in the anode.

65



3000

2500 2.2 min. 26% D. O. D,

2000 3.6 min. 33% D. O. D.

oy

W

)

o
i

6.4 min. 45% D.O.D.

Power Density ( W/L)
o
S

18 min. 81% D. 0.D

500

42 min. 100% D.O.D. A

O 1 I i I

0o 05 1 15 2 2.5
Current (mA)

Figure 2-16. Practical power density for Na,CoO,/PEOgNaCF;SO3/ Na cells with 5 pm
thick metallized plastic current collectors, 10 um thick polymer electrolyte separators.
and a twofold excess of sodium in the anodes. The loading level in the cathode i
assumed to be 45 w/o electroactive material. The graph shows the amount of time that
the corresponding currents can be sustained as well as the depth of discharge (DOD,
based on the data shown in Figure 2-5.
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Figure 2-17. Ragone plot for Na,CoO,/PEOsNaCF3SO3/Na cells, using the calculations
shown in Figure 2-16. The cell dimensions are the same as in Figure 2-15, and the
loading level in the cathode is assumed to be 45 w/o. The zero power density point
corresponds to the energy density of a cell with capacity of 3 C/cm? in the cathode.
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Figure 3-2. The first charge and discharge curve of 2 Na/PEO,(NaCF;S03/Na,CoO, cell
at 85°C. The composite positive electrode contains 20 v/o (48 w/0) of Nay,CoQ, and 10
v/o (11 w/o) of carbon black. The current density was 0.1 mA/cm? for both charge and

discharge.
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Figure 3-3. Discharge curves at various current densities for the
Na/PEQ,,NaCF;S0,/Na,Co0, cell in Figure 3-2 at 85°C.
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Figure 34. The first charge and discharge curve of a Na/PEO,,NaCF;SO3/Na,CoO, cell
at 85°C. The composite positive electrode contains 30 v/o (64 w/o) of Nagy;CoO, but no
carbon black additive. The current density was 0. mA/cm?® for both charge and
discharge. '
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PARTII SOLID STATE POLYMER ELECTROLYTES
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Chapter 4 Transport Properties of Solid State Polymer Electrolytes

4.1 Introduction

Polymer electrolytes are formed by the dissolution of salts in ion-coordinating

macromolecules. !

These molecules contain atoins or groups that have electron-donor
power to form coordination bonds with cations. A suitable distance between coordinating
centers is required to avoid the formation of intrapolymer ion bonds that lead to a reduced
ionic mobility. Low barriers to bond rotation are also necessary to allow ease of polymer
segmental motion.

The mechanism of ion transport in .polymer electrolytes is distinct from the
processes occurring in liquid solutioﬁs, molten salts and crystalline solids. Ionic
movement in polymer electrolytes is facilitated by local structural relaxation processes, but
mna diﬁ‘erent manner from what occurs in liquid electrolytes. It is suggested that the
structural relaxation provides time-dependent pathways or opportunities for ions to move
between suitable sites, and also provides a mechanism of short-range transport of ions
temporarily attached to the polymer chains. >

The transport mechanisms in polymer electrolytes are complicated by significant
ion association resulting from the low dielectric constants of the hosts. The existence of
ion association in polymer electrolytes is démonstrated from studies of activity

. . . . .. .. 6,7
coefficients, > ion-paring, “° and the concentration dependence of ionic conductivities.

For these electrolytes, formed by dissolving a binary salt in a polymer solvent, all three
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pair-wise interaction parameters (between cation and solvent, between anion and solvent,
and between cation .and anion) need to be considered when describing the transport
proc;:sses in the solution. In practice, macroscopic transport properties, namely ionic
conductivity (x), salt diffusion coefficient (D), and ion transference number (t}) are used.
These quantities are related to the pair-wise interaction parameters (D..) through the

following relations ®

1__ -RT [1 _ CoZ_ J -
K. orzyz_F2\Die €4 (24Dgr-2_Do_)) v

D

coaf ) Dele =) .

Co dlnm \z+Do+—z_Do_)

z4Doy

(3]

z,Dgy —2_Dgy_

The most commonly reported property of polymer electrolytes is the conductivity.
L%  The value reflect the cumulative mobility of all ioqic species present. Ion
transference numbers, on the other hand, allow the evalué.tion of the mobility of individual
ionic species such as the one of prime interest. By definition, a transference number of
one ion is the fraction of current carried by that ion in the absence of concentration
gradients. It should be noted that a transfere;nce number is the overall response of species
containing the ion of interest. Transference numbers are useful quantities in evaluating the
interaction of an ionic constituept with the solvent and the degree of aggregation of ion

species.

The transport properties are crucial in determining how fast a cell can be
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discharged while still utilizing most of the electrode capacity. The effects of these
properties on cell performance have been described and modeled in liquid electrolyte
systems, '' and in lithium/pc;lymer electrolyte and lithium-ion batteries. >" A low
electrolyte conductivity would lead to a large ohmic loss and hence a small cell potential.
The ohmic loss also increases over the course of discharge as the reaction front
propagates into the back of the cathode, requiring a longer pathway for lithium ions to
travel to reach the reaction front. ™ This would cause an early drop-off of cell potential,
and also an increasingly sloping discharge curve, which is not desired in many applicatibns.
A low cation transference number, coupled with a low diffusion coefficient, would
adversely affect cell performance by forming a large concentration polarization, leading to
depletion of the electrolyte or solubility limitations.

It is generally believed that the anion is mbre mobile than the cation in lithium
polymer eléctrolytes (lithium ion transference numbers less than 0.5). Efforts have been
made to increase the lithium ion transference number. These include fixing the anion onto

the backbone of the polymer chain !¢

and use of lafge, and hence relative immobile,
anions. However, these approaches resulted in dramatic decreases of ionic conductivities,
implying that anion conduction is sigﬁiﬁcant in these solutions.

Various techniques have béen used to measure the transferencev numbers in
polymer electrolytes, especially in poly(ethylene oxide) systems. These include the. steady-

state current technique (potentiostatic -polarization technique), '™'*'*%

ac impedance
techniques, > pulse-fild gradient NMR techniques, “**** radio-tracer diffusion

experiments, > EMF measurements on concentration cells, * Hittorf method, * and others.
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% There has been a lot of discussion on the validity of these methods for electrolytes
experiencing ion association. The results derived from these techniques have also
appeared to be in conflict. The discrepancies can probably be explained by invalid
assumptions made in the analyses, including not éccounting for the concentration
dependence of transport properties or the assumption of ani ideal solut-ion. Detailed
critiques on the steady-state current » é.nd the ac impedance methods *° have appeared in
the literature. These and other methods will be discussed in more detail in the Discussion
section.

In the present study, a novel method to measure the transference number is
developed. *' This method is derived from concentrated solution theory and is rigorous
for any binary electrolyte. A complete set of transport properties for one particular
polymer/sodium salt electrolyte system is measured. @ The. solution is sodium
trifluoromethanesulfonate (NaCF3;SOs) in poly(ethylene oxide) (PEO), which is the
sodium analog to the well-known PEO,LiCF;S0;. The PEOnN#CF3803 system has been
studied by several authors 32,33 and has been used successfully in cells using sodium
negative electrodes and cobalt oxide positive electrodes as have been shown in chapter 2.
All three transport properties, as well as the mean molar activity coefficient of the salt, are
measured over a wide range of concentrations. These properties will be used in chapter 5

to analyze and optimize the electrolytes.

4.2 A Novel Method to Measure the Transference Number
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Polymer electrolytes usually need to be heated above the glass transition
temperature in order to be conductive. Studies on polymer electrolyte systems reveal that
complicated equilibria exist in polymer electrolytes. Eutectic-type phase diagrams are

4 .
3% One such an example is

reported for several PEO based lithium salt electrolytes.
PEO,LiCF3S0;. However, thi; electrolyte system exhibifs a complicated response
dependent of the electrolyte concentration. - Interpreting these results using the phase
diagram certainly is not sufficient. Polymer electroiytes are also very thermal-history
dependent and exhibit aging effects, indicating that these electrolytes usually are not in
their equilibrium states. Considering the cbmpiexity of polymer systems and also the lack.
of phase equilibrium information, thé PEO,,NaCF3SOg. systerﬁ is treated as a homogeneous
phase at the cell operation temperature (85°C) in the present study.

In | spite of ion association, there are three independent species in a binary
electrolyte, as long as ion exchange and aggregation reactions are fast enough to be in
equilibrium. These are chosen to be Na', CF;SOs;,, and PEO for PEO,NaCF;SO;
solutions, withqut -regard for microscopic speciation. .The concentrations of the other
species can be related through equilibrium expréssions.

Measurement of the transference number is complicated by the nonideality of the
solution, which necessitates knowledge of the thermodynamic factor.  Assuming

electroneutrality, the concentrated binary electrolyte is described by the three equations **

\%
L4 v (OVe) = VDY) - 2.V (4]
V,
V.v =?e(i :ve3) (5]
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‘where V* is the volume average velocity, and

. ' 2kRT(. dinf, . |
i=-xVd+ F U+ 1lne )1—t+)Vlnc [6]

The potential in Eq. 6 is that measured with respect to a lithium reference electrode in the
solution. The reference velocity used is the volume-average velocity, and the partial molar
volume of the salt is set to be constant. From Eq. 6, the expression for the potential of a

concentration cell can be found by settingi =0

_2RT dh’lfi. _ .0
Vo= (1+ o )(1 g Vine [7]

The potential of this cell can be used to determine t} if the thermodynamic factor,
(1+dinf,/dInc), is known.

Unfortunately, a reliable method of determining the mean molar activity coefficient
for solid polymer electrolytes without knowledge of tS has not been developed.
Theoretically, by employing a cell configuration

M/PEO,MX/X
comprised of cation electrode and gnion electrode, and meaéuring the cell potential as a

function of electrolyte concentration, it is possible to determine the activity coefficient
through

dE/dInc = (2RT/F)(1-+dInf./dInc) (8]
However, the anion electrode is difﬁcult to develop due to the unusual anion species
commonly used in polymer electrolytes (e.g., CF3SOs’, N(CFsS0,),). Other methods

such as vapor pressure measurements used for low molecular weight solvents can not be
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used in solid polymer elecfrolytes. Knowledge of the transference number is, therefore,
essential to determine the activity coefficient for these electrolytes.

In fact, both the transference number and the activity coefficient can be determined |
simultaneously by using t§vo similar yet orthogonal experiments. The first experiment is
the standard concentration cell measurements using a cell configuration

Na/PEO,NaCF3SO3/PEONaCF;SO1/Na |
The cell potential as a function of n and m, Up,, is determined according to Eq. 7, by the
values of both the transference number and the activity coefficient. These results are then
tabulated or plotted as Up, vs. n (fixed m) and used in the second experiment.

The second experiment involves (passing a constant current through the cell

Na/PEO,NaCF;SOs/Na
for a short amount of timé, t;. The time should be sufficient to establish concentration
gradients at the electrode surfaces, but not long enough for the concentration boundary
layers to propagate to the center of the cell (t; <<L%/D). Under these conditions, the
experiment can be modeled as a semi-infinite diffusion problemT The excess salt on one
side of the cell (or depleted salt on the other side) is directly proportional to the
transference number.

Figure 4-1 provides a diagram of the cell under considergtion. Initially the cell is
polarized by passing a constant current I through the cell for some time t;. In the case of

constant physical properties, Eq. 4 in one-dimension is *°
2
_g% = D(——gx 3 ) [9]
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with boundary conditions

sc, _ o M1-12)

'a_x(x — O) =- FD [10]
and

c(x=0 and x = ) = ¢, [11]

The first boundary condition above assumes that a charge-transfer reaction of the form
NaeNa' +¢

occurs at the electrode/solution boundary, which is consistent with the species chosen to

exist in the solution under the macroscopic model. The last boundary condition implies a

thick cell such that L >> (Dt;)'?. The solution to this problem is >’

2t° 12
—_—F(nD)l — (It1 ) [12]

c(x=0)=c, +

[c(x=0)-c,] will be referred to as Ac, the conéentration difference across the half-cell to

which the electrode responds. Note that there are two of these regions in the cell, one

adjacent to each electrode, and thus the values of Ac given in Eq. 12 must be multiplied by

two to give the full-cell concentration difference. Equation 12 provides an expression for

the concentration existing adjacent to one.electrode after constant-current polarization for
a given amount of time.

Equation 12 prédicts a linear dependence of Ac on the quantity (It;"?), which fails

at large values due to the concentration dependence of the transport properties. However,

at small enough values of the quantity (It;"?), the linear dependence of Eq. 12 will hold

even for concentrated solutions.
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The transference number, evaluated at the bulk concentration c., can be
determined from Eq. 12, if the size of the concentration difference is known. A similar
situation exists in the Hittorf method, where at this point the two ends of the cell would be
2 separated and an analytical technique would be utilized to determine the average
concentration at either end. Instead, an indirect method that takes advantage of the results
from the previous concentration-cell experiments is used in this study.

After passing the current I through the cell for time t;, the current is interrupted,
and the potential monitored. The value of the potential just after current interruption, i.e.,
after double-layer discharging but before the concentration gradients have had time to
relax, is recorded. In this way a plot of A® vs. (It;'*) is generated for each bulk
concentration. The potential, AD, can be related to the concentration variation by
concentration-cell experiments through Eq. 7, when Ac is small relative to its bulk

concentration

Ad):-l—( dv )Ac | [13]
c.\dlnc

and U(c) represents the concentration cell data. The potential across the galvanostatic

polarization cell is then found to be:

42 (dU 2
A®= C“F(ED)IQ kdlnc)'(lti ) - [14]

If the slope of a plot of A® vs. (It;"?) is referred as m, then the transference number of the

anion is
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1/2
o _ mc,, F(nD) /( dU ) [15]

- 4 dlnc
The quantity dU/dInc is the slope of the concentration cell data. The transference number
calculated corresponds to the bulk value at the concentration .

A disadvantage of this method, when compared to classical methods of measuring

t3, is that it relies on three separate experime’nta} quantitie§ (m, D, and dU/dInc) and is
thus highly susceptible to experimental error. But, considering the éimplicity of the
method and the iack of uanted assumptions, it is worthwhile to pursue this approach.
A more detailed comparison of various methods of measuring the transference number
follows in the Discussion section.

Once the transference number is known, the mean molar activity coefficient of the

salt can be extracted from concentration cell results. This is calculated from

LLE S N J (dU) [16]
dinc 2RTt° \dInc .

and must also be evaluated at each bulk concentration.

4.3 Experimental

Electrolytes of different concentrations, PEO,NaCF3SOs, were made by a solvent
evaporation method. Poly(ethylene oxide) (PEO) (average MW = 5,000,000 g/mol,
Aldrich) and sodium trifluoromethanesulfonate (NaCF3SO;) in the desired ratio in

acetonitrile (Aldrich, HPLC grade) were well mixed and cast onto a Teflon-coated plate.
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Upon completion of solvent evaporation, electrolytes were dried in vacuum fér at least -
three days before use. Films used were generally 100 pum thick and very uniform. Thicker
films were formed by stacking and heating several films together.

The salt concentration was calculated from the salt mass fraction (w.) using the

formula

_p®e
M,

C

[17]
Assuming the molar volume of the salt is constant, the density of the electrolyte is
p= Mccc +M,c,
Since the sum of thie salt fraction volume and the polymer volume fraction is unity:
Ce Ve 0o Vp =1
the density can be further expressed in terms of the salt mass fraction @, and the polymer

density ppro (PPE0 =M, / Vo ):

L +me(_‘£e__ ! ) [18]

The molar volume of the salt (-\7;-) was obtained from a linear fitting of density data
measured for salt-free PEO and PEOgNaCF;SO; samples.

Salt-free PEO films and PEOgNaCF;SO; films were cast as described above. They
were weighed using a Mettler AE 163 balance with a precision of 0.01 mg, and the
thickness of the films was measured using a Mitutoyo micrometer with a precision of 1
pm. Films used were in the range of »150 to 450 um in thickness and have an area of 0.9

cm’. PEO films give a density of 1.01 g/cm’, averaged from three samples, with a
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standard deviation of 0.020, and PEOgNaCF;SO; films give a density of 1.31 g/em’,
averaged also from three samples, with a standard deviation of 0.017. The partial molar
volume of the salt was found to be 36 cm*/mol from Eq. 18 using these values.

Sodium electrodes were made as described previously in chapter 2. Experimental
cells, Na/PEO,NaCF3S03/Na, were assembled in a helium-filled glove box with an oxygen
level less than 1 ppm. Cells were heated to 85°C for at least 5 hours prior to testing. A
convection oven with a Eurotheﬁn temperature controller was used as the heating source.
Temperature variation was less than +1°C during cell operation.

The restricted-diffusion rriethod 3338 was used to measure the diffusion coeﬂicieﬁt
of NaCF3;SO; in PEO (the principle of this method is described in the Results and
Discussion section). Measurements were carried out enﬁrely in the helium-filled glove
box. Cells were polarized in galvanostatic mode using a computer-driven EG&G
Princeton Applied Research 371 potentiostat/galvanostat and software developed in this
laboratory. Usually 10 to 1'5 min of polarization time at 0.1 to 0.3 mA/cm? were used to
establish concentration gradients for the diffusion coefficient measurements, although for
the very dilute solutions smaller currents and times were required. The cells had a
working area of 0.9 cm® and thickness of about 300 to 400.um:.

An identical procedure was used for assembling cells for the transference number
measurements. Thick films (300 to 400 um) were used so that semi-infinite diffusion
conditions applied for a sufficient amount of time upon passage of current. The current
densities employ;ed were similar to those used above, but the polarization times were much

shorter (about 1 min). The time elapsed to record the potential data after current

85



interruption was 0.5 s. The double-layer capacity is presumably discharged completely
during this period, and mass transfer polarization hasn’t change.

Conductivitie§ were measured using the standard ac impedance technique with a
Solartron SI 1286 electrochemical interface and a 1254 four-channel fréquency response
analyzer. The cells were assembled as above for the restricted diffusion experiments and
then transferred into an external convection oven. Strict temperature control was
maintained, including using the same thermal history for each sample to ensure that the
pseudo-equilibrium state of each polymer film was identical. The working area of the cells
was 0.9 cm’ for all experiments.

For the concentration-cell experiments, it is necéssary to assemble the cell, heat it
to the temperature of interest, and then measure the potential, without allowing the
concentration gradient to relax to the electrode surfaces. A slightly different cell
configuration was used for this experiment. Instead of being placed face to face, the two
films were overlaped edgewise and connected to sodium electroldes on the two ends. This
gives a diffusion length of several centimeters and diffusion time on the order of days.
The large distance between the electrodes is possible because no current is flowing.” The
potential difference was measured across the concentration cell with a Keithley 642
electrometer. |

All measurements were performed over the range of concentrations: 0.14 <
c(mol/l) < 2.58, corresponding to 160 > n > 8 in PEQ,NaCF;SOs. The concentration cell
data were taken over a larger range of concentrations: 0.05 < c(mol/l) < 4.71, to improve

the accuracy in the differentiation of the data.
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4.4 Results and Discussion

4.4.1 Ionic Conductivity

| The condlictivity measurements were conducted using the standard ac impedance
method. The impedance response of a Na/PEO,NaCF3SOs/Na cell with frequency was
recorded in a complex-plane plot. An example of these plots is shown in Fig. 4-2. The
ohmic resistance of the electrolyte is taken to be the high-frequency intercept on the real
axis, or an extrapolation to the real axis if necessary. The conductivity of the electrolyte is
the reciprocal of resistance multiplied by the thickness and divided by the area of the
sample. These values as a function of concentration at 85°C are plotted in Figure 4-3.
This curve is complicated, with a maximum at a concentration of 1.09 mol/l
(PEO29NaCF380;). As might be expected, the shape of this curve is very similar to that
found for the conductivity of PEQ,LiCF;SO; solutions at a s?milar temperature, although
- somewhat higher in magnitude. * The conductivity of the lithium system also exhibits a
maximum at approximately the same concentration (n = 18 in PEO,LiCF3S03), although it
has a second maximum at a very low concentrations (n = 100) that was not seen here.
The conductivity of the sodium salt electrolyte decreases at both low and high
concentrations. The decrease at low concentrations is presumably dﬁe to a decrease in
charge carriérs, anld/ the decrease at high concentrations due to a decrease in carrier
mobility. When more salt is added to an ele;:trolyte, transient cross linking by ionic

species and consequently chain entanglement increase, leading to an effective decrease in
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carrier mobility.
4.4.2 Salt Diffusion Coefficient

Salt diffusion coefficients are obtained using the restricted method. *** A
constant current was passed through a Na/PEO.NaCF:;SOs/Na cell to establish a
concentration gradient in the electrolyte. The potential signal, which is proportional to the
- concentration variation when the variation is relatively small, was monitored after the
current was interrdpted. The linear relationship between the potential. signal and
concentration variation can be seen later in the concentration-cell experiments. It has been
| vshown that the electrolyte concentration at the electrode interface relaxes exponentially
with time

Ac = constant + exp(-°Dt/L?) [19]
when Ac is small. Since the concentration variation is proportional to potential, the salt
diffusion coefficient can be calcﬁlated from the slope of a plot of In(AD) vs. time

din(A®)/dt = -’D/L? - [20]

An example of this plot is given in Figures 4-4 for an electrolyte PEOssNaCF3SOs, where
(a) shows the experimental data (potential vs. time) and (b) is the semi-logarithmic plot of
(). The slope must be taken after sufficient time has elapsed for linear behavior (on the
lower plot) to be observed. |

The results of these measurementé are compiled as a plot of D vs. ¢ in Figure 4-5.

The diffusion coefficient decreases with concentration at all data points except for a local
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minimum at 0.28 mol/l (n = 80). The value‘s“ found here for the diffusion coefficient of
sodium triflate are similar to those reported for lithium triflate (D = 7.5 x 10 cm¥s at n =
45). > The steady decrease in the sa\lt diffusion coeﬁicient at high salt concentrations
suggests a mechanism similar to that seen in the conductivity data, i.e., increasing salt
¢oncentration is leading to increased chain entanglement and decreased ion mobility.

The scattering of the calculated diffusion coefficient values resulting from the
experimental errors in thickness nieasurements and in slope fitting (relaxation time
constant) v;ras estimated for one electrolyte, PEOssNaCF;S0s, as anA e#ample. The
experimental dafa of the membrane was shown in Figure 4-4. The film thickness was
measured at five different spots on the sample, giving an average value of 400 um with a
s;andard deviation of 2.44 um. There was also so?ne variation in the relaxation time
constant fitting, depending on the time windows used to fit the curve. The period from 40
to 80 min in Figure 4-4 was used to obtain the slope for this sample. The variation in this
quantity within this time range was checked by determining the fitting for four different
time windows, namely the 40 min to 50 min time period, the next 10 min period, and 'so
forth. These fittings gave a standard deviation of 0.0016/min with an average slope value

0of 0.0374/min. The error of diffusion values can then be estimated from

B-e o

- where op and o, are the standard deviations of film thickness measurements and relaxation
time constant fitting, respectively. The error is 4.4% for the measured membrane. The

scattering of the diffusion coefficients measured from two different measurements on the
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same sample was also checked for all the electrolytes with different concentrations. The

deviations from the average values are all less than 5%.
4.4.3 Ion Transference Number and Thermodynamic Factor

The 1on transference number is measured using the novel method developed in this
work. This method, as described previously, combines two experiments: concentration
cell measurements and galvanostatic polarization measurements. Concentration cells of
the form Na/PEO,CF;SO3/PEO,NaCF;S0O3/Na where m = 8 and n varies fr-om 4 to 500
were prepared as described in the Experimental section. In Figure 4-6, the potential
differences of these cells are presentéd as a function of the natural logarithm of the
concentration; the markers represent data points, and the solid line is a curve fit discussed
in the next paragraph. Data points in Figure 4-6 represent the average value of two to five
experiments for each concentration difference. It should be pointed out that negative
values of the concentration-cell data (-dU/dlnc) need to be used in Eq. 15 according to the
way the data was plotted (positive values for cells with n < 8).

Although there was about a 1 to 4 mV standard deviation in the concentration cell
data, an accurate fit to the data-points with a six-parameter function is used instead of an
approximate fit with a simpler function. This choice is made because of the extreme
sensitivity of the calculated transference numbers to the differentiation of this data fit. The
data were fit by the equation

U = v(0) + v(1)c + v(2)exp[-v(3)c + v(4)exp[-V(5)c] [22]
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with the ﬁttipg parameters

v(0) = 3.2807,

Vv(1) =-0.0020545,

v(2) =62.521

v(3) = 0.0018733,

v(4) = 130.33,

v(5) = 0.028355
where U is in mV and c is in mol/l. The slope of Eq. 22 is the important quantity for
evaluation of the transference number and thermodynamic factor.

Galvanostatic polarization of cells of Na/PEO,NaCF;SO3/Na cells provides a
second experiment needed to extract the transference number and thermodynamic factor
separately f/rom the concentration-cell data. The potential difference across the cell as a
function of the quantity (It;"?) for several values of n in PEO,NaCF;SO; is plotted in _
Figure 4-7. These plots are linear for small values of (It;"?), as predicted in the theoretical
development (Eq. 14), and then deviate upwards at lafger values. Deviations of these
plots from linearity are possibly due to the concentration dependence of the transference
number (discussion on this will be given later). The slope of this plot near the origin, i.e.,
as (It;"®) approaches zero, which is referred to as m, is the important experimental
quantity. The predicted linear dependence is seen over the whole range of concentrations
used here, i.e., from n = 8 to n = 500. Figure 4-8 gives the experimental data for the

slopes m as a function of the bulk salt concentration. Bear in mind that Figure 4-7 can be

extrapolated rigorously into the third quadrant because the two electrodes are symmetric
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and the curves are odd in (It;"?); i.e., the same results would result when a current of
opposite direction is applied.

The transference number of the sodium ion vs. concentration, calculated using Eq.
15, is presented in Figure 4-9. At the higher concentrations, these transference numbers
are lower than any of the values reported for lithium triflate in PEO, which tend to range
from 0 to 0.5. The transference number decreases from its maximum value of 0.31 in the
most dilute solution (0.05 mol/l) to a minimum of -4.4 in the most concentrated (2.58
mol/l). The transference number steadily decreases above the concentration of 0.56 mol/l
(n = 40), where it goes through a local maximum of 0.09, and is negative ovér a large -
range of salt concentrations. A negative transference number has been seen for other
systems, and has been explained in terms of complexation (formation of mobile triplets
consisting of two anions and one cation). ° However, considering the complexity of the
results in Figure 4-9, it is unlikely that any s;mple speciation model would accurately
describe this system.

The practical significance of these results is that large concentration gradients must
develop in the polymer electrolyte in order to sustain current flow, a detrimental situation
 for battery performance. It is possible for a polymer electrolyte battery with a cationic
transference number of zero or even less than zero to operate successfully. However, on
discharge this cell will develop large salt concentration gradients; the magnitude of the
concentration difference can be estimated from the. steady-state value
1-t2)

FD

Ac= 23]
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T‘he large salt concentration gradient may lead to salt depletion or to salt solubility
problems, depending on several factors such as the cell design and other physical
properties.

Now that the transference number is known, the thermodynamic factor (1 +
dinf./dInc) can be calculated from Eq. 16. The calculated value 1s given in Figure 4-10 as
a function of the salt concentration. The thermodynamic factor generally decreases with
increasing concentration from its dilute value, 0.64 at '0.11 mol/l, leveling off to 0.02 at
2.58 mol/l. The data have a local maximum at n = 40, similar to both the transference
number and the diffusion coefficient data. For the most dilute concentrations, the
thermodynamic factor seems to be approaching unity, which is the ideal-solution result.
These activity coefficient results are a verification of the .strong nonideality of the solid
polymer electrolyte solutions. It is easy to show that, with such small values for the
thermodynamic factor, making the erroneous assumption that this polymer electrolyte is an
ideal solution would lead to large errors in the calculated transference numbers.

It should be stressed here that the calculated transference number and
‘thermodynamic factor are sensitive to the differentiation of the concentrntion cell data.
This is especially true for the most dilute data points because the slope dU/dInc is largest
in this region. Taking as many data points as possible from the concentration cell
experimont is recommended, including points well outside of the range of concentration
being studied, to assure the highest possible accuracy in the calculated values.

To justify using Eq. 15 to determine the transference number, which applies for

constant transport properties, Eq. 4 and 6 can be solved simultaneously with all three of
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the concentration-dependent transport properties présently measured, to compare to the
experimental results. Before doing this, it is instructive to examine a limiting case that
tlustrates the effect of the variable transport properties on the galvanostatic polarization
experiments without the complication of a numerical solution. The results given in
Figures 4-4 and 4-5 demonstrate that the assumptions of a constant diffusion coefficient is
valid over small ranges of the concentration. The poorest assumption is that of a constant
transference number; from Figure 4-9 it is apparent that this condition does -not hold even
over very small ranges of concentration. If a linear relationship of the transference number
as a function of concentration is assumed instead, the concentration difference across the
cell after a constant-current polarization would be *

_2t® oy 1L, ¢ 4
Ac= D2 (Iti ) 212 '§+12n1/2 +0(§ ) [24]

where the perturbation parameter C is

2¢c dt?
_ %0 I.V2) . 125
¢ EDV2 [dlnc} t; ) . [25]

The parameter ¢ is proportional to the slope of Figure 4-9, i.e. dt$ /dinc. One can show

that £ < 0.1 over the range of concentrations covered in this work. This leads to the

following potential difference across the cell

4ti ( dU 1 C2
AP= c. . FD2 \dlnc)kim)[;l_/f'*' 1o +0(C4)) [26]

Notice that the first correction term in Eq. 26 is of O({%) because the terms of O(() from

either side of the cell in Eq. 24 cancel one another, a fortuitous situation. Equation 26
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aliows the simulation of the polarization experiment up to larger values of (It;"?y where the
linear dependence of A® on (It;"?) no longer holds. However, with the small values of {
used in the-pfesent experiments, Eq. 26 confirms that linear behavior should always be
observed. |

With all necessary properties known, it is possible to use the numerical solutioﬁ of
the governing equations to simulate the expen'r_nental r;iethod. This can be used to support
the validity of the experiments as well as provide more detailed information about the -
concentration profiles during the experiments. It is eépecially interesting to examine the
time required to reach a limiting current, as well as the effect of using too thih a membrane
so that semi-infinite diffusion conditions no longer apply. Eifher of these situations should
be avoided in measurements.

Figure 4-11 demonstrates some of the comparisons between the theoretical
simulations and the experimental data out to larger values of It;'2. Each simulation curve
uses the same parameters and cell specifications as in the experimental work, as well as all
of the variable physical properties. Equations 4 and 6 are solved by converting them into
- finite-difference equations which are subsequently linearized and solved using BAND 5
The effect of the fluid motion, generatéd by the flow of current, on the concentration
. profiles is ignored here. Because all of the action is conﬁne'd to the region near the surface
of the electrodes, a savings in computational effort is obtained by using either a variable
mesh spacing or scaling the equation (with x/t'?) to recognize this fact.

The agreement near the origin for the data shown in Figure 4-11 is always good,

and at larger values the agreement is also reasonable. The simulation results all exhibit the
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same deviation upwards from linearity on these plots at larger values of It;'?, as suggested
by Eq. 26 and seen in the experimental data.

Interestingly, by using the simulations to explofe the use of different valués of the
experimental parameters, it is found that a deviation upwards from linearity on Figure 4-11
is not the only possible result. Instead, this depends on the details of the experimental
conditions, in particular the membrane thickness being used. For example, once semi-
infinite diffusion conditions no longer apply, the potential difference across the cell begins
to level off with It;'*. On the other hand, if a limiting current is reached, then the curve

does have a positive deviation from linearity.
4.4.4 Comparison of the Novel Method to Other Methods

It should be possible to compare the utility of this method of measuring the
transference number to other known methods. The problems involved in measuring the
transference number in a solid polymer electrolyte have been discussed already in the
Introduction section. The resuits given above also support the fact that assumptions of
constant transport properties or of ideality fail even at the most dilute concentrations used
in the present work. For this reason, methods that are derived from dilute solution theory
are not recommended for polymer electrolytes. |

The steady-state current method is one of the most widely used. It measures the
current response of a Na/PEQO,NaCF3SO;/Na cell upon applying small potential. A

steady-state current is obtained once migration of anions is balanced by diffusion in the
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opposite direction. The ratio of the steady-state current over the initial current, after

correcting for the interface impedance, was believed to be the cation transference number,

I..(AV-LR;
SS( 1 l) =tg. ‘ [27]
Ii(AV'"IssRss)

4

This method has recently been analyzed by Doyle and Newman from the concentrated

solution theory point of view, and the following relationship is found %

I,(AV-LR;) | 1

= ' ' [28]
L(AV-IRg) |, 2RTk( dinf, - o)’
F°Dc, dinc *

The quantity on the left of Eq. 28, which was believed to be the transference number from
steady state current method, is theoretically related to all three transport properties as well
as the thermodynamic factor. To‘ obtain the transference number, it is neccessary to know
these values in addition to the initial and steady-sfate current and - the interfacial
impedances required in steady-state current measurements. When, as treated in dilute
solution theory, the. thermodynamic factor and ion-ion interaction are ignored, the
expression indeed reduées to Eq. 27.

A large error could be introduced using the conventional steady state current -
method for a concentrated solution.. This may be demonstrated with a highly concentrated
polymer solution PEQsNaCF3SOs. The ionic conductivity, salt diffusion coefficient,
sodium transference number, and the thermodynamic factor of the PEOgNaCF;SO;
solution are

x=154x10™ S/cm

D =147 x 10°% cm?¥s
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t=-4.38
and

(1 + dinf./dInc) = 0.023
Pluging these values to the right side of Eq. 28 gives a value of 0.37. This value would be
enoﬁeously taken to be the sodium ion transference number with the steady state current
method.

AC impedance techniques have also been used to measure the transference number

in polymer electrolytes. The low frequency Warburg impedance loop of electrolyte is

related to the cation transference number by

1
o —_—
" = 1HIR, /Zg 0)]

[29]

- where Z4(0) is the width of the low-frequency impedance loop and R. is the electrolyte
resistance. Pollard and Comte ** have analyzed this method from the standpoint of
concentrated solution theory, and found that for a monovalent binary solution the cation

transference number is related to more parameters than is shown in Eq. 29,

2 1/2
F?Dec..Z 5 (0)A

2RTc, VoL{1+dInf, /dlInc)

[o]

(30]

In order to obtain the transference number, knowledge of the salt diffusion coefficient and
the thermodynamic factor is needed.

The most direct measurement of the transference number from a theoretical
perspective comes from the Hittorf method. This method is very similar to the

galvanostatic method that is developed in the present work. As discussed earlier, the
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electrolyte concentration changes upon passage of current as a result of non-unity sodium
ion transference number. The concentration change at the electrode interface can be
measured to determine how many anions havg been transferred to the electrode, and then
the anion transference number can be calculated. In(the Hittorf method the total amount
of anions (Am) transferred across the electrolyte upon passing a total amount of charge
across the cell (Q) is measured by employing elgmental analysis techniques. The ion

transference number can be extracted from this quantity through

FAm : '
2 =1-t3 =—— : [31]
TQ

This measurement has been made successfully by one group on a PEO-based system, but

only one salt at a single' concentration was studied. It is interesting that this measurement

gave one of the lowest value§ for t yet reported (0.06). The difficulty lies in the fact that
the polymer must be sectioned and analyzed after the passage of current. This leads to
problems of separating the polymer electrolyte from the electrode surfaces, which
motivated researchers to use either lithium alloy or lead electrodes from which separétion
is easier. Also, longer diﬁ‘usion lengths (perhaps 1 to 2 cm) become necessary in order to
section the polymer easily; h0wéver, these longer diffusion iengths make passing current
difficult for poorly conducting polyfner electrolytes.

Radio-tracerr and pulse-ﬁeld. gradient nuclear-magnetic-resonance (NMR)
measurements are the other methods that have been used to measure the transference

23,24

number. Radioactive isotopes are used in the radio tracer technique and aligned

nuclear spins are created in the NMR measurements. The diffusion coefficients of the
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labeled nuclei are determined to calculate the ion transference number through

D
e =t 32
T D,+D_ (321
The mobility of the ions has been reported to be accéssible in the presence of an electric

current. In this case the transference number can be found from

o _ Cou, AF
+ I .

[33]

It is recognized that such methods are valid only for dilute solutions in which the salt is
completely dissociated. When other species such as ion pairs exist in the solution due to
association, the measured difﬁxsioh coefficients and ionic mobilities are not the ones
sought, but contributed to by all the species containing the ion of interest in the solution.
Interpretation of the results on the measurements éould be very difficult or even
impossible.

Based on the above anélysis, it is concluded that no single method of fneasun'ng
the transference number in solid polymer electrolyte solutions is clearly the best method.
At the present time, there appears to be a trade-off between the experimental difficulty and
the theoretical simplicity of the various methods that are available. The Hittorf method,
which is difficult experimentally, is the most direct from a theoretical perspective.
Although the method presented in this paper has the advantage of experimental simplicity,
the result is sensitive to the values of several other experimental quantities such as the salt
diffusion coefficient and the concentration cell data. Considering this state of affairs, it

seems likely that future research will lead to the development of even more novel methods

of measuring either the transference number or the salt activity coefficient in solid polymer
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electrolyte solutions.
.~ 4.5 Speciation

It is useful fo discuss the issue of specigtion in order to elucidate some of the
effects of i;)n-ion interactions on the macroscopic transport parameters. Consider, for
example, a case where the threé independent species in the solution are Na*, Na(CF:SO;),”
, and the polymer. For convenience, the sodium cation is referred as species 1 and the
sodium triflate anion as spécies 2. The fluxes of the species in the absence of
" concentration gradients are

N; = -uFc,VP | [34]

N, = w,Fc, Vo [35]
where the superscript * denotes the actual species in solution. As any i)ractical experiment
or device w111 be able to determine only the net amount of sodium transported across the
cell, the apparent fluxes need to be used

Nyt =N+ N, [36]

Nerssos- = 2Nz ' [37]
The current flow in the solution is

i=FN; -Nz) | [38]
This allows us to calculate the experimentally accessible transference number as

Ny _ U170 - [39]
i up +uy '

o —
tNat =
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Even from this simple quel it is possible to justify a negative transference number when
u; > uy, Le., when more mobile negative triplet ions exist. Also, one should note that the
~ existence of ion pairs does not affect the value of the macroscopic transference number
because the transference number is defined in the ;1bsence of concentration gradients.
Even if an equilibrium is allowed to e;dst between the above species and a neutral ion pair,
the same result for Eq. 39 would be found. '

To explore more complicated model.s of the microscopic speciation, equilibrium
constants for the various ion-exchange processes have to be included. ** For example,
consider the case when there are the following species in solution: Na', CF;SOs,
Na(CF3S05)*"", and the polymer, where i runs from 1 to n. These species are referred to
with the éubscripts 0 through N (N = n + 3), where 0 represents the polymer, 1 represents
the sodium ion, 2 represents the triflate ion, 3 represents the ion pajr, 4 represents the
triplet, efc. As there are (n + 3) species and 3 of these are independent, n expressions of
reaction equilibrium of the form exist

Ki = cil(c1c2™) - [40]
In addlxtion, tﬁe electroneutrality condition holds for the solution

ci=C+ 0-c3+ l-cg + oo + (N-3)-cn - [41]
Combination of this with the n equilibrium expressions gives

¢1= 0af(1 - 1Kacz? - e - (N-3)Kno™) [42]
Following the same procedure outlined previously, an expression for the apparent flux of

sodium can be writen in terms of the actual flux of each species

Npat =Ny = Ny = oo - Ny : [43]
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The total current flow is
i=FN,"+N;’ T N +Ny) [44]

The sodium ion transference number.is then

FN.+ "
g =—> | [45]
, 1
or
0 up —ugKyc? = —unKncy ™
t =— S , [46]
2 24, K N-2
ul +U2 c + U4K402 + . +uN ch
1

For simplicity, the following quantities are defined

A= up - U4K4C22 - eerere = UNKNCZN.z : [47]
B=uy+ U4ch22 + eeenae + UNKNCZN-Z [48]
C=cylc;=1- 1-K4Cp? = weee = (N_3),KNCZN-2 [49]

Thus, the transference number can be expressed as
the = A)(B +u,C) [50]
An expression of this sort could theoretically be used to describe the concentration -
dependence of the macroscopic transference number in terms of the presumiad constant
mobility of the individual species and their équilibﬁum relationships. However, as these
mobilities and equilibrium constants are unlikely to be available, this expression is simply
used to explore the possible values of t . Eq 50 will provide negative values of tJ under
certain conditions; although it will never give a value smaller than negative one.
A model of speciation that could prc;vide transference numbers with arbitrarily.

large negative values would include species of the form: Na®, CF3SO;", Na;(CF3SO03)g+1y,
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and the polymer, where i runs from 1 to n. It is easy to see from this model that the

negative species carry many more sodium ions than the net current, leading to negative

values of tJ < -1. However, considering the infinite number of combinations of species -
that may exist in the solution and the lack of quantitaﬁve data on these species, the above
considerations are not suggested as eyidence of the existence of specific species. Again, it
must be emphasized that the transport processes in solution are described completely by
the three macroscopic, concentration-dependent transport properties, and any further
studies surrounding speciation are extraneous. If one’s only purpose is to model the
performance of an electrochemical device that utilizes a solid polymer electrolyte, the
information contained in the three transport properties is sufficient.

Figures 4-12 further illustrates, from the mass transport point of view, that a cell
can be discharged regardless of the values of sodium ion transference. Figure 4-12 (a)
illustrates the transport process in the electrolyte when the sodium ion transference
nurriber is unity. In this case; mass transport across the electrolyte is solely provided by
the sodium ions. Once the anion is mobile, a concentration gradient occurs because the
anion does not participate the electrode reaction. Anions travel under the electric field
toward the anode and accumulate, resulting in increased salt concentration at this side and
decreased concentration at the cathode side. A steady state is reached when the migration
flux of anions is balanced by the diffusion flux that transpoﬁ the anions in the opposite
direction. It is easy to see then that when the sodium ion transference number is zero, as -
shown in Figure 4-12 (b), mass transport processes (current) can still be sustained.

Although sodium ions don’t move under the electric field in this case, they can still be
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transported across by diffusion. According to Eq. 3 a sodium ion transference number
equal to O results when D,. is zero or D,. is much greater than D,.. When D,. has a vélue
of zero, the salt diffusion coefficient is zero according to Eq. 2, and mass transport does
not occur. When D,. is much greater than D,., the dii;hsion coefficient would have a finite
vélue (2D, for ideal solutions), and the cation can be transported by diffusion. Similarly,

in the case of a negative sodium ion transference number, current can still be sustained, as

shown in Figure 4-12 (¢).
4.6 Conclusions

A novel method of measuring the transfe/rencge number was developed in this work
based on galvanostatic- polarization experiments in combination of concentration-cell
experiments. It is theoretically rigorous for any binary electrolytes, yet experimentally
simPle to carry out.

A complete set of transport properties was measured for one solid-polymer-
electrolyte system: sodium trifluoromethanesulfonate (Né.CF3SOg) in poly(ethylene oxide)
(PEO) over a wide range of concentration (0.1 to 2.6 mol/l, corresponding to n = 160 to 8
in PEONaCF;S0;) at 85°C. The conductivity was measured with ac impedance
techniques and found to vary with the electrolyte concentration in a2 manner similar t;a that
of LiCF5SO; in PEOQ: increasing as concentration increases at low concentrations, going
through a maximum and then decreasing when more salt is added. The salt diffusion

coefficient was measured using the restricted diffusion method. The concentration

105



difference was extracted from the potential signals from Na/PEO.NaCF3SOs/Na cells.
Diffusion coefficients also vary with concentration, decreasing as the electrolyte
concentration increases.

The sodium ion transference number was hwsured using the novel method
developed in this work. The transference numbers decrease strongly with electrolyte
concentration, going from around 0.31 in the most dilute solution (0.05 mol/l) to -4.37 in
the most concentrated solution (2.58 moll). Some discussion of the impact of
microscopic speciation on the macroscopic transport properties is given to rationalize the
large negative transference numbers. The thermodynamic factor was calculated and hf?)und
to decrease with increasing salt concentration. These values indicate that the polymer-
electrolyte solutions-are highly nonideal.

Experiment results show that highly concentrated solutions have lower values of

transport properties, when compared with moderately concentrated solutions. The effects

of these values on cell performance will be investigated in thé next chapter.

List of Symbols

A _ area, cm®, or parameter defined in equation 47
B ‘ parameter defined in equation 48

C parameter defined in equation 49

c concentration of electrolyte, mol/l

G concentration of species 1, mol/l
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z =}

0

rz 7

L

Ll
+0

total concentration of solution, mol/l

diffusion coefficient, cm*/s

pair wise interaction parameter between species i and j, cm/s

[y

mean molar activity coefficient

cell potential, V

Faraday’s constant, 96487 Cleq
current density, mA/cm®

cell current density, mA/cm®

separator thickness, ?:m

slope of polarization plot, Q-cm?/s"?,
or concentration of elecfrolyte, mol/kg
molecular weight of the salt, g/mol
number of electrons involved in electrode reaction
flux of species i

charge, C

universal gas constant, 8.3143 J/mol-K
resistance of electrolyte, Q-cm?
interfacial resistance Iat condition 1
slope of In® vs. t plot

time, s

transference number of species i

temperature
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u; mobility of species i, cm*mol/J-s

U potential of concentration cell, V

W volume-average velocity, cm/s

V_e partial molar volume of species i, cm%nol

AV - potential imposed on a cell, V

X distance from the negative electrode, cm

z; charge number of species i

Z.,(0) width of Warburg loop on Nyquist plot, Q-cm®
C - perturbation parameter defined in equation 24
K conductivity of the electrolyte, S/cm

\Y fitting parameters used in equation 21

Y+ mean molal éctivity coefficient of an electroiyte
p ~ density of solution, g/fcm’

Gi standard deviation of quantity i

P electrical potentiai, v

W;i mass fraction of species i

Subscript

0 solvent, or initial condition, or standard condition
+ cation
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- anion

e electrolyte

88 steady-state value

0 infinity (bulk material property)
Superscript

0 with respect to the solvent

* actual species in solution
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Chapter 5 Polymer Electrolyte Optimization

5.1 Introduction

Transport properties of electrolytes are the critical factors to the performance of
electrochemical cells. As has been shown in the previous chapter, these propérties are
very cOncentrétion dependent for the PEO,NaCF;SO; system. The choice of the initial
salt concentration, therefore, is import to obtain the best rate capability from the system.
. The optimum initial salt concentration is also an important issue for economic reasons. It
is advantageous to minimize the salt concentration to decrease the overall battery cost.
For example, reducing the amount of NaCFsSO; from 2.58 M (PEOgNaCF;S0;) to 1.77
M (PEO»NaCF;S0s) is significant since NaCF;SO3; can be one of the most expensive
components in the cell.

The transport properties of PEO,NaCF3;SO; have been shown decreasing as
electrolﬁe concentration increases. A salt solubility limit, therefore, could be encountered
as a result of larger concentration gradients for highly concentrated éolutions. On the
other hand, if ,téo low a salt concentratién is used, the battery’s rate capability can also be
compromised, as salt depletion in the porous electrode will ‘-occur even at low current
densities. These phenomena are explored in more detail here as they are less well studied
with solid polymer electrolytes and is critical to the optimization process. The
performance of PEO,NaCF;SO; electrolytes in Na/Na,;CoO, cells is assessed by'cell

testing and also computer simulations using the differential transport properties measured
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in the previous chapter.
5.2 Experimental

The P2 phase sodium cobalt oxide, Nag7CoQO,, was prepared by a glycine nitrate
process as described in chapter 3. An aqueous solution of NaNOs, Co(NO;)s, and glycine
in the desired Stoichiometric ratio was heated to 180°C in a stainless steel container. A
dramatic combustion of the chemicals occufred when the solution dried. The resulting
powders were heated to 750°C for 10 hours to complete the reaction, and then were
ground with a mortar and pestle to about 1 um in diameter.

Sodium cobalt oxide composite cathodes were made as described in chapter 2.
The electroactive material, Shawinigan lcarbon‘ balck, poly(efhylene oxide), sodium
trifluoromethanesulfonate (in ratios of 8 and 20 ethylene oxide units per sodium,
respectively), and a carbon dispersant (brij) were well mixed in acetonitrile and then cast
~onto Teflon coated glass plates. After air drying, the electrode films were cut to 3 cm’
and dried in vacuum for a week. Polymer electrolytes of compositions PEOgNaCF3SO3
and PEOzoNéCngog were made in a similar fashion. Sait concentration on a molar scale
was calculated from density data and the partial molar volﬁme of the salt. The detailed
description of the density measurements was given in chapter 4. Sodium electrodes were
made as described in chapter 2.

Cells were assembled in a helium-filled glove box with oxygen level below 1 ppm.

All cell testing was done at 85°C. Galvanostatic charges and discharges were performed
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at 0.1 to 2.5 mA/ecm® for the Na/PEOsNéCF3SO3/Nao,7CoOZ cell and the
Na/PEQNaCF3S03/Na;7Co0, cell using a computer controlled Princeton Applied
Research (PAR) 371 potentiostat/galvanostat and-software developed in this laboratory.
A current of 0.55 mA/cm®* was used in é symmetric cell of the form

Na/PEOgNaCF3;S03/Na for the salt precipitation study.
5.3 Results and discussion

The discharge curves of the Na/PEOsNaCF;SO3/Nag;CoO, cell and the
Na/PEO2NaCF:S03/Nay 7Co0; cell are given in Figure 5-1 (a) and 1 (b), respectively.
The two cells were cycled following the same sequence to minimize complications from
capacity fading. Cells were charged initially to 3.7 V before cycling since Nay 7CoO; is in
the half charged state. The current density was 0.1 mA/cm’ for the initial charge, and 0.2
mA/cm’ for subsequent chafges. The discharge cut-off potential was eventually set to 1.8
V, though different values (1.5 V to 2.0 V) were tried for the first three cycles for the
Na/PEOsNaCF;S03/Nag7Co0; cell.© At 0.1 mA/cm?, both cells can pass '110 mAh/g
during discﬁarge. With increasing discharge current, the charge capacity utilization
decreases in both cells, .but to a different extent. Larger capacities are obtained for the cell
with a lower electrolyte concentration (PEO»NaCF3;SQ;) at high current densities. For-
example, 38 mAh/g can be passed at 2.5 mA/cm? in this cell, in contrast to 10 mAh/g
passed in the Na/PEOQgNaCF3;S03/Nag 2CoO; cell at the samé current level.

The two cells had similar cell configurations (the electrode capacity was 1.147
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C/cm’ for the PEOgNaCF;SO0s cell and 0.918 C/cm? for the PEO2NaCF3SO; cell, based
on Ax = 0.6 in Na,Co0,). Therefdre, the difference in utilization can most likely be
attributed to the difference of electrolytes used in these cells. The study on the transport
properties of PEO,NaCF;SO; has revealed that thé ionic conductivity, salt diffusion
coefficient, and sodium ion transference number of this electrolyte system are very
concentration dependent. The moderately concentrated solution, PEO2NaCF;SO;, has a
higher ionic conductivity, a higher sélt diffusion coefficient, and also a higher sodium ion |
transference number when comparing to the highly concentrated PEOgNaCF;SO; solution..

All these lead to smaller overpotentials across the electrolyte upon passing current and

allow greater capacity utilizations at higher discharge currents. Ultilization of electrode

caiaacity is determined by one of the two limiting processes (in cases where the active

. electrode material is not the limiting factor), depletion of active species at the cathode or

exceeding the solubility limit at the anode. Once these limiting conditions are reached, the

cell potential will drop steeply. The time for the occurrence 6f these processes depends -
strongly on the transport'properties. Longer discharge times are desired in order to attain

better electrode capacity.

In general, the optimum initial salt concentration will be one which allows the
battery to be discharged at the highest rate without reaching a transport-limited current.
As the current density is increased,A one will either drive the concentration to zero or
exceed the salt solubility limit. Predicting which of these will éccur, and also optimizing
the salt content, is a more difficult task. It is likely that the rate capability of above two

cells is limited by salt precipitation processes at the sodium electrode when relatively high |
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currents are used during discharge. When a lower initial salt concentration with better
transport properties is used, the onset of salt precipitation brought on duﬁhg the discharge
is delayed. The development of concentration gradients in the polymer electrolyte is
examined by computer sirﬁulations using the measured transport properties.

This is done for a Na/PEOlzNaCF3$b3/Na cell undergoing a galvanostatic
discharge. The previously measured transport properties are used to solve equations 4
and 6 in the previous chapter simultaneously. The fluid motion generated by the flow of
currents is neglected, as this can be shown to have a very minor effect. * For simplicity
only this symmetric cell is studied. The processes in the electrolyte phase in cells using
composite electrodes is more complicated * and has not been investigated in the present
study.

The simulation concentration profiles, shown in Figure 5-2, were generated by
passing a current of 0.4 mA/cm* across a Na/PEO;;NaCF3S03/Na cell with the transport
properties measured previously (transport properties of PEOgNaCF;SO; are used for
solutions with higher concentrationé than PEOgNaCF3S0s). The impact of the variable
physical properties is quite prominent; steeper profiles at the anode and a quicker
propagation rate at the cathode are generated. The profiles given in Figure 5-2 are equally
spaced in time at thirty-second intervals. As long as semi-infinite diffusion conditions
“hold, the concentration profiles scale with the value of It;"2.

The steeper concentration profile at the anode likely leads to the onset of salt
precipitation before a limiting current is reached at the cathode. This effect is due to the

decrease in the sodium ion transference number and salt diffusion coefficient with
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increasing salt concentration. An asymmetrical variation in concentration at the two
electrodes can be clearly seen in Figure 5-3 when current I passes across the electrolyte
for time t;. Even at relatively small values of Iti”z, a large concentration variation exists
“across the cell. At larger values of It;'? the concentration difference changes in a
complicated manner due to the variable physical properties. It should be noted that the
anodic curve becomes linear above a concentration of about 2.58 M because the physical
properties were taken to be constant aboye this value.

It is possible to predict the onset of a limiting current by using the simulated data |
.of the form given in Figure 5-3. To do this, knowledge of the salt solubility limit in the
polymer electrolyte is needed. This information, however, has not been found in the
literature for NaCF3SO; in PEO. Crystalline complexes with a ratio of three polymer to
one salt are éeen with many other lithium and sodium salts in PEO. ¢ If PEO;NaCF;SO0;
were the highest polymer/salt complex possible; the salt solubility would be 5.94 M. To
assess the salt solubility limit, transition-time experiments coupled with an analysis using
the theoretical model and known transport properties were performed. This was done by
constructing a Na/PEOgNaCF;SO3/Na cell, and discharging the cell at a constant current
deﬁsity of 0.55 mA/cm®. The cell potential was monitored during the discharge. When
the potential changes ébruptly, either salt precipitation or a limiting current is assumed to
have been reached.' The time for this to happen is referred to as the transition time. |

Data for several experiments. are comparéd in Figure 5-4. Each experiment was
followed by an extended rest peﬁod (2 to 64 hours) during which the cell concentration

profiles were allowed to relax to their initial values (manifested by a zero cell potential
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difference reading). For repeated experiments at the same current density, the transition
time is found to vary depending on the relaxation times between cycles. The transition
time in a fresh cell occurs at It;"? - 21.4 mAs"*cm®. According to the simulations, this
equates to wall concentrations of about 0.10 M and 12.80 M at the cathode and anode,
respectively. The concentration at the anode is well above the expected value of 5.94 M
for a 3:1 polymer/salt crystalline complex. Later transitions occur at shorter times with
the smallest being around It;"* = 11.0 mAs"%/cm?.

Relatively high current densities and thick membranes are used in this work such
that semi-infinite diffusion conditions apply. This simplifies the theoretical analysis as
plots such as Figure 5-3 can be used to determine the final wall concentrations. It should
be noted that the predicted value of the maximum salt concentration in the cell will have
some error due to the assumption that‘the transport properties are constant above an
electrolyte concentration of 2.58 M. Also, the maximum concentration may be somewhat
lower because the transient build-up of a salt film on the electrbde is ignored. This causes
the measured transition time to be longer than the actual time that it takes the sait to
precipitate.

The transition time eventually converges on a steady value as shown in Figure 5-5.
Successive transition-time experiments were carried out allowing only sufficient time for
concentration profiles to relax before repeating the experiment (L¥D ~ 1 hour). This
steady-state value is assumed to resemble a true transition time as the effect of salt
dissolution kinetics should be minimized. It is found that the transition time approaches

the value of It;"* =10.5 mAs"?cm®. Simulations show that this corresponds to wall

116




concentrations of 0.70 at the cathode and 7.83 M at the anode. This anode concéntration '
is still larger than the value of 5.94 M that was earlier ra_tionalized as a possible maximum,

but is now signiﬁcan_tljr less than the initial value from the transition time measured in a

fresh cell.

The variation in transitfon time indicates that the cell his’tory has an effect on the
salt precipitation process. The initial precipitation process, with the fresh cell, takes much
longer to occur, indicating a larger degree of éupersaturation. Later discharges show a
more rapid precipitation that is likely assistéd by fhe previous salt precipitation processes
perhaps vid salt nucleation sites. As the wall concentration at the cathode is not zero
during the experiments shown in Figures 5-4 and 5-5, a salt precipitation process and not a
limiting current is probably occurring in the cell. The salt solubility of NaCF;S0s in PEO

-1s close to 7.8 M for the cycled electrolyte after stabilization has occurred.. To describe
properly the PEO/NaCF;SO3 system, however, the kinetics of the salt precipitation and ‘
dissolution processes neéds to be studied in. more detail than what has been done here.

It is now possible to .analyze the discharge : béhavibr of the
Na/PEOnNaCngogﬂ\IaxCooz cells. At lower current densities, both cells can be
discharged for rather long ﬁmes (two hours zvltFO.l mA/cm?), attaining similar capacities.
As the current density is increased, the attainable capacity for the PEOsNaCF3SO; cell . -
drops off steeply as salt precipitation bégins- to occur during the discharge. The -
PEO»NaCF3;S0; cell also begins to lose capacity at higher rates, although it is more
difficult to say whether this cell is experiencing salt precipitation or a true limiting current

due to salt depletion. It is believed that moderat)ely concentrated solutions represent the
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ideal compromise where both salt precipitation and salt depletion are delayed. Lower
concentrations would reach a limiting current due to salt depletion sooner and higher

concentrations would reach a current limitation due to salt precipitation.
5.4 Conclusions

The Na/Nay7Co0; cell utilizing a moderately concentrated polymer electrolyte,
/

PEO»NaCF;S0s3, has much better rate capabilify than the one using a more concentrated
solution PEOgNaCFs;SQO;. . This is attributed to the better transport properties of the
PEO2NaCF3;S0;. Contrary to what is generally believed that more concentrated solutions
are better electrolytes because there is less tendency for a limiting current to be reached,
cells with PEO/NaCF;SOs electrolytes have an optimum electrolyte concentration. The
optimum is a compromise between avoiding salt dgpletion and salt precipitation.
Knbwledge of the tranéport properties of polymer electrolytes and their dependence on
salt concentration is q_ritical to modeling- these processes and to designing cells with
optimum performance.

The rate-limiting process is believed to be salt precipitation at high discharge
currents for highly concentrated eléctrolytes (salt precipitation occurs at the anode before
the salt becomes depleted at the cathode). The precipitation process has been studied by
computer simulations and cell testing. Lowering the initial salt concentration to a value

closer to 1.0 mol/l (PEO»xNaCF3S03) is thus advantageous for these polymer electrolyte

cells. It is also desirable from economic considerations to use the minimum initial

118




concentration that still achieves satisfactory (or better) rate capacity.
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Figure Captions: Chapter 4

Figure 4-1. The cell configuration to measure the transference number using the

galvanostatic polarization method developed in this work.

Figure 4-2. The Nyquist plot of the PEO»,NaCF;SO; electrolyte at 85°C. The intefcept
of the high frequency loop on the real impedance axis (R.) is the ohmic resistance of the

electrolyte membrane.

Figure 4-3. Logarithmic plot of the ionic conductivity of PEO,NaCF;SO; as a function of

electrolyte concentration at 85°C.

Figure 4-4. Data from diffusion coefficient measurements for PEOssNaCF;SO; at 85°C.
(a). A Na/PEOssNaCF3S03/Na cell was first polarized by passing a current through it, and
then relaxed to its initial condition after the current was interrupted. (b) Natural logarithm
* of potential vs. time during the relaxation period. Linear behavior is observed in the plot .

after a sufficient amount of time elapsed.

Figure 4-5. Diffusion coefficients of NaCF3;SO; in PEO as a function of electrolyte

concentration at 85°C. Data were obtained by using the method of restricted diffusion.

Figure 4-6. ‘Data measured from concentration cells of the form:
Na/PEO,NaCF3;SO:/PEOgNaCF3S03/Na at 85°C. The scale of the x-axis is the
concentration value of the PEO,NaCF;SO3; membrane, where n varies from 4 to 500. The

solid line is a fit to the data.

Figure 4-7. Data measured from galvanostatic polarization experiments on
Na/PEO.NaCF3S0s/Na cells at 85°C. Cells were polarized by passing a constant current

‘of about 0.1 mA/cm” to 0.3 mA/cm” for a time period on the order of 1 min.
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Figure 4-8. Slopes of galvanostatic polarization plots of Na/PEO,NaCF;SOs/Na cells as a
function of electrolyte concentration at 85°C. The slope is taken at the origin of the

polarization plots.

Figure 4-9. Transference ,numbers for the sodium ion in PEO,NaCF3;SO; at 85°C using

the galvanostatic polarization method developed in this work.

Figure 4-10. Semilogarithmic plot of the thermodynamic factor for NaCF3;SO; in PEO at

85°C as a function of the electrolyte concentration.

Figure 4-11. Comparisons between the galvanostatic polarization data and the results of
numerical simulations for various bulk concentrations. The solid lines are the simulation

results.

Figurev4-12. Schematics of mass transportation processes in a polymer eleétrolyte in the
case of (a) unity sodium ion transference number, (b) zero sodium ion transference
number, and (c) negative sodium ion transference number. These sketches only serve to
illustrate that a cell can be discharged regardless of the value of sodium ion transference

number,
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Figure Captions: Chapter 5

Figure 5-1. Discharge curves for Na/PEO.NaCF3;S03/Na,CoO, Cells at 85°C, where (a) n
=8, and (b) n = 20. The two cells were cycled in the same sequence to minimize the
electrode capacity fading effect. The current density was in the range of 0.1 mA/cm® to
2.5 mA/em’.

Figure 5-2. Concentration profiles across a Na/PEO;;NaCF3;S0s/Na cell during a
galvanostatic polarization for four minutes at 85°C at 0.4 mA/cm®. The profiles are
equally spaced in time at thirty-seconds intervals. These simulations use the variable

physical properties measured in this work.

Figure 5-3. The difference between concentrations of the electrolyte at the electrode and
the bulk. This is the theoretical prediction for galvanostatic polarization experiments for a

Na/PEO;5NaCF;S03/Na cell at 85°C using the physical properties measured in this work.

Figure 5-4. Transition-time experiments for the system Na/PEOsNaCF;SOs/Na at 85°C.
A current density of 0.55 mA/cm® was used in each of the tests. Different rest times were

used between successive experiments.
Figure 5-5. Transition time experiments for the Na/PEOgNaCFsSOs/Na system at 85°C.

A current density of 0.55 mA/cm® was passed across the cell for all the tests. Each

experiment is followed by one-hour rest period.
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Figure 4-1. The cell configuration to measure the transference number using
the galvanostatic polarization method developed in this work.
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Figure 4-3. Logarithmic plot of the ionic conductivity of PEO NaCF,S0, as a
function of electrolyte concentration at 85°C.

129



40

Potential (mV)

(@)

0 1 L L
0 20 40 60 80 100 120

Time (min)

- In(potential) (V)

S = N WA NN 0O

i | S

0 20 40 60 80 100 120

Time (min)

Figure 4-4. Data from diffusion coefficient measurements for PEOssNaCF3SO; at 85°C.
(2). A Na/PEOssNaCF3S0s/Na cell was first polarized by passing a current through it, and
then relaxed back to its initial condition after the current was interrupted. (b) Natural
logarithm of potential vs. time during the relaxation period. Linear behavior is observed in
the plot after a sufficient amount of time elapsed.
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Figure 4-5. Diffusion coefficients of NaCF,SO; in PEO as a function of electrolyte
concentration at 85°C. Data were obtained by using the method of restricted diffusion.
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Figure 4-7. Data measured from galvanostatic polarization experiments on

Na/PEO,NaCF3;S03/Na cells at 85°C. Cells were polarized by passing a constant current
of about 0.1 mA/cm? to 0.3 mA/cm’ for a time period on the order of 1 min.
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Figure 4-12. Schematics of mass transportation processes in a polymer
electrolyte in the case of (2) unity sodium ion transference number, (b) zero -
sodium ion transference number, and (c) negative sodium ion transference
number. These sketches only serve to illustrate that a cell can be discharged
regardless of the value of sodium ion transference number.
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Figﬁre 5-1. Discharge curves for Na/PEONaCF3;S03/Na,CoO; Cells at 85°C, where (a) n
=8, and (b) n = 20. The two cells were cycled in the same sequence to minimize the
electrode capacity fading effect. The current density was in the range of 0.1 mA/cm’ to

2.5 mA/cm?. .
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Figure 5-2. Concentration profiles across a Na/PEO2NaCF3SOs/Na cell during a
galvanostatic polarization for four minutes at 85°C at 0.4 mA/ecm®. The profiles are

equally spaced in time at thirty-seconds intervals. These simulations use the variable
physical properties measured in this work. ‘
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Figure 5-3. The difference between concentrations of the electrolyte at the electrode and
the bulk. This is the theoretical prediction for galvanostatic polarization experiments for a
Na/PEO,NaCF3S03/Na cell at 85°C using the physical properties measured in this work.
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Figure 5-4. Transition-time experiments for the system Na/PEOgNaCF;SOs/Na at 85°C.
A current density of 0.55 mA/cm® was used in each of the tests. Different rest times were
used between successive experiments.

142




0.4

0.35

o .
W

0.25

0.15

Cell Potential \%)
O
[\®]

o
ju—

0.05

0 . 1 | ! Je

0O 005 01 015 - 02 0.25

Time (hour)
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Chapter 6 Conclusions

Solid-state sodium cells using polymer electrolyteé and sodium cobalt oxide
positive electrodes are characterized in terms of discharge and charge characteristics, rate
capability, cycle life, and energy and power densities. The P2 phase Na,CoO, can
reversibly intercalate sodium in the fange of x = 0.3 to 0.9, giving a theoretical specific
" energy of 440 Wh/kg and energy density of 1600 Wh/l. Over one .hundred cycles to 60%
depth of discharge or better have been obtained at 0.5 mA/cm’® and two hundred shalléwer
cycles at the same rate. Experiments in which positive/positive cells were cycled suggest
the Na/PEO interface is not the limiting factor to cell cycle life. Four-probe DC
experiments also show that the sodium/electrolyte interface is stable and only has minor \
contributions to the cell resistance. Elt;.ctrolyte modification due to mass polarization,
disconnection of particles in the cathode are suggested as the factors contributing to
eventual cell failure. Subtle chemical and structural changés are other possible féctors, but
x-ray diffraction exper_iments failed to reveal these changes in this study. In terms of cycle
life, energy density, and rate capability, these are the best results obtained on a
sodium/polymer electrolyte cell to date. These results are alsob comparable to the known
lithium/polymer systems, indicating that the sodium polymer battery is an attractive
alternative of the lithium/polymer system.

The effect of carbon black additive on the composite Nag;CoO, electrode is
evaluated in terms of electronic conductivity and cell performance. Although Nay,CoO; is

highly conductive (10° to 10* S/cm), the conductivity of the electrodes is dominated by the
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volume fraction of carbon. Adding 10 v/o of carbon black can effectively increase the
electrode conductivity from about 107 to 10™ S/cm. Carbon additive is also essential to
cell performance. The electrode containing 10 v/o of carbon exhibits significantly better
performance than the one containing the same or larger volume fraction of solid phase
(Nag7Co0,) but no carbon addiiive. These effects may be aftributed to the better
connections between Nag 7CoO; established by the very fine carbon particles.

The transport properties of polymer electrolytes are crutial factors for the
performance. These properties, tﬁe ionic Conductivity, the salt diffusion coefficient, and
the ion transference number, are measured for the PEO,NaCF;SO; system over a wide
range of concentration (0.1 to 2.6 mol/l) at 85°C. The ionic conductivity was measured
using the standard ac-impedance technique, and the diffusion coefficient using. the
restricted method. The concentration difference was extracted from the potential signal )
for diffusion coefficient measurements. The measurement of transference number is
complicated by the nonideality of polymer electrolytes. A novel method is therefofe
develoi)ed from concentrated solution theory in thi.s work. It is rigorous for any binary
electrolyt\e‘ and also ‘simple experimentally. The method is based on dc polarization
experiments in combination with concentration cell measurements. The thermodynamic
factor, in addition, can be detefmined from this method.

All the three transport properties of the PEO,NaCF;SO; S);stem are very
electrolyte-concentration dependent. The conductivity increases with concentration at low

concentrations, going through a maximum, and then decreases when more salt is added.

The transference number, diffusion coefficient, and thermodynamic factor all vary with
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concentration in a similar fashion. The salt diffusion coefficient is on the order of 107 to
10® cm®s, depending on the electrolyte concentration. The transference number
decreases as concentration increases, going from around 0.31 in the most dilute solution
(0.05 mol/l) to -4.37 in the most concentrated solution (2.58 mol/l). Some discussion of
the impact of microscopic speciation on the macroscopic trﬁnsport properties is given to
rationalize the negative transference number obtained. The thermodynamic factor

(1+dInf,/dInc) is far less than unity especially for highly concentrated solutions, indicating

that these polymer electrolytes are highly nonidéal.

The transport properties are used to analyze and optimize the performance of
Na/PEQ,NaCF;S03/Na,Co0, cells. The cell utilizing a moderately-concentrated
electrolyte, PEO,0NaCF;SO;, has much better rate capability than the one using a more
concentrated electrolyte, PEOsNaCF;SO;. Contrary to what is generally believed, that
more concentrated solutions are better electrolytes because there is lesé tendency for a
limiting current to be reached, cells with PEO,.NaC_F3803 have an optimum electrolyte
“concentration. The optimum is arcompromise between avoiding salt depletion and salt
precipitation. The rate-limiting process in the PEQsNaCF3;S0; cell is believed to be salt

precipitation at high discharge currents.
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