
BNL--46092

DE92 007599

EXP,F8 8TUDIE8 OF BATTERY M_TERIAL8

James McBreen _

Department of Applied Science
Brookhaven National Laboratory

upton,NYI19"73 FEBO

X-ray absorption spectroscopy (XAS) has been .....,...._._
used at extensively at Brookhaven National
Laboratory (BNL) to study materials and

. electrodes of several battery systems. The power
and the general applicability of the technique
is illustrated by studies of several battery

materials such as PEO-salt complexes,. PbO 2, and
in situ studies of mossy zinc deposltlon in
alkaline electrolyte.

INTRODUCTION
i

The performance and life of batteries and fuel cells
are often determined by the molecular aspects of materials
structure and the kinetics of electrode processes. In the
case of batteries long life requires the regeneration of
chemicals in a reproducible form during each charging
cycle. Fuel cells rely on active stable catalysts, so the
molecular aspects of the processes are even more important.
Identifying the key molecular processes in these devices
has been difficult. The materials are often amorphous, and
the electrodes and separators are usually composites with
several components. The presence of the electrolyte
precludes the use of methods that use electrons as a signal
or probe. X-ray absorption spectroscopy (XAS) is an ideal
method for in situ studies of battery and fuel cell
material_ because both the probe and signal are penetrating
x-rays. The great advantage of the method is that the
probe has a wavelength of atomic dimensions. Another
advantage is that XAS is element specific, and this permits
investigation of the environment of a constituent element
in a composite material. The near edge part of the
spectrum (XANES) provides information on oxidation state
and site symmetry of the excited atom. The extended fine

d structure (EXAFS) gives structural information. Thu_ the
technique provides both chemical and structural
information. Since XAS probes only short range order it
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can provide structural information on amorphous materials.

XAS WORK AT BNL

The general applicability of XAS to materials problems
in batteries and fuel cells is illustrated by the variety
of systems studied at Brookhaven in the past few years.
This has included structure determinations of

i. Zn-Br complexes in Zn/Br 2 batteries

2. Zincate complexes in Zn/air batteries

3. RbBr-PEO (polyethylene oxide) complexes (25-120°C)

4. ZnBr2-PEO complexes (25-120°C)

5. Ni(OH)2 electrodes

6. Co additives in Ni(OH) 2 electrodes

7. Pt fuel cell catalysts in several acids

8. Poisons on Pt during methanol oxidation

9. UPD Cu, Pb and Sn on Pt catalysts
J

i0. Pyrolyzed Co-TMPP and Fe-TMPP catalysts

ii. Lead oxides including u-PbO 2 and _-PbO 2

13. Mossy zinc deposits in Zn/air battz_ries

14. Polymer organo-disulfide electrodes

Much of this work is covered in a series of recent

publications (I-I0). Several spectroelectrochemical cells
have been developed for XAS in situ measurements in the
transmission and fluorescence mode. This includes

hermetically sealed cells for XAS studies on non-aqueous
systems, at temperatures up to 150°C.

The present paper reviews XAS results on PEO-salt
complexes and reports new results on XAS studies of formed
PbO 2 plates, PbO 2 doped with Sb and in situ studies of mossy
zinc in alkaline electrolytes. These diverse results
illustrate the versatility of the XAS technique in studying
battery systems.
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XAS STUDIES OF PEO-ZnBr 2 ELECTROLYTES

Ion conducting polymers such as poly(ethylene

oxide), PEO, (CH_-CH_-O). contain a high density of donor
heteroatoms and a sufficlently long hydrocarbon segment to
allow cation solvation by a "cage" effect, where the donor
electron doublets of the oxygen are directed inward. This
solvation mechanism is reminiscent of that of the well

known crown ethers. Unlike crown ethers, however, the cage
size formed by the PEO chain can be adjusted to the size of
the cation by taking advantage of the high degree of
flexibility of the chain.

The solvation mechanism is both intra- and inter-

molecular and is reversible, a flexibility which allows the
presence of ion pairs or multiplets and complex ions. This
reversibility and conformational flexibility allows the
ions to migrate from one solvating site to another,
resulting in ionic conductivity.

The main problem with polymer electrolytes has
been the low ion conductivity at room temperature,
necessitating operation at elevated temperatures
(80-100°C). At temperatures below _60°C, the tendency of
PEO-salt complexes to form crystalline complexes leads to a
drastic reduction in ion conductivity due to an almost
complete disappearance of the conducting elastomeric
phases. The room temperature conductivities are in the
10.7 - 10"8 S/cm range or lower. Conductivities in the
10.4 - 10.5 S/cm range are generally required for efficient
operation of thin film electrochemical devices.

One approach to improve conductivity of
polyethylene oxide (PEO)-salt systems is to modify the
polymer to increase the mobility of the ions.
Modifications involve the addition of plasticizers or the
synthesis of polymer structures to promote facile segmental
chain motion in the polymer. These approaches are based on
the idea that ion mobility is controlled by the dynamics of
the polymer host. Conductivity also depends on ion
pairing, Coulombic interactions among ionic carriers and
interactions of the ions with the host polymer. So far we
have very little information on these aspects. It is
difficult to obtain this type of information for PEO-
lithium salt electrolytes. However, this type of
information can be obtained from EXAFS for PEO-salt

complexes of heavier metals. Recently both (PEO)-ZnBr 2 and
(PEO)-RbBr complexes were investigated in the temperature
range 25°C to 120°C (2). In both complexes the results at
all temperatures were similar and were consistent with the



• |

presence of largely undissociated ZnBr 2 or RbBr species.
In the case of (PEO)-ZnBr 2 complex, the ZnBr 2 species were
coordinated with four oxygens from the PEO. A model based
on the results is shown in Figure i. The respective
calculated Zn-Br and Zn-O bond lengths were 2.34 A and 2.23

A. There is evidence of some ZnBr 2 dissociation at higher
temperatures. A mechanlsm, based on Br" ion hopping.
between anchored species of ZnBr 2 and ZnBr . in PEO, Is
proposed to explain reported transport number and
conductivity data. The results show that if high
conductivity is to be achieved attention has to be paid
factors influencing both ion dissociation and ion mobility.

XAS STUDIES OF THE PbO 2 ELECTRODE

Recently an extensive XAS study was made of several
lead oxides and salts (I0). The oxides included PbO 2
prepared by the various methods described by Bagshaw et al.
(Ii). Figure 2 shows normalized XANES spectra for Pb,

yellow PbO, Pb304 and _-PbO2 deposited from perchlorate
solutions. The XANES for the oxldes have varlous shoulders
and distortions which decrease the edge shifts.
Nevertheless, there is an orderly increase in the edge
energy in going from PbO to PbzO_ to _-PbO 2. The shoulders
and distortions in the XANES features for-the oxides can be

explained on the basis of hybridization, site symmetry and
crystal field splitting effects. In the case of PbO 2 there
is a well defined pre-edge peak, at -5 eV, due to
electronic transitions from the 2p into the empty 6s
states. A comparison of the pre-edge peak for PbO 2
samples, prepared by various methods, shows that there is a
good correlation between the intensity of this peak and the

stoichiometry of the PbO 2. This is illustrated in Figure
3. The electrochemlcal deposlted material is essentially

stoichiometric PbO 2, whereas the material prepared by
acetate hydrolysis-has a lower stoichiometry (PbO I _(OH)0.20)
and u-PbO_ has the stoichiometry PbO I _(OH)014 (ll)_--The
peak intensity decreases with reduce_ oxygen stoichiometry.
Results in Figure 4 show that the addition of Sb to the
perchlorate electrolyte reduces the intensity of the pre-

edge ]_eak. A comparison of the XANES for PbO 2
electzodeposited from.perchlorate electrolyte and PbO 2 in a
formed battery plate Is shown in Figure 5. Again there is
a reduction in the intensity of the pre-edge peak. The
increased 5ctrochemical activity of formed battery plates
as compared to chemically prepared or electrodeposited

_-PbO 2 must be related to the lower oxygen stoichiometry.
Also the beneficial effect of Sb must be also related to a

reduction in oxygen stoichiometry.



XAS STUDIES OF MOSSY Zn DEPOSITS

Zinc deposition from alkaline zincate electrolytes is
unusual in that finely divided mossy deposits are formed at
low current densities (12). In the case of other metals
finely divided deposits are only formed at very high
current densities (13). Recently an im situ XAS study of
zinc deposition in alkaline electrolyte was started at BNL.

Experimental

The zinc deposition studies were carried out in the
cell shown in Figure 6,, XAS spectra were recorded for the
zincate electrolyte, prior to zinc deposition. Zinc was
deposited under potentiostatic conditions (-45 mV or
-65 mV vs. a Zn wire reference)in a thin cavity (-0.5 mm).
A fher sufficient zinc was deposited to fill the cavity
above the level of the x-ray window, transmission XAS
measurements were made, with the electrode still under
potential control. XANES measurements were also recorded,
on the zinc deposited at -65 mV, over a one hour period
after switching the electrode to open circuit. A XAS
spectr%_ was also obtained for zinc foil.

_esults and Discuss_on

Figure 7 shows a comparison of the radial structure
functions (RDF) for zinc foil, the zincate solution and
mossy zinc deposited at -45 mV and -65 mY. The first peak
in the RDF for the zincate solution corresponds to the Zn-O
coordination in the zincate ion. The first peak in the RDF
for zinc foil is the Zn-Zn contribution of the nearest 12

Zn atoms. Because of the distortion of the hexagonal
structure this peak is actually the contribution of two
coordination shells, one with 6 atoms at 2.670 A and the
other with 6 atoms at 2.892 A. In the case of the zinc
deposit at -65 mV there is no Zn-O contribution in the RDF.

This indicates that at this potential the electrolyte in
the electrode pores is exhausted of zincate and contains
only pure KOH electrolyte. However, at -45 mY, there is a
Zn-O contribution, indicating the presence of zincate in
the electrode pores.

Figure 8 shows an expanded view of the first Zn-Zn
peak in the RDF for zinc foil and for mossy zinc deposited
at -45 mV and -65 mV. The peak maximum for the mossy zinc
at -65 mV is shifted to a lower r value. The x-rays from a
synchrotron are highly polarized with the polarization
vector oriented in the plane of the ring. Work on zinc
single crystals has sh')wn that the peak in the r value



depends on whether the a axis or o axis is oriented

parallel to the polarization vector (14). The present

results indicate that the deposit at -65 mV is oriented

with the o axis parallel to the lines of current. The

polarization vgctor is parallel to the a axis and only the
smaller 2.670 A shell contributes to the spectrum. The

deposit at -45 mV must have a random orientation like that
in the zinc foil.

XANES Results

Figure 9 shows a comparison of normalized XANES

spectra for Zn foil, a zincate solution and the zinc

deposit at -65 mv and -45 mV. The white line peak at I0 eV
is higher for the zincate solution. The presence of

zincate in the deposit at -45 mV also increases the
intensity of the white line. There are some modifications

in the XANES for the deposit at -65 mY, when compared to

zinc foil. This may be an orientation effect.

Figure l0 shows a comparison of the XANES spectra, for
the deposit at -65 mV, that were taken at various intervals

after switching to open circuit. The results are
consistent with an increase of zincate within the pores of

the deposit. As long as there is a deposition at -65 mY,

the concentration of zincate within the deposit is

essentially zero. However, on going to open circuit the
zincate concentration within the deposit builds up This

buildup can occur either by diffusion of zincate into the

electrode pores or by the generation of zincate within the

pores by concentration cell effects. The latter are

possible because, on switching to open circuit, the

electrolyte in the pores is essentially pure KOH, whereas

the electrolyte at the mouth of the pores, on top of the
deposit, is a concentrated zincate solution. The resultant

concentration cell, would dissolve zinc in the interior of

the pores and deposit zinc at the mouth of the pores . The

speed with which the concentration of zincate in the pores

builds up strongly suggests a concentration cell effect.
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Figure 1. (a) Chemical structure of PEO-ZnBr z as
determined by EXAFS. (b) Model for Br"
hopping mechanism to explain high
conductivity and low Zn transport number.
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Figure 3 ,, A comparison of the pre-edge Ceature zn PbO z
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stoichiometries, when prepared by various
methods; (a) electrodeposition from
perchlorate (---), (b) minium
oxidation(- - -) , (c) acetate hydrolysis
(..... ) and (d) oxidation in a perchlorate
melt (.... ).
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Figure 6. Cell for in situ XAS studies of Zn deposits.
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Figure 7. A comparison of RDFs for Zn foil (----), zincate
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and Zn deposited at -45 mV (**,*), (&k = 2.7 -
zs.2 A_).
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Figure i0. A comparison of the XANES spectra for the
deposit at -65 mV, after various times on
open circuit, 23 min. (-_-), 48 rain. (,,,,)
and 63 min. (.... ).






