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1. ABSTRACT

We quantify the effects of the duration of the charge/discharge cycling period on the
irreversible loss of anode material in rechargeable lithium metal batteries. We have
developed a unigue quantification method for the amount of Dead Lithium Crystals
(DLCs) produced by sequences of galvanostatic charge/discharge periods of variable
duration t in a coin cell of novel design. We found that the cumulative amount of dead
lithium lost after 144 Coulombs circulated through a model coin battery decreases
sevenfold as 7 shortens from 16 to 2 hours. We ascribe this outcome to the faster
electrodissolution of the thinner dendrite necks formed in the later stages of long
charging periods, a phenomenon associated with the increased inaccessibility of the

inner voids of the peripheral, late generation dendritic structures to incoming Li™.
2. INTRODUCTION

Intermittent renewable energy is optimally stored by electrical devices that possess

the largest charge-to-weight capacity ratio (CAP) and deliver the most power (PWR)."

*Corresponding authors. A.A.: Tel.: +1 626 395 8736; Fax: +1 626 395 8535. Email:
aryanfar@caltech.edu. A. J. C.: _Email: ajcoluss@caltech.edu.
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The low mass density (d = 534 kg m™) and high redox potential (E° = - 3.05 V vs SHE)
of pure lithium (Li°) makes it the choice anode material. Unfortunately, Li® also has the
lowest surface energy density among typical anode materials. This property decreases
the excess free energy of high-curvature thin necks and sharp dendrite tips, thereby
favoring the growth of loosely connected microstructures.> * As a result, dendrites
connected to the bulk of electrodeposits by thin necks readily re-dissolve during
discharge. The breakup of such necks releases the so-called ‘dead lithium crystals’
(DLCs). Since DLCs represent an irreversible loss of battery capacity.* ®> This drawback

not only compromises the reliability but ultimately decreases the capacity of Li°

batteries.? ¢1°

Work on dendrite growth has mainly focused on the effects of charging protocol,'"

13, 14 17,18

12 current density, electrode surface morphology,' '® temperature, solvent and

19-21 22,23

electrolyte chemical composition, electrolyte concentration and evolution time?*

% on dendrite growth. Some strategies included the use of powder electrodes % and
adhesive polymers.?” The empirical nature of these approaches, however, reflects the
fact that current models of dendrite growth remain based on various simplifying

assumptions that have fallen short of capturing the essentials of this phenomenon.' 2®

% We view DLC formation as a manifestation of the intrinsic sponginess of Li°
electrodeposits,®® and the non-uniform dissolution rates of such deposits upon
discharge.> 3* %

In this paper, we report experimental results on the effect of the duration of the
charging period 7 on the amount of DLCs produced at constant charge. DLCs

quantification is based on rigorous counting based on the computer analysis of the
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digitalized images of electrodeposits produced in scaled-up coin cells of our own

design.

3. EXPERIMENTAL DETAILS

We have fabricated a device specially designed to visually observe the morphology
of electrodeposits (Fig. 1). The geometric characteristics of the cell, such as the
electrodes surface and separation are known to be critical for the morphology of
deposits *. Accordingly, our device meets the boundary conditions and geometry of
typical coin cells and hence provides a realistic setup for studying these phenomena.

Further details can be found elsewhere. "
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Figure 1: Observation method (left). Components of our scaled-up coin cell (right)
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Lithium foil (Aldrich, 99.9%) 0.38 mm thick was scraped to remove oxide layers by
means of sharp blade and Dimethyl Carbonate and then flattened by rolling it with clean
glass tubes. Disc electrodes (diameter = 9/16”) were punched from the clean foil and
tightly pressed between the separator and the current collectors by means of silicone
gaskets and electrically insulated screws. LiCIO4 (Aldrich, battery grade, 99.99%) was
dried for 24 hours under vacuum at 100°C and then dissolved in Propylene Carbonate
(Aldrich, 99.7% Anhydrous). 1M LiClO4/PC solutions were used in all experiments. They
were injected into the cells, which were sealed afterwards with stoppers lined with
Teflon tape. All operations were carried out in a glovebox continuously purged with pure
argon.

Four identical cells were assembled and cycled galvanostatically at the rate of 2
mA/cm?. The cycling period,t, and the corresponding number of cycles, i.e., the total
duration of charging, were adjusted such that the total circulated charge (40 mAh = 144
Coulombs) were the same in all cells in each set of experiments. After the last
discharge cycle, the cells, kept intact, were taken outside the glovebox and were placed
under Leica 205FA microscope. High-resolution images were taken of lateral views of

the three equiangular 120" sectors of cell peripheries.
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Figure 2: Voltage (a) and current (b) profiles along a sequence of galvanostatic
charge/discharge of a model Li’ cell at the rate of 2mA/cm? and cycles of period t = 2 hrs. (c)
Voltage profiles of successive charge/discharge periods Venarge(t), Vaiscrarge(t) (red trace). The
blue trace corresponds to -Venage(t + 2), Which shows that the Li° electrodeposits requiring the
highest negative overvoltages redisolve first at the lowest positive overpotentials. See text for
explanation.

Since the images acquired at the focal plane of the camera correspond to those of
the curve perimeters of the cell, we developed an algorithm that projects finite segments

of the acquired images onto a flat surface according to (E1)

I __ dl;
dli - cos(0;)

(E1)
where dl; is the width of projected element, dl; is the width of the original element in the
acquired image, and 6; is the corresponding angle about the axis of the cylindrical cell

(Fig. 3).The projected elements were assembled into the reconstructed flat images used

for analysis.
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Fig. 3: (a) Schematic representation for the projection of curved surface elements (dl) onto flat
segments (dl') . (b) Top view of 120° sector of the cell perimeter.

4. DIGITAL QUANTIFICATION

The projected images were cast into 100x400 pixel grids. The resulting 2D matrices
(one for each 120" sector) contain information on hue, saturation and brightness of each
pixel in a 0 to 255 scale. Dendritic forms were distinguished from voids by establishing a
grayness threshold, t, which classifies matrix elements into ‘black’ (i.e. those whose
illumination falls below the grayness threshold) and ‘white’ classes. The optimal

grayness threshold t is determined by minimizing the intra-class variance o2 (t)

iteratively following Ostu’s algorithm:*’

Find t to minimize ;2 (t)

Where  a2(t) = wy(t)a?(t) + w,(t)ai(t) (E2)
a2 (t) is the weighted sum of black and white variances a2 (t) and o2 (t) with w,(t) and
w, (t) are the corresponding weights (probabilities) respectively. Fig. 4 shows an original
image and the corresponding black and white (B&W) image created by this procedure.
The B&W image displays the information contained in binary matrices consisting of 0

(black) and 1 (white) elements E,,.
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Figure 4: a: The original image. b: Binary image reconstructed by using Ostu’s method.

The area of a given microstructure A is defined by (E4):
A= Ym=1En (E4)

where N is the number of E,,, elements contained in such microstructure.
From Ap.c we evaluated the mass, mp, and volume, Vp, of DLCs via
dimensional analysis according to (E5). (E5) is based on the assumption that the

porosity of the dendrites is homogenous throughout:

3
Mprc o Vpre o (Aprc)? (E5)
We distinguished two types of microstructures:

1. Dead lithium crystals, DLCs, are groups of connected elements surrounded by

void regions (Fig. 5-a). (E6) defines the mass fraction ratio for such groups fp;¢:

3

" I
fDLC — (M)Z (E5)

ArtoT
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k is the number of elements belonging to DLC groups of area Ap;c;. Aror is the
total area of electrodeposited Li°.
2. Dendrites, DNDs, are groups of elements connected to the anode.
A measure of overall deposition DEP, which includes both DNDs and DLCs, is
defined as:

3
M,N P

Zi: "= thl, 2
fpep = (Lj> (E6)

Eror

M and N run from j, j=1to i = 100 and j = 400 respectively, Lit;; is 1 if the pixel is
recognized as Li® and 0 otherwise, and E;or = 40000 is the number of grid pixels.

In order to identify the connectivity of Li® elements to the anode we searched
whether a given pixel in the 2D binary matrix is connected to the elements representing
the anode surface by at least one of its 4 sides and 4 vertices by means of an iterative
loop (Fig. 5-a,b). Then, we search in each matrix column the uppermost of such
elements, whose i-index defines the range of those belonging to the DND class. For the
elements lying on the left and right borders of each image we used periodic boundary
conditions (PBC), i.e. we assume the same morphology is replicated beyond the left
and right borders. Fig 5-c shows a sample binary image of the deposition. The identified

DLCs are shown in Figs. 5-d.
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Figure 5: a: Digital lattice showing a detached dead lithium crystal. b: A lithium dendrite (red)
with connection from neighbors to deposited volume. ¢: Binary image of lithium electrodeposits.

d: Identified DLC; Largest DLCs shown in the red enclosures.
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Figure 6: Dead lithium fraction f;; . as a function of cycling period .
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Figure 7: The fraction of deposited Li°, fpgp, is independent of the cycling period t.




Physical Chemistry Chemical Physics

5. DISCUSSION

It is apparent that the mass fraction of dead lithium crystals, f,,¢, which is in effect a
measure of the loss of battery capacity, is directly correlated with the duration of the
charging period t (Fig. 6). The cumulative battery capacity losses were reduced
sevenfold by shortening t from 16 to 2 hours after the same amount of charge (40 mAh
= 144 Coulombs) circulated through the batteries in all cases. The data in Fig. 7 confirm
that the amount of deposited Li° (i.e., of circulated charge) remains constant under all
experimental conditions. Since DLCs are produced by severing the capillary bridges
(‘necks’) that linked them to the body of Li electrodeposits during discharge, the results
of Fig. 6 in fact reflect how the morphology and connectivity of deposits change along
charging periods.* ** Fig. 2-a, which is a plot of the voltage V(t) required to maintain
constant current i, during charge and discharge periods, provides revealing insights into
the evolution of electrodeposits. Considering that current density / increases
exponentially with overpotential n:

i o< exp(n) = exp[V(t) — E(8)] (E7)
(E(t) is the instantaneous reduction potential of the Li*/Li® couple at each stage of the
charging/discharging cycles) the observed V(t) variations reflect how E(t) changes
during charge and discharge. Departures from the value for Li* reduction into perfect flat
Li® crystals (E°(t) = —3.05 V at Li* unitary activity) would arise when Li* is reduced into
curved microstructures. By virtue of Kelvin’'s effect, dendrites curved tips have more
negative reduction potentials than flatter electrode sectors:
E(p) =E(p =)+ 2yv/p (E8)

% where p is radius of curvature, y~1Jm~2 is Li%electrolyte interfacial surface energy,

10
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3940 and v = 1.3 x 1075 m3mol~1 is Li° molar volume. Thus, V(t) has to become more

and more negative to maintain n and hence i,. The reverse phenomenon occurs during
discharge: higher curvature structures will be the first to re-dissolve.*' Since the
experimental overpotentials in the later stages of charging and discharging cycles are
actually the sum of charge transfer and diffusion overpotentials, by assuming that
overall n~1V overpotentials correspond to effective  ~ 0.1 V charge transfer activation
overpotentials we deduce that Li* reduction takes place on structures having curvatures
reaching atomic dimensions: p = 10~°m. We ascribe the gradual increase of n along the
sequence of charge/discharge cycles to the gradual development of partially insulating
solid-electrolyte interfaces (SEI) from the decomposition of the solvent.? **** The
preceding analysis suggests that thinner, i.e., higher curvature necks are produced in
the later stages of extended charging cycles, thereby increasing the probability of DLCs
detachment during discharge.> 2> 3% % %6 The fact that DLCs appear preferentially at
longer charging times implies that the root segments (necks) of the dendrite structures
produced in later stages are thinner and/or longer.®® Thinner, longer ‘necks’ have larger
positive (convex) curvature radius, p.onvex; about their cross sections, and smaller
negative (concave) curvature radius, peoncave, @0OUt their columns.*” As a result, such
necks have larger mean positive curvatures,*’ will accumulate larger electron densities

and, hence, display faster Li° electrodissolution rates.

6. CONCLUSIONS
In this paper we have developed a novel method for quantification of DLCs and

we have shown that the cumulative loss of battery capacity via the detachment of Li°

11
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particles after sequences of charge/discharge cycles amounting to the exchange of 144
Coulombs is significantly reduced by shortening the duration of the cycling period. This
outcome is likely due to the faster electrodissolution of the thinner necks formed in the
later stages of longer charging periods. We ascribe this phenomenon to the increased

inaccessibility of the inner voids of the peripheral, late generation dendritic structures to

incoming Li*.%
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