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Morphology Evolution during Delithiation of Li-Pb Alloys:
Oscillatory Electrochemical Behavior
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We report on a study of morphology evolution following de-lithiation of Li-Pb alloys, produced by the electrochemical lithiation of Pb
particulate and sheet electrodes. Electrochemical titration and time of flight measurements were performed in order to determine the
intrinsic diffusivity of Li, Dy;, as a function of alloy composition, which ranged from 10~2-10~10 cm?s~!. Morphology evolution
was studied under conditions of galvanostatic and potentiostatic dealloying. For the particulate electrodes, we observed dealloyed
morphologies corresponding to Kirkendall voids, negative dendrites, void nodules and conventional bicontinuous nanoporous struc-
tures. In the case of Pb sheets, similar dealloyed morphologies were obtained under galvanostatic dealloying conditions, however, in
the case of potentiostatic dealloying, we did not observe the formation of large volume bicontinuous nanoporous structures. For Pb
sheets lithiated to a composition corresponding to the LigPbs phase and galvanostatically dealloyed at current densities ~1 mAcm™~2,
voltage oscillations were observed with periods of 70-90 s and amplitudes ranging from 20-130 mV. Current oscillations were also
observed for potentiostatic dealloying at 1 V vs Li*/Li. The possible mechanism of these oscillations is discussed and attributed to
a salt film precipitation and lift-off process.
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The ambient temperature dealloying of noble-metal alloys such as
Ag-Au, Cu-Au, Ni-Pt and Cu-Pt has been studied in detail over the
past 40 years.'™® In these alloys, when the concentration of the noble-
metal component is in the range of 20-35 at.%, selective dissolution of
the more electrochemically reactive element results in self-organized
nanoporous structures.’ The relevant transport processes during deal-
loying include surface diffusion and mass transport in the liquid phase
containing the dissolved cation species. At ambient temperature, solid-
state mass transport is far too slow to contribute to the self-organization
process. Transport in the liquid phase can become important if the
dissolution flux is larger than what can be accommodated by liquid-
phase mass transport. Under this condition the concentration of the
dissolving species will increase at the solid/liquid interface and even-
tually the solubility of the dissolving species in the electrolyte could
be exceeded, which can result in precipitation of a salt film and os-
cillatory electrochemical signals.'® Kinetic Monte Carlo simulations
have demonstrated that surface diffusion is the dominant transport pro-
cess during self-organization of the nanoporous morphology.'® This
morphology is finding applications in a diverse range of applications
including catalysis, sensing and actuation.>!'!-2!

In comparison, there has been relatively little work aimed at exam-
ining dealloying under conditions for which solid-state bulk diffusion
can significantly contribute to transport and morphology evolution.
Geng and Sieradzki briefly reviewed this research in a manuscript
examining dealloying in the Li-Sn system.?? For the Li-Sn system
they found that bi-continuous morphologies formed for alloys con-
taining more than 50 at.% Li at potentials larger than a composition-
ally dependent critical potential. For alloys containing less Li, and
at high enough potentials, they observed negative dendrite structures
while at lower potentials they reported the occurrence of Kirkendall
voiding. The latter two morphologies were associated with solid-state
diffusion-limited dealloying. Similar results were reported by Chen
and Sieradzki.?® In this manuscript, we report on dealloying in the
Li-Pb system. The thermodynamic phase diagrams for Li-Sn and Li-
Pb are similar. According to the equilibrium phase diagrams, the high-
est melting point alloys in these systems are Li;Sn, and Li;Pb, which
have melting temperatures of 1056 K and 999 K respectively, whereas
elemental Sn and Pb have melting points of 565 K and 601 K.>*? In
these alloys systems, the highest concentration intermetallic is Li;; M5
(M = Sn, Pb); both have a cubic structure and identical space groups.>®

Recently, Wood et al. examined the electrochemical lithiation (to
5 mV vs Li*/Li) and de-lithiation (to 1.00 V vs Li*/Li) of Li-Pb
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in 1M LiPFs in fluoroethylene carbonate.?” The Pb electrodes were
comprised of ~150 pwm-sized particles (100 mesh), mixed with a
binder and coated on to a copper current collector. They determined the
phases present as a function of potential using ex situ X-ray diffraction
and identified the presence of LiPb, LigPbs, Li;Pb and Li;Pb,. Other
phases present in the equilibrium phase diagram were not observed.

In this manuscript we examine the dealloying behavior of Li-Pb
alloys using methods similar to those used by Geng and Sieradzki to
examine the behavior of the Li-Sn alloy system.??> Some of our results
are similar to those found for the Li-Sn system, however, we observed
significantly different potentiostatic dealloying behavior and morphol-
ogy evolution. Notably, we also observed electrochemical oscillatory
behavior. To our knowledge, there has only been one previous report of
oscillatory current/voltage behavior during dealloying of Li alloys.?®
That work examined lithiation and de-lithiation behaviors in surface
modified LisTisO,, particulate electrodes in 1M LiTFSI dissolved in
a 1:1 electrolyte of ethylene carbonate and dimethyl carbonate. The
amplitude of the voltage oscillations was in the range of 1-10 mV
and the period of oscillation was ~150-200 s (estimated from C-rate
discharge voltage — capacity data). These oscillations were attributed
to a coupled “particle-by-particle” phase separation process. Mosaic
instabilities and voltage fluctuations during de-lithiation of particulate
electrodes have been predicted to occur at low currents in a modified
porous electrode theory using phase field simulations.?

Methods

All electrochemical measurements and morphology evolution ex-
periments were conducted inside an ultrahigh-purity argon-purged
MBraun LABMaster glove box (H,O and O2 < 0.1 ppm) using ei-
ther a Gamry series-G or BioLogic SP-150 potentiostat. All potentials
reported in this work are versus a Li*/Li quasi-reference electrode.

Sample preparation.—Pb foils (United Metal & Chemical Corp.,
5N purity) were cold rolled to 0.0005°* (12.7 pm) and shelf-stored at
room temperature before use. Li foils (thickness = 0.75 mm, 99.9%,
Alfa Aesar) were used as received.

Pb particles with nominal diameter of 1 wm were made follow-
ing Wang and Xia’s procedure®® with an increased amount of lead
acetate and decreased amount of poly(vinyl pyrrolidone) (PVP). Lead
acetate (0.94837 g) dissolved in 5 mL tetraethylene glycol (TEG) was
added dropwise to 20 mL of boiling TEG solution with PVP (0.1 g
PVP/10 mL TEG) in a 100 mL three-neck round-bottom flask, which
was kept in an inert environment under a continuous flow of Ar. The
reaction mixture was stirred for 15 minutes and quenched into cold

Downloaded on 2019-04-23 to IP 98.165.211.216 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1149/2.0161906jes
mailto:KARL.SIERADZKI@asu.edu
http://ecsdl.org/site/terms_use

Journal of The Electrochemical Society, 166 (6) C108-C114 (2019) C109

ethanol (at dry ice temperature; —78.5°C). The black-brownish precip-
itates were harvested and cleaned by centrifuging with ethanol three
times. The product was air-dried at room temperature overnight to re-
move the residual ethanol. The size of the resultant Pb micro-particles
was confirmed by scanning electron microscopy. These Pb particles
were mixed with Super-C45 carbon black (TIMCAL) and polyvinyli-
dene fluoride (Sigma Aldrich) in a 5:3:2 weight ratio in N-methyl-2-
pyrrolidone (Sigma Aldrich). The as-mixed slurry was pasted onto a
copper substrate creating a layer of thickness a few microns, and dried
under flowing N, at 60°C, to maintain the size, shape and particle
separation.

Pb particles with diameter of 5 or 15 wm were galvanostatically
electrodeposited from 0.1 mol/L Pb(ClO,), + 0.1 mol/L HCIO, on
well-polished Cu disks at a current density of 2.5 mAcm™ for 250
or 600 s, respectively. The mean size of the electrodeposited particles
was determined using SEM.

Lithiation/de-lithiation.—Lithiation-delithiation of Pb foils and
Pb particles on Cu disks was conducted in a 3-neck round-bottom flask
cell containing 10 mL of 1 M LiClO, in polypropylene carbonate. Two
pieces of Li foil were used as the counter and reference electrodes. The
Pb foils had an active area of 0.25 cm? that directly faced the Li foil
counter electrode. For the ~1 wm diameter Pb particles, electrochem-
ical experiments were performed in a two-electrode pouch cell config-
uration. The working electrode and Li foil were separated by a glass
fiber separator, which was soaked in the electrolyte of 1 M LiPF¢ in
diethylene carbonate, dimethylene carbonate, ethylene carbonate in a
2:1:2 ratio by volume (MTI corp.). The Pb particle working electrode,
glass fiber separator and Li counter electrode were sealed into a pouch
cell under Ar. Potentiostatic lithiation and delithiation was performed
by maintaining the working electrode at a prescribed potential until the
current density was lower than 10 pAcm~2. Galvanostatic lithiation
was performed at charging current density of 20 wAcm™2. Delithiation
was performed by discharging at prescribed current densities, until the
potential reached 2.5 V (the upper limit in these experiments).

Potentiostatic intermittent titration (PITT)*! and galvanostatic
intermittent titration (GITT)?> measurements.—Pb thin films of
thickness 500 nm were vapor deposited on a Cu foil substrate and
used as the working electrode in the PITT and GITT measurements.
The thickness of these films was confirmed by a profilometer (Bruker
Dektak XT). In order to minimize deformation of the Pb/Cu working
electrode during lithiation and delithiation, the electrode was fixed to
a piece of mica with Kapton tape leaving an exposed area of 0.25 cm?.
Two pieces of Li foil were used as the counter and reference elec-
trode. A 3-neck round-bottom flask containing 10 mL of 1 M LiClO,
in polypropylene carbonate was used as the reservoir. Before GITT and
PITT experiments, the working electrode was maintained at voltage
of 1 V vs. Li*/Li until the current density decayed below 10 wAcm™2.
The GITT procedure consisted of 250 wAcm™ pulses for 50 s, fol-
lowed by a relaxation duration of 100 s. For the PITT measurements,
10 mV potential steps were used and the current was measured as a
function of time. The potential was stepped in 10 mV increments ei-
ther until the current density decayed to 10 wAcm™2 or if the titration
time exceeded 5000 s.

Devanathan-Stachurski, (DK), cell measurements®>.—As de-
scribed in the original work by Devanathan and Stachurski. The
electrochemical cell consisted of two cylindrical glass compartments
sealed at the bottom by two size 12 O-ring joints, between which a Pb
foil of thickness 15.2 jm and active area of 0.196 cm? (diameter of
0.50 cm) was sandwiched. The Pb foil served as a shared working elec-
trode for both compartments. Each compartment carried two pieces of
Li foil serving as reference and counter electrodes. The cathodic side
of the Pb foil was potentiostatically lithiated at a voltage of 400 mV,
while the anodic side of the Pb foil was maintained at a fixed voltage
corresponding to the open circuit potential of Pb insuring that Li could
be oxidized to Li*. Both compartments were filled with 100 mL of

1 M LiClQy in polypropylene carbonate. Potentiostats connecting to
both compartments were operated in a floating mode.

Focusedion-beam milling and SEM.— After delithiation, Pb foils
were immersed in acetonitrile to remove the SEI layer and then trans-
ferred into the SEM chamber. The air exposure was less than 5s when
transferred into SEM chamber. SEM and focused ion-beam milling
was conducted in a dual-beam Nova 200 NanoLabUHRFEG system
at a 52° tilt angle.

Results

The composition-dependent diffusion coefficients, D;;, of Li in
Pb and Li-Pb alloys were measured using potentiostatic intermittent
titration (PITT)*' and galvanostatic intermittent titration (GITT)*
techniques as well as a time of flight technique based on the
Devanathan-Stachurski cell. PITT and GITT measure the diffusion
coefficient by imposing numerous activation-relaxation cycles. Dur-
ing an activation stage, a potential pulse (PITT) or a current pulse
(GITT) is applied to introduce a Li concentration gradient in the sam-
ple. In the relaxation stage, the Li gradient drives solid-state diffusion,
and results in a current decay (PITT) or a potential change (GITT)
until a quasi-steady state is reached. In each cycle, the current and po-
tential profiles recorded in the relaxation stage are used to calculate a
diffusion coefficient. As the cycle number increases, the host is chang-
ing in composition, and the composition-dependent diffusion coeffi-
cients are determined. One should note that these titration techniques
only apply to single-phase regions, where the equilibrium potential is
strictly compositional-dependent. In a two-phase coexistence region,
this dependence breaks down, and the calculated diffusion coefficient
can significantly underestimate the true value because the current is
consumed by both new phase formation and Li diffusion (PITT), or
in the case of GITT, the electrochemical potential is constant in the
two-phase regions.

In this work, the diffusion coefficients were calculated using Equa-
tions 13! and 2% for GITT and PITT measurements, respectively. In
Equation 1, V), is the molar volume of the sample, / is the applied
current, Z;; = 1 is the charge number, F is Faraday’s constant, A is the
area of the electrode, dE/d3 is the slope of steady-state cell potential
(Ey) vs. stoichiometric charge of Li;Pb, dE,/d\/ t is the slope of tran-
sient cell potential vs +/t for each current-on period. In Equation 2,
L is the thickness of the Pb layer (here L = 0.5 wm) and AQ is the
charge accumulated during each potentiostatic step.

PO AL ’[(dE, dE \T 1
Li_;<ZLfFA> [( a3 /d«/?ﬂ i
WEETINAY
Dy = 7L (AQ) [2]

A “time of flight” technique developed by Devanathan and
Stachurski®® was also used to measure a “mean composition” dif-
fusion coefficient, < D;; >, of Li. In this measurement, the two sides
of a Pb foil (of thickness, L = 15.2 pwm) served as cathode and anode
and a potential of 400 mV is maintained on the input side of the foil
(cathode) while a potential of 2.5 V was maintained on the exit side
of the foil (anode). The cathodic and anodic currents were measured,
and the time lag given by Equation 3 was used to determine the Li
diffusion coefficient. The time lag is defined as the time at which the
current reaches 0.63 of the steady-state anodic current density.*?

LZ

Di =
(Dvi) biry

(3]

Figure 1A, shows the quasi-equilibrium potentials as a function of
Li composition and Fig. 1B shows the differential capacity. The results
for the composition-dependent diffusion coefficient, Dy, as a function
of potential, E, obtained at ambient temperature from the GITT and
PITT measurements for the lithiation and delithiation directions are
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Figure 1. Relationship of phase transformation reactions with electrode potential obtained from PITT and GITT measurements on vapor deposited 500 nm-thick
Pb on Cu foil. A. The quasi-equilibrium potential of Li-Pb alloys obtained by GITT measurements. B. Differential capacitance as a function of potential obtained
by PITT measurement. In these plots the lithiation corresponds to the black curves and de-lithiation the red curves. The two-phase regions are indicated as

1, Pb-LiPb; 2, LiPb — LigPbs; 3, LigPbs — Li;Pb,.

compared in Figures 2A and 2B. Large decreases in diffusion coeffi-
cients were found in the two-phase phase co-existence regions, hence
only those in the single-phase regions are taken into consideration.
The differences between the PITT and GITT measurements were less
than a factor of 1000 and 10 in the lithiation and delithiation direction,
respectively. Considering both the GITT and PITT measurements, the
diffusion coefficients are of order 10~'3-107'2 cm?s~! in the lithiation
direction and 10712 — 107! cm?s~! in the delithiation direction. One
typical current response of Devanathan-Stachurski cell measurement
is shown in Fig. 2C. The diffusion coefficient obtained from this mea-
surement was 1.4 x 107! cm?s~!, which is in good agreement with
the GITT and PITT results for delithiation. It should be noted that the
solid-state diffusion of Li is fast enough to contribute to dealloying
at ambient temperature. For example, consider an average diffusion
coefficient of Li 10~'? cm?s™!, corresponding to a diffusion length
of 30 wm within 10%s, a time scale commonly used in dealloying of
noble-alloys.

Figure 3 shows the morphology obtained for the 1ym and 15 pm
diameter Pb particles lithiated to 50 mV vs. Li*/Li and delithiated gal-
vanostatically at the indicated C-rate. Typical nanoporous morpholo-
gies (Figs. 3A and 3C) were obtained with a mean ligament diameter
of order 50 nm. Figure 3B shows a negative dendrite morphology and
Fig. 3D shows void nodules. Similar morphologies were observed in
the de-lithiation of Li-Sn alloys.

We examined the effect of composition on morphology evolution
by potentiostatically dealloying Li-Pb alloy sheets with varying Li con-
centrations at 2V. Figure 4 show the resultant morphologies with start-
ing compositions of 20, 50, 70 and 75 at.% Li. The quasi-equilibrium
potentials and the differential capacitance data in Figure 1 allow us to
make the following identifications of the alloy phases likely present
at these compositions: Pb and LiPb at 20 at.% Li, LiPb and LigPb;
at 50 at.% Li, LigPb; and Li;Pb at 70 at.% Li, LizPb and Li;Pb, at
75 at.% Li. At first glance, aside from the 20 at.% alloy, the deal-

loyed morphologies are similar except that with increasing Li com-
position, the pores get smaller and the pore density increases. The
morphology that we observe in Figure 4 is not reminiscent of typical
bi-continuous nanoporous morphologies obtained during dealloying
of Li-Sn alloys®>?* or noble-metal alloys."* Henceforth, we will refer
to this morphology as “nanoporous void nodule” (NVN) to distinguish
it from the conventional large-volume nanoporous morphologies. This
indicates that significant spatial compositional inhomogeneity likely
exists in the as lithiated Pb sheets.

Figure 5 shows representative morphologies and the associated
chronopotentiometry obtained for dealloying of Li-rich alloys at
fixed current density. At current densities less than ~500 wAcm~2,
negative dendrite morphologies form, while at current densities of
10 mAcm~2 or greater conventional bi-continuous nanoporous mor-
phologies evolve. At a current density of ~1 mAcm™ we observe
voltage oscillations.

We explored the conditions under which electrochemical oscilla-
tions occur. Figure 6 shows representative parameters for which we
observed both voltage and current oscillations. Generally, the oscilla-
tions require alloys that contain at least 70 at.% Li. Under galvanostatic
conditions they were present at current densities ~1 mAcm~2. The
chronopotentiometry showed that the oscillations occurred between
0.8-1.0 V (vs. Li*/Li), with a period ~70-90 s and peak amplitudes
(ignoring the initiation stage) ranging from ~20-130 mV. As can be
seen in Figure 6, the oscillations in potential always initiated with sev-
eral larger amplitude, long period spikes that gradually decayed prior
to establishing a regular frequency. The details and general appearance
of the oscillations were very sensitive to the initial conditions (alloy
composition, imposed current density or voltage), i.e., for nominally
the same imposed voltage or current different types of oscillations
were observed. Under potentiostatic dealloying, current oscillations
were observed at voltages of 0.8-1.0 V (vs. Li*/Li), with a period
~40-70 s and peak amplitudes ranging from ~10-15 pAcm™2.
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Figure 2. Results of PITT, GITT and DS measurements on the Li diffusivity in Pb at ambient temperature. A. Lithiation and B. de-lithiation directions. GITT
result, black line and PITT result red line. C. DS measurement for a 15.2 pm-thick Pb sheet showing current on the cathodic (charging) side (red) and anodic

(discharge) side (black).
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Figure 3. SEM:s of FIB cross-sections and chronopotentiometry of Pb particles potentiostatically lithiated to 50 mV vs. Li*/Li followed by galvanostatic dealloying
at the indicated C rate. A. 60 C; solid core and a bi-continuous porous shell in a ~15 pm diameter particle. Inset shows magnified view. B. 18/5 C; negative dendrite
and void nodules in a ~15 pm diameter particle. C. 15 C; bi-continuous porosity in a ~1 pwm diameter particle. D. 9/5 C; void nodules in a ~1 wm diameter
particle. E. Voltage-time profile corresponding to bi-continuous porosity in A (black solid curve) and C (red dashed curve). F. Voltage-time profile corresponding
to negative dendrites in B (black solid curve) and void nodule formation in D (red dashed curve).

In order to understand the effect of sample size on morphology evo-
lution during potentiostatic dealloying, particulate and planar sheet Pb
hosts were lithiated to 50 mV vs. Li*/Li corresponding to the Li;Pb,
composition. These lithiated hosts were potentiostatically delithiated
at potentials larger than the equilibrium potential of the LiPb phase
(0.6 V vs. Li*/Li) and lower than the elemental Pb dissolution poten-
tial (~2.5 V vs. Li*/Li) in this electrolyte. As shown in Figure 7A,
FIB cross-sections of delithiated 1 pwm diameter Pb particles show a

Figure 4. SEMs of FIB cross-sections of dealloyed Pb sheets potentiostati-
cally lithiated to the indicated atom percent and dealloyed at 2 V vs. Lit/Li.
A. LipoPbgp, B. LisgPbsg C. Li;oPb3g D. Liz5Pbys.

bicontinuous nanoporous morphology. However, no such full-volume
morphology evolved in Pb particles of diameter 15 pum or Pb sheets
of thickness 12.7 wm even when dealloying was performed at 2 V
vs Li*/Li. FIB cross-sections of delithiated 15 pum Pb particles show
negative dendrite structures (Fig. 7B). Formation of negative dendrite
morphologies indicates that the rate of dealloying in these particles
was controlled by solid-state diffusion.?” Figure 7C shows a NVN
morphology that evolved in the 12.7 pm thick sheets. Close examina-
tion of the “walls” of these nodules showed regions of conventional
dealloyed nanoporous morphologies (see inset of Fig. 7C).

Discussion

We note that SEMs of FIB sections of the pristine Pb electrodes
showed no morphology (e.g. voids, porosity, etc.) other than grain
boundaries in the Pb sheets. In comparing our results for Li-Pb with
dealloying and morphology evolution in the Li-Sn system?? (for alloys
containing more than 70 at.% Li), there were two unexpected findings.
In potentiostatic dealloying of Pb sheets, we were unable to obtain
typical full volume nanoporous structures regardless of the compo-
sition and voltage. As shown in Figures 5C and 5D, under galvano-
static dealloying, conventional nanoporous structures were observed
for current densities larger than ~10 mAcm™2. In the case Li-Sn alloys,
conventional nanoporous structures were formed under galvanostatic
dealloying conditions at current densities of only ~500 wAcm.?? Un-
der potentiostatic dealloying of Li-Sn at a sufficiently high voltage,
these current densities were maintained for thousands of seconds and
full volume nanoporous structures were formed.?> Under potentio-
static dealloying of Li-Pb, we observed NVN morphologies as shown
Figure 4. While spatial compositional heterogeneity undoubtedly ex-
ists within the lithiated Pb sheets, we reject this as the entire explana-
tion for the NVN morphology given the galvanostatic results (Figs. 5C,
5D). In order to explore this issue, we examined the chronocoulom-
etry at various dealloying potentials for a composition corresponding
to LigPbs. As shown in Figure 8, these results revealed that under
potentiostatic dealloying, a current density of order 10 mAcm~2 or
higher was maintained only for times ranging from ~20-40 s. This
then appears to be at least part of the explanation. Another part of
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Figure 5. Morphology evolution under galvanostatic dealloying conditions and corresponding chronopotentiometry A. Li3Pb/Li7Pb; at 500 LA mA/cm?; negative
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anisotropic nanoporous structure. The corresponding chronopotentiometry is below the SEM images.
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Figure 6. Electrochemical Oscillations during dealloying of Li-Pb alloys. Chronopotentiometry of A. LiPb/LigPbs at 1 mAcm?. Oscillation period ~70 s; Peak
amplitude 130 mV. B. LiPb/LigPbs at 0.8 mAcm?. Oscillation period ~88 s; Peak amplitude 78 mV. C. LigPbs at 0.8 mAcm?. Oscillation period ~90 s; Peak
amplitude 17 mV. D. Li7Pb; at 3 mAcm?. Oscillation period ~67 s; Peak amplitude 46 mV. chronocoulometry of E. LiPb/LigPbs at 1.0 V vs. Li*/Li F. LiPb/LigPbs

at 1.0 V vs. Lit/Li.

Figure 7. Size-effects on dealloyed morphology in the potentiostatic delithiation of Pb particles and sheets lithiated to 50 mV corresponding to the Li;Pb;
composition A. 1 wm diameter Pb particle delithiated at 1 V showing bicontinuous porosity. B. 15 pwm diameter Pb particle delithiated at 2 V showing negative

dendrites. C. 15.2 wm-thick Pb sheet delithiated at 2 V showing nanoporous void nodules (inset shows bicontinuous porosity on the walls of the void nodules with
scale bar of 1 pwm).
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the explanation likely relates to phase transitions occurring during the
comparatively “low-rate” (< 10 mAcm~2) potentiostatic dealloying.
Currently, we can only offer one possible explanation for the formation
of the NVN morphology. When a single-phase Ag-Au alloy contain-
ing a sufficiently large silver concentration is dealloyed, remnants of
a nanoporous structure are left at the bottom of the container, i.e., the
structure is mechanically too fragile to hold together. Consider that
the lithiated Pb sheet contains a two-phase microstructure. If percola-
tion dissolution of the Pb-rich phase occurs resulting in a mechanical
fragile morphology, collapse of this evolving structure could result in
the development of holes with remnants of a nanoporous regions lin-
ing the walls of the holes, similar to our characterization of the NVN
morphology.

The second surprise was the occurrence of electrochemical oscilla-
tions. As briefly described in the Introduction, there has only been one
previous report of electrochemical oscillations related to Li dissolution
which attributed the oscillations to a coupled “particle-by-particle”
phase separation process.”® Models of such a process have been de-
veloped for these “mosaic instabilities” and predict oscillatory-like
behavior for slow Li-ion battery discharge rates (~C/1000 — C/100).%°
The experiments report that voltage oscillations begin at low ampli-
tude, then grow in amplitude (1-10 mV) and eventually decay.?® The
porous-particulate form of the electrode is the key feature for the occur-
rence of these mosaic instability-based oscillations, so itis unclear how
such a model would apply to the monolithic sheet electrodes for which
we report oscillatory behavior. Consequently, the oscillations that we
report on would appear to have a different origin. The voltage oscilla-

tions that we observe occurred at current densities of order 1 mAcm 2
and ranged in amplitude from 33—-130 mV. For our sheet samples, gal-
vanostatic discharge at ImAcm~2 corresponds to a discharge rate of
~3C. Additionally, the voltage oscillations always initiated with large
voltage spikes that eventually decayed into nearly fixed amplitude and
period. Voltage (and current) oscillations during anodic dissolution
of metal and alloys is not a new phenomenon and is most often as-
sociated with salt film precipitation and lift off.>* The details of this
depend on the identity of the metal electrode, the experimental set-up,
the electrolyte composition, and the initial current or voltage-imposed
dissolution conditions. In order to test the possible role of electrolyte
composition, we performed ancillary experiments using 1M LiPF in
diethylene carbonate, dimethylene carbonate, ethylene carbonate in a
2:1:2 ratio by volume. For the range of current densities examined in
these experiments (0.5-5 mAcm~2) we were unsuccessful in obtain-
ing oscillatory behavior. There are two possible explanations for this.
One is simply the difference in the solubility of LiClO4 and LiPF¢ in
the respective electrolytes, however, given the range of salt solubili-
ties for which oscillations occur in other metal/electrolyte systems,>*
we doubt that this can be the explanation. The other explanation is
related to the detailed structure of the so-called solid-electrolyte in-
terphase layer (SEI) that forms as a result of electrolyte breakdown.
There is little doubt that the composition, detailed structure (cover-
age, porosity, etc.) and stability of the SEI layers formed in the two
electrolytes are different although we made no attempt in this initial
report of the oscillations to characterize these layers. Nevertheless,
we suspect that in the 1 M LiClOy in polypropylene carbonate, the
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SEI layer promotes local salt-film precipitation events that become
coupled over large enough length scales so as to make the voltage and
current oscillations observable.

Conclusions

The composition-dependent diffusion coefficient, D;;, obtained
from both PITT and GITT during the dealloying of Li from Li-Pb
alloys is 10712-10'° cm?s~!, which is similar to that found for deal-
loying of Li from Li-Sn alloys. In the case of the 1 and 15 pm diameter
Pb particles lithiated to 50 mV vs. Li*/Li and delithiated galvanostat-
ically at various C-rates we obtained morphologies corresponding to
Kirkendall voids, void nodules, negative dendrites and bi-continuous
nanoporous structures. Under potentiostatic dealloying of 1 pm diam-
eter Li;Pb, particles bicontinuous morphologies were observed. The
mean ligament diameter in these nanoporous structures was ~50 nm.
In the galvanostatic dealloying of 12.7 wm thick Li-Pb sheets, mor-
phologies corresponding to nanoporous void nodules, negative den-
drites and conventional large volume bicontinuous nanoporous mor-
phologies were observed. Independent of composition, in the poten-
tiostatic dealloying of lithiated Pb sheets, we were unable to obtain a
full volume nanoporous morphology regardless of the applied voltage.
For Pb sheet electrodes lithiated to at least 70 at.% Li, galvanostatic
discharge at ~1 mAcm~? yielded voltage oscillations, while current
oscillations were observed under potentiostatic dealloying at ~1.0 V
vs. LiT/Li. We suggest that the source of these oscillations is salt film
precipitation associated with the nature of the SEI layer formed on the
electrode surface in the LiClO4/polypropylene carbonate electrolyte.
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