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Capacity recovery by transient voltage pulse in

silicon-anode batteries
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In the quest for high-capacity battery electrodes, addressing capacity loss attributed to isolated active
materials remains a challenge. We developed an approach to substantially recover the isolated active materials
in silicon electrodes and used a voltage pulse to reconnect the isolated lithium-silicon (Li,Si) particles back
to the conductive network. Using a 5-second pulse, we achieved >30% of capacity recovery in both Li-Si and Si-
lithium iron phosphate (Si-LFP) batteries. The recovered capacity sustains and replicates through multiple
pulses, providing a constant capacity advantage. We validated the recovery mechanism as the movement of the
neutral isolated Li,Si particles under a localized nonuniform electric field, a phenomenon known as

dielectrophoresis.

he rapid growth of lithium-ion batteries

drives the continuous demand for high-

capacity electrode materials (7-3). However,

emerging high-capacity materials such as

silicon and lithium metal encounter con-
siderable volumetric and structural changes, re-
sulting in the mechanical detachment of active
materials (4-6). The electrochemical isolation
of active materials from the bulk electrode or
current collector causes substantial capacity
decay, hindering the widespread adoption of
high-capacity electrodes (7-10). Li metal anodes
often develop dendritic structures (77, 12). When
discharging, incomplete stripping results in iso-
lation of the metallic Li from the bulk Li metal
electrode or current collectors (13-15). Similarly,
silicon anodes, subjected to 300% volume expan-
sion, experience severe cracking in both particles
and electrodes, leading to large quantities of
isolated silicon (76, 17). The formation and accu-
mulation of isolated active materials remain
primary causes of capacity loss.

Research has examined ways to refine mate-
rial and electrolyte designs for mitigating capac-
ity fade (I18-20). Strategies such as electrode
architecture (21-23), interfacial modification
(24-26), and electrolyte optimization (27-30)
have yielded substantial progress, particularly
in improving interfacial stability. However,
the recovery of inactive materials is rarely ex-
plored. A series of iodine redox reactions have
been designed to chemically rejuvenate dead
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lithium (31). Additionally, a fast-discharging
protocol has been introduced to reconnect
isolated lithium (32). A high current is ap-
plied for 1 to 2 min, which induces a dynamic
progression during which Li dissolves at one
end of the isolated lithium and deposits at the
opposite end. The recovery of isolated lithium
through resting at a discharged state has
been reported, owing to the dissolution of
the residual solid electrolyte interphase (SEI),
which facilitates the reconnection of isolated
lithium (33). However, in silicon electrodes, the
recovery of lost active materials remains an
important yet unexplored topic.

In this work, we developed a process to
recover the isolated active materials in silicon
electrodes through a short (few seconds) vol-
tage pulse (Fig. 1A). The underlying recovery
mechanism is dictated by dielectrophoresis
(DEP), which refers to the motion of a neutral
particle in a nonuniform electric field. The DEP
mechanism was initially applied to biological
cells (34-36) and was subsequently extended to
a broader range of materials (37-39). The DEP
force on a particle can be expressed as

Fpgp = 2nr’e, Re[K (w)]VE?

where 7 is the radius of a particle, K(o) =
(g5 —€m)/ (g + 2e,) is the Clausius-Mossotti
factor, and s; and e;, are the complex per-
mittivities of the suspended particle and me-
dium, respectively. The direction of the force
is determined by the sign of e, — €} The force
scales with the gradient (V) of the square of
the electric field vector E. DEP theory indi-
cates that neutral particles can move under
the electric field when there are (i) polariz-
ability differences between the particle and
media and (ii) an electric field gradient.

In our study, isolated Li,Si (i-Li,Si) are con-
sidered as suspended particles in the electrolyte
(el). A direct current pulse is used for which
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only the real parts of the e; and e} are
considered. In cycled batteries, isolated Li,Si
exhibits different degrees of lithiation, varying
from semiconductive Si to metal-like Li;5Siy.
The range of permittivity allows two conditions
of DEP: (i) positive DEP, where £(i-Li,Si) > (el)
i-Li,Si is highly lithiated and moves toward a
higher field density; and (ii) negative DEP,
where €(i-Li,Si) < (el), when i-Li,Si is barely
lithiated and moves toward a lower field den-
sity (Fig. 1B). In addition, a voltage pulse applied
onto a rugged electrode generates an uneven
electric field within the electrode (Fig. 1C and
fig. S1). The electric field gradient facilitates the
i-Li,Si movement under the influence of the
DEP force, which is either positive or negative
based on the lithiation degree of i-Li,Si, result-
ing in potential reconnection to other active
particles in the electrode.

Pulse protocol and capacity recovery

We investigated the effect of pulse application
on cell performance by first using Li metal as
the counter electrode. A 4-V constant-voltage
pulse was applied to the Si side for 5 s at the
end of the delithiation after several cycles (Fig.
2A). We chose 4 V as the maximum integral
value within the electrolyte stability range and
5 s to keep the pulse short but sufficient for
recovery. At the end of the delithiation, the
positive voltage on the Si side drove lithium
ion migration away from Si, preventing cell
shorting and Li metal plating. We first applied
apulse of 4V for 5 s at the 20th cycle (Fig. 2B).
The cell underwent considerable capacity decay
through the initial 20 cycles, and large quantities
of isolated Li,Si were expected. After the pulse
application, a 31.0% increase of delithiation
capacity, from 1.1004 to 1.4413 mA-hour cm™2,
was observed in the subsequent cycle com-
pared with the previous cycle. Furthermore, this
increased capacity could be retained through
later cycles. Figure 2C outlines the voltage-
capacity profile before and after the pulse,
where the step order is indicated by numbers.
The pulse was applied at the end of delithia-
tion (step 2). In the following lithiation (step 3)
and delithiation (step 4), capacity recovery was
observed in both steps. The increased lithiation
capacity corresponds to the reactivated Si sites
in isolated Li,Si, which can uptake more li-
thium during lithiation, whereas the increased
delithiation capacity corresponds to the reacti-
vated Li in isolated Li,Si. The statistical an-
alysis highlights the repeatability of the process
(Fig. 2D). An average recovered capacity of
0.367 + 0.046 mA-hour cm ™2 and recovery rate
of 35.6 + 5.32%, which compares the delithiation
capacity in the postpulse cycle to the prepulse
cycle, are reported across five parallel cells.
More investigations were conducted to under-
stand the pulse process. The Li stripping capa-
city during the 5-s pulse was calculated to be
only ~0.06 mA-hour cm ™2 from the current-time
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profile, indicating that the pulse itself contrib-
utes minor capacity (fig. S2A). Scanning electron
microscopy (SEM) studies showed no observable
additional Li chunks on either the Si surface or
Li metal surface (fig. S3). The interfacial prop-
erties were carefully characterized. The imped-
ance measurements revealed similar ohmic
resistance (R,nm) and SEI resistance (Rsgy)
before and after the pulse (fig. S2, B and C).
X-ray photoelectron spectroscopy (XPS) results
for both Si (fig. S4) and Li (fig. S5) showed
minor differences of the SEI components
before and after the pulse. Cryo-transmission
electron microscopy (cryo-TEM) studies mea-
sured a similar SEI thickness of ~50 nm in the
pre- and postpulse samples and revealed no
visible morphological differences in the SEI
(fig. S6). We also applied different voltages and
pulse durations at the 20th cycle for recovery
(fig. S7). When we varied the voltage from 2 to
6V, we observed more recovery at higher volt-
age. When we extended the pulse duration from
1to 5 s, we observed more recovery. After 5 s,
a saturation effect was observed such that
10- and 5-s pulses gave equal recovery. This
saturation is possibly because 5 s of movement
is sufficient for particle reconnection within
densely packed electrodes. To provide a more
comprehensive understanding, we investigated
the effects of pulse application on isolated li-
thium (fig. S8). Our findings indicate that pulse
application can facilitate the reconnection of
isolated Li but the efficacy of this process is
constrained by the inherent properties of Li
metal electrodes.

With increased cycles, electrode deteriora-
tive fracturing and accumulation of SEI aggra-
vate active Si loss, leading to the final rapid
capacity decay. In the end-of-life state, we ap-
plied the same 4-V, 5-s pulse at the 200th cycle
to recover the capacity loss from the isolated
Li,Si (Fig. 2E and fig. S9A). A high recovery rate
of 138.8%, from 0.2799 to 0.6683 mA-hour cm 2,
was obtained because huge amounts of iso-
lated Li,Si had accumulated after 200 cycles.
The recovered capacity was retained in the
following cycles, though it experienced de-
cay, possibly owing to severe mechanical in-
stability in the end-of-life state. The pulse was
also applied to the intermediate cycling state,
where the silicon electrode had undergone
numerous cycles but had not yet reached its
end-of-life state. The 4-V, 5-s pulse at the 80th
cycle achieved capacity recovery of 32.1%, from
0.9397 to 1.2416 mA-hour cm ™2 (fig. S9, B and
C). Additionally, we studied the effect of mul-
tiple pulses during the initial cycles by applying
pulses at the 5th, 10th, 15th, 20th, and 25th
cycles (Fig. 2F). The pulses at the 5th and 10th
cycles showed bare recovery when the capac-
ity substantially dropped. This phenomenon
is likely attributable to the substantial volume
fluctuations during the initial cycles, which
renders the unstable reconnection of isolated
Li,Si particles. However, the pulses at the 5th
and 10th cycles mitigated the rate of capacity
degradation (fig. S10). As the capacity degra-
dation began to stabilize, the capacity recovery
by the pulse became evident. The pulse at
the 15th, 20th, and 25th cycles achieved ca-
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Ppacity recoveries of 5.0, 7.5, and 7.1%, respective-
ly. At the 25th cycle, the cell to which multiple
pulses were applied demonstrated a more than
30% capacity improvement compared with a
control cell that did not receive pulse appli-
cation. This capacity improvement persisted for
more than 100 cycles, establishing the practical
aspect of the voltage pulse application.

Mechanism verification

To confirm the contribution of isolated Li,Si
in the capacity recovery, we designed a con-
stant current-constant voltage (CCCV) testing
protocol combined with titration-gas chroma-
tography (TGC). In the CCCV testing protocol,
a CV delithiation step was added after each
regular CC delithiation. The goal of this CV
step was to maximize removal of the trapped
Li capacity in the active Si. At the end of the
CV delithiation, a 4-V, 5-s pulse was applied and
resulted in a 102.6% recovery in delithiation
capacity, from 0.5903 to 1.1961 mA-hour cm 2.
This substantial recovery after maximum de-
lithiation of the trapped Li indicates that the
trapped Li in the active Si barely contributes to
the capacity recovery (Fig. 3A). In the cycle after
the pulse, the lithiation and delithiation capaci-
ty increased by 0.372 and 0.233 mA-hour cm ™2,
corresponding to the quantity of Si capacity
and the quantity of Li capacity in the re-
covered isolated Li,Si, respectively. For further
verification, TGC was conducted to assess the
quantity of isolated Li,Si. Here, we chose a mild
protic solvent, ethanol, to react with Li,Si, but
not SEI, and generate H, for Li quantification

i-Li Si Reconnection under Dielectrophoresis

I

Fig. 1. Reconnection of isolated Si under dielectrophoretic force. (A) Voltage-pulse application onto a cycled Si electrode. The electrode accumulates isolated
Si (i-Li,Si) with different degrees of lithiation. (B) Schematic illustration of positive DEP and negative DEP. (C) The simulated electric field distribution within Si
electrodes after pulse application and the resultant movement of isolated Si under DEP. The color contour illustrates the electric field density, and white lines with

arrows show the electric field lines.
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Fig. 2. Capacity recovery through the voltage pulse. (A) Voltage-time profiles
of Li-Si cells, illustrating the pulse-application profile. (B) Capacity recovery

of Li-Si half cells with one 4-V, 5-s pulse at the 20th cycle (two preactivation
cycles are not included in the graph). (C) Voltage-capacity profiles of Li-Si cells
before and after the 4-V, 5-s pulse at the 20th cycle. The order is indicated

by numbers. The vertical dashed lines are drawn to guide the eye. (D) Recovery
rate and recovered capacity (defined by comparing the delithiation capacity in

(40, 41) (Fig. 3B). We performed TGC after the
CV steps in the cycle before the pulse (state A)
and after the pulse (state B). Because the CV
steps had maximumly delithiated the trapped
Li in the active Si, the remaining Li capacity
predominately resided within the isolated Li,Si.
The TGC result at state A thus represents the Li
quantity in the accumulated i-Li,Si, whereas
the TGC result at state B represents the Li ca-
pacity in the remaining i-Li,Si after the pulse.
Figure 3C demonstrates an average reduction of
0.268 mA-hour cm™2 in Li capacity after the
pulse. This value measured by TGC corresponds
to the Li capacity in the recovered isolated Li,Si
via the pulse, which is consistent with the value
(0.233 mA-hour cm2) measured from the volt-
age curve. The cross-validation further confirms
that isolated Li,Si primarily contributes to the
pulse-induced capacity recovery.

We further verified the reconnection mech-
anism of DEP. The DEP mechanism is char-
acterized by its interaction with neutral particles,
and its force direction is independent of the
polarity of the electric field. We first measured
the zeta potential of Li,Si particles dispersed in
the electrolyte by phase analysis light scattering

Yang et al., Science 386, 322-327 (2024)

(PALS). The Li,Si particle was scratched off
from the cycled Si anode, effectively imitating
the isolated Li,Si in the electrodes. We con-
ducted additional measurements on Si nano-
particles in toluene, which represent particles
with bare surface charges, as well as Si nano-
particles in water, which represent charged
particles. Figure 3D illustrates that the measured
zeta potentials of both i-Li,Si in the electrolyte
and Si nanoparticles in toluene exhibit a sub-
stantial variation from positive to negative. This
pattern reflects the characteristics of the neutral
particles. By contrast, the zeta potential mea-
surement of Si nanoparticles in water (pH = 7)
yielded consistent results, averaging at —82.88 mV,
which shows that the characteristics of the
charged particles are consistent with the literature
(42). These results support that i-Li,Si particles
barely possess surface charges in the electrolyte.
To further validate that the recovery is inde-
pendent of the polarity of the electric field, we
designed a negative-pulse protocol. The nega-
tive pulse was conducted at the end of the
lithiation to prevent cell shorting (Fig. 3E). A
5-s pulse of negative 4 V at the 20th cycle
achieved 36.6% capacity recovery, from 1.3224
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the postpulse cycle to the prepulse cycle) by the 4-V, 5-s voltage pulse. Each
colored circle represents one cell, the box shows the average value, and the error
bars indicate the standard deviation. (E) Capacity recovery of Li-Si half cells with
one 4-V, 5-s pulse at the 200th cycle (two preactivation cycles are not included

in the graph). (F) Capacity of Li-Si half cells without a pulse and with five 4-V, 5-s pulses
at the 5th, 10th, 15th, 20th, and 25th cycles, respectively (two preactivation cycles
are not included in the graph). The numbers indicate the sequence of the pulses.

to 1.8071 mA-hour cm 2, showing a similar re-
covery phenomena to that of the positive pulse
(Fig. 3F). The Li capacity within the recovered
isolated Li,Si was lower than that obtained
with the positive pulse, potentially owing to the
domination of barely lithiated i-Li,Si (x—0) in
the fully lithiated state (fig. S11). This result de-
monstrates that the pulse-induced recovery is
unaffected by the polarity of the electric field.

To visualize the migration of isolated Li,Si
under the voltage pulse, we first performed
in situ SEM to visualize the movement of a sin-
gle isolated Li,Si particle under the nonuniform
electric field (Fig. 4A and fig. S12). A tungsten
(W) tip and a Cu film were used as working and
counter electrodes. A Ta-doped Li;LasZr,0;5
pellet was chosen as the substrate because it
has an electronically insulating nature but
barely has a charging effect under the elec-
tron beam (43). The isolated Li,Si particle
was scratched off from the cycled Si anode.
A 10-V constant voltage was applied to the
tungsten tip, creating an inhomogeneous elec-
tric field between two electrodes, which is the
prerequisite for DEP. Under this vacuum con-
dition where £(i-Li,Si) > (vacuum), a positive
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Fig. 3. Verification of the i-Li,Si recovery via the DEP mzechanism.

(A) Voltage-capacity profiles before and after the 4-V, 5-s pulse at the 20th cycle
under the CCCV protocol. The numbers indicate the sequence of the protocol.
The letters label different states of the Si anode. The vertical dashed lines are
drawn to guide the eye. (B) The schematics of the TGC setup. (C) The
statistics of the titration result at post-CV steps in the cycle before the pulse
(state A) and after the pulse (state B). Each colored circle represents one cell,
the box shows the average value, and the error bars indicate the standard

DEP is expected, and we observed that the
Li,Si particle was attracted to the tip (Fig. 4B).
This attraction was not because the Li,Si par-
ticle was negatively charged, because the re-
pulsion was also observed before the attraction
on the same particle (movies S1 and S2). This
operando observation demonstrates the i-Li,Si
movement in the nonuniform electric field. To
better reproduce the real-cell condition, an
optical cell was fabricated for operando obser-
vation of i-Li,Si movement within the electro-
lyte under the voltage pulse (Fig. 4C and fig.
S13). A similar setup with a tungsten tip and a Cu
foil as two electrodes was used, and a 4-V
constant voltage was applied to the tungsten
tip. The i-Li,Si suspension was made by scratch-
ing off the cycled Si anode surface and adding
those particles to the electrolyte. Diffusive fluxes
within the electrolyte resulted in the random
flow behavior of tiny particles, but large par-
ticles stayed still before voltage application
(movie S3). Particles were labeled as a, b, and ¢
to keep track of their movement. After applying

Yang et al., Science 386, 322-327 (2024)
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the voltage pulse, the labeled particles showed
evident movement (Fig. 4D). The motion of
the tiny particles was also accelerated under
the pulse. Some larger particles stayed motion-
less, possibly because they remained as sedi-
ments on the substrate owing to their higher
mass. Observations from the optical cell re-
affirmed the migration of i-Li,Si particles
during the voltage pulse within the electrolyte.

Numerical simulation

Additionally, we performed numerical model-
ing to understand the isolated Li,Si movement
more specifically using the commercial finite
element software COMSOL Multiphysics. The
electro-DEP-fluid model used for tracing i-Li,Si
movement under the voltage pulse is presented
in Fig. 4E (pulse time = 0 s). A constant volt-
age of 4 V was applied to an active Si particle
(represented by the white semisphere), and
the electric field density is illustrated through
the color contour. A line of i-Li,Si particles
is represented by the yellow spheres, which
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deviation. Li capacity before the pulse was measured as 1.439 + 0.076 mA-hour
cm™2, and Li capacity after the pulse was measured 1.171 + 0.030 mA-hour cm™.
(D) The PLAS-measured zeta potentials of Li,Si particles in electrolyte, Si
nanoparticles in toluene, and Si nanoparticles in H,O (pH = 7), respectively.
Each colored circle represents one measurement. (E) Voltage-time profiles of
negative pulse application to Li-Si cells. (F) Voltage-capacity profiles of Li-Si cells
before and after the negative 4-V, 5-s pulse at the 20th cycle. The order is

simulates isolated Li,Si at different initial
distances away from the active Si. In practical
battery electrodes, isolated Li,Si with varied
lithiation degrees exists, and thus we simu-
lated two extreme conditions of fully lithiated
i-Li,Si (@ = 3.75) and nonlithiated i-Li,Si (x =
0). Figure 4F and movie S4 demonstrate the
movement of fully lithiated i-Li,Si particles,
where particle trajectories are shown by the
yellow lines. Once the pulse was applied, the
i-Li, Si particles experienced positive DEP and
moved toward the electric field with higher
density. Figure 4G and movie S5 depict the
negative DEP condition in which i-Li,Si par-
ticles are nonlithiated. The i-Li,Si particles
moved toward lower electric field density (i.e.,
away from the active particle). For a quantita-
tive understanding of the traversed distance,
we take particle A and particle B as examples,
which represent i-Li,Si at a small initial distance
(5 um) and a large initial distance (23 um),
respectively. Their displacement within the
4-V, 5-s pulse is specified in Fig. 4H. Positive
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Fig. 4. Migration of isolated Li,Si under the voltage pulse. (A and B)

In situ SEM observations of isolated Li,Si movement under the nonuniform
electric field. (C and D) Operando optical observations of isolated Li,Si
suspended in the electrolyte under the voltage pulse at 0 s (C) and 1 s (D). The
letters label the particle positions before and after the voltage pulse. (E) An
electro-DEP-fluid model for tracing isolated particle movements at O s; the

DEP allowed immediate reconnection of par-
ticle A in 0.1 s and particle B within 1.5 s. In
negative DEP, particle A traveled more than
20 um during a 4-V, 5-s pulse, and B traveled
nearly 5 um. These scales of the traversed dis-
tances promisingly result in reconnection within
tightly packed electrodes.

Pulse application to full battery

The practical application of the voltage pulse
has been demonstrated in the Si-lithium iron
phosphate (Si-LFP) full-cell configuration. Simi-
lar to the half-cell protocol, a 4-V pulse was
applied for 5 s on the Si side [cell voltage (LFP
versus Si) = —4 V] at the end of delithiation in
the 20th cycle (Fig. 5A). A recovery of 31.9%,
from 1.066 to 1406 mA-hour cm™2, was obtained
(Fig. 5B and fig. S14, A and B), indicating that
pulse-induced recovery applies to the full bat-
teries. A three-electrode system was further
designed to understand the voltage distribution
during the pulse (Fig. 5C). A small piece of Li
metal connected by Cu wire was placed between
Si and LFP, acting as the reference electrode.
The voltage pulse was applied between the Si
anode and the LFP cathode while the open-
circuit voltage (OCV) between the anode and
the reference electrode was tracked. Figure
5D illustrates the measured voltage distribution.
When driving the LFP versus Si potential to
-4V, the potential of Si versus Li reference
increases with time from 2.5 to 4.7 V. The
potential of LFP versus Li thus can be calcu-

Yang et al., Science 386, 322-327 (2024)

DEP (bottom).

lated, increasing from —1.5 to 0.7 V. The negative
LFP versus Li potential only lasts for 2 s, and
no Li metal aggregates on LFP are observed
after the pulse (fig. S15). The impedance mea-
surements also revealed negligible changes in
both Ronm and Rggy after the pulse, suggesting
that Li plating is unlikely to occur within the
LFP electrodes (fig. S14, C and D). The stabil-
ities of the LFP electrodes, Al current collec-
tors, and Cu current collectors were evaluated,
revealing no noticeable difference before and
after the pulse (figs. S16 to S19). Supplementary
to the pulse applied after the initial 20 cycles,
we applied sequential voltage pulses at the
100th, 120th, and 140th cycles, yielding capa-
city recoveries of 15.2, 20.0, and 10.1%, re-
spectively. The recurring recovery resulted in
improved capacity, consistently surpassing that
of the cell without pulse application. The
recovery at later cycles in the full cell was less
pronounced than in the half cell. This pheno-
menon can be attributed to the continuous SEI
formation, which gradually depletes the limited
active Li in the full cells, resulting in insufficient
active Li to activate reconnected isolated Li,Si.
Pulse-induced capacity recovery has also been
studied and demonstrated in the pouch-cell
system, expanding the potential of our pulse
approach for practical applications (fig. S20).
Overall, this work presents a pioneering ap-
proach to recover the lost active materials in Si
electrodes, opening new opportunities to extend
the cycle life in high-capacity electrode materials.
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T
. A
A iLiSi (x=0) § 4 Li.Si (x=0) X

color contour illustrates the electric field density. (F and G) The trajectories

of isolated Li,Si particles under the voltage pulse: positive DEP [i-Li,Si

(x = 3.75), time equal to 5 s] (F) and negative DEP [i-Li,Si (x = 0), time equal to
5s] (G). (H) Traversed distance of two representative particles (labeled A

and B) under the voltage pulse for both positive DEP (top) and negative
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Editor’'s summary

Capacity loss in silicon electrodes occurs due to volume change upon lithiation and associated problems with solid
electrolyte interphase formation, which can cause isolated, inactive lithium silicide (LiSi) particles to form. Yang et al.
applied high voltages for short periods of time (a few seconds) as a way to recover lost capacity (see the Perspective
by Jin and Tao). The voltage pulses cause dielectrophoresis to move the disconnected LiSi particles such that the
lithium is reactivated. Pulsing can be applied repeatedly to substantially recover lost capacity over the lifetime of a cell.
—NMarc S. Lavine
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