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Abstract (<125 words)

The cycle life and energy density of rechargeable metal batteries have been limited by
mossy/dendritic growth of their metal anodes (lithium, sodium or zinc). Using three-
dimensional cross-linked polyethylenimine lithium-ion-affinity sponge as host, we show
that electrokinetic phenomena, including electrokinetic surface conduction and
electroosmosis, lead to lithium-ion self-concentrating/pumping features within the high-
zeta-potential host that change concentration and current density profiles, enabling
dendritic-free plating/stripping of lithium with high Coulombic efficiency at high
deposition capacities and current densities, even at low temperature. The use of lithium-
hosting sponge leads to a significantly improved cycling stability of lithium batteries using
a limited amount of lithium at commercial-level areal capacity. We also observed improved

morphology in sodium and zinc anodes, indicating a broader promise of this approach.



Using metals as anodes in metal batteries has been realized in commercial low-cost
batteries, such as zinc (Zn) metal batteries and lead acid batteries, and considered the most
promising approach to achieve high energy density in next-generation batteries, such as
lithium (Li) metal batteries (/). However, the highly reversible plating/stripping of metal,
so pivotal for long cycle life, is compromised by mossy/dendritic growth that reduces
Coulombic efficiency (CE) and thus leads to poor cycling performance. The alkaline metal
anodes, such as Li and Na metal anodes, pose a particular challenge because deposition is
associated with severe electrolyte decomposition due to their high reactivities, with ensuing
non-uniform nucleation and severe growth of mossy/dendritic metal (2, 3).

To date, considerable progress to address these issues, especially for Li metal anode,
has emphasized the development of protective or interfacial layer (4-7), electrolyte
additives to promote durable solid-electrolyte interphase (SEI) (8, 9), alternative
electrolytes (/0, 11), and polymeric/lithiophilic anodic host (/2-16). Although these
methods assist in mitigating dendritic Li growth, it is still challenging to achieve dendrite-
free plating/stripping of Li with high CE at both high current density and high deposition
capacity which is required to implement high energy and long cycling life of Li metal
batteries. High current density induces very fast depletion of Li ions and in turn, leads to
severe concentration polarization because of diffusion- and advection-limited ion transport
in bulk electrolyte. This promotes fast growth of Li dendrite occuring by focusing the ionic
flux on rapidly growing dendrite tips (/7, /8). High Li deposition capacity accompanies
vast volume change of Li metal, which leads to a continous cracking of SEI layers and
formation of mossy/dendritic Li. At both conditions of high current density and high

deposition capacity, morphology of depostied Li is further deteriorated, accompanied by



increased surface area of deposited Li, propagated SEI formation and reduced CE of Li
plating/stripping. Dendrite growth of metal deposition has been simulated by theoretical
models, e.g., classical diffusion model of Sand’s equation (/9), governed by key
parameters of initial metal-ion concentration, local current density, and transfer nature of
metal ions. Guided by Sand’s model, reduced local current densities have been
experimentally verified in three-dimensional (3D) electronically conductive porous host
for Li deposition, that can alleviate growth of dendritic Li (20-23), although achieving
high CE in Li plating/stripping remains challenging. Having noticed from Sand’s model
that changing Li-ion transfer can effectively alter Li deposition behavior, we have
considered to develop an approach to overcome diffusion- and advection-limited ion
transport so as to achieve dendrite-free Li plating/stripping with high CE under both
conditions.

Inspired by a variety of electrokinetic phenomena in porous media under electric field
that enable enhanced mass transport, such as electrokinetic surface conduction,
electroosmosis, and electrophoresis (24-27), we have developed a 3D polymeric porous
sponge capable of providing Li-ion affinity and promoting electrokinetic phenomena, that
works as a plausible Li-ion electrokinetic self-concentrating/pumping host on the current
collector, to achieve dendrite-free Li plating/stripping with high CE. Strong affinity of Li
ions from the 3D cross-linked porous polyethylenimine sponge (PPS) not only self-
concentrates Li ions in the sponge, leading to the higher local concentration of Li ions than
in bulk solution, but also drives the formation of interfacial electric double layer (EDL) to
provide an electrokinetic pumping feature by electrokinetic surface conduction and

electroosmosis during Li plating/stripping (Fig. 1A). Together, the Li-ion electrokinetic



self-concentrating/pumping features of the 3D PPS can reduce the concentration

polarization, overcome diffusion limited current and therefore regulate the Li-ion

concentration difference in deionization area to enable a uniform Li-ion distribution. This

in turn leads to dendrite-free and conformal plating/stripping of Li metal of high CE within

the 3D PPS host at both high current density and high deposition capacity.
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PPS host and the Li-ion electrokinetic self-concentrating/

pumping mechanism from 2D simulations. (A) Electrokinetic phenomena (e.g. SC, EO)



in 3D PPS under electric field. SC represents electrokinetic surface conduction, EO
represents electroosmosis. (B) Photograph of bare Cu foil and 3D PPS@Cu. (C) SEM
morphology of 3D PPS@Cu (top view). (D) SEM morphology of 3D PPS@Cu (cross-
section view). (E) Linear sweep voltammetries of 3D PPS@Cu and bare Cu electrode. (F)
Equilibrium Li-ion concentration profiles with constant-reaction-current electrode surfaces
at the enlarged 10x10 um? sponge-pore scale for (Gi) 3D PPS@Cu and (G) bare Cu
electrode. (G) Initial phase morphologies of 250%250 um? (G1) 3D PPS@Cu and (G2) bare
Cu half-cell systems. (H) Equilibrium Li-ion concentration profiles with constant-reaction-
current electrode surfaces at the 250%250 um? scale for (Gi) 3D PPS@Cu and (G:) bare
Cu electrode. (I) Comparison of 1D cross-sectional equilibrium Li-ion concentration

profiles along Y direction in 3D PPS@Cu and bare Cu electrode.

3D PPS was prepared directly on Cu foil by an ice-templating method through
crosslinking of branched polyethylenimine (PEI) by 1, 4-butanediol diglycidyl ether (BGE)
(Fig. 1B, Fig. S1 and S2) (28, 29). Scanning electron microscopy (SEM) investigation of
the 3D PPS host on Cu foil (3D PPS@Cu) along top and cross-section views (Fig. 1C and
1D, respectively) reveals sponge-like interconnected porous structure containing
irregularly shaped pores with pore diameters ranging from 5 pm to 500 um and the pore
wall thickness of around 550 nm. The 3D PPS has a pore volume of ~5.5 cm® g! and a
porosity of 87% (Note S1), and therefore can accommodate deposited Li as high as 74.6
wt% within the sponge host. Fourier transform infrared spectroscopy (FTIR) of 3D PPS
(Fig. S3) presents the vibration peaks at ~1102 and 1288 cm™ ascribed to the C-O and C-

N bonds, respectively. The polar groups (amine and ether) have strong affinity with Li ions



(13, 14) and thus endow the 3D PPS abilities to adsorb and self-concentrate Li ions within
the sponge, as verified by an Li-ion adsorption experiment showing higher ionic
concentration within the sponge than in the bulk solution (Table S1). More importantly,
the Li-ion-affinity groups direct the formation of EDL in 3D PPS with a high zeta potential
of  approximately +42 mV in the electrolyte (1.0 M lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) in 1, 3-dioxolane (DOL) and 1, 2-
dimethoxyethane (DME) with a volume ratio of 1:1). The existence of EDL promotes
electrokinetic phenomena, such as electrokinetic surface conduction and electroosmosis,
within the sponge under an electric field. To demonstrate the presence of surface
conduction of 3D PPS, we measured ion conductivity of solid Li-ion-adsorbed 3D PPS that
can reach 9.62 x 10> S cm™ at 25 °C, remarkably higher than the bulk Li-salt-containing
cross-linked branched PEI solid electrolyte (2.73 x 107 S ecm™ at 25 °C) (Fig. S4). This
result indicates surface-adsorbed Li ions, even in solid form, have faster transport along
the surfaces of the 3D PPS pore walls than Li ions in the bulk polymer. In liquid electrolyte,
owing to the EDL of 3D PPS, the higher Li-ion concentration in the EDL than in bulk
liquid electrolyte leads to higher Li-ion conductivity of this EDL layer, providing an
additional conductivity of an electrolyte in the vicinity of 3D PPS surfaces, as further
demonstrated in kinetic modeling (Fig. 1F). To present evidence of electroosmosis enabled
by the 3D PPS, we coated a layer of the cross-linked branched PEI inside a plastic
microtube (inner diameter is 850 um) and successfully observed electroosmosis of the
electrolyte within the microtube under an applied electric field of 5 V cm™ (Movie S1 and
S2). The electroosmosis can induce enhanced mass transport within the porous structure

even in a closed system (30). Collectively, electrokinetic surface conduction and


https://en.wikipedia.org/wiki/Electrical_resistivity_and_conductivity
https://en.wikipedia.org/wiki/Electrolyte

electroosmosis, along with the Li-ion-affinity property, endow the 3D PPS with the
electrokinetic self-concentrating/pumping properties of Li ions. We use linear sweep
voltammetry (LSV) to experimentally manifest these features of 3D PPS that can increase
local Li-ion concentration and enhance Li-ion transport so as to overcome diffusion limited
current for Li deposition. LSV of 3D PPS@Cu (Fig. 1E) shows a plateau with higher
diffusion limited current over bare Cu electrodes at a voltage range between 0.4 V and 0.8
V, owing to higher local Li-ion concentration within 3D PPS@Cu. Above a voltage of 0.8
V in the LSV, significantly increased current density of 3D PPS@Cu over bare Cu
electrodes can be attributed to enhanced Li-ion transport originating from electrokinetic
surface conduction and electroosmosis within 3D PPS.

To more clearly illustrate the Li-ion electrokinetic self-concentrating/pumping features,
we carried out a simulation of kinetic equilibrium of Li-ion concentration profiles with
constant Li consumption sources (mimicking Li deposition at a constant current density)
on both 3D PPS@Cu (Fig. 1G1) and bare Cu electrodes (Fig. 1Gz), by solving the ionic
diffusion and electrostatic potential field using finite element approach. In contrast to
typical concentration polarization of bare Cu electrode (Fig. 1F> and 1H>), the
concentration polarization region is suppressed and Li ions are self-concentrated within 3D
PPS@Cu (Fig. 1F; and 1H;). We found that, at the scale of sponge-pore (Fig. 1F),
electrokinetic surface conduction becomes the dominating regime under a high
consumption rate of Li sources (corresponding to a current density of 10 mA cm™) for 3D
PPS@Cu (Fig. 1F;). At the scale of entire half-cell system (Fig. 1H), the Li-ion
concentration in 3D PPS region (within dash lines) is increased uniformly due to the Li-

ion-affinity of randomly-interconnected porous structure (Fig. 1Hi). Similarly, a cross-



sectional 1D concentration profile along normal Y direction of the electrode surface (Fig.
1) vividly exhibit increased Li-ion concentration within the sponge over bulk electrolyte,
higher Li-ion concentration than on bare Cu electrode, and reduced concentration
polarization region.

Morphological evolution of Li plating within the 3D PPS was investigated by SEM along
top and cross-section views (Fig. 2Ai-Fi1 and 2A»-F», respectively) with increasing
deposition amounts (Fig. 2G). The SEM images show the compact and dendrite-free Li
grows on the Cu surface upward and conformally fills porous structures of 3D PPS. Phase-
field modelling of Li plating, coupling with mass and charge conservation, was performed
to study its temporal evolution in 3D PPS and ascertain the Li-ion electrokinetic self-
concentrating/pumping effect. Consistent with the experimentally observed morphology,
dense and dendrite-free Li is conformally deposited within the sponge pores as shown from
the simulated morphology of Li deposition (Fig. 2H1). Profiling of Li-ion concentration
and current density within the 3D PPS was also conducted. As illustrated in Fig. 21; and
2K, the concentration polarization is significantly reduced, and Li-ion concentration is
enriched and homogeneously distributed within 3D PPS during Li plating/stripping. In
addition, the current density is evenly distributed on the Li surface within 3D PPS (Fig.
2J1). In contrast, the dendritic Li deposition with large concentration polarization and
uneven current density distribution are observed on a bare Cu electrode (Fig. 2H»-J» and
2K). Overall, the electrokinetic self-concentrating/pumping effect raises the average Li-ion
concentration level at the surface of plated Li, efficiently compensates Li-ion depletion,
and mitigates the surface concentration difference, leading to a uniform local current

density distribution and thus a more uniform Li plating morphology. To demonstrate the



important roles of functional groups and/or zeta potential on generating electrokinetic self-
concentrating/pumping effect, we also synthesized 3D porous sponge made from
poly(vinylidene fluoride) (PVDF) free of Li-ion-affinity property, with a pore volume of
6.4 cm® g'! and a porosity of 91.8%, but with a measured zeta potential of around only -7
mV in the same electrolyte. Contrastingly, mossy and fluffy Li still grows within the 3D
porous PVDF sponge structure (Fig. S5). These results imply that the Li-ion electrokinetic
self-concentrating/pumping effect that accounts for remarkable Li plating behavior within
the 3D PPS, originates from properties of Li-ion affinity, electrokinetic surface conduction
and electroosmosis within the high-zeta-potential cross-linked 3D PPS materials under an

electric field.



- Time (min)
Normalized
current density

High

3D PPS@Cu

Low

[Li*)/m
1.2

1.0

Bare Cu

Current density
Li-ion concentration along electrode/electrolyte interface (Dash lines)

Li-ion concentration

Morphology

Colors of phases

. Electrolyte
. Li metal

3D PPS

: ¥
0.2 4 —Bare Cu X
] —3DPPS
0 T T T T

o] 50 100 150 200 250
Distance in X (um)

Li-ion concentration (M)
o
B

Fig. 2. Morphology evolution of the Li deposited on the 3D PPS@Cu and 2D phase-
field simulation results of 3D PPS@Cu and bare Cu electrodes. Top view SEM images
of Li metal deposited on 3D PPS@Cu after plating (A1) 1/3 mA h cm™, (B1) 2/3 mA h cm”
2 (C1) 1 mA hem?, (D1) 4/3 mA hem™, (E1) 5/3 mA h cm™, and (F1) 2 mA h cm™. Cross-
section view SEM images of Li metal deposited on 3D PPS@Cu after plating (Az) 1/3 mA
h cm?, (B2) 2/3 mA h cm?, (C2) 1 mA h cm?, (D2) 4/3 mA h cm™, (E2) 5/3 mA h cm?,

and (F2) 2 mA h cm™. The Li plating/stripping states (A—F) are indicated in galvanostatic
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discharge/charge voltage profile (G) at 2 mA cm™. The phase morphology evolution
snapshots at the selected simulation time t=200s of (H1) 3D PPS@Cu and (H2) bare Cu
electrode. The Li ion concentration profiles at time t of (I1) 3D PPS@Cu and (I2) bare Cu
electrode. The local current density distributions at time t of (J1) 3D PPS@Cu and (J2)
bare Cu systems. (K) Li-ion concentration at 10 um away from the electrode surfaces (dash

lines in I and 1), along X direction.

Benefiting from the Li-ion electrokinetic self-concentrating/pumping effect of 3D
PPS, dendrite-free Li plating/stripping on 3D PPS@Cu at both high deposition capacity
and high current density is achieved in a variety of electrolyte. Compared with bare Cu
electrode typical of mossy/dendritic structure of Li (Fig. 3A-B, Fig. S6), 3D PPS@Cu
exhibits a uniform, compact and dendrite-free Li conformally deposited within 3D PPS at
various deposition capacities and current densities in ether-based electrolyte (2 mA h cm™
and 2 mA cm in Fig. 3C-F; 2 mA h cm?and 4 mA cm™ in Fig. STA-D; 4 mA h cm™ and
4 mA cm? in Fig. S7E-H; 4 mA h cm?and 6 mA cm™ in Fig. S7I-L). After 50 cycles of
Li plating/stripping, growth of mossy/dendritic Li continues to be effectively suppressed
(Fig. S8). Remarkably, at extremely high deposition capacities and current densities (6 mA
h cm™?and 6 mA cm™ in Fig. 31-L and Fig. S9; 4 mA h cm2and 12 mA cm™ in Fig. S10A-
D; 4 mA h cm?and 20 mA cm™ in Fig. S1I0E-H), the deposited Li still shows a uniform,
compact morphology and a conformal structure within 3D PPS, in contrast to aggressive
growth of mossy/dendritic Li on bare Cu electrodes (Fig. 3G-H, Fig. S11). Strikingly, even
at low temperatures, prone to the growth of Li dendrite due to decreased Li-ion mobility

eluted from Sand’s equation, uniform and dendrite-free Li deposition is still observed
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within 3D PPS at a high current density of 20 mA ¢cm™ and a deposition capacity of 4 mA
h ecm™ (0 °C and -10 °C as shown in Fig. S12 and S13, respectively). Interestingly, the 3D
PPS maintains its structure integrity as a host, free of any crack and collapse after the
repeated Li plating/stripping (Fig. S14), likely due to its good elastic properties. Moreover,
3D PPS also exhibits superior dendrite-free morphology of Li plating in carbonate-based
or highly concentrated electrolyte (Supplementary Materials, Materials and Methods) than

bare Cu electrodes at both high deposition capacities and current densities (Fig. S15-18).

Fig. 3. The morphology of Li metal deposited on the different electrodes. SEM images
of Li metal deposited on the bare Cu electrode (A-B) and 3D PPS@Cu (C-F) at a

deposition capacity of 2 mA h cm™ and current density of 2 mA cm™. SEM images of Li
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metal deposited on the bare Cu electrode (G-H) and 3D PPS@Cu (I-L) at a deposition

capacity of 6 mA h cm™ and current density of 6 mA cm™.

The uniform and dendrite-free of Li within 3D PPS@Cu leads to significantly improved
CE and cycling stability of Li plating/stripping. We used coin-type asymmetric 3D
PPS@Cu foil|Li cells to examine the cycling stability of the 3D PPS@Cu electrode for Li
plating/stripping. We adopt highly concentrated electrolyte in the investigation because of
high CE of Li plating/stripping achieved at low deposition capacity as reported (/0). The
3D PPS@Cu electrodes exhibit greatly improved CE and cycling stability as compared
with bare Cu electrodes. When measured at a deposition capacity of 2 mA h cm™ and a
current density of 2 mA cm?, the cells with 3D PPS@Cu electrodes exhibit a long cycle
life over 800 cycles with an average CE as high as 99.1% (Fig. 4A). Note that the electric
field strength in the cell calculated based on the voltage profiles of Li plating/stripping (Fig.
S19) can reach 5.6 V cm™!, high enough to induce the electroosmosis as observed in the
microtube electroosmotic flow experiment (Movie S1 and S2). When elevating the
deposition capacity to 4 mA h cm™ and the current density to 4 mA cm™, a high average
CE of 99% over 450 cycles is achieved (Fig. 4B). More notably, under extremely high
deposition capacity and current density (6 mA h cm? and 6 mA cm), the 3D PPS@Cu
electrodes show a peerless Li plating/stripping performance undemonstrated to date (Table
S2) with an average CE of 98.9% for more than 300 cycles (Fig. 4C). Even at a high rate
of 5 C (a current density of 20 mA cm™ and a deposition capacity of 4 mA h cm™), the 3D
PPS@Cu electrodes still deliver a high average CE of 97.8% for 180 cycles (Fig. S20).

Similarly, the 3D PPS@Cu electrodes also exhibit significantly enhanced CE and cycling
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life of Li plating/stripping in both ether-based electrolyte (Fig. S21-24) and carbonate-
based electrolyte (Fig. S25). X-ray photoelectron spectroscopy (XPS) demonstrates the
chemical components of SEI layers formed on 3D PPS@Cu are similar to those formed on
bare Cu electrodes in these electrolytes (Fig. S26-28). Therefore, the improved cycling
performance of Li plating/stripping is mainly attributed to the 3D PPS which not only
enables dendrite-free Li deposition with high CE, but also accommodates volume change
during Li plating/stripping so as to maintain stable electrode structures, as evidenced by a
stable voltage hysteresis of 3D PPS@Cu electrodes during Li plating/stripping process (Fig.

S19, Fig. S21).
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Fig. 4. Cycling stability of Li plating/stripping of 3D PPS@Cu electrodes and
electrochemical performance of full cells using 3D PPS@Cu with limited Li as anodes
and LiFePQ4 as cathodes. (A) CE of Li deposition on 3D PPS@Cu and bare Cu electrode
at a current density of 2 mA cm 2 and a deposition capacity of 2 mA h cm 2. (B) CE of Li
deposition on 3D PPS@Cu and bare Cu electrode at a current density of 4 mA cm 2 and a

deposition capacity of 4 mA h cm 2. (C) CE of Li deposition on 3D PPS@Cu and bare Cu
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electrode at a current density of 6 mA ¢cm 2 and a deposition capacity of 6 mA h cm™2. (D)
Cycling performance of full cells (N/P ratio: 0.6) using 1.5 mA h cm™ Li on 3D PPS@Cu
and bare Cu electrode as anodes, respectively. (E, F) Top-view SEM images of Li@3D
PPS@Cu in full cell after 50 cycles. (G, H) Cross-section SEM images of Li@3D PPS@Cu
in full cell after 50 cycles. (I) Cycling performance of full cells (N/P ratio: 2) using 7.7 mA
h cm™ Li on 3D PPS@Cu as anodes and high-areal-capacity LiFePO4 as cathodes (3.8 mA

h cm™).

The high CE of Li plating/stripping within 3D PPS@Cu allow us to fabricate 3D
PPS@Cu with limited amount of Li (designated as Li@3D PPS@Cu) as anode, potentially
achieving a high-energy-density Li metal battery with excellent cycling life. We
demonstrated this advantage in full cells assembled using Li@3D PPS@Cu anodes and
LiFePOg4 cathodes. At a low N/P ratio of 0.6 (areal Li amount ratio of negative to positive
electrodes, termed N/P ratio), the full cell exhibits an initial capacity of 146.7 mA h g'!
(areal capacity of 2.5 mA h cm™) and maintains a stable cycling performance over 200
cycles with an average CE of ~99.7% (Fig. 4D). In contrast, the control cell with the same
N/P ratio shows a very fast capacity decay with a poor average CE of ~98.3%. We
attributed the excellent cycling performance of full cells to stable Li@3D PPS@Cu anodes
confirmed by their dendrite-free morphology after 50 cycles, as shown in SEM images (Fig.
4E-H). To examine the stability of Li@3D PPS@Cu anodes at high deposition capacity in
full cell system, we paired high-areal-capacity LiFePO4 cathodes (3.8 mA h cm™) with
Li@3D PPS@Cu anodes. The full cells deliver an initial capacity of 149 mA h g ! and

show excellent cyclability, 300 cycles with average CE of ~99.8% at a N/P ratio of 1.2 (Fig.
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S30) and 400 cycles with average CE of ~99.78% at a N/P ratio of 2 (Fig. 4I), confirming
excellent cycling stability of Li@3D PPS@Cu anodes in a practical cycling condition. It
is noteworthy that gravimetric energy density of the Li metal battery was not adversely
affected by use of lightweight 3D PPS.

The Li-ion electrokinetic self-concentrating/pumping effect of 3D PPS alters the Li
deposition behavior and enables a dendrite-free growth of Li metal at both high deposition
capacities and current densities, and in turn, extends the cycle life of high-areal-capacity
Li metal batteries. This approach is shown to be applicable to various liquid electrolytes
and can also resolve dendritic issues of Li metal anodes at low temperatures. Moreover, we
further demonstrated that uniform and dendrite-free deposition of Na (Fig. S31 and S32)
and Zn (Fig. S33 and S34) metals at high deposition capacities and current densities can

be achieved using this strategy.
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