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Lithium metal anode has great potential for high-energy-density lithium batteries due to its high theoretical capacity,
but its practical applications are limited by the uncontrollable growth of lithium dendrites. In this work, we fabricate
a facile 3D porous polymer structure with one-step phase inversion method and verify the structure by Stimulated
Raman Scattering Microscopy. Such 3D porous structure leads to uniform lithium plating and striping, improving
the electrochemical performance remarkably. In Li/Cu cell tests, the porous structure modified Cu delivers high
Coulombic Efficiency (CE) of 96% after 240 cycles at 1 mA/cm?, while bare Cu drops to less than 20% after 42 cycles.
As for Li/Li cell tests, it delivers stable cycling over 1275 cycles with only 200 mV over potential at 3 mA/cm? and 1
mAh/cm? in Li/Li cells. At as high as 4 mA/cm?, it delivers more than 200 cycles with less than 200 mV. With PVAF-
HFP interfacial layer, it could hold up to 4 mAh/cm?, it delivers more than 110 hours at 4 mA/cm? and 4 mAh/cm?.
The as-assembled LiFePO,/porous polymer/lithium full cell shows stable capacity around 153 mAh/g and no
obvious voltage polarization over 350 cycles at 0.5 C. The stable cycling performance can be attributed to the lower
current density from the large specific surface area of as-deposited lithium in porous polymer matrix and confined
dendrite growth path in 3D porous structure.

collector architecture [19-21], artificial solid electrolyte interphase
[22,23], interlayer design [24], separator modification [25], advanced

1. Introduction

Rechargeable lithium metal batteries (LMBs) with high energy
density have been considered as promising electrochemical storage
systems, since the lithium metal anode has high specific capacity and
very negative electrode potential [1-7]. However, the uncontrollable
growth of lithium dendrites during cycling results in significant
obstacles to the applications of LMBs, because such undesired lithium
dendrites directly lead to the breakdown of solid electrolyte interphase
(SEI), fast electrolyte consumption, short-circuit and even thermal
runaway [8-12].

Various methods have been reported to suppress the growth of
lithium dendrites recently, such as surface capping layer [13,14], 3D
conductive skeleton [15], 3D framework design [16-18], current
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electrolytes and additives [26—29], and solid ceramic and polymer
electrolytes [30—34]. To suppress dendrite growth for practical appli-
cations, an easy, scalable and effective approach to realize stable
lithium deposition is still highly desired [35].

Inspired by the porous sponge structure, we attempt to develop 3D
porous structure to guide lithium stripping and plating. The high
tortuosity in porous structures increase pathway for lithium to grow,
and reduce the chance to form long dendrite to penetrate battery
separators. Moreover, the higher surface area of lithium in 3D porous
structure is also expected to extend the cycling life by decreasing the
effective current density on lithium surface (Fig. 1a). In addition, unlike
conductive matrix, the insulating nature of polymer limits the deposition
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Fig. 1. The design of porous PVdF-HFP matrix, phase field simulation, and sample preparation. a) A schematic diagram of the 3D porous structure design. b, ¢) COMSOL simulations of
the lithium dendrite growth process in b) free electrolyte and c¢) porous structure modified lithium foil. 0 and 1 mean electrolyte and lithium metal, respectively. d) The preparation

process of PVAF-HFP film by the phase inversion method.

of lithium directly on the top surface of such porous skeleton. In this
report, we find that such 3D porous structure is effective in suppressing
dendrite growth. The lithium anode modified by such porous structure
delivers as long as 1200 cycles even at 3mA/cm® and 1mAh/cm?
Moreover, the full cell assembled with LiFePO, cathode is cycled over
350 cycles steadily at 0.5 C with a high capacity of 153 mAh/g.

2. Material and methods
2.1. Materials

LiFePO, powders and EC/DEC electrolyte (1 m LiPF¢ in ethylene
carbonate (EC) /diethyl carbonate (DEC) (1:1v/v)) were purchased
from Gotion and used as received. Super C65 carbon black was from
Timcal. Kynar 761 PVDF and PVAF-HFP were received from Arkema.
Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) was received
from Solvay. 1,3-dioxolane (DOL) and 1,2- dimethoxyethane (DME)
were purchased from Sigma Aldrich.

2.2. PVAF-HFP film preparation

Firstly, PVAF-HFP, acetone and water were mixed in a weight ratio
of 1:8:1, and stirred for 6 hours at 55 °C. Then the solution was casted
onto an acid-cleaned copper foil (15 min in 5 wt% H>SO,4). Then it was
dried in the fume hoods for 12 hours at room temperature and then
transferred in the oven at 60 °C for 2 hours. The film is cut into discs.

Battery fabrication: Li/Cu cells were assembled in EC/DEC (1 M
LiPF¢ in EC/DEC (1:1 v/v)) and DOL/DME electrolyte (1 m LiTFSI in
DOL/DME (1:1v/v), 1 wt% LiNO3). The electrolyte volume was fixed at
40 pl. Li/Li cells were fabricated both in carbonate and DOL/DME
electrolyte, and the electrolyte volume is also fixed at 40 pl. The full cell
test was carried out with the LiFePO, cathode at a capacity of 1.4 mAh/
cm? in the DOL/DME electrolyte and the electrolyte volume is fixed at
60 ul. The LiFePO, electrode was prepared by casting a slurry with
LiFePOy, Super C65 and PVDF in a weight ratio of 8:1:1 in 1-Methyl-2-
pyrrolidone (NMP) and dried at 110 °C in vacuum. All the cells were
assembled in a glovebox with O, and HO less than 0.5 ppm.

2.3. Electrochemical measurements

The galvanostatic cycling was performed with Land Battery testers.

The Li/Cu cells were tested in EC/DEC and DOL/DME electrolyte at a
capacity of 1 mAh/cm? and at current density of 0.25, 0.5, 1, 2.5 mA/
em?. Li/Li cells were tested both in carbonate and DOL/DME electro-
lyte. Li/Li cells were tested at different current densities and capacities.
Electrochemical Impedance Spectroscopy (EIS) was tested by a Bio-
Logic SAS VMP3 tester from 1 MHz to 0.1 Hz.

2.4. SEM, spontaneous Raman, stimulated Raman Scattering
Microscopy (SRS) characterizations

The microstructure images were collected from a Zeiss Sigma VP
scanning electron microscope. Spontaneous Raman spectra were
acquired in the range of 2800-3200cm™ using an upright confocal
Raman spectrometer (Xplora; HORIBA Jobin Yvon), with a 532 nm
laser. The setup of SRS microscopy characterization was done with 8
MHz modulated Stokes beam at 1064 nm, and Pump beam at 805.2
nm, whose energy difference corresponds to 3020 cm™.. The SRS set up
details are as described previously [7]. The film is soaked in isopropa-
nol (IPA) to render it transparent. Peak at 3020 cm™ was chosen to
detect the C-H distribution of PVAF-HFP. The 3D structure is
reconstructed using surfaces rendering in the Imaris software [36].

2.5. Non-linear phase field simulation methods

1) A simple electrodeposition is considered, LitA™ cations in a dilute
electrolyte solution reacting with electrons at the electrode surface.
The Gibbs free energy of the system can be expressed by

\

6= [ 1@+ +ae €)1V

in which € = (& = L% ¢, = % &= 2—;} is the set of dimensionless
concentration for Li-atom, Li* cation and A anion respectively. ¢, is
the site density of Li-metal and ¢, represents the bulk concentration
of dilute electrolyte. fh(a) =g(O)+ fgradzvﬁ-(k(Q)Vé)/Z is the gra-
dient energy density to characterize the surface energy. Due to the
anisotropy of Li-metal, the orientation-dependent gradient coeffi-
cient is introduced here. fge. = p,$ is the electrostatic potential in
which p, is the charge density and ¢ is the electrostatic potential. A
phase-field variable, & = ¢ corresponding to the dimensionless
concentration of Li-atom, is introduced and its value changes from
1 to 0 in the interface.
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The phase field is considered to evolve by the electrochemical

reaction:
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where x is the reaction rate constant; 0 < a < 1 is the asymmetry
factor; n is the overpotential; ay is the activity for Li-atom. And the
temporal evolution of phase field variable is

€ o (1- 0y,
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where h(g) = £3(662—15¢ + 10) is used for interpolating;

n, = Ap — E® is the activation overpotential; L, and L; are the
interfacial mobility and the reaction-related constant.

2) For Li cation diffusing in the electrolyte with electrochemical
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reaction at the interface, we can describe the diffusion by
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where the effective diffusion coefficient D' = D°h(£)+D%(1 — h(&));
D¢ and D* are the Li cation diffusion coefficient in the electrode and
electrolyte respectively.

For electrostatic potential, it should obey Poisson equation

Ve[o'V] = ch/cOZ—f

where the source term relates to the reaction rate at interface.

The phase-field evolution is simulated through COMSOL 5.2. All
the parameters refer the previous study. The system 400 x 400pm
with minimum size of 0.5 pm and adaptive timestep is modeled.
Initial Li metal protuberants with small size are introduced to
initialize dendrite growth [37].

abew |euooas-ssoio zA

Fig. 2. a) An SEM image of porous PVdF-HFP structure coated Cu substrate. It shows pores with diameter of 2—3 pum. b) Spontaneous Raman spectrums of isopropanol (IPA) and
PVAF-HFP in the range of 2800-3200 cm ™. The peak 3020 cm™ is characteristic of PVAF-HFP. ¢) An SRS image at the depth of 20 um from top view xy image, and cross-sectional views,
yz and xz cross-sectional images, it shows the film is porous from top and cross-sectional view. d) Surface-rendered 3D SRS image of PVAF-HFP film. ) An SEM image of lithium metal
deposited on bare Cu after the first deposition. f-h) SEM images of PVAF-HFP modified Cu after 1st lithium deposition at different magnifications. It shows that the holes are uniformly
filled with lithium. It could be seen easily that lithium prefers to be deposited in the holes. More SEM images can be found in Figure S3.
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3. Results and discussion

The effectiveness of porous insulating structure is first investigated
by simulation. The lithium deposition process in free electrolyte
and porous structure is simulated in 2D by the phase field method
(Fig. 1b/c). When a current of 1 mA/cm? is applied, obvious growth of
lithium dendrite is observed at a speed of 10.5 pm/min in the free
electrolyte (Fig. 1b). In contrast, when a porous structure with
impermeable wall is added in, the growth rate is reduced to
4.5 um/min (Fig. 1¢). Such large contrast proves the effectiveness of
porous insulating matrix (e.g. polymer) to suppress dendrite growth.

To experimentally verify such hypothesis, the proposed 3D porous
structure is first prepared by the phase-inversion method, which is a
scalable room-temperature solution process (Fig. 1d). Specifically,
PVAF-HFP and water are dissolved in acetone with a weight ratio of
1:1:8, and then drop cast onto a copper foil. During acetone evapora-
tion, PVAF-HFP precipitates out and wraps around water microdro-
plets. The water microdroplets finally evaporate and leave voids to
render PVAF-HFP porous. From the SEM image, we can clearly see
porous structure with size of 2-5 um. Energy Dispersive X-ray
Spectroscopy (EDS) also shows uniform distribution of F and C in
the porous structure (Figure S2). To further characterize the 3D
structure of the porous PVAF-HFP film, confocal Stimulated Raman
Scattering Microscopy (SRS) was used to map the distribution of
Raman scattering intensity at 3020 cm™, which is a representative
fingerprint of PVAF-HFP (Fig. 2b). As shown in the Fig. 2d, the 3D
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image corresponds to the distribution of PVdF-HFP, which shows clear
interconnected porous structure (Fig. 2d, Movie 1). A single image at
the depth of 20 pm captured is shown as Fig. 2¢, which shows uniform
pores distribution as in SEM results (Fig. 2¢).

Supplementary material related to this article can be found online
at doi:10.1016/j.ensm.2018.11.035.

To verify that lithium can be readily deposited inside the porous
structure instead of forming a film under the porous membrane, the
porous PVAF-HFP membrane after 1 mAh/cm? lithium deposition is
further examined by SEM. Firstly, dendrites are clearly formed on the
bare copper substrate (Fig. 2e). On the other side, the lithium
deposition tends to be particle-like lithium clusters instead of needle-
like dendrites in porous PVAF-HFP (Fig. 2f and g). Lithium can be
clearly seen inside holes with size of hundreds of nanometers (Fig. 2h).
But with increased amount of deposited lithium, the lithium would
ultimately fill holes and start to deposit on top of the PVAF-HFP film
(Figure S7). Therefore, the PVAF-HFP thickness should be optimized
for given capacity of lithium, so that lithium will not penetrate the
entire PVAF-HFP film to avoid shorting. In addition to SEM images,
the porous PVAF-HFP film also leads to longer deposition time before
cell shorting. For example, a bare Cu/separator/Li cell is shorted after
52 hours at 1 mA/cm?, while porous PVAF-HFP modified Cu/separa-
tor/Li cell is shorted after 98hours at the same current density
(Fig. 3a). These observations confirm that such porous structure
stabilizes the lithium deposition without forming dendrites, which is
consistent with the simulation results (Fig. 1¢).
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Fig. 3. a) Long-term lithium deposition onto bare Cu and PVdF-HFP modified Cu at 1 mA/cm? with continuous discharging. Bare Cu/lithium cell is shorted after 52 hours, while PVdF-
HFP-Cu/lithium cell is shorted after 98 hours. Inset: Comparison of impedances of fresh Li/Cu cells assembled with bare Cu and PVdF-HFP-Cu in DOL/DME electrolyte. b) Comparison
of the Coulombic efficiency of bare Cu and PVdF-HFP-Cu in DOL/DME electrolyte at different current densities: at 0.25 mA/cm?, 1 mAh/cm?. The red curve is PVAF-HFP-Cu and the
black curve is bare Cu. ¢) The voltage-capacity curves of lithium/bare Cu cells after 10, 20, 30 and 40 cycles (top) and the lithium/PVdF-HFP-Cu cells after 10, 20, 30, 40 and 70 cycles at
0.25 mA/cm?, 1 mAh/em? (bottom). d) Coulombic efficiency comparison of bare Cu and PVAF-HFP modified Cu at 1 mA/cm? with a total capacity of 1 mAh/em?. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article).
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To characterize the utilization efficiency of lithium during stripping
and plating processes, the Coulombic efficiencies (CE) of bare Cu and
PVAF-HFP modified Cu (PVdF-HFP-Cu) are measured in a Li/Cu cell
and compared (Fig. 3b). 40yl DOL/DME electrolyte (1M lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) in 1:1v/v 1,3-dioxolane
(DOL)/1,2-dimethoxyethane (DME) with 1 wt% LiNO3) is used in this
test. Mechanical tests show that after soaking with organic electrolytes,
the Young's modulus and tensile strength of the porous PVdF-HFP film
are reduced from 159 MPa and 6.0 MPa to 11.1 MPa and 3.1 MPa in
carbonate electrolyte (1 M LiPFg in EC/DEC) or 10.3 MPa and 3.1 MPa
in ether electrolyte (1m LiTFSI in DOL/DME), respectively.
Meanwhile, the fracturing strain increases from ~120% to beyond
~250%, as shown in Figure S9. After soaking in either carbonate or
ether electrolyte, the pores still remain, as shown in Figure S10. At a
current density of 0.25 mA/em? and lithium deposition of 1 mAh/cm?,
the CE of bare Cu drops abruptly after 20 cycles and remains less than
75% after 40 cycles, indicating low reversible lithium utilization, which
may be attributed to dendrite growth from non-uniform contact
between copper, electrolyte and separator. Comparatively, the PVdF-
HFP-Cu remains a CE of more than 98% for over 80 cycles and keeps
stable after 100 cycles. So it is clear that the porous PVdF-HFP coating
could stabilize the lithium deposition without evident lithium dendrite.
The cycling performance at a current density of 0.5mA/cm? is also
tested with 1 mAh/cm? deposited (Figure S4). The PVAF-HFP-Cu
shows much better cycling performance than bare Cu, with a high
average CE of 96% even over 80 cycles. In contrast, the CE for bare Cu
drops to less than 50% after 60 cycles. In the voltage-capacity profile
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(Fig. 3¢ and S5), we can see that in bare Cu, as the cycles increasing,
less and less lithium could be stripped from the copper, indicating a
lower CE. On the other side, the voltage-capacity profiles almost
overlap with each other in PVdF-HFP-Cu, corresponding to enhanced
CE. More tests at higher currents of 1 and 2.5 mA/cm? show the same
trend (Fig. 3d and S4). For example, at 1 mA/cm?, the PVdF-HFP-Cu
shows a high CE around 96% even after 240 cycles, but bare Cu drops
to less than 20% after 42 cycles. At 2.5 mA/cm?, the PVAF-HFP-Cu
shows a high CE of around 91% for 50 cycles. In contrast, the CE of
bare Cu drops quickly to less than 75% in 40 cycles. Such improved
performance in PVdF-HFP-Cu compared to bare Cu further supports
that the porous PVAF-HFP structure leads to more uniform deposition,
so that there is less side reactions between lithium metal and the
electrolyte. Besides DOL/DME electrolyte, Li/Cu cells with EC/DEC
electrolyte are also tested both at 0.5 and 1 mA/cm? with a capacity
density of 1 mAh/em? (Figure S6). At 1 mA/cm?, 1 mAh/cm?, the CE of
bare Cu drops quickly under 40% only after 53 cycles, but the CE of
PVAF-HFP-Cu remains over than 80% even after 143 cycles. It
confirms that the porous PVAF-HFP film improves cell performance
in both ether and EC/DEC electrolyte.

The effectiveness of this porous structure is further investigated in
lithium/lithium symmetric cells. PVdF-HFP modified lithium (PVdF-
HFP-Li) cells display much more stable cycling performance than bare
lithium cells at all current densities and deposited capacity (Fig. 4). For
example, at 3 mA/cm? and 1 mAh/cm?, the PVAF-HFP-Li shows steady
cycling up to 900hours, or 1350 cycles, while the voltage of
bare lithium cell starts to fluctuate after only 30 h. At 2mA/cm? and
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Fig. 4. a-b) Long term Li/Li cycling in DOL/DME electrolyte (1 m LiTFSI in DOL/DME).

a) Long-term cycling performance of Li/Li cells at 3 mA/cm?, 1 mAh/em?®. The red curve is

PVAF-HFP-Li and the black curve is bare Li. The inset images correspond to Voltage-Time curves at different times. b) Cycling performance of Li/Li cells at 2 mA/em?, 2 mAh/cm?. c-d)
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conditions: ¢) 2mA/cm?, 1 mAh/cm?. d) 2 mA/cm?, 2 mAh/cm?.
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LiFePO,/bare Li cell.

1 mAh/cmz, the PVAF-HFP-Li is stable for over 1000 h, or 1000 cycles,
while the voltage of bare lithium cell becomes fluctuating after less than
150 h. Moreover, at 2mA/cm?, 2 mAh/cm?, 3 mA/cm? and 3 mAh/
em?, and 4 mA/cm? and 4 mAh/em? (Fig. 4 and S11), the PVAF-HFP-Li
is stable for over 850, 150 and 100 h, respectively, but the bare Li/Li
cell starts to fluctuate after less than 50 h. This means that the PVdF-
HFP layer can elongate the cycling time by > 100-200% at high current
densities. These data clearly demonstrate the effectiveness of the
porous PVAF-HFP interlayer.

Besides DOL/DME electrolytes used in Fig. 4, the Li/Li cycling
performance is also tested in a EC/DEC electrolyte of 1 m LiPFg in
ethylene carbonate (EC) /diethyl carbonate (DEC) (1:1 v/v) (Fig. 4¢-
d and Figure S12). At 2 mA/cm?, the PVAF-HFP-Li displays a stable
cycling for over 600 cycles, with an overpotential of only 300 mV.
However, the overpotential of bare Li start to fluctuate and increase
to over 400 mV after only 250 cycles. At 1 mA/cm?, the PVAF-HFP-
Li displays a stable cycling for over 230 cycles, with an overpotential
of only 200 mV. However, the overpotential of bare Li start to
fluctuate and increase to over 300 mV after only 120 cycles. It also
shows the same trend at 3 mA/cm?. Moreover, the PVdF-HFP-Li
only has an overpotential of 270 mV at 2 mA/cm? and 2 mAh/cm?,
while the overpotential of bare Li becomes more than 400 mV
and fluctuates after only 70 cycles. It can be seen that the electro-
chemical performance is still better in PVdF-HFP-Li than bare
lithium, indicating that this porous structure works well in
EC/DEC electrolyte.

The porous PVAF-HFP is further combined with a LiFePO,4 cathode
to construct a LiFePO,-Li full cell with a cathode capacity of 1.4 mAh/
cm?, as described in the method. A control sample with conventional
PE separator is prepared at the same time. Firstly, the LiFePO,/PVdF-
HFP-Li full cell shows a much smaller impedance than LiFePO,/bare
Li cell (Figure S13c). The charge transfer resistance is reduced from
198 to 73 Q, which is likely a result of better wetting at the lithium/
PVAF-HFP interface. In cycling test at 0.5C (Fig. 5), the LiFePO,/
PVAF-HFP-Li exhibits longer and stable cycling with a capacity of 153
mAh/g for almost 350 cycles without obvious capacity fading.
Meanwhile, the LiFePO4/bare Li cell endures a dramatic capacity drop
after only 60 cycles and the capacity becomes less than 120 mAh/g at
0.5 C. It could be deduced that the porous structure works well in full
cells because of the prevention from forming lithium dendrites and
higher CE. The voltage-capacity profile also shows smaller voltage
hysteresis of 182 mV in LiFePO,/PVdF-HFP-Li cells compared to 351
mV in LiFePOy/bare Li cells at 0.5 C after 50 cycles. Moreover, the
voltage hysteresis even slightly drops from 181 mV at 50 cycle to 159
mV at 200" cycle, and 168 mV at 300" cycle. This suggests that the
electrochemical reactions are highly reversible and stable in LiFePO,/
PVAF-HFP-Li cell.

4. Conclusions

In summary, a new porous polymer structure is designed and
fabricated for the lithium metal anode with highly improved perfor-
mance. Simulations and experiments show that this structure is
effective in suppressing the growth of lithium dendrites. Under the
protection of this porous structure, the lithium anode delivers a long
cycling life with over 1200 cycles at 3 mA/cm? and 1 mAh/cm? in Li/Li
symmetric cells. The LiFePO, full cell also displays high cycling
stability and high specific capacity. The prohibition in lithium dendrite
is effective in Li metal battery, especially in the regime of high current
densities. It is expected that this facile design could boost the
electrochemical performance, and be further optimized with the aid
of ongoing research, such as new electrolytes etc., to enable recharge-
able lithium metal batteries with high performance.
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