Energy Storage Materials Xxxx (XXXX) XXX

energy
storage
materials

Contents lists available at ScienceDirect

Energy Storage Materials

journal homepage: www.elsevier.com/locate/ensm

The dendrite growth in 3D structured lithium metal anodes: Electron or ion
transfer limitation?

Rui Zhang, Xin Shen, Xin-Bing Cheng, Qiang Zhang "

Beijing Key Laboratory of Green Chemical Reaction Engineering and Technology, Department of Chemical Engineering, Tsinghua University, Beijing 100084, China

ARTICLE INFO ABSTRACT

Keywords:

Lithium metal anodes
Lithium dendrites
Structured anodes
Phase field theory
Finite element method

Lithium metal is among the most promising anode materials in next-generation energy-storage systems. However,
the practical applications of lithium metal batteries have been severely hindered by the uncontrollable growth of
lithium dendrites. If the mechanisms behind the lithium dendrite growth behavior are well understood and the
critical condition to determine the rate limitation in electroplating and stripping process are clarified, it is feasible
to boost the stable cycling of composite anode through the rational design of 3D structured lithium metal anodes.
Herein we employed phase field model to quantitatively describe the lithium dendrite growth in various
conductive structured lithium anodes. We found that the structural areal surface area linearly determines the
electroplating reaction rate in the forepart kinetic process, which is limited by electron transfer in the composite
Li metal anode. Meanwhile, the structural pore-volumetric surface area exhibits an inversely proportional rela-
tionship on the electroplating reaction rate in later kinetic process, which is limited by ion transfer in electrolyte.
Structured lithium metal anodes with larger areal surface area and smaller pore-volumetric surface area can be
much better for high rate and high capacity battery cycling.

1. Introduction

Lithium (Li) metal is the most promising anode materials in the next-
generation energy-storage systems owning to its ultrahigh theoretical
specific capacity (3860mAh g™1) and the lowest negative electro-
chemical potential (—3.040V versus standard hydrogen electrode).
However, the practical applications of lithium metal anodes in lithium
metal batteries (such as lithium-sulfur (Li-S), lithium-oxygen (Li-Og)
batteries, and other solid state batteries with Li metal anodes) have been
severely hindered by uncontrollable lithium electroplated morphology
[1-3]. Lithium dendrites are easily produced due to the intrinsic lattice
and surface energy properties of lithium during the electroplating process
of metal anodes. Since the dendritic morphology is always accompanied
by a large specific surface area, the appearance of lithium dendrites tends
to form more solid electrolyte interphase (SEI) layers due to the parasitic
reactions between fresh lithium and electrolyte [4,5]. Besides, lithium
dendrites are easily broken during their dissolution process and then
detached from the current collectors in the electrostripping process. The
“dead lithium” is therefore achieved and also brings irreversible capacity
loss. Furthermore, the unstable SEI layer is easily cracked in the repeating
morphology deformation and volume change, which causes increasing
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lithium dendrite growth, redundant SEI layer, and “dead lithium” accu-
mulation after charge and discharge cycles [6,7]. These phenomena
render lithium metal anodes easily pulverized, which further induces
rechargeable batteries with serious capacity decay, shorted lifespan, and
even safety hazard [8,9].

A mass of strategies have been proposed to inhibit lithium dendrite
growth and stabilize SEI layer, including the electrolyte additives
[10-12], modified separators/artificial protective layers [13-17],
solid-state electrolytes [18-21], and also the employment of designed
structured anodes [22-29]. If a practical lithium metal battery is built
with a very high energy density of more than 400 Wh kg™ !, the areal
loading of electrode is expected to be more than 6 mAh cm™2, which is
corresponding to plating/stripping of lithium metal anode with a thick-
ness of more than 30 pm. Except for lithium dendrite issues, the lithium
metal anodes have a theoretically infinite volume change before and after
plating, especially for such an ultrathin thickness of 30 ym. To avoid the
volume shrink/expansion in a working battery and render a dendrite-free
deposition, 3D structured lithium metal anodes, which possess custom-
izable conductive framework for electron transfer and designable pore
structures for ion transfer, are therefore strongly considered.

In terms of electron transfer: (1) the conductive framework with a
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high surface area can reduce the local current density, with which can
lithium metal be plated and stripped at a mild local reaction rate to
maintain a dendrite-free morphology [23,30-37]; (2) the abundant
electronic reaction interfaces provided by the high conductive surface
area can also reduce electron transfer impedance, leading to a decreased
overpotential during charge and discharge cycles [38,39]; (3) the inter-
nally connected conductive framework can also keep the lithium metal in
steady electronic contact with the current collectors during uneven
lithium stripping process, preventing the formation of “dead lithium”
[40]; (4) the conductive surface also plays a critical role in the lithium
nucleation. With the surface modification of structured surface such as
lithiophilic surface [41-48], the lithium nucleation sites can be densely
and uniformly distributed.

While in terms of ion transfer: (1) the pore structure can heavily
determine the ionic migration, especially when part of the pore space is
occupied by plated lithium. The rapid consumption of lithium ions in
structured lithium metal anode can reduce the electrochemical perfor-
mance and produce lithium dendrites if the lithium ionic migration
supply cannot be fully satisfied [49-51]; (2) the high surface area of
structured lithium metal anodes affords a large amount of SEI layer in
routine liquid electrolyte, which increases the ion transfer overpotential
during repeated cycles [52]. The various electrode-electrolyte interface
with SEI layer may also be involved in the fast galvanic corrosion of
lithium, with which the corroded lithium may be vulnerable to dendrite
growth [53].

The determination of electrochemical reaction rate in 3D structured
lithium metal anodes are always changed from electron transfer to ion
transfer, with a decrease in electrochemical performance and finally a
possibility of losing control on electroplated lithium [54,55]. However, it
is incapable of giving the critical charge-discharge conditions which
make the change in electrochemical reaction rate limitation, especially
for a variety of 3D structured lithium metal anodes with different com-
ponents and structures. The principle on rational design of 3D porous
host to boost the stable cycling of composite anode is heavily lacking due
to the grand challenges of current trial-and-error investigation based on
complex materials innovation. If a quantitative theoretical analysis can
be proposed, reliable lithium metal anodes with 3D host are highly
expected.

In this contribution, phase field model is employed to numerically
describe the lithium dendrite growth in various 3D conductive structured
lithium metal anodes. We proposed a novel processing method to
calculate deposit surface area of lithium dendrites. Such deposit surface
area allows us to capture the quantity of continuously formed SEI layer.
The structural areal surface area Sa (Scurrent collector total surface/Selectrode)
linearly determines the electroplating reaction rate in the forepart kinetic
process, which is limited by electron transfer in the composite Li metal
anode. Meanwhile, the structural pore-volumetric surface area Sy (Scurrent
collector total surface/ Vpores in electrode) exhibits an inversely proportional
relationship on the electroplating reaction rate in later kinetic process,
which is regulated by ion transfer in electrolyte.

2. Results and discussions

The structured lithium metal anodes in our two-dimension models
consist of ideal electronic conductive vertical channels. This renders the
fact that the electrons on the surface of structured anodes are always
sufficient for rapid electrochemical reactions. The vertical channels are
with a channel width (pore diameter) of d and a channel length of h
(Fig. 1). The lithium nucleation sites can be achieved on structural sur-
face with the same space interval on structured lithium metal anode at
the initial electroplating process. During the subsequent electroplating of
lithium metal, the lithium ions in the electrolyte near the nucleation sites
begin to be rapidly consumed. The lithium ions in the bulk phase of the
electrolyte are difficult to diffuse and migrate to the deposit surface in
time, especially at high current rate and high charge capacity. Therefore,
a lithijum ion consumption region with a very low lithium ion
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Fig. 1. Schematic illustration of the simulated structured lithium metal anode.
The conductive vertical channels are with a size of h x d. The consumption of
lithium ions aggravates lithium dendrite growth in the process of lithium elec-
troplating, which finally produce a high surface area with further SEI formation.
The electron transfer is controlled by structural areal surface area S, and the ion
transfer is controlled by structural pore-volumetric surface area Sy.

concentration is formed. The growth of lithium dendrites on the struc-
tural surface starts at the same time. Once the lithium dendrite grows, the
total surface area of lithium-electrolyte interface on the grown lithium
dendrites will also gradually increases. Since the fresh active lithium
metal reacts with the electrolyte instantaneously to form SEI layer, the
area of the SEI layer is also gradually increased. Therefore, the lithium
dendrite growth process is accompanied by continuous irreversible
consumption of the electrolyte and lithium metal anode. That in turn
significantly reduces the Coulombic efficiency and cycle lifespan of
working lithium metal batteries.

In order to describe the lithium dendrite growth with continuously
transforming and moving solid-liquid sharp interface, phase field theory
introduces an order parameter ¢ to investigate diffuse interface, rather
than sharp interface in traditional models [56,57]. The phase field order
parameter £ equals to 0 and 1 in the electrolyte liquid phase and the
lithium metal solid phase, respectively. The value of ¢ varies from 0 to 1
in the interfacial region, representing the diffuse interface with contin-
uous physical and chemical parameters expressed as functions of &. The
phase field model simulated herein is based on the nonlinear phase field
lithium dendrite model proposed by Chen and co-workers [58]. The
detailed simulation methods can be found in Experimental Section.

The lithium dendrite growth simulated by the nonlinear phase field
model consists with the experimental results in growth behavior and
morphology. Fig. 2a and b exhibit the simulated Li ion concentration and
phase field order parameter evolution of electroplated lithium metal on
plane surface with single lithium nucleation site at a plating duration at
0, 5, and 10min. In the dendritic morphology evolution snapshots
(Fig. 2b), the region with phase field order parameter £ = O represents the
liquid electrolyte phase, and that with £ =1 represents the solid lithium
metal phase. Besides, the region with £ between 0 and 1 represents the
electrode electrolyte interface, whose thickness is just virtual numerical
result. The lithium ions will be rapidly consumed to nearly zero con-
centration around the nucleation sites during the electroplating process,
and at the same time tree-like lithium dendrite begins to grow.

With one single nucleation site, the lithium dendrite not only verti-
cally grows toward the bulk electrolyte from the bottom, but also grow in
the lateral direction with a comparable rate of electrodeposition. As a
result, the lithium dendrite grows with a radial pattern, which exhibits a
gradually enlarged external contour of an equilateral right triangle in
two-dimension model (Movie S1, Supporting Information). Such radial
growth pattern can be verified in the in-situ optical microscopic obser-
vation. The electroplated lithium grows from a single nucleation site to a
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Fig. 2. The simulated and in-situ optical microscopic results of lithium dendrites. The simulated a,d) Li ion consumption and b,e) dendritic morphology evolution
during lithium electroplating on plane surface with a,b) single and d,e) multiple lithium nucleation sites, respectively. c,f) In-situ optical microscopy photos of lithium
dendrite growth during lithium electroplating on plane surface with c) single or f) multiple lithium nucleation sites, respectively.
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large tree-like dendrite at all hemispherical directions on electrode sur-
face (Fig. 2c, Movie S2, Supporting Information). When the lithium is
electroplated on plane surface with multiple lithium nucleation sites,
which with an initial nucleation interval of 50 pm, the Li ion consump-
tion and the lithium dendrite growth during the forepart of electroplating
process is the same radial growth pattern. However, when the dendrites
grown by the adjacent two nucleation sites are in contact with each other
at 10 min, they will change the growth behavior from radial growth to
one-dimensional vertical growth perpendicular to the electrode surface,
due to the space limitation and the only lithium ion supply route from the
top bulk electrolyte (Fig. 2d and e). In the in-situ optical microscopic

dy = 50.0 ym

dy = 25.0 ym
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experiments, the lithium dendrite growth is also experience the growth
pattern changes from radial pattern to aligned array growth. After the
growth contact of adjoining dendrites, they all continue to grow only at
vertical direction into long dendrites (Fig. 2f, Movie S3, Supporting In-
formation). In addition, lithium dendrites are always with various pat-
terns in experimental results, due to the different surface roughness,
various internal stress, ever-changing SEI compositions and structures,
and uneven distributions of electrons and ions. In order to have compa-
rable results with different structured lithium metal anodes, these factors
are not taken into account in this work.

Supplementary video related to this article can be found at https://do
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Fig. 3. The simulated lithium dendrite morphology on plane surface with different nucleation intervals. The simulated a) Li ion concentration and b) final dendritic
morphology after lithium electroplated on plane surface with different nucleation intervals (dy = 50.0, 25.0, and 12.5 pm). ¢) The produced surface profile of lithium
dendrites from b). d) The electroplated capacity and current density curves with different nucleation intervals. €) The total surface area and surface area per capacity

curves with different nucleation intervals.
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The lithium dendrite growth morphologies with different initial
nucleation intervals have also been explored. The final Li ion concen-
tration distributions and dendritic morphologies after 20 min electro-
plating on plane surface with different nucleation intervals (dy =12.5,
25.0, and 50.0 pm) exhibit the similar growth behavior with mode
switching from radial growth to vertical growth (Fig. 3a and b, and Movie
S4, Supporting Information). In order to have a clear dendritic profile and
quantitative analysis on its shape and surface area, the lithium dendrite
profile data are extracted from calculated phase field order parameters,
which has never been touched in previous experiments or simulations.
Since the diffuse interface where ¢ is between 0 and 1 is a numerical
interface with a numerical thickness, which does not correspond to the
actual thickness of SEI layer. The contour line at £ = 0.5 which indicates
the numerical position of solid-electrolyte interface is selected as the
surface profile of electroplated lithium dendrites (Fig. 3c).

Supplementary data related to this article can be found at https://do
i.org/10.1016/j.ensm.2019.03.029.

When the initial lithium nucleation density is increased, the branches
of lithium dendrites are shorten and even nearly disappear when the
initial nucleation interval dy is 12.5 pm. However, the trunk of every
lithium dendrites are with the same length. The top surface of the Li
deposits is also significantly smoother at a smaller initial nucleation in-
terval. The roughness of the deposit surface decreases from 50 to 6 pm,
while dy reduces from 50.0 to 12.5pm (Fig. 3c). After the 20 min

d =100 pm

d = 66.7 pm
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electroplating process, the electroplated areal capacities all increase
almost linearly to 6.21, 7.61, and 6.70 mAh cm ™2, indicating a relatively
stable and similar average current density of 18.6, 22.8, and
20.1 mA cm™2 at a set constant overpotential of 0.10 V with the different
nucleation intervals of 12.5, 25.0, and 50.0 pm, respectively (Fig. 3d).
However, It is worth noting that in the initial 5 min electroplating, the
starting current density can reach 38.3, 29.5, and 22.6 mA cm 2at a
nucleation interval of 12.5, 25.0, and 50.0 pm, respectively. There is an
obvious accelerate in starting electroplating reaction rate with a small
nucleation interval, which is also predicting the small beginning over-
potential during galvanostatic charging process reported in many pre-
vious publications (Fig. 3d) [31,43].

The deposit areal surface area with different nucleation intervals also
increase almost linearly to 24.1, 36.5, and 29.6 cm? cm_z, respectively.
Besides, there is a convergent surface area per unit capacity S, (the ratio
of total deposit surface area to the plated capacity) of 3.9, 4.8, and
4.4 cm? (mAh) ! at a prolonged electroplating with different nucleation
intervals of 12.5, 25.0, and 50.0 pm, respectively. This indicates that the
increasing SEI layer formation is proportional to the continuous elec-
troplating of lithium metal, but no obvious relationship with nucleation
interval (Fig. 3e). Therefore, the nucleation intervals can determine the
final lithium dendrite morphology. The deposits can become smoother
with smaller nucleation intervals. A small nucleation interval can
distinctly increase the reaction rate during potentiostatic process or
decrease the overpotential during galvanostatic process. However, the

d =50 ym

Fig. 4. The simulated lithium dendrite morphology in various structured lithium metal anodes. The simulated final dendritic morphology after lithium electroplated
in structured lithium metal anodes with different channel widths (d = (a,d,g) 100, (b,e,h) 66.7, and (c,f,i) 50 pm) and different channel lengths (h = (a,b,c) 50, (d,e,f)

100, and (g,h,i) 150 pm).
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nucleation intervals make little different to the average plating current
density and dendritic surface area during prolonged electroplating pro-
cess. Additionally, Cui and co-workers have found that the lithium nuclei
size is proportional to the inverse of overpotential, and the number
density of lithium nuclei is proportional to the cubic power of over-
potential, which can help set up models with more precise nucleation
intervals [59].

The lithium dendrite growth in various structured lithium metal an-
odes with different channel widths d and different channel lengths h is
presented in Fig. 4, and the lithium ion concentration evolution can be
found in Fig. S1, Supporting Information. The structural areal surface
areas Sy (the ratio of initial structural electronic conductive surface area
to the 3D electrode frontal sectional area) and the structural pore-
volumetric surface areas Sy (the ratio of initial structural electronic
conductive surface area to the total pore volumes in 3D electrode) of
these various structured lithium metal anodes can be found in Table 1. In
order to achieve comparable results, and considering the little influence
induced by nucleation intervals during prolonged electroplating process
discussed above, we employ a uniform initial nucleation interval of
12.5 pm in these structured lithium metal anodes.

When the channel width d decreases from 100 to 50 pm, taking the
structure with the same channel length h of 100 pm as an example (Movie
S5, Supporting Information), the upper surface of the structured lithium
metal anodes after 20 min lithium electroplating become smoother. And
the length of the trunk of lithium dendrites in channels is shorten pro-
portionally from 50 to 25pm (Figs. S2d, S2e, and S2f, Supporting In-
formation). While the final electroplated areal capacity at 10 min slightly
increases from 10.5 to 11.8 mAh cm™2, so does the total surface area
which slightly increases from 47.3 to 51.0 cm® cm™2. This indicates a
similar convergent surface area per unit capacity S. range from 4.2 to
4.5 cm? (mAh)_1 at a prolonged electroplating (Fig. 5a and b). However,
the current density varies different at the beginning stage and final stage
of the lithium electroplating. With the channel width d decreases from
100 to 50 um, the current density at 1min increases from 90.0 to
161.4 mA cm’z, while at 8 min it decreases from 46.8 to 19.5 mA cm 2
(Fig. 5a). Such difference in current density change is due to the different
rate-determining step during the lithium electroplating process, which
will be discussed later.

Supplementary data related to this article can be found at https://do
i.org/10.1016/j.ensm.2019.03.029.

When the channel length h increases from 50 to 150 pm, taking the
structure with the same channel width d of 66.7 pm for example (Movie
S6, Supporting Information), the profile of every lithium dendrite in
channels has no obvious difference (Figs. S2b, S2e, and S2h, Supporting
Information). However, the final electroplated areal capacity at 10 min
significantly increased from 6.9 to 15.6 mAh cm 2. This is corresponding
to the final deposit areal surface area of from 32.0 to 63.8 cm? cm 2 and a
similar convergent S, range from 4.1 to 4.6 cm? (mAh) ! at a prolonged
electroplating (Fig. 5¢ and d). With the channel length h increases from
50 to 100 pm, the current density at 1min increases from 70.4 to
160.1mAcm 2, and at 8min it also increases from 22.2 to

Table 1
The structural parameters of simulated structured lithium metal anodes.

Figure  Channel Channel Structural areal Structural pore-
width length h surface area Sp volumetric surface
d [pm] [pm] [em? cm™2] area Sy [em? cm ™3]

4a 100.0 50.0 2.0 400.0

4b 66.7 50.0 2.5 500.0

4c 50.0 50.0 3.0 600.0

4d 100.0 100.0 3.0 300.0

4e 66.7 100.0 4.0 400.0

4f 50.0 100.0 5.0 500.0

4g 100.0 150.0 4.0 266.7

4h 66.7 150.0 5.5 366.7

4 50.0 150.0 7.0 466.7
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38.4mA cm 2, which has a different change rule against that with
different widths (Fig. 5c).

Supplementary data related to this article can be found at https://do
i.org/10.1016/j.ensm.2019.03.029.

Why there is such different in current density change? We find that
the current density change is highly depended on the rate-determining
step at the beginning stage and final stage of the lithium electroplating.
At the forepart of electroplating, there is enough space and lithium ion
supplement in structure channels, the electroplating reaction rate is
proportional to the electronic conductive surface area, which is accord
with the structural areal surface area Sy. For instance, the Sy in Fig. 4d, e,
and 4f increases from 3.0 to 5.0 cm? cm ™2 (Table 1), along with the in-
crease in current density with the decreased channel width d at t = 1 min.
At the later electroplating process, the lithium dendrite growth fills in the
narrow channels more quickly than the wide channels. When the chan-
nels are filled with electroplated lithium, the only growth direction is the
upper direction, due to the channel block and ion barrier caused by
grown lithium dendrites. Generally speaking, the later current density
maintains higher if the 3D structure channel is with a higher ratio of pore
volume to structural surface area, which is the reciprocal of Sy. For
instance, the Sy in Fig. 4d, e, and 4f increases from 300.0 to
500.0 cm? cm 2 (Table 1), along with the decrease in current density
with the decreased channel width d at t=8 min, which mentioned
before. As for the structures with different channel lengths, due to
consistently larger current density with longer channel length at different
times during electroplating (Fig. 5c¢), the final electroplated areal ca-
pacity can be significantly increased with the increase of channel length.
Besides, the Su increased from 2.5 to 5.5 cm? cm™2, and Sy decreased
from 500.0 to 366.7 cm?cm 3, with h increasing from 50 to 150 pm
(Fig. 4b, e, 4h, Table 1). This both guarantee a higher current density
with longer channel length, consisting with the both increasement in
current density at t=1min and 8 min with increasing channel length,
which mentioned above. Thus, a small structural pore-volumetric surface
area and a high areal pore volume afford enough space for lithium metal
electroplating and lithium ion supplement, which guarantees a stable
electrochemical performance with a high cycle capacity.

Furthermore, the surface area per unit capacity S of these structural
lithium metal anodes in Fig. 4 are also converge to around 4.4 cm?
(mAh) ! at a prolonged electroplating (Fig. 5b and d). Therefore, the
quantity of SEI formation is also independent of the channel size of
structured lithium metal anodes, only in direct proportion to the elec-
troplated capacity.

To probe the role of Sy and Sy on lithium electroplating process in 3D
structured lithium metal anodes, the scatter plot of different current
densities at various electroplating times versus Sy and Sy are plotted as
Fig. 5e and f, respectively. At the primary stage of lithium electroplating,
the current density exhibits a remarkable linear correlation with Sp. The
R-squared statistic of the linear fitting of I = a x Sa+b at the time before
4min is all higher than 0.9, even equals to 0.9956at 1min (with
a=37.03, b=—-8.78), while it is lower than 0.1 after 6 min (Fig. S3,
Supporting Information). The electroplating reaction rate in the forepart
kinetic process is limited by electron transfer in the composite Li metal
anode. Therefore, a remarkable linear correlation is observed at the
beginning of electroplating process. With enough lithium ion supplement
and space provided by free pores in 3D hosts, higher conductive surface
area brings more electroplating nucleation sites, which leading to a lin-
early higher electroplating reaction rate. Consequently, a 3D electronic
conductive structured lithium metal anode with large S, can guarantee a
high electroplating rate during potentiostatic charging process or a low
overpotential during galvanostatic charging process before the lithium
dendrite growing to complete cover the structural conductive surface
area.

At the final stage of lithium electroplating, the current density ex-
hibits an inversely proportional relationship with structural pore-
volumetric surface area Sy. The R-squared statistic of the inverse pro-
portional fitting of I = a/Sy+b at the time after 7 min is all higher than
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Fig. 5. Lithium dendrite growth influenced by the structural sizes. a,c) The electroplated capacity and current density curves, and b,d) the total surface area and
surface area per capacity curves of the structured lithium metal anodes with a,b) different channel widths (the same channel length of 100 ym) or c,d) different
channel lengths (the same channel width of 66.7 ym). e) The current density varies with structural areal surface area S, for structured lithium metal anodes, showing a
remarkable linear correlation at the primary stage of lithium electroplating. f) The current density varies with structural pore-volumetric surface area Sy (reciprocal
coordinate) for structured lithium metal anodes, showing an inversely proportional relationship at the final stage of lithium electroplating.

0.8, which equals to 0.9241 at 8 min (with a = 2.451 x 10* b=-27.13),
while it is lower than 0.1 before 4 min (Fig. S3, Supporting Information).
This inversely proportional relationship at the later stage of electro-
plating process is attributed to the regulation by ion transfer in electro-
lyte on electroplating reaction rate in later kinetic process. When the
plated lithium fully covered the structural conductive surface area, and
the lithium ion concentration in the pore center as well begins to
decrease due to the continuous consumption of lithium ions, the reaction
rate is then determined by the lithium ion transfer rate in electrolyte
through these channels. With a higher ratio of pore volume to conductive
surface area, there is more space for lithium to deposit and transfer from
bulk electrolyte.

Under ideal condition, the current density at the ion transfer limited
stage should be in direct proportion to the ratio of pore volume to
conductive surface area, which is the reciprocal of structural pore-
volumetric surface area Sy. However, the pore microstructures such as
local surface curvatures, pore sectional sizes and shapes also impact the
relationship between Sy and the current density. Consequently, the in-
verse proportional fitting is still with some irremovable error. In case of
the inversely proportionally quadratic fitting of I = a/$3+b/Sy+c, the R-
squared statistic at the time after 8 min can be all higher than 0.9, even

equals to 0.9931at 9min (with a=1.429 x 107, b=- 5.558 x 10%,
¢=73.53) (Figs. S3 and S4, Supporting Information). Therefore, a 3D
electronic conductive structured lithium metal anode with a small Sy can
guarantee a high electroplating rate during potentiostatic charging pro-
cess or a low overpotential during galvanostatic charging process after
the lithium deposit completely cover the structural conductive surface
area at a high cycling capacity.

Such simulation results can initially guide the structural design and
adjustment of 3D structured lithium metal anodes. For common struc-
tured electrodes fabricated by uniform frameworks, the structural areal
surface area Sp and the structural pore-volumetric surface area Sy can be
defined as

Sy =SSA-p,-D =SSA-D-py-(1—g) &)
17

Sy =SSA-Z —ssA.p, ¥ @
@ @

where SSA is the specific surface area of framework, p; and p, is the
apparent density of structured framework and the absolute density of
framework material, respectively. ¢ is the porosity of structured frame-
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work, and p; = po- (1 — @) [40]. D is the thickness of the framework
coated or assembled in structured electrodes. It should be noticed that
with different frameworks, the SSA may also vary with D, p,, and ¢ in
different ways. Therefore, for specific framework materials or specific
electrode preparation methods, specific optimizing strategies for higher
Sa and smaller Sy are required. Based on Equations (1) and (2), it can be
found that the ratio of Sy and Sy equals to the product of electrode
thickness and porosity, which is indeed the areal pore volumes, i.e., 2—3 =
@D (Fig. S5, Supporting Information). Consequently, for the same
framework material, a higher areal pore volumes, a higher electrode
porosity or a properly larger electrode thickness will be helpful to in-
crease its high-rate performance. However, once the electrode thickness
become very thick, the energy density of lithium metal batteries will be
heavily reduced. Thus, the electrode thickness should be primarily
decided based on the designed anode capacity.

The practicability of these models can be verified with various
structured lithium metal anodes in literature. Guo and co-workers have
described the impact of the pore sizes in 3D structured lithium metal
anodes [32]. They employed a 3D Cu current collector with a structural
areal surface area Sp of 45cm?cm 2 and a structural pore-volumetric
surface area Sy of 3 x 10* cm? em ™3, which can theoretically support a
maximum current density of 1658 mAcm 2at the electron transfer
controlled stage and a maximum typical current density of
71.7mA cm ™2 at the final ion transfer controlled stage at an constant
overpotential of 0.10V based on the fitting results of our phase field
models. According to their experimental result, the 3D Cu current col-
lector can cycle at 0.5 mA cm ™2 with an overpotential around 0.02 V, and
lithium can be plated inside the 3D Cu current collector at a high current
density of 5mA cm ™2, which is consistent with the predictions of our
model. Moreover, Chen and co-workers have employed carbon cloth to
fabricate composite lithium metal anodes [27]. The carbon cloth is with a
structural pore-volumetric surface area Sy of 1407 cm? cm ™3, which can
afford a high current density of 5mA cm™2 in their experimental results.
Such result is also consistent with the predict maximum current density
in our model. Furthermore, consider the actual electrochemical reactions
with the presence of SEI layer, the actual maximum current density at the
electron transfer controlled stage should be much smaller than it in the
models, while the actual maximum current density at the ion transfer
controlled stage have little different with it in the models. It is worth
noting that the exact quantitative relationship between current density,
overpotential and structural parameters of 3D structured lithium metal
anodes will change a lot with different electrolytes and SEI layers.
Therefore, the special simulation is strong considered. In order to build a
practical lithium metal battery with a very high energy density of more
than 400 Wh kg~?, with an electrode loading more than 6 mAh cm ™2, the
3D structured lithium metal anode need to be designed to meet specific
rate and capacity requirements. Therefore, such a prediction model can
effectively guide the design of structured lithium metal anodes.

To be sure, the phase filed model conducted here is still not perfect to
describe the mechanisms in lithium electroplating process. But actually,
numerical simulation methods have been paid increasing attention and
made growing achievements in revealing the mechanisms in lithium
metal anodes. Monroe and Newman leaded the theoretical investigation
on the mechanisms of lithium dendrite nucleation and growth. The
dendrite growth can considerably be slowed by reducing the current
density [60-62]. Hoffmann and co-workers employed a coarse-grain
Monte Carlo model to describe the ionic migration in time-dependent
electric fields and were able to simulate the dendrite length during
electroplating [63]. Guyer et al. pioneered a one-dimension phase field
model to describe an electrochemical system, with a view to the equi-
librium behavior and kinetic behavior for electroplating and electro-
stripping processes of a diffuse interface model in electrochemical system
[56,57]. Then, Chen and co-workers employed a thermodynamically
consistent phase-field model, accounting for the nonlinear reaction ki-
netics, to investigate the dendritic patterns during electrodeposition

Energy Storage Materials xxx (xxxx) xxx

processes [58,64,65]. Recently, Yan et al. integrated the nonlinear phase
field lithium dendrite model and a heat transfer model to explore the
thermal effect on the shape and size of lithium dendrites during the
electroplating process [66]. Herein, we firstly employ the phase field
model in 3D structured lithium metal anodes, and discover the rela-
tionship between electroplating reaction rate and the electrode structural
parameters, indicating the conditions for electron transfer or ion transfer
limited electroplating process. Beyond the design and adjustment of 3D
structured lithium metal anodes, further numerical simulation is required
in revealing the mechanism of lithium metal batteries.

Overall, we proposed a quantitative model to describe the Li metal
anode with 3D interconnected hosts to deeply and rationally investigate
the working mechanisms and plating/stripping processes of structured
lithium metal anodes including the dendrite growth and dissolution
process. Once a 3D host is applied in composite lithium metal anode, a
small initial nucleation interval dy can bring a uniform local deposit
surface with small roughness. The branch of lithium dendrites can be
shorten and even eliminated. Therefore, the growth of lithium dendrite
branches is inhibited. A small channel width (pore size) d can bring a
uniform plated surface of the whole electrode and shorten the trunk
length of lithium dendrite, directly inhibiting the lithium dendrite
growth. A longer channel length h can afford large pore volume for high
cycling capacity. However, the influence of channel size is complicated.
We found that the structural areal surface area Sy and the structural pore-
volumetric surface area Sy have a directly impact on the electroplating
behaviors. A large structural areal surface area S can linearly increase
the electroplating rate at the beginning stage of electroplating, which is
important for high rate cycles. Meanwhile, a small structural pore-
volumetric surface area Sy can inversely increase the electroplating
rate at the later stage of electroplating after lithium deposit completely
covers the conductive surface and the reaction rate is limited by the
lithium ion supply from electrolyte, which is essential for high capacity
cycles. In addition, the quantity of SEI formation is proportionally to the
increasing electroplated capacity, and have no significant relationship
with the channel size nor the nucleation density in structured lithium
metal anodes. Therefore, the best approach to decrease the SEI layer
formation relies on the modification of surface energy of electroplated
lithium, which can regulate the dendritic patterns and even into plane
deposits, in other words, artificial protective/SEI layer is necessary, or
the employment of solid state electrolyte.

3. Conclusions

The lithium dendrite growth is quantitatively described in various 3D
conductive structured lithium metal anodes based on phase field models.
With the proposed processing method to calculate deposit surface area of
lithium dendrites and later quantitative analysis, the key determinants
(including the structural areal surface area Sp and structural pore-
volumetric surface area Sy) for lithium electroplating in 3D structured
lithium metal anodes are proposed and identified. The Sy linearly de-
termines the electroplating reaction rate in the forepart kinetic process,
which is limited by electron transfer in the composite Li metal anode. In
contrast, the Sy exhibits an inversely proportional relationship on the
electroplating reaction rate in later kinetic process, which is limited by
ion transfer in electrolyte in pore structures. Larger S, and smaller Sy can
both reduce the overpotential during galvanostatic cycles or increase the
reaction rate during potentiostatic cycles for high rate and high capacity
charge-discharge cycle processes in a working battery. The deposit sur-
face area of lithium dendrites approaches proportionally to the
increasing plated capacity. An ideal 3D structured lithium metal anode
for high safety, high rate, high capacity, and high lifespan batteries re-
quires (1) a small initial nucleation interval dy;, (2) a large structural areal
surface area Su, (3) a small structural pore-volumetric surface area Sy,
and (4) a protective electrolyte-electrode interphase. With the quantita-
tive simulation results and in-situ experimental observation, a better
structured lithium metal anode can be designed to carry out the high-
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energy-density lithium metal batteries with high charge-discharge rate
and high cycling capacity.

4. Experimental section
4.1. In-situ observation of Li dendrite growth

A homemade optical cell with a quartz window was adopted for in
situ observation. Two Li foil pressed on Cu current collector
(4 mm x 8 mm) were employed as working electrode and counter elec-
trode respectively. 1.0 M LiPFg in EC:DEC (v/v) = 1:1 (Beijing Institute of
Chemical Reagents) was used as electrolyte. The cell was assembled and
sealed in an Ar filled glove box with HO and O5 contents <0.1 ppm. In-
situ observation was realized under a metallurgical microscope and
recorded by a charge coupled device camera (CCD). A Solartron 1470E
electrochemical workstation (Solartron Analytical, UK) was employed
for providing galvanostatic deposition. The test current densities were
2.0 or 5.0mA cm 2.

4.2. Phase field simulations

In the phase field models employed here, the electrochemical reaction
can be illustrated as

Lif +e > Li 3)

The Gibbs free energy of this system can be expressed by

G= / {Ch(c) + %VE -kVe +p.p|dV 4
v

where ¢ = {c, c,, c_} is the set of concentrations of Li atom, Li* cation and
PF anion, respectively. f(c) is the Helmholtz free energy density. Ve -
xVc is the gradient energy density, where « is the anisotropic gradient
coefficient, which associated with the surface energy. ¢ is the set of
dimensionless concentrations as ¢ ={c=c/cs, ¢ =c/cp, C- =c_/Co},
where c; is the site density of lithium metal and ¢ is the standard bulk
concentration of electrolyte. p.¢ is the electrostatic energy density, in
which ¢ is the electrostatic potential, and p, is the charge density. Vis the
arbitrary volume.

The electrochemical reaction rate based on Butler-Volmer kinetics
can be expressed by

R, = —Ro{exp {(1 7RaT)nF11} — exp {72’;17’7} } 5)

where Ry is the exchange reaction rate. 1 — @ and « is the anodic and
cathodic charge-transfer coefficients, respectively. n is the reaction
electron number, which is 1 in the model. 7 is the overpotential. F, R, and
T is the Faraday constant, molar gas constant, and temperature, respec-
tively.

As aresult of derivation, the partial differential equations describe the
temporal evolution of phase field order parameter and Li* ion concen-

tration is

& . ) ! (1—-anFy,| —anF,

i —L, [g (&) —kV ﬂ —L,h (5){exp {T — ¢y exp —7
(6)

9% _ o ( perros eifC+1E _ G 0

Fra v <D Ve, + D RT V¢ o ot (7)

where L, is the interfacial mobility. L, is the reaction constant. g(¢) =
WeE2(1 — £)? is an arbitrary double well function to describe the two
equilibrium states for electrode and electrolyte, where W/16 represents
the barrier height. h(£) = £2(6£2 — 15¢ 4 10) is an interpolating function.
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1, is the activation overpotential. D° is the effective diffusion coeffi-
cient: D*f = D°h(£) + D°(1 — h(&)), where D¢ and D® are the Li" diffusion
coefficients in the electrode and the electrolyte, respectively.

The electrostatic potential based on Poisson equation can be
expressed by

v .(a"“ V(/)) =1Ig = nchg (€))

where o is the effective conductivity: o*f = 6°h(¢) + ¢°(1 — h(¢)),
where ¢¢ and ¢° are the conductivities in the electrode and the electro-
lyte, respectively.

The parameters mentioned above are detailed in Table S1. This phase
field model is simulated by finite element method on COMSOL Multi-
physics 5.4. The size of the simulated model is 100 pm x 100 pm for
plane surface with single nucleation site, and 200 pm x 200 pm for plane
surface with multiple nucleation sites and all structured lithium metal
anodes, for the model with single nucleation site can take up less space
for better resolution. The maximum grid spacing is 0.75 pm. Dirichlet
boundary conditions are applied to solve the equations from Egs. (4)-(6).
The overpotential between electrolyte and electrode is set as 0.10 V. The
deposit areal surface area can be calculated by solving the numerical
length of the contour line at £ =0.5. Besides, the electroplated areal ca-
pacity can be calculated by integrating & in the whole simulation area.
The current density during simulated potentiostatic electroplating is
calculated by the forward difference method based on the electroplated
areal capacity.
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