RESEARCH ARTICLE

"Department of
Chemistry, CAS
Center for Excellence
in Nanoscience, Hefei
Science Center of
CAS, University of
Science and
Technology of China,
Hefei 230026, China;
2Hefei National
Laboratory for
Physical Sciences at
the Microscale,
University of Science
and Technology of
China, Hefei 230026,
China and °CAS Key
Laboratory of
Mechanical Behavior
and Design of
Materials,
Department of
Modern Mechanics,
University of Science
and Technology of
China, Hefei 230026,
China

*Corresponding
authors. E-mails:
yhb@ustc.edu.cn;
shyu@ustc.edu.cn
fEqually contributed
to this work.

Received 8 October
2018; Revised 15
November 2018;
Accepted 18
November 2018

National Science Review

6: 247-256, 2019

doi: 10.1093/nsr/nwy148

Advance access publication 26 November 2018

MATERIALS SCIENCE

Bio-inspired low-tortuosity carbon host for
high-performance lithium-metal anode

Yi-Chen Yin"T, Zhi-Long Yu' T, Zhi-Yuan Ma', Tian-Wen Zhang?, Yu-Yang Lu®,
Tao Ma?, Fei Zhou?, Hong-Bin Yao'-2* and Shu-Hong Yu 1.2

ABSTRACT

Lithium metal is one of the most promising anode materials for high-energy-density Li batteries. However,
low stability caused by dendrite growth and volume change during cycling hinders its practical application.
Herein, we report an ingenious design of bio-inspired low-tortuosity carbon with tunable vertical
micro-channels to be used as a host to incorporate nanosized Sn/Ni alloy nucleation sites, which can guide
Li metal’s plating/stripping and meanwhile accommodate the volume change. The pore sizes of the vertical
channels of the carbon host can be regulated to investigate the structure—performance correlation. After
compositing Li, the bio-inspired carbon host with the smallest pore size (~14 jtm) of vertical channels
exhibits the lowest overpotential (~18 mV at 1 mA cm™~*), most stable tripping/plating voltage profiles,
and best cycling stability (up to S00 cycles) in symmetrical cells. Notably, the carbon/Li composite anode is
more rewarding than Li foil when coupled with LiFePOy in full cells, exhibiting a much lower polarization
effect, better rate capability and higher capacity retention (90.6% after 120 cycles). This novel bio-inspired
design of a low-tortuosity carbon host with nanoalloy coatings may open a new avenue for fabricating
advanced Li-metal batteries with high performance.
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INTRODUCTION

The ever-increasing demand for high-energy-density
storage devices is pushing ahead fundamental stud-

been proposed to address the above-mentioned is-
sues of Li-metal anode. One of these methods is
to stabilize or modify a solid electrolyte interphase
(SEI) on the surface of the Li-metal anode by in-
troducing some certain additives to the liquid elec-
trolyte [17]. The identical point shared by these
additives is that they can interact actively with Li

ies on high-specific-capacity electrode materials
[1-6]. Lithium metal, as one of the most promis-
ing candidates for the next-generation anode materi-
als in high-energy-density Li batteries, possesses the
highest theoretical specific capacity (3860 mAh g ')
and the lowest electrochemical potential (—3.04 V
vs. a standard hydrogen electrode) [7-10]. How-
ever, dendritic Li growth, continuous electrolyte

metal to form a protective layer on the surface of the
Li-metal anode [18-21]. However, the idea of rein-
forcing SEI seems a little bit powerless to restrain the
huge volume change of Li-metal anode during the Li

consumption, and huge volume change during bat- stripping/plating process, which tends to iteratively

tery cycling become the ‘Achilles’” heel” of Li-metal
anode, causing serious safety hazards, low Coulom-

extrude the SEI layer and has a tremendous poten-
tial to cause cracks [22]. Once the cracks occur, fresh
Li metal underneath is exposed to the electrolyte,

bic efficiency and deterioration of the whole elec-
2 which will induce its further reaction with the elec-

trode [11-16]. As a result, the utilization of Li-
metal anodes in high-energy-density rechargeable
Li-metal-based batteries has long been hindered.
Over the past few decades, several strategies de-
rived from different aspects of materials design have

trolyte and inhomogeneous deposition, causing low
Coulombic efficiency and Li dendritic growth.
Recently, an alternative strategy to accommo-
date the huge volume change of Li-metal anode has
been proposed by using 3D host scaffolds [23]. The
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pioneering work done by Cui et al. manifested the
use of a 3D porous framework with a ‘lithiophilic’
surface after Si coating to fabricate porous scaffold-
hosted Li-metal anode with excellent structural sta-
bility upon galvanostatic cycling [24]. Similarly, to
build up efficient hosts for accommodating Li metal
in anodes, various hierarchically 3D structural de-
signs have been proposed including graphene lay-
ers [16], a polymeric matrix [25], a porous Cu cur-
rent collector [26], and several other porous hosts
[27-29]. However, these reported porous hosts
were constructed by random networks without con-
sidering the ordered structural design and nucle-
ation site guidance to improve the efficiencies of
hosts for the plating and stripping of Li.

Recently, Yet-Ming Chiang et al. and our group
have demonstrated that a low-tortuosity structural
design for hosts could enhance the performance of
electrodes without changing the underlying mate-
rial chemistry [30,31]. For the Li-metal anode, inter-
estingly, although the micro-channeled carbon hosts
with low tortuosity have been prepared by using nat-
ural woods as templates [32,33], the pore sizes of the
micro-channels in natural woods are hard to control
because they are related to many environmental fac-
tors including sunlight, temperature, age of the tree
and sampling position [34]. In addition, the nucle-
ation sites for guiding the plating of Li inside the
vertical channels have not been thoroughly consid-
ered as well. Therefore, the structural consistency of
as-fabricated Li metal composite anode is hard to
maintain for investigating the correlation between
structure and performance to further optimize the
electrode design.

Herein, to comprehensively study the low-
tortuosity host for Li-metal anode, a unidirectional
ice-templating technique was adopted to fabricate
carbon hosts with size-tunable vertical channels
[35] inspired by wood structures and Sn/Ni alloy
nanoparticle coatings inside, in which molten Li was
infused to form low-tortuosity Li metal composite
anode. By controlling the initial temperature (T;)
of the unidirectional freezing procedure, a series
of carbon hosts with vertical channels (CHVC) of
different pore sizes are constructed. For the sake of
convenience, a sample of CHVC with a T; of T°C is
denoted by CHVC-T (e.g. a sample with an initial
temperature of —30°C is denoted by CHVC-30).
After electroplating Sn/Ni nanoparticles into the
as-fabricated CHVC, the inner surfaces of the verti-
cal channels become ‘lithiophilic’, which facilitates
the infusion of molten Li into the CHVC to form
CHVC/Li composite anodes. Notably, the Sn/Ni
nanoparticle coating on the inner surface of the
CHVC could induce homogeneous nucleation and
plating of Li during battery cycling [36], which

significantly lowers the local current density and
improves the cycling stability of the CHVC/Li
composite anode. We demonstrated that when
the channel size of CHVC decreased to 14 pum
by setting T; to —30°C, CHVC-30/Li composite
electrodes can achieve the lowest overpotential
of 20 mV up to 500 cycles in a symmetric cell
(1 mA cm™2, 1 mAh cm2). Furthermore, the
CHVC-30/Li-LiFePQ, full cell also exhibited a
lower polarization effect (205 mV) at high rate
(5 C) and a high capacity retention of 90.6% at 1 C
after 120 cycles.

RESULTS AND DISCUSSION

Construction of tunable vertical channels
in the carbon host

We adopted a unidirectional freezing, freeze-drying,
polymer solidification, and carbonization process
to construct the carbon hosts with tunable verti-
cal channels. As shown in Fig. 1a, a polymer matrix
with vertical channels (PMVC) was first constructed
via the ice-induced self-assembly and thermocuring
process [35], and then the obtained PMVC was car-
bonized in Ar atmosphere to obtain a carbon host
with vertical channels (CHVC). At first, chitosan,
acetic acid, resol and graphene oxide nanosheets
were dispersed into deionized water to form a pre-
cursor suspension for directional freezing (see the
section entitled ‘Methods’). The top part of Fig. 1a
illustrates the formation of vertical channels induced
by directional growth of ice crystals during the
freezing process. After the freeze-drying processes,
a microstructure with vertical channels in a cryo-
gel matrix was preliminarily formed. To stabilize this
structure, the sample was solidified and cross-linked
at 180°C for 1.5 h to obtain the PMVC (middle part
of Fig. 1a). The bulk size of the as-obtained PMVC
can be up to 4 cm X 4 cm X 3 cm, which is easy to
cut into regular slices with dimensions of 21 mm X
18 mm X 0.7 mm (Supplementary Fig. 1). In addi-
tion, the obtained PMVC retained vertically aligned
micro-channels inside the polymer matrix (see the
scanning electron microscopy (SEM) images in the
middle part of Fig. 1a). Finally, the fabricated PMVC
framework was carbonized in Ar/H, atmosphere at
900°C for 6 h to generate the CHVC. As shown in
the bottom part of Fig. 1a, after the carbonization,
although the size of the slice reduced to 15 mm X
13 mm x 0.5 mm, the integrity of the carbonized
framework was maintained very well with vertical
channels throughout the whole CHVC (see the
SEM images in the bottom part of Fig. 1a). The pro-
cess of carbonization resulted in a shrinkage of 31%
in the sample’s macroscopic size, which is consistent
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Figure 1. Schematic of a typical fabrication process of CHVC and size-controlling of vertical channels in PMVC via different
T.. (a) Schematic image of the solution used for directional freezing (top), real picture, top-view and side-view SEM images of
PMVC (middle) and CHVC (bottom). (b, ¢, d) Original and processed top-view SEM images of PMVC prepared via 7; of —10°C
(b), —20°C (c) and —30°C (d). The corresponding statistical histograms of the pore size indicate the good controllability of

the channel sizes via different T; (all scale bars: 100 pm).

with the reduction of pore size in the vertical chan-
nels (Supplementary Table 1). Notably, the advan-
tage of our developed method to fabricate PMVC is
that the pore sizes of vertical micro-channels gener-
ated in PMVC can be tuned via different initial freez-
ing temperatures (T;) (Fig. 1b, c and d). We com-
pared the pore-size distribution of vertical channels
in CHVC based on the analysis of SEM images as
shown in Fig. 1b—d. During the statistics of chan-
nel sizes, a thresholding method supplemented with
an artificial image inpainting process was applied
to eliminate the adverse effects caused by the slice
cutting, such as fragments and wall breakage (Sup-
plementary Fig. 2a, as denoted by the red arrows).
Furthermore, the shortest diameter via the geomet-
ric center was defined as the pore size (Supplemen-
tary Fig. 2b and c). As T; decreased from —10°C to
—20°C and —30°C, the average pore size based on
the distribution statistics of PMVC presented an ob-
vious shift from 60 ;tm to 30 um and 20 ;um, respec-
tively. This phenomenon can be explained by the re-
lationship between the degree of supercooling and

nucleation of water in the freezing precursor solu-
tion. When T; is reduced, the degree of supercool-
ing increased, which leads to the formation of more
crystal nuclei of ice. In contrast, at a relatively higher
temperature below 0°C, the ice crystal nuclei have
enough time to grow, which results in a larger pore
size in the channels. The shapes and sizes of the ver-
tical channels in PMVC are inherited from ice crys-
tals; therefore, thinner ice crystals result in a smaller
pore size in the channels, which finally determines
the pore size of the vertical channels in CHVC.

Fabrication of CHVC/Li composite anode
via Li infusion into CHVC

The weak affinity between carbon and lithium makes
it very hard to infuse molten Li into the porous
CHVC. The electrochemical deposition method
was adopted to coat the inner surface of the micro-
channels in the CHVC with Sn/Ni nanoparticles.
As shown in Fig. 24, after electroplating, the color of
CHVC changed from black to gray. The multiscale
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Figure 2. Schematic of the fabrication of the CHVC/Li composite. (a) Photographs of
the fabricated CHVC (left), Sn/Ni-coated CHVC (middle) and CHVC/Li composite (right).
(b) Top-view SEM image of Sn/Ni-coated CHVC (scale bar, 100 pm). (c) Side-view SEM
image of Sn/Ni-coated CHVC (scale bar, 100 «m) and a partially enlarged view (scale
bar, 1 um) of the channel walls of Sn/Ni-coated CHVC (inset). (d) Top-view SEM im-
age of CHVC/Li composite (scale bar, 100 nm), the channel walls of which can still
be observed, indicating the integrity of the structure after Li infusion. (e) Side-view
SEM image of CHVC/Li composite (scale bar, 100 «m) and a partially enlarged view of
the vertical channel longitudinal sections (scale bar, 10 wm), displaying the morphol-
ogy of the Li metal and channel walls after Li infusion. (f) Schematic diagrams of a
typical process of Li infusion into Sn/Ni-coated CHVC matrix inferred from the above
characterizations.

characterization of Sn/Ni nanoparticle-coated
CHVC shows that the nanoparticles dispersed
homogeneously on the whole inner surface of
CHVC (Supplementary Figs 3, 12 and 13) and
the open vertical channels in the CHVC are still
maintained (Fig. 2b and c). In addition, the partially
enlarged view of the surface of the channel walls in
Fig. 2c shows that Sn/Ni alloy nanoparticles possess
the geometric profile of a sphere and are almost the
same size (about 150 nm in diameter). The spherical
geometric profile and homogeneous size of Sn/Ni
nanoparticles can be attributed to the utilization of
a high-voltage pre-nucleation technique (HVPNT)
during the electroplating process (see the section
entitled ‘Methods’, Supplementary Fig. 4 and
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Supplementary Note 2). Supplementary Fig. 4a
exhibits the morphology of nanoparticles electro-
plated with the application of HVPNT; they are
uniform in size and homogeneous in distribution.
In comparison, the Sn/Ni electroplating without
applying HVPNT resulted in irregular nanoparticles
with an obviously random distribution of shape and
size (Supplementary Fig. 4b). Moreover, the phase
of Sn/Ni nanoparticles electroplated onto the inner
surface of CHVC was confirmed by powder X-ray
diffraction (PXRD) as Ni3Sn, (Supplementary
Fig. 4¢).

As expected, after immersing the Sn/Ni-coated
CHVC slice in molten Li, the Li smoothly flowed
into CHVC due to the good wettability and capil-
lary forces and then shiny silvery CHVC/Li com-
posite anode was obtained (Supplementary Movie
1 and right image of Fig. 2a). After Li infusion, the
fact that the channel walls can still be observed in the
top-view SEM image (Fig. 2d) and cross-sectional-
view SEM image (Fig. 2e) of the CHVC/Li compos-
ite slice further confirmed the integrity of the struc-
ture with vertical channels in the CHVC after Li
infusion.

To investigate the process of Li infusion into ver-
tical channels with the help of the Sn/Ni alloyed
nanoparticle coatings, a sample ofa CHVC/Li com-
posite slice with part infusion of molten Li was
comprehensively characterized by SEM. From the
top-view SEM image of partly infused CHVC/Li
composite, we can see a lot of protrusions, which
can be attributed to the emergence of channel walls
caused by volume contraction of Li upon cooling
(Supplementary Fig. 5a). As we can see from the
enlarged top-view SEM image in Supplementary
Fig. Sb, the surfaces of the channel walls are cov-
ered with Li metal, no matter whether the walls be-
longed to channels with half Li infusion (encircled
by a green dotted line) or full Li infusion (encircled
by a blue dotted line). The contrast between chan-
nels with half Li infusion and channels with full Li
infusion indicates a more detailed process of Li infil-
tration in which Li covers the wall surface prior to its
filling into the center void space of the surrounding
channel walls. Supplementary Fig. Sc shows a side-
view SEM image of the CHVC/Li slice, which in-
dicates that part of the void space in the channels
is occupied by Li. As shown in the enlarged SEM
image (Supplementary Fig. 5d), the channel walls
can be clearly observed, confirming the integrity
of the vertical channels of the matrix after Li infil-
tration. The general process of Li infusion inferred
from the above discussion is illustrated in Fig. 2f. Af-
ter immersing Sn/Ni-coated CHVC in molten Lij,
the molten Li first climbs along the channel walls
due to the lithiophilic particle coatings, followed by
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Figure 3. Electrochemical characterization of bare Li anode and CHVC-T/Li com-
posite anode. (a) Cycling performance of symmetric cells with CHVC-30/Li, CHVC-
20/Li, CHVC-10/Li and bare Li at a current density of 1 mA cm~2. (b) Nyquist plot
of the impedance spectra of symmetric cells with CHVC-30/Li, CHVC-20/Li, CHVC-
10/Li and bare Li before cycling and after 100 cycles. (c) Variation trends of A values
and overpotential among symmetric cells with CHVC-30/Li, CHVC-20/Li, CHVC-10/Li

and bare Li.

Li filling into the middle void space in channels to
form the CHVC/Li composite anode.

Electrochemical performance of CHVC/Li
composite anode

To evaluate the electrochemical performance of
CHVC/Li composite anode with different pre-
designed vertical channel sizes, symmetrical coin
cells (2032-type) with two identical CHVC/Li
composite electrodes were assembled by using
1.0 M LiTFSI, 1 wt% LiNO3 in 1,3-dioxolane/1,2-
dimethoxyethane (DME:DOL = 1:1 Vol%) as the
electrolyte. Meanwhile, control cells were fabricated
by using two bare Li foils as electrodes with the same
thickness (~500 um). The cells with CHVC-10,

CHVC-20, CHVC-30 or bare Li as electrodes were
cycled with an areal capacity of 1 mAh cm ™2 under a
current density of 1 mA cm 2.

As shown in Fig. 3a, cells with CHVC-10,
CHVC-20 and CHVC-30 exhibit a stable voltage
profile over long-term cycling compared to the cell
with Li foils. Interestingly, the overpotentials of cells
using CHVC/Li composite electrodes decreased in
the order of CHVC-10, CHVC-20 and CHVC-30,
indicating that a smaller pore size in the vertical
channels leads to a lower overpotential. In particu-
lar, at the first cycle, the overpotentials of CHVC-10,
CHVC-20, CHVC-30 and Li foil are 52 mV, 65 mV,
74 mV, and 237 mV, respectively. Furthermore, af-
ter 100 cycles, the overpotentials of the different
electrodes in the above order are 18 mV, 26 mV,
35 mV, and 61 mV, respectively (Fig. 3a, insets).
Obviously, CHVC/Li composite electrodes exhibit
superior cycling stability in comparison to that of
bare Li foil. This improved cycling performance can
be attributed to two aspects. On one hand, verti-
cal channels in CHVC, as the host for Li, can ac-
commodate the undesired volume change during
cycling, which improves the integrity of the elec-
trode. On the other hand, the low tortuosity and
Sn/Ni alloy nanoparticle coating endows the ma-
trix with a high specific surface area, lowering the
practical areal current density, shortening the Li-ion
transport path and enabling uniform Li nucleation
and growth upon Li plating due to the more ho-
mogeneous contact with Li™-ion flux (Supplemen-
tary Fig. 6 and Supplementary Note 3). Further-
more, an alternating current (AC) impedance test
was performed to provide more evidence of low po-
larization in CHVC/Li composite electrodes. As we
can see from the electrochemical impedance spec-
tra (EIS) in Fig. 3b, before cycling (left graph), the
charge transfer resistance (R.;) values of symmet-
ric cells with CHVC/Li composite electrodes are all
less than 100 €2, which is much lower than that of
the cell with bare Li-foil electrodes (R, more than
450L2).In particular, CHVC-30/Li exhibits the low-
est R; of only 34 €. After 100 cycles, compared to
the cell with bare Li-foil electrodes (R, 10 £2), cells
using the CHVC/Li composite anode all presented
R, values less than 9 Q2 (right graph in Fig. 3b). No-
tably, among cells with CHVC/Li composite elec-
trodes, the values of R are also relevant to the sizes
of vertical channels, which is in accordance with the
variation trend of overpotential, as shown in Fig. 3c.
We can infer from these results that a porous ma-
trix with vertical channels enables a faster charge
transfer and a quicker kinetics of electrochemical re-
action with less resistance, which can be attributed
to an enlarged contact area between the Li metal
and electrolyte (Supplementary Fig. 7). Therefore,
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cells using CHVC/Li composite electrodes, espe-
cially those with smaller pore sizes, will display a sig-
nificantly improved cycling performance, the con-
clusion of which is consistent with a previous report
abouta porous copper current collector [37]. In fact,
symmetric cells with CHVC-30/Li composite elec-
trodes can maintain their low overpotential (18 mV)
and stable voltage profile up to 500 cycles (Supple-
mentary Fig. 8). Because CHVC-30/Li showed the
best electrochemical performance in the symmetric
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cell test, it was used for further characterizations and
electrochemical performance tests.

Structural integrity of CHVC-30/Li
composite anode during Li stripping

The long-term cycling test above has confirmed the
sufficient strength of channel walls in CHVC-30/Li
composite electrodes to accommodate the volume
change of Li metal. The structural integrity, however,
also has the potential to be threatened by the pres-
sure caused by battery cases, which is needed to en-
sure that batteries are properly leakproof. Our car-
bon host with Li metal inside can easily withstand
the pressure from battery cases due to the support
of the soft Li metal inside. However, if a structure
with vertical micro-channels can still maintain its in-
tegrity after all the Li metal inside has been stripped
out, the structural integrity during and after electro-
chemical processes can be further confirmed. Thus a
Li-stripping test was conducted after 100 cycles with
a cycling capacity of S mAh cm™? to investigate the
structural integrity, as well as the specific capacity of
CHVC-30/Li composite electrodes. The specific ca-
pacity of CHVC-30/Li composite anode was tested
with symmetric cells at a current density of 2 mA
cm 2. As shown in Fig. 4a, CHVC-30/Li composite
electrode can deliver a specific capacity of 2623 mAh
g~ !, which is two-thirds of the theoretical specific
capacity of Li metal (3860 mAh g~ '). To illustrate
the structural evolution of CHVC-30/Li composite
anode during the stripping process, SEM was per-
formed on the cross-sectional area before stripping
(Fig. 4b), after Li stripping of 1300 mAh g~ ' (about
half of the total capacity, Fig. 4c), and when the
stripping process was finished (Fig. 4d). Compared
with Fig. 4b, which presents the morphology of the
CHVC/Li composite electrode before the Li strip-
ping process, Fig. 4c displays a clear boundary (yel-
low dotted line) dividing the channel space with and
without Li stripping. The boundary line lies in the
middle of the cross-section of the CHVC/Li com-
posite anode, which is consistent with the propor-
tion of the amount of already-stripped Li to the to-
tal capacity. As the the stripping process goes on, the
Li*-ion flux continues flowing into the electrolyte
from the Li metal, causing the boundaryline to move
downward (as denoted by cyan arrows in Fig. 4c).
When the capacity of the stripped Li reaches 2623
mAh g_l, all vertical channels become almost hol-
low (Fig. 4d). The profiles of the vertical channels
can still be observed after all the Li has been stripped
out, revealing that the structure of the CHVC matrix
is well maintained during and after the Li stripping
process. In addition, when the cell was disassembled
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after the stripping process had finished, it was ob-
served that the shape of the CHVC-30/Li compos-
ite electrode was still as well preserved as that of the
electrode before testing, with only the color chang-
ing from silver to black due to the stripping-out of Li
(Supplementary Fig. 9). Thus both macroscopic and
microscopic observations confirmed the structural
integrity of the CHVC matrix during the Li stripping
process.

Interestingly, after Li stripping, small-sized pro-
trusions were found to be densely dispersed on the
inner surface of the micro-channels (Fig. 4e, top).
The corresponding elementary mappings with en-
ergy dispersive spectroscopy (EDS) show that the
carbon mapping pattern is similar to the shape of the

micro-channels and the tin signal homogeneously
appears in the micro-channels (Fig. 4e, middle and
bottom), which indicates that the densely dispersed
protrusions are tin-alloyed nanoparticles originating
from the pristine Ni/Sn nanoparticles. Furthermore,
the enlarged SEM image of an individual channel in
Fig. 4f reveals an extremely rough surface endowed
with protrusions, which largely dissipates the current
density of lithium plating. Therefore, the densely dis-
persed tin-alloyed nanoparticles left in the micro-
channels after Li stripping could act as nucleation
sites, inducinghomogeneous Li plating in the carbon
host for the following cycles.

Full cell performance of CHVC-30/Li
anode coupled with LiFeP0, cathode

To prove the advantage of using CHVC-30/Li com-
posite anode to improve the performance of Li-
metal-based batteries, full cells with LiFePO, (LFP)
as cathodes versus CHVC-30/Li composite anodes
or bare Li foil were assembled and tested. Fig. Sa
shows a comparison of the rate capacity of full cells
with bare Li foil or CHVC-30/Li composite an-
odes. At low rates below or equal to 1 C, the spe-
cific capacities of two cells are relatively close to
each other (i.e. the specific capacity is 151 mAh
g~ ! for CHVC-30/Li composite anode and 140
mAh g~! for bare Li foil at 0.5 C). As the rate in-
creases to 2 C or higher, however, the differences
between the two cells using different anodes be-
come more obvious. At the rate of 2 C, the value
difference between the capacities of the two cells
reaches 15.3 mAh g~ . In particular, the cell assem-
bled with CHVC-30/Li composite anode presents
a specific capacity of 97 mAh g~! at 5 C, while
that of the Li-foil/LFP full cell is only 62 mAh gfl.
Supplementary Fig.10a and b displays the voltage
profiles of the two cells at different rates. As we
can see, cells with CHVC-30/Li composite anode
exhibit a much lower polarization effect (205 mV
at S C, Supplementary Fig. 10a) than that of the
bare Li/LFP full cell (600 mV at 5C, Supplemen-
tary fig. 10b). To further confirm the low polar-
ization effect endowed by the vertical channels of
CHVC-30/Li anode, impedance spectra were per-
formed before cycling and after 25 cycles of the
above-mentioned rate capacity test (Fig. Sb and
c). The charge transfer resistance of the cell with
CHVC-30/Li composite anode is 83 2 before cy-
cling, about one-eighth of that of the Li-foil/LFP
full cell (>600 €2). Similarly, after the rate capability
test, compared to the full cell using bare Li-foil an-
ode (R 270 €2), the cell using CHVC-30/Li com-
posite anode exhibits a much smaller R of 40 Q



after the rate capability test. When the two cells were
tested at 1 C for 120 cycles, a capacity retention rate
of 90.6% was realized by the cell with CHVC-30/Li
composite anode, while that of the cell with bare Li
was only 82.6% (Supplementary Table 2). The bet-
ter electrochemical performance of CHVC-30/Li
composite anode in full cells indicates the effective-
ness of introducing micro-channels into Li-metal an-
odes to broaden the application areas of Li-metal
batteries.

The ice-templated CHVC is similar, but superior,
to a natural wood-templated framework because it
is size-tunable and possesses a more homogeneous
pore-size distribution (Fig. 1b-d). On the basis of
the pore-size tunability of CHVC, we could further
investigate the correlation between the pore size in
the vertical channels and the electrochemical per-
formance of the as-obtained CHVC/Li composite
anode. A smaller pore size leads to better electro-
chemical performance, which is consistent with the
pore-size design in the porous copper current collec-
tor [37]. As the result, the CHVC-30/Li composite
anode has the lowest overpotential (~18 mV) and
very flat voltage profiles even when it is cycled for
500 cycles (Supplementary Fig. 8).

The excellent electrochemical performance of the
as-fabricated CHVC-30/Li composite anode can be
attributed to two aspects. First, the contact inter-
face between the Li metal and the electrolyte is a
curved surface rather than a flat surface (Supplemen-
tary Fig. 7). Compared with flat bare Li foil, this type
of contact between Li and the electrolyte enlarges
the effective surface area of the Li metal and ensures
better Li-ion transfer. As a result, the increased sur-
face area lowers the practical current density, as well
as the charge transfer resistance. Thus, the overpo-
tential of CHVC/Li composite electrodes is much
lower than that of bare Li foil (Fig. 3a). Furthermore,
with a lower practical current density, the nucleation
and growth of Li will be uniform and dense, in com-
parison to the non-uniform and loose morpholo-
gies of Li metal plated on the surface of bare Li foil
(Supplementary Fig. 6), which causes the surface
pulverization of lithium foil. On the other hand, the
vertical channels in CHVC can effectively accom-
modate the volume changes of the anode during the
Li stripping/plating process, which largely enhances
the stability and integrity of the whole cell. In detail,
the Sn/Ni nanoparticles decorated on the carbon
walls of the vertical channels, as the nucleation sites
for Li plating, can confine the Li stripping/plating
to only along the vertical channels. Also, the ver-
tical channels are strong enough to maintain the
micro-structure of CHVC during cycling, which is
confirmed by our observation of the well preserved
channel structures after Li stripping tests (Fig. 4).

In addition, in macroscale observation, the CHVC
electrode still maintains its original shape after strip-
ping all of the Li metal in the host (Supplementary
Fig. 9b).

CONCLUSION

In summary, we propose a bio-inspired design strat-
egy to construct a low-tortuosity carbon with tun-
able vertical channels as the efficient host for Li-
metal anode to improve the cycling stability and rate
performance. With a simple electroplating method,
we manage to adhere a coating of Sn/Ni alloy
nanoparticles with great homogeneity in size and
dispersion onto the inner surface of the micro-
channels (Supplementary Figs. 12 and 13). The
Sn/Ni alloy nanoparticle-coated vertical channels in
the host could guide the uniform nucleation and
growth of Li metal to accommodate the volume
change and suppress the dendritic growth of Li
metal. After compositing Li, the bio-inspired carbon
host with the smallest pore size (~14 um) of vertical
channels exhibits the lowest overpotential (~18 mV
at 1 mA cm™), most stable tripping/plating voltage
profiles, and best cycling stability (up to S00 cycles)
in symmetrical cells. The vertical micro-channels
and the Sn/Ni alloy nanoparticles have a synergis-
tic effect on the facilitation of a uniform nucleation
process, lowering the overpotential and improving
the stability at high current density (Supplemen-
tary Figs. 14 and 15). Attractively, the full cell of
LiFePO4~CHVC-30/Li exhibits low charge trans-
fer resistance and high rate performance resulting
from the vertical channes design in the composite
anode. Our proposed Li-metal composite anodes
will boost the applications of Li-metal-based high-
energy-density batteries via the introduction of 3D
microstructure with vertical channels.

METHODS
Fabrication of CHVC/Li composite anode

The PMVC was fabricated by a modified ice-induced
self-assembly and thermal curing process according
to our previous report [35]. Chitosan (2 g) and
acetic acid (2 g) were mixed with deionized wa-
ter (75 mL, 18 M2, Q-POD Element) in a beaker
sealed with a piece of parafilm to form chitosan hy-
drosol. Then the chitosan hydrosol was vigorously
stirred with a magnetic stirrer for 1 h to form a low-
viscosity aqueous dispersion. After that, graphene
oxide solution (7 mL, 7.1 mg mL™') was added
into the above dispersion, followed by the addi-
tion of resol (7.2 g). The resol used in this work
was fabricated with formaldehyde, phenol, sodium



hydroxide, hydrochloric acid (all from SCRC, AR)
and deionized water, according to our previous work
[35]. The mixture in the beaker was stirred for an-
other 30 min to make a uniform dispersion. Then
the as-prepared solution was poured into a poly-
dimethylsiloxane (PDMS) mold (6 cm X 6 cm X
4.5 cm), which was put on a copper ingot with the
pre-cold temperature (—10, —20 or —30°C). The
rate of temperature decrease from the copper in-
got surface to aqueous dispersion was ~0.2°C s,
which was controlled via the liquid nitrogen sur-
rounding the copper ingot. After the solution was
completely frozen from bottom to top, the solid
samples were freeze-dried at —40°C and 10 Pa
by a lyophilizer (LABCONCO, FreeZone 2.5 Liter
Benchtop Freeze Dryers) for 48 h. Then the ob-
tained cryogel samples were solidified and cross-
linked in a chamber furnace (MTI, KSL-1700X) at
180°C for 1.5 h to form PMVC (4 cm X 4 cm x
3 cm). After that, the bulk PMVC was cut into slices
with a size of 2.06 cm X 1.82 cm x 0.75 cm by
a wire-cutting machine (STX-202A Mini Diamond
Wire Saw). Then the slices were carbonized in a tube
furnace (MTL, OTE-1200X-5S) in Ar/H, at 900°C
for 6 h to form CHVC. Then the generated CHVC
slices were coated with Sn/Ni nanoparticles via
electroplating. The electroplating solution was pre-
pared by dissolving SnSOy (7.52 g), NiSO4.6H,0
(1.31g), KuP,O; (38.44 g), glycine (1.8768 g) and
ammonium hydroxide (1 mL) into deionized water
(200 mL). The electroplating processes were set as
follows (two steps): a relatively high pulse voltage
was provided to realize a square-wave pulse current
with an alternation of 10 mA cm ™2 and 0; this was
the first step of the electroplating process, namely,
the HVPNT. The square-wave pulse current lasted
for 200 s, in which the pulse duty ratio was 50% and
the frequency was S Hz. Then a galvanostatic current
of 1 mA cm ™2 was applied for 2 h; this was the sec-
ond step of the electroplating process. The electro-
plated CHVC was washed by deionized water three
times and dried in a vacuum oven at 80°C for 6 h.
Finally, to infuse Li metal into the micro-channels,
the Sn/Ni-coated CHVC was immersed in molten
Li (heated on ahot plate of450°C), as shown in Sup-
plementary Movie 1.

Material characterization

X-ray diffraction of patterns was carried out on a
PW1710 instrument with CuKa radiation (A =
0.154 06 nm). The microstructure of all the samples
was observed by SEM (Zeiss Supra 40) at an ac-
celeration voltage of 5SkV. Elementary analysis was
performed with an energy dispersive spectrometer
(X-Max", Oxford Instruments).

Electrochemical measurements

The processes of Li stripping and plating were in-
vestigated via symmetric cells (2032-type coin cell)
with commercial separators (Celgard 2250). The
electrolyte used for testing was 1.0 M LiTFSI, 1
wt% LiNOj in 1,3-dioxolane/1,2-dimethoxyethane
(DME:DOL = 1:1 vol%). The LiFePO, cath-
odes used in the full cell tests were fabricated by
blade-coating uniformly mixed slurry (composed of
70 wt% LiFePOy, 20 wt% acetylene black and 10
wt% PVDF dispersed in N-methyl-2-pyrrolidone
(NMP)) onto a piece of aluminum foil followed by
vacuum drying for 8 h and cutting into round pieces
with diameters of 12 mm to fit the 2032-type coin
cells. In rate capacity tests, the charge/discharge rate
varied from 0.5Cto S C (1 C=170mAhg ') under
a voltage range of 2.8 V to 3.8 V. The cycling perfor-
mance of the half cells and rate capacity of full cells
were tested with cell-testing equipment (LANHE,
CT2001A). EIS measurements were performed by a
Biologic VSP-300 multichannel system. All the cells
used in our tests were assembled in an argon-filled
glove box (O, < 1 ppm, H,O < 1 ppm, LABSTAR,
LS800S).

SUPPLEMENTARY DATA

Supplementary data are available at NSR online.
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