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ARTICLE INFO ABSTRACT

Three-dimensional (3D), high-specific-surface-area, and porous current collectors are strongly considered as
the hosts of lithium deposition to avoid dendrite growth of lithium metal in rechargeable batteries. However, a
major hurdle in these hosts is the poor affinity of lithium in non-polar framework and favorable lithium
deposition toward the conductive separator-facing surface while leaving the interior voids empty. Herein, we
demonstrate an effective strategy to address the issue of spatially heterogeneous lithium deposition in 3D Janus
current collectors by modifying its separator-away surface with low Li/Li" over-potential nanoparticles as
nucleation sites to guide lithium deposition. The metallic lithium preferentially nucleates around the gold
nanoparticles that are sputtered on the separator-away surface of the carbon paper. The lithium metal then
grows along the adjacent carbon fiber and renders it spatially homogeneous for deposition/dissolution during
the repeated charge/discharge processes. The Janus gold nanoparticle-modified carbon paper (Au/CP)
electrode exhibits an excellent Coulombic efficiency of 99.1% over 100 cycles at 1.0mAcm™ in the ether
electrolyte, while the pristine carbon paper (CP) and stainless steel foil (SS) electrodes exhibit Coulombic
efficiencies of less than 80.0% after 74 and 59 cycles, respectively. The strategy is universal and similar results
are obtained when replacing gold, carbon paper, and ether electrolyte with zinc oxide, nickel foam, and
carbonate electrolyte, respectively. Therefore, this strategy presents a general approach to regulate lithium ion
distribution, nucleation, and deposition behavior for long-lifespan lithium metal batteries.

Keywords:

lithium metal anodes

lithiophilic gold nanoparticles

3D carbon fiber paper

Li metal nucleation

Janus nanostructured current collectors

carbon fibers [29,30], porous copper [31-34], and nickel foam [35-38]
with high specific surface areas are widely considered as the hosts for

1. Introduction

Lithium metal is regarded as the ‘holy grail’ anode in high energy
secondary batteries because of its high theoretical capacity (3860 mAh
g™ 1), low density (0.53 g em™2), and very negative potential (-3.04 V vs.
the standard hydrogen electrode) [1-3]. Unfortunately, lithium den-
drite growth, low Coulombic efficiency, and security issues limit the
practical applications of lithium metal anodes into rechargeable
batteries [4,5]. Various approaches including optimized electrolytes
[6-11], solid state electrolyte [12—14], protected separators [15-17],
surface-modified lithium foils [18,19], lithium powders [20,21], and
new current collectors [22—24] have been employed to suppress the
lithium dendrites and improve Coulombic efficiency of Li metal anodes.

The advanced three-dimensional (3D) porous current collectors can
significantly reduce the effective current density. Consequently, the
Sand's time is extended and lithium dendrite growth is suppressed.
Based on this consideration, graphene [25—27], artificial graphite [28],
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lithium deposition. However, a major hurdle of these host materials is
the poor affinity for lithium. Briefly, with the increase in current
density and deposition capacity, the polarization of lithium metal
anodes becomes strong.

To reduce the nucleation and deposition polarization, various
materials are considered to enhance the affinity of these matrices with
lithium metal. Cui and co-workers [39] described that gold, silver, zinc,
and magnesium exhibited good metallic lithium affinity resulting in the
favorable nucleation of lithium at these sites. The lithium metal
preferentially nucleated and grew up on the inner gold nanoparticles
rather than the outer surface of the carbon spheres. As a consequence,
a high Coulombic efficiency of 98% for over 300 cycles at 0.5 mA cm™
was achieved. Additionally, other lithiophilic functional groups and
nanoparticles have also exhibited controllable deposition of lithium to
enhance stable cycling performances. For instance, nitrogen-doped
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graphene [40], ZnO quantum dots [41], and Ag nanoseeds [42] were
introduced into the lithium metal anodes for highly stable lithium
metal batteries.

These 3D host materials with lithiophilic functional groups or
nanoparticles have uniformly dispersed nucleation sites. However,
the preferential lithium nucleation and growth occur on the nanos-
tructured Li metals at the conductive separator-facing surface (SF
surface) [29,43—-45]. This reduces the utilization of interior voids and
leads to performance degradation. Insulating layers (SiC and Al,O3)
[29,46] on the SF surface of the 3D hosts can prevent lithium
nucleation on these surfaces and accommodate lithium deposition
inside the voids. However, this strategy sacrifices the part of the surface
area on the insulating layer of the coated electrode and induces strong
polarization. Therefore, an efficient matrix is urgently requested to
realize the uniform deposition of lithium metal in the entire spaces of
3D hosts.

In this contribution, we demonstrate a Janus 3D current collector
with one lithiophilic surface and another lithiophobic surface is
proposed to guide spatially heterogeneous lithium deposition. In
general, such Janus current collectors can be achieved by sputtering
lithiophilic nanoparticles (e.g. gold or zinc oxide) on its separator-away
(SA) surface as nucleation sites to guide uniform lithium deposition.
The sputtered nanoparticles have a low nucleation over-potential.
Therefore, lithium ions tend to deposit on the SA surface of 3D host,
rather than its SF surface. Consequently, this renders a uniform
deposition of lithium ions in entire 3D hosts. Relative to the 3D hosts
with tunable lithiophilic/lithiophobic chemistry [39-42] or insulating
surface [29,46], the proposed strategy can not only successfully deposit
lithium on the SA surface, but also reduce the polarization with the
entire host utilized. The concept is proofed by Au/CP host for spatially
homogeneous 3D lithium metal anode. Metallic lithium preferentially
nucleates on the sputtered gold nanoparticles at the SA surface of the
carbon paper electrode. The fresh lithium is then continuously
deposited on these nucleation sites and grows along the adjacent
carbon fibers from the SA to SF surface. Overall, this renders spatially
homogeneous deposition/dissolution during the repeated charge/dis-
charge processes (Fig. 1(a)). On the contrary, the untreated CP
electrode tends to deposit lithium metal on the SF surface where
lithium ions accept electrons rapidly [29,43-45]. This leads to low
utilization of the interior voids and even vast growth of lithium
dendrites during the repeated charge/discharge processes (Fig. 1(b)).
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2. Experimental

2.1. Preparation of 3D Janus host with one lithiophilic surface and
another lithiophobic surface

Au modified carbon paper (Au/CP) was prepared by sputtering Au
nanoparticles on one side of carbon paper (CeTech Co., Ltd.) with an
ion sputtering instrument (JFC-1600, Auto Fine Coater) at 20 mA for
200 s. Before modification, the carbon paper was ultrasonically cleaned
in alcohol. As a control, stainless steel (SS) and pristine CP were treated
similarly. Similar to the preparation of Au/CP, the gold-modified nickel
foam (Au/Ni foam) was prepared by sputtering gold nanoparticles on
one side of the commercialized nickel foam (Taiyuan Liyuan Lithium
Technology Center Co., Ltd.) under identical conditions, and the Au
contents on these hosts are about 0.014 mgem™. As for zinc oxide-
modified carbon paper (ZnO/CP), zinc oxide nanoparticles were
deposited on one side of the commercialized carbon paper with a
magnetron sputtering system under an argon atmosphere at ~1.0 Pa
with a sputtering power of 80 W for 15s with the zinc oxide target
(50.8mm in diameter and 5.0 mm in thickness) as the zinc oxide
source. The mass loading of ZnO nanoparticles is about 0.031 mg cm™.

2.2. Characterization

The microscopic morphology and structure of the electrodes were
characterized by scanning electron microscopy (SEM, FEI Nova
NanoSEM 230) and energy dispersive spectrometer (EDS). The
2025-type coin cells were composed of SS, CP, Au/CP, and ZnO/CP
as the working electrode, lithium foil as the counter/reference elec-
trode, a Celgard 2400 separator, and electrolyte of 1.0 M lithium
bis(trifluoromethane-sulfonyl)imide (LiTFSI) in 1,2-dimethoxyethane
(DME)/ 1,3-dioxolane (DOL) (1:1 by volume) with 1.0 wt.% LiNOj as
typical in a lithium—sulfur battery. To prevent the penetration of the
Celgard 2400 separator, working electrodes of Ni foam and Au/Ni foam
were assembled in 2032-type cell coins with a glass fiber separator. 60
ul electrolyte was used in 2025-type coin cells and 150 pl electrolyte
was used in 2032-type coin cells. For convenience of comparison, we
defined the host surface placed away from separator as the SA surface,
and the surface near the separator as the SF surface. For Au/CP, Au/Ni
foam, and ZnO/CP hosts, the surfaces with gold or zinc oxide
nanoparticle modification were the SA surfaces. Galvanostatic cycling
performance was measured by a LAND CT2001A battery-testing

CP

Fig. 1. Schematic diagram of lithium nucleation and growth in the Au/CP (a) and CP (b) host.
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Fig. 2. Schematic diagram of gold sputtering on the CP (a) and the Li metal battery using Au/CP electrode (b). SEM images of Au/CP on the SA surface (¢) and SF surface (d). EDS

spectrograms of Au/CP on the SA surface (e) and SF surface (f).

instrument at room temperature (25 °C). The lithiation capacity was
1.0 and 3.0 mAh em™ at 0.2, 0.5, 1.0, 2.0, 3.0, and 5.0 mA em™, and the
delithiation potential was 1.0V at the same current. The Coulombic
efficiency was calculated as the ratio of the delithiation capacity versus
the lithiation capacity. The full Li metal battery herein is with LiFePO,
(Taiyuan Liyuan Lithium Technology Center Co., Ltd.) and composite
Li metal anode. The LiFePO,4, PVDF binder and carbon black in a
weight ratio of 8:1:1 were dissolved into N-methyl-2-pyrrolione to
obtain the electrode with a mass loading of LiFePO,4 of ~8.0 mgcm™>.
Electrochemical impedance spectroscopy (EIS) measurements were
conducted by Solartron 1470E cell test system from 100kHz to 10
mHz.

3. Results and discussion
3.1. Morphology and structure of Au/CP host

Au/CP host is prepared by sputtering Au nanoparticles on one side
of the CP (Fig. 2(a)). The surface with Au modification is placed away
from separator as the SA surface (Fig. 2(b)). SEM images of Au/CP
hosts for the SA and SF surfaces are shown in Fig. 2(c) and (d),
respectively. The CP are consisted of ca. 7 pm carbon fibers with an
open porous structure. After Au sputtering, the Au nanoparticles are
evenly distributed on the SA surface of the carbon paper, and no Au is
found on the SF surface (see Fig. 2(e), (f) and their insets).

Additionally, the loading of Au nanoparticles is only about 0.014 mg
ecm? by weight in the Au/CP host after 10 rounds of Au sputtering,
rendering no change of CP electrode (Fig. S1(a) and (b)). These Au
nanoparticles are expected to induce preferential nucleation and
growth of lithium metal [39,47].

3.2. Lithium depositing morphology

To investigate the deposition behavior of lithium metal on the CP
and Au/CP electrodes, a continuous deposition test is performed at 0.1
mA cm? with different capacities (0.1, 0.5, and 1.0 mAh ecm®). Fig. S2
exhibits the “geographical” distribution of the deposited lithium metal
on the CP electrodes after different deposition durations. Metallic
lithium progressively appears on the SF surface when plating 0.1 mAh
em? lithium at the CP electrode (Fig. S2(a)). However, there is few
morphology changes on the SA surface (Fig. S2(d) and (g)). As the
deposition capacity increases to 0.5 and 1.0 mAh cm?, the lithium
particles gradually grow into large lumps and are distributed in the
voids close to the SF surface (Fig. S2(b) and (c)), resulting in an
obviously increased thickness of the carbon fibers; only a trace of
metallic lithium is deposited on the SA surface (Fig. S2(e), (f), (h), and
(1)). This indicates that the metallic lithium preferentially deposits and
grows on the SF surface of the CP electrode because of the short
pathways for lithium ions to accept the electrons [29]. This uneven
deposition of the lithium reduces the utilization of the interior voids



B. Hong et al.

and induces performance degradation of the CP electrode during the
repeated charge/discharge cycling.

In a sharp contrast, lithium deposition behavior on the Janus Au/
CP electrode is completely different (Fig. S3). The metallic lithium is
preferentially deposited (Fig. S3(d)) on the SA surface, but not on the
SF surface at a low deposition capacity of 0.1 mAh cm (Fig. S3(a) and
(g)). This means gold nanoparticles regulate the favorable deposition
sites by inducing nucleation of metallic lithium because of its low
lithium deposition over-potential [39]. When the deposition capacity
increases to 0.5 mAh ecm2, the metallic lithium coverage area gradually
increases (Fig. S3(h)). Meanwhile, more metallic lithium is deposited
on the carbon fibers of the SA surface (Fig. S3(e)). However, carbon
fibers on the SF surface are still smooth indicating that no metallic
lithium is deposited (Fig. S3(b)). When the deposition capacity
increases to 1.0 mAh cm, the metallic lithium is evenly covered on
all carbon fibers either on the SA surface or on the SF surface (Fig.
S3(c), (f), and (i)). Besides, the Au/CP electrode exhibits a small
thickness change compared to the thickness of CP electrode after
lithium deposition. This indicates that lithium is mainly deposited
inside the spacious voids.

When the deposition capacity increases to 3.0 mAh cm? at a high
current density of 3.0 mA cm, the contrasts between CP and Au/CP
electrode are more obvious. Negligible metallic lithium is deposited on
the SA surface for CP electrode (Fig. 3(a), (b), and Fig. S4(a)),
indicating lithium deposition mainly on the SF surface. On the
contrary, metallic lithium is uniformly deposited on the SA surface as
well as SF surface of Au/CP electrode (Fig. 3(d), (e), and Fig. S4(b)).
Furthermore, the Au/CP electrode displays smaller thickness (137.1
um) (Fig. 3(f)) than CP electrode (142.9 pum) (Fig. 3(c)) after lithium
deposition. This is ascribed to the fact that lithium can homogeneously

& /£ SAsurface
CVER
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deposit into the interior of Au/CP host, rather than only the surface of
CP host. All these results confirm that metallic lithium is preferentially
nucleated on the Au nanoparticles, and then grow evenly along the
carbon fibers from the SA surface to the SF surface.

3.3. Long-term electrochemical performance

To confirm the concept of the uniform lithium deposition into
Janus 3D current collector with one lithiophilic surface and another
lithiophobic surface during long term cycling, the cycling performances
of CP and Au/CP electrodes are recorded under different current
densities (0.2, 0.5, 1.0, and 2.0 mA cm™) (Fig. 4). The SS electrode is
also selected as the control sample. The SS electrode exhibits low
average Coulombic efficiencies of 92.6% and 87.4% at 0.2 and 0.5 mA
cm? (Fig. 4(a) and (b)), respectively, after 100 cycles. When the current
density increases to 1.0 mA cm™, the SS electrode shows a Coulombic
efficiency of less than 80.0% after 59 cycles (Fig. 4(c)). Even worse, the
battery quickly fails when the current density increases to 2.0 mA cm™
(Fig. 4(d)).

In contrast, the CP electrode shows a high Coulombic efficiency of
98.9% at 0.2mAcm? after 100 cycles (Fig. 4(a)). This significantly
outperforms the SS electrode for the reason that CP exhibits high
surface area, large void volume, and good electrical conductivity, which
will reduce the effective current density and enhance electrolyte uptake
capabilities [27,48,49]. Besides, polar surface functional groups (such
as C-O and C=0) are still found on the CP electrode (Fig. S5), which
may attract lithium ion and form additional electrical fields to relieve
the tip effect as well as facilitate well-distributed homogeneous lithium
ionic flux during the lithium deposition [50—53]. All these reasons are
benefited for uniform lithium metal deposition. Unfortunately, when

_ SF surfc_

SA surface
400 pm

VSAisurface:

1400 um

Fig. 3. SEM images of CP (a-c) and Au/CP (d-f) electrodes on the SF/SA surfaces and at the cross section with 3.0 mAh em? deposited at 3.0mA cm>.
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Fig. 4. Electrochemical performances of SS, CP, and Au/CP electrodes at 0.2 (a), 0.5 (b), 1.0 (c), and 2.0 mA cm™ (d).

the current density increases to 0.5 and 1.0 mA cm, the lithium metal
are non-uniformly deposited on the CP electrode. While the CP
electrode exhibits average Coulombic efficiencies of 93.0% and 89.0%
at 0.5 and 1.0 mA cm, respectively, the Coulombic efficiencies quickly
drops to less than 80.0% after 86 and 74 cycles, respectively (Fig. 4(b)
and (c)). With further increase of current density (2.0 mA cm), the CP
electrode quickly fails, shown in Fig. 4(d).

Specifically, once Janus Au/CP electrode is applied, the cells exhibit
high Coulombic efficiencies of 99.5%, 99.3%, 99.1%, and 97.6% at 0.2,
0.5, 1.0, and 2.0 mA ecm2, after 100 cycles (Fig. 4(a), (b), (c) and (d)),
respectively. This is much higher than that on the SS and CP electrodes.
Furthermore, the Janus Au/CP electrode still has high average
Coulombic efficiency of 97.2% after 100 cycles even at a high current
density (3.0 mA cm?) and high area capacities (3.0 mAh cm?), whereas
the CP electrode exhibits a Coulombic efficiency of less than 80.0% only
after 35 cycles (Fig. S6). Besides, the Au/CP electrode shows minimum
charge transfer resistance before and after 40 cycles (Fig. S7). These
results indicate that Au nanoparticles induces uniform lithium nuclea-
tion and growth in the interior voids to improve the spatial homo-
geneity and utilization of interior voids and further enhance the
performance of the CP electrode.

In order to understand the failure mechanism of these batteries as
well as to confirm the inducing effect of gold nanoparticles on carbon
paper, SEM images of SS, CP, and Au/CP electrodes on the surface and
at a cross section after 40 cycles with a current density of 1.0 mA cm™
are shown in Fig. 5. There are residual impurities on the SS surface or
among the carbon fibers, which are corresponding to mossy lithium
that consists of electrolyte reduction products and dead lithium. The SS
electrode has inherent shortcomings of 2D current collectors and is
prone to induce unstable lithium particle nucleation and growth. This
is followed by the growth of lithium dendrites during repeated charge/
discharge cycles [54,55]. As a result, abundant cracks, dead lithium and
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mossy lithium layers with a thickness of about 27.3 um are found on
the SF surface (Fig. 5(a) and (b)). More promisingly, these accumulated
dead lithium and mossy lithium reduce the Coulombic efficiency of the
SS electrode.

As for CP electrode, the porous structure on the SF surface is almost
completely filled by mossy lithium and dead lithium (Fig. 5(c)),
resulting in increased thickness of CP electrode from about 133.5
(Fig. S1(b)) to 144.3 um (Fig. 5(d)) after 40 cycles. Both dead lithium
and mossy lithium are mainly distributed in the SF region of this
electrode (cross section (Fig. 5(d)). This strongly proves that the carbon
fiber located in the SF region offers favorable sites for lithium
deposition and dendrite growth. Unlike the CP electrode, the thickness
of the Janus Au/CP electrode is only 133.7 um, rendering almost no
expansion after 40 cycles. Also, there is little dead lithium or mossy
lithium on the Janus Au/CP electrode surface or among the carbon
fibers (Fig. 5(e) and (f)), which is consistent with its high Coulombic
efficiency exhibited in Fig. 4(c).

We also tests the Coulombic efficiencies of SS, CP, and Au/CP
electrodes in an alkyl carbonate electrolyte that is usually used for
lithium ion batteries (Fig. S8). An average Coulombic efficiency of
94.7% over 120 cycles is obtained at 1.0mAcm? with a lithium
capacity of 1.0 mAh cm? on the Janus Au/CP electrode. In contrast,
the Coulombic efficiency decreases to less than 80.0% after 40 cycles
for the SS electrode and 94 cycles for the CP electrode. Similarly, when
LiFePO, is adopted as the lithium source, the Au/CP electrode renders
a high and stable Coulombic efficiency of 99.6% with a discharge
capacity of 45.3 mAh g?! at 0.5C after 500 cycles, whereas the CP
electrode displays an unstable Coulombic efficiency and low discharge
capacity of < 40.0 mAh g! only after 20 cycles (Fig. S9). Therefore, Au
nanoparticle-modified carbon paper offers potential applications in the
practical lithium metal batteries without Li dendrite formation.
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Fig. 5. SEM images of SS electrode on the SF surface (a) and at the cross section (b), CP electrode on the SF surface (c) and at the cross section (d), Au/CP electrode on the SF surface (e)

and at the cross section (f) after 40 cycles at 1.0mA cm™ and 1.0 mAh em™2.
3.4. Strategy prolongation

To illustrate the general Janus current collector strategy, we employ
nickel foam modified with gold nanoparticles as a 3D current collector
(Fig. 6(a-d)). A high Coulombic efficiency of 99.4% for nearly 250
cycles at 2.0 mA cm™ in an ether electrolyte is achieved on the Janus
Au/Ni foam current collectors (Fig. 6(e). Even if the current density is
increased to the practical current density of commercial lithium metal
batteries (5.0mAcm?), the Au/Ni foam electrode still shows an
average Coulombic efficiency of 96.6% for nearly 180 cycles
(Fig. 6(f)). In contrast, pristine nickel foam electrode without gold
nanoparticle modification exhibits Coulombic efficiencies of less than
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80.0% after 60 cycles at 2.0mAcm? or 50 cycles at 5.0 mAcm?,
respectively.

In addition, we further employ lithiophilic zinc oxide nanoparticle
[56]-modified CP as a host material for dendrite-free lithium deposi-
tion (Fig. S10 and Fig. S11). The zinc oxide is easily reduced to zinc
(2Li* + ZnO + 2e — Li»O + Zn) during the lithium deposition [41,57].
Consequently, the ZnO/CP electrode renders an average Coulombic
efficiency of 98.6% over 100 cycles because of the preferentially
induced lithium nucleation and growth on the zinc nanoparticles
[40], which is far better than the performance of CP electrode. (Fig.
S12). Therefore, this strategy to regulate lithium deposition is effective
in a family of 3D Janus current collectors.
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Fig. 6. SEM images of Au/Ni foam on the SA surface (a) and SF surface (b). EDS spectrograms of Au/Ni on the SA surface (c¢) and SF surface (d). Electrochemical performance of Ni

foam and Au/Ni foam electrodes in a half-cell at 2.0 and 5.0 mA cm™ (e and f).
4. Conclusion

We demonstrate a general concept to guide spatially lithium metal
deposition in the interior of Janus 3D hosts with one lithiophilic
surface and another lithiophobic surface. The Janus 3D CP electrode is
modified by uniform Au nanoparticles via a facile Au sputtering onto its
SA surface. Due to the lithiophilic feature of these Au nanoparticles,
lithium ions preferentially nucleates on these Au nanoparticles.
Therefore, the metallic lithium is guided to these sites for continuous
and uniform deposition. Then the Li metal grows evenly along the
carbon fibers from the SA surface to the SF surface and finally realizes a
uniform deposition in the entire 3D Janus host rather than only on the
SF surface. As a result, the Au/CP electrode shows Coulombic
efficiencies of 99.5%, 99.3%, 99.1%, and 97.6% after 100 cycles at
0.2, 0.5, 1.0, and 2.0 mA cm, respectively. These values are much
higher than these of SS and 3D CP electrodes. After replacing gold with
inexpensive zinc oxide and carbon paper with nickel foam, the Au/Ni
foam electrode offers a lifespan of nearly 250 and 180 cycles at 2.0 and
5.0 mA em?, respectively. Furthermore, when LiFePO, was adopted as
the lithium source, the Janus Au/CP electrode exhibits a high and
stable Coulombic efficiency of 99.6%, while the CP electrode displays
an unstable Coulombic efficiency only after 20 cycles. Therefore, this
strategy is an effective method to regulate lithium deposition in a

working lithium metal anode. To summarize, it is a fundamental
concept to overcome the spatially heterogeneous deposition and even
dendrite growth toward the conductive SF surface while leaving the
interior voids empty in 3D hosts in a working Li metal battery.
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