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Surface Engineering of Commercial Ni Foamsfor
SableLi Metal Anodes

Abstract: The short life span of lithium metal anodes (LMAlsie to dendrite growth
and low coulombic efficiency has been regarded has Hottleneck in developing
next-generation high-energy-density lithium metahséd secondary batteries.
Employing three-dimensional (3D) current collect@sone approach to reduce the
effective current density and delay dendrite grok@bmmercial Ni foam, in spite of
its high electronic conductivity and 3D topologyshnot been considered for this
application due to its low specific surface ared htniophobic nature. In this study,
we develop a surface engineering strategy to umiforcoat lithiophilic Aulg
particles on Ni foam skeletons through lithiatiorf electrodeposited gold
nanoparticles. In comparison with the bare Ni fodhe AuLs@Ni foam is more
lithiophilic, significantly lowering the nucleatioenergy barrier and enhancing the
uniformity for Li deposition. Such a structure riésun effective suppression of Li
dendrite growth in the void space of the foam. Aesault, the AuLi@Ni foam current
collector based LMAs can run for 740 h without dailure in a symmetric cell.
Furthermore, the Li@(Auk@Ni foam)|LiFePQfull cell shows an excellent capacity
retention of 43.8% with a high CE of 99.2% at 1d€ %00 cycles. This work further
illustrates the critical importance of surface ibibhilicity in guiding lithium cycling
and suggests engineering the skeleton surface mimeocial metal foam current

collectors is important to improve 3D structured AM
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1. Introduction

Significant efforts have been devoted to developithgum metal anodes (LMAS) for
rechargeable Li batteries since the 1970s[1]. Bssitheir high capacity and low
potentials, LMAs are requisite for Li-S and Li®ystems[2, 3]. Unfortunately, the
practical application of LMAs has been greatly imge by low coulombic efficiency
(CE) and Li dendrite growth and the serious assedigafety hazards, which are
intrinsically linked to the undesired reactionsvibetn the Li metal and the electrolyte
during repeated Li plating/stripping[4]. There aenumber of strategies that are
proposed to mitigate these problems in LMAs, incigdadding electrolyte additives
to generate a highly stable solid electrolyte ifiaiee (SEI) film[5, 6], constructing
artificial SEI films to protect Li metal againstqliid organic electrolytes[7-10],
introducing insulating sheaths onto current colectto homogenize electron/Li ion
distribution at the anode/electrolyte interface[12], modifying lithiophilic seeds on
current collectors to induce uniform Li nucleatid8] 14], and embedding a stable
host to mitigate volume change during Li platingfgiing cycling[15-17]. In
accordance with the Sand’s time model, which depan inversely proportional
relationship between the time when Li dendritesibég grow and the square of
effective current density[18, 19], design of 3Dghrsurface-area current collectors
has also been introduced as an effective methodetarding Li dendrite growth by

lowering the effective current density[20]. Basedthis principle, a wide variety of
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current collectors, such as graphene[21, 22], tHneensional (3D) porous copper[23,
24], 3D hollow carbon fibers[25], and 3D graphittarbon foam[26], have been
examined.

Owing to the 3D interconnected porous architectuwith excellent structural
integrity and electrical conductivity, commerciallyailable metal foams, such as Ni
and Cu foams, have been widely employed as botlsupport substrate and current
collector for various applications in electrocatady[27, 28], supercapacitors[29] and
batteries[30]. Their low cost and demonstratedadxktty make metal foams ideal for
3D Li hosts. However, the random macropores anditieeen transportation of Li ion
flux on the metallic skeletons of these foams l&athe formation of dendritic and
dead lithium. Consequently, they are regarded asfarior type of 3D porous current
collector for LMAs[23, 24]. Additionally, the intmisic lithiophobicity of Ni and Cu
surfaces increases Li nucleation overpotential,ctvtiould also induce Li dendrite
growth[13]. Considering that the Li plating/stripgi behavior is a surface-related
process, engineering the surface properties ofentircollectors is important and
effective for regulating Li electrodeposition belmvAlthough there are some studies
on the lithiophilic modification of various 3D cemt collectors including carbon
fiber/foam[31-33] and copper/nickel foam[34-36]ttlé attention was paid to
investigate the structure evolution of the origihhiophilic layer after lithiation and
its effect on the Li plating/stripping behavior.

In this study, we engineered the Ni foam surfaceubiyormly electrodepositing a

layer of gold nanopatrticles on the Ni skeletonsictwtwas subsequently lithiated to
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yield a layer of AuL§ particles modified onto Ni foam. This was usedaomposite
current collector in LMAs. The as-obtained curretllector possesses very
homogeneous surface properties with uniformly mediflithiophilic sites and
therefore enables a homogeneous Li-ion flux distrdm, leading to dendrite-free Li
plating/stripping cycling. These features of thelLAumodified Ni foam current
collector enhance CE and prolong lifespan. In thA.ilLsymmetric cells, the
AuLis@Ni foam current collector based LMAs last for #®ithout cell failure. The
Li@(AuLiz@Ni foam)/LiFePQ full cell shows an excellent capacity retention of

43.8% with a high CE of 99.2% at 1 C for 500 cycles

2. Experimental section
2.1. Fabrication of gold-modified Ni foam (Au@Nigim) composite

As-received commercial Ni foams (Changsha Lyrunéviat Co., China) with a
thickness of 0.5 mm and a porosity of 96.5 wereamotrectangular pieces with a size
of 1x7 cnf, which were firstly sequentially washed by acetcetbanol and distilled
water in a sonication bath for 15 min, and then arsed into a 1 mol 't HCI
solution to remove the native oxide, and finallysivad thoroughly with distilled
water. The gold electrodeposition was conducted two-electrode setup using the
as-pretreated Ni foam substrates as the workingrelées with a 1 cfmarea exposed
to the gold plating solution, and the Pt-modifiegdriesh as the counter electrode. The
electrodeposition was carried out at a constanteotirdensity of 5 mA ci for

different time at 45 °C.
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2.2. Fabrication of Auls@Ni foam current collectors

The Au@Ni foam composites were lithiated in CR2®32 coin cells, which were
assembled in an argon-filled glove box with Au@bdkiih composites as the working
electrodes, ceramic separators, and Li foils ascthenter/reference electrodes. The
electrolyte was composed of 1 mof llithium bis-(trifluoromethanesulfonyl)imide
(LITFSI) in 1,3-dioxolane/dimethoxyethane (DOL/DMiglume ratio 1:1) with 1%
LiNOs. The cells were firstly discharged to 0 V at arent density of 5@A cm’?, and
then cycled between 0 and 0.1&.(Li*/Li) at 50pA cm for 5 cycles to stabilize the
SEI.
2.3. Computational details

Calculations were performed in the framework of D& periodic super-cells
using the generalized gradient approximation (G@&A)Perdew-Burke-Ernzerhof
(PBE) functional[37] for exchange-correlation arttasoft pseudopotentials[38] for
nuclei and core electrons. The Kohn-Sham orbitasewexpanded in a plane-wave
basis set with a kinetic energy cutoff of 30 Ry #imel charge-density cutoff of 300 Ry.
The Fermi-surface effects have been treated bgriearing technique of Methfessel
and Paxton, using a smearing parameter[39] of R0 he PWSCF codes contained
in the Quantum ESPRESSO distribution[40] were usddthplement all calculations,
while figures of the chemical structures were pmtl with the XCRYSDEN
graphical package[41-43].

In all calculations, we used %X2) five-layer fcc(111l) slabs with theoretical

equilibrium lattice constant to model the Ni(11hdaAu(111) surfaces. Brillouin-zone



112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

(BZ) integrations were performed with the speciairp techniqueusing (44)
uniformly shifted k-meshs for €2) slabs. Vacuum layers with thickness of 15 A were
added above the top layer of slabs in all cases.atdms in the bottom two layers are
fixed at the theoretical bulk positions, whereastthp three layers on X2) five-layer
slabs are allowed to relax and all the other smattparameters have been optimized
so as to minimize the total energy of the systemmucBiral optimization was
performed until the Cartesian force componentsngctin each atom were brought
below 10® Ry/Bohr and the total energy was converged toiwitth® Ry with respect
to structural optimization. The adsorption energies calculated with the energies of
the bare Ni(111) or Au(111) slaB«ar) and the isolated Li atonf(;) as the references
according to:
Eads = Etotal — Eslab - ELi

where Ewta refers to the total energies of the optimized /tliabystem. The more
negative adsorption energy represents the straugarption on the surface.
2.4. Characterization and electrochemical measurtsme

The current collectors were analyzed at room teatpeg by X-ray diffraction
(XRD) using Rigaku D/max-2200/PC X-ray diffractoretvith Cu ko radiation at a
wavelength of 0.1541 nm. The surface morphologthefsamples was characterized
by a field-emission scanning electron microscopgSEM, JEOL, JSM-6700F). In
particular, for ex-situ measurements of LMAs, thenccells were firstly disassembled
in a glove box, the LMAs were then extracted anded with DOL/DME solvents to

get rid of residual electrolyte, and finally driéd the glove box. The LMAs were
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transferred to the SEM via an air tight sample box.

The electrochemical performances of the LMAs weesasared in CR2032-type
coin cells which were assembled according to thev@bmentioned procedure. CEs
were tested at different current densities and atpa with LAND battery testing
system at room temperature. A certain amount oimietal was plated onto the
AuLiz@Ni foam or bare Ni foam current collectors befoterging to 0.1 V\(s.
Li*/Li) to strip Li metal at different current densii for each cycle, and an upper
cut-off voltage of 0.1 V was set for cycling to peat dealloying of Au-Li alloy. CEs
were calculated as the ratio of the stripped topllaéed amount of Li. For long-term
galvanostatic charge/discharge cycling and full eests, 4 mAh cm of Li was
initially plated onto the current collectors atwrent density of 0.5 mA cf and the
cells were then repeatedly charged and dischargéddferent current densities and
capacities. LiFePPwas used as the cathode material in the full wéh an areal
capacity loading of 1.5 mAh cfn Electrochemical impedance spectroscopy (EIS)
measurements were performed using a ZIVE SP1 etdwmical workstation by
applying a sine wave of 5 mV amplitude over a feagy range from 100 kHz to 0.01

Hz.
3. Resultsand discussion

Fig. 1 displays the surface morphology evolutiontioé current collectors at
different stages during the fabrication. Specificahe bare Ni foam was composed
of 3D interconnected ligaments with a size of ab60t100 um (Fig. 1A). The

ligament consists of a large number of irregulacroscale granules with relatively

7
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Figure 1. SEM images under different magnifications of prated Ni foam (A-C),

gold nanopatrticles coated Ni foam before (D-F) after (G-I) lithiation.

smooth surfaces (Fig. 1B, C). After gold electram®@fion at a current density of 5
mA cmi? for 200 s, a large quantity of dense gold nandgaest was uniformly

deposited and almost completely covered all olNhgranule surfaces (Fig. 1D-F and
Fig. S1A). The average size of gold nanoparticte85.6 + 12.5 nm (Fig. S1B). It is
noted that time of electrodeposition is an impdrgarameter which affects both the
surface morphology and the electrochemical perfaceaf the current collector. The
SEM images show that the surface of Ni foam skaletas not completely covered
by gold nanopatrticles with a shorter electrodepmsitime of 70 s (Fig. S2A, C),

while a layer of loosely packed irregular gold npawdicles formed on the surface of

Ni foam skeleton with a longer electrodepositiomeiof 600 s (Fig. S2B, D). The
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electrochemical measurements of the symmetric Lolis also indicate that the
LMAs based on the Ni foam modified with a gold é&edeposition time of 200 s,
namely a nearly complete coverage of gold nanapestion the surface of Ni foam
skeleton, exhibits best cycling performance (Fig). Subsequently, the Au@Ni foam
substrate were assembled into coin cells with Usfd’he cell was galvanostatically
discharged to 0 V. Li*/Li) at a current density of 50A cm? (Fig. S4), through
which gold first reacted with Li to form alloys anlden the surface gold dissolved
into Li[13]. The SEM images present a relativelyogitih and homogeneous surface
after the lithiation (Fig. 1G). A translucent thinating is conformally wrapped on the
gold nanoparticles (Fig. 1H, 1), indicating theesgtive binding of Li with Au, which
was verified by DFT calculations when determinihg binding energies between an
Au or Ni slab and a Li atom. The calculation residhow that the Au(111) surface
exhibits a much larger binding energy of -1.66 &%t the Ni(111) surface of -1.30
eV (Fig. 2A, B), revealing that the electrodepasitmld nanoparticles layer is much
more lithiophilic than the bare Ni foam substrate.

XRD was employed to further characterize the ctlyseaphase of the Au@Ni
foam and the lithiated Au@Ni foam. In order to emb@ the intensity of the
diffractive signal, the samples for XRD tests wgmepared with a longer gold
electrodeposition time of 60 min. The XRD pattefntlte Au@Ni foam perfectly
matches the standard patterns of pure Au (PDF, mar@4-0784) and Ni (PDF, card
no. 04-0850) (Fig. S5), confirming the depositidngold on Ni foam substrate. For

the fully lithiated Au@Ni foam, all the diffractiopeaks are in good accordance with



—AuLij@Ni foam

-
=
] AulLi,
S
f) PDF#65-8632
'
=
2
E ‘ | || N

Ni foam

PDF#04-0850

20 4 60 80

0
194 2 Theta (°)

195  Figure 2. Calculated adsorption energies of a Li atom omtdims (A) and Au atoms
196  (B), XRD pattern of the Aulk@Ni foam (C).

197

198 the standard spectrum of Ni (PDF, card no. 04-08%f) AulLg (PDF, card no.
199 65-8632) (Fig. 2C), except for the characteristicald peak at@= 17.9° from the
200 polyimide tape that was used to protect the sarfnpie air contamination. The XRD
201 verifies that the alloy phase formed on the Au@darm during the galvanostatic

202 lithiation process is Aubi

S

A ——Ni foam

——AuLi,@Ni foam

h
=
T
s
h
T

tn

=
-
X
T

Lr
X 0.2 54 ) 0.6
203 Areal capacity / mAh em’

Voltage / mV vs Li"/Li
Nucleation overpotential / mV
]

=

Ni foam AuLiz@Ni foam

204  Figure 3. Voltage profiles of galvanostatic Li deposition the bare Ni foam or
205 AuLiz@Ni foam substrates at a current density of 0.5 om®’ (A), and the

206  corresponding comparison of Li nucleation overptids (B).

10



207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

Galvanostatic Li deposition on both bare Ni foand &uLiz;@Ni foam substrates
were conducted to study the Li deposition behavaordifferent substrates. Fig. 3A
shows that there is a very sharp voltage drop &ssdcwith the Li nucleation at the
initial stage of the Li deposition on Ni foam, whics followed by a gradually steady
voltage plateau. The difference between the flat phthe voltage plateau and the
bottom of the voltage drop is used to define theleation overpotential. The Li
nucleation overpotential of the bare Ni foam 250V (Fig. 3B), which is utilized to
overcome the energy barrier originated from thentlelynamic mismatch between
Ni and Li. In comparison, the Li deposition on Au@iNi foam substrate exhibits a
significantly smaller voltage drop at the beginnifige Li nucleation overpotential on
AuLiz@Ni foam substrate is only 10.2 mV (Fig. 3B). Thkignificant reduction in
nucleation overpotential therefore demonstrates ttie surface engineering through
the introduction of Aulg particles on Ni foam substrate significantly imee the
surface lithiophilicity of the substrate.

In order to evaluate the long term cycling stapitif the AuLs@Ni foam in LMBSs,
both of the AuL4@Ni foam and bare Ni foam were cycled in a coin wéh Li foll
as counter electrode. Fig. 4A-C show the surfacephwogy of the bare Ni foam
current collectors after 100 cycles, the poreshefNi foam are filled by Li infusion.
Li dendrites severely grow on the Ni skeletons ansile the pores, which suggests
that dendritic Li and dead Li are easily formeddesthe macroscale pores of Ni foam,
which is consistent with previous studies[23, Zdsed on our previous work, it is

possible that the growth of Li dendrites and deadsLcaused by the significant
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Figure 4. SEM images under different magnifications of theebidi foam (A-C) and
AuLiz@Ni foam (D-F) after 100 cycles of Li plating artd@ping at a current density

of 0.5 mA cn¥ with a capacity of 1 mAh ctof Li metal.

difference of current density distribution betweba ridges and flat regions on the Ni
skeletons which leads to uneven Li ion flux[44]. ndover, the Ni foam is
intrinsically lithiophobic, resulting in a relatilyelarge Li nucleation overpotential
which accelerates Li dendrite growth. As depicted-ig. S6, the molten Li droplet
does not wet the bare Ni foam, while it spreadsamat wets into the Au@Ni foam.
Fig. 4D-F represent the morphology of the cyclediA@Ni foam current collectors.
Fig. 4D demonstrates an outstanding morphologitabilty of AuLiz;@Ni foam
without appearance of any Li dendrites and deadlhe high magnification SEM
images further illustrate a homogeneous and smskefeton surface (Fig. 4E, F),
which is attributed to the homogeneous distributadnAuLis particles that could
induce uniform Li ion flux and facilitate Li nuclgan. These results demonstrate that
such a facile surface engineering strategy on cawialeéNi foam is very effective at

suppressing Li dendrites and dead Li growth.
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Figure 5. SEM images under different magnifications of litmiplating (A-F) and

stripping (G-L) on the Auls@Ni foam current collector with different capacstie

The Li deposition morphologies on the Ag@Ni foam at different stages during
Li plating/stripping were studied by SEM. The saenplas prepared by depositing
lithium at a current density of 0.5 mA &éwith a total capacity of 1 mAh c¢fa Fig.
5A-C are the typical morphology of Li metal depeditwith different capacities. A
great number of spherical Li nuclei with relativelgiform size are homogeneously
and densely packed on the skeleton surface. Thespmnding higher magnification
SEM images reveal that the sizes of these Li nuistgease as the plating is going on

(Fig. 5D-F). The dimples on these particles ardogbby generated by short exposure
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280

to ambient conditions during sample transfer toSE®& chamber. The Li deposition
on AuLiz@Ni foam seems to be an instantaneous nucleatimregs followed by a
continuous growth of the Li nuclei. During the ltripping, the Li nuclei gradually
collapse (Fig. 5G, H) and finally vanish on the lsk@n (Fig. 5I). The skeleton
emerges a nearly intact surface just like thahefdriginal sample (Fig. 1G, H). The
high magnification SEM images reveal that the molpyy of the Li nuclei
transitions from opaque spherical globules to trarent flaky flowers (Fig. 5J, K),
and finally the densely and uniformly distributedlAs particles visibly appear on the
skeleton (Fig. 5L). As a comparison, the Li depogibn the bare Ni foam exhibits a
totally different trend (Fig. S7). During Li deptien, sparsely distributed Li nuclei
form at a capacity of 0.1 mAh ¢h(Fig. S7A), afterwards some nuclei preferentially
grow and develop into mossy and filamentary Li agpacity of 0.5 mAh cif (Fig.
S7B), which are further amplified at higher capadiFig. S7C). Although these
dendritic structures can be partially stripped (F8YD, E), there are still some
residual Li dendrites after the stripping (Fig. $7Fhe significantly improved
capability for suppressing Li dendrites growthfigilauted to the surface modification
on Ni foam with AuLg particles that not only effectively homogenize theface’s
physico-chemical properties, but also greatly redube energy barrier for Li
nucleation which yields a dendrite-free Li metadwgth.

Based on the above results, the mechanism of tpating behavior on the bare Ni
foam and AuLi@Ni foam current collectors are proposed (Schem®i)he bare Ni

foam current collector, Li metal first nucleatesuisgely and unevenly on the skeletons
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Scheme 1. Schematic diagram of the Li plating Stamyethe bare Ni foam (top) and

AuLiz@Ni foam (bottom) current collectors.

owing to the inhomogeneity on surfaces, which esshnto Li dendrites as the
plating progresses. In comparison, Li metal unifigrmucleates on the Aug film due
to the negligible nucleation energy barrier, an@éntithese Li nuclei grow up
homogeneously and merge into each other as thmglptocess continues, which
gives a compact Li metal film on the preformed Adlbaier.

The electrochemical performance of the AJ@®Ni foam current collector was
evaluated by CE tests. Fig. 6A-B show voltage pesfof Li plating/stripping cycles
on the Ni foam and Auk@Ni foam current collectors, respectively, at arenr
density of 0.5 mA cf with a capacity of 1 mAh crh The amount of stripped Li
metal significantly decreased after 50 cycles lierbare Ni foam based electrode (Fig.
6A), while the discharge/charge curves for the A@Ni foam based electrode
remained unchanged after the first cycle (Fig. 683. 6C shows that the AW@NI

foam-based electrode maintains a high CE of 98% 906 cycles, while that of the
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Figure 6. oltage profiles (A, B), CEs (C) and voltage leyssis (D) for Li metal
plating/stripping cycles on the bare Ni foam and.A@Ni foam current collectors at

a current density of 0.5 mA chwith a capacity of 1 mAh ciof Li metal.

bare Ni foam based electrode sharply drops to 786 &0 cycles. At current densities
of 1 and 2 mA crf, the AuLs@Ni foam based electrode still maintains a highdEE
98% and 96% over 50 cycles, respectively, wherbasGQEs of the bare Ni foam
based electrode exhibit severe degradations witBircycles (Fig. S8). The rapid
decrease of CEs for the Ni foam based electrodddcbe attributed to the
uncontrollable growth of Li dendrites, causing ¢oabus formation of SEI film and
dead Li which largely consumes the active Li. Thenposition of the SEI films
formed on the LMAs based on Ni foam and AA@iNi foamwere characterized by
ex-situ X-ray photoelectron spectroscopy (XPS). It is shaw Fig. S9 that the SEI
layers are composed of alkyllithium, lithium carlatey and lithium fluoride after the

initial Li plating. After 20 cycles, the compositicof SEI on the Auld@Ni foam
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shows much less changes than that of the Ni foagicating that the SEI layer on the
AuLiz@Ni foam maintains stable during Li plating/stripgi which results in the
improvement on coulombic efficiency. Fig. 6D digmathe corresponding voltage
hysteresis of both electrodes. Due to the remok#he high resistance native oxide
layer on the bare Ni foam and Li foil surfaces, llage Ni foam based electrode starts
to exhibit a decrease in the voltage hysteresihatbeginning of cycling. After 40
cycles, its voltage hysteresis rapidly increasesvab40 mV as a result of the
accumulation of non-conductive SEI film formatiddn the contrary, the Aut@Ni
foam based electrode exhibits a relatively smaltdtage hysteresis below 40 mV at
the beginning, and then it gradually declines aathiszes below 22 mV during the
remaining cycles. The smaller and much more stabléage hysteresis for the
AuLiz@Ni foam based electrode benefits from the comaadtuniform plating of Li
metal into the 3D porous structure of the AY@Ni foam, which facilitates
electrolyte diffusion inside the electrode for higbnic mobility as well as
accommodating the electrode volume change durimginglstripping cycling. In
addition, the surface lithiophilicity of the Aud@ Ni foam based electrode reduces the
polarization. All of the above merits of the Ag@Ni foam based electrode are
beneficial for stabilizing the interface and sumsieg Li dendrites growth, and
consequently reduce the voltage hysteresis.

The high interfacial stability of the Aul@Ni foam based electrode compared to
the bare Ni foam based electrode has also beeiroedf by EIS measurements. Fig.

7 shows the Nyquist plots of the two electrodesratifferent cycles. The semicircles
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Figure 7. EIS for the Ni foam (A) and Aubk@Ni foam (B) based electrodes before

cycling and after different cycles.

at high-frequency regions represent the interfacietsistance at the
electrode/electrolyte interface, which also refldot stability of the SEI film. The
bare Ni foam based electrode shows a high inteffaeisistance of 642 before
cycling, the resistance first declines to 23during the initial 50 cycles, and then
increases to 5% after 100 cycles (Fig. 7A), whereas the AY®@Ni foam based
electrode displays a low interfacial resistancel4fQ before cycling, and then it
continuously reduces to only@ after 100 cycles (Fig. 7B). The initial decreae o
the interfacial resistance could be ascribed to dikeeomposition of the native
passivation layer on the electrode, while the $icgmt increase of the resistance after
longer cycling is caused by the Li dendrite grovetading to continuous formation of
SEI layer which eventually increases the interfaaaistance. The smaller interfacial
resistance further reveals that the AJ@Ni foam based electrode possesses higher

stability and provides better Li diffusion kinetidaring Li plating/stripping cycling.

18



>
>

< A | 1] |
1 50 I PLA AL o
5 | ady
g t ol
= ot 1 ' I s
OF| AL 0t
=] At ‘
<
S 0.5 mA cm?, 1 mAh cm?
s -50p
= ——Ni foam
> —— AuLi,@Ni foam
-100 . N \ . . \
0 120 240 360 480 600 720
Time /h
wt B 4.0 r_f' _‘/ C
— 15t — 15t
> 35 ——100th z 35 _“S)ﬂ,
> —200th | @ ——20th
&0 —300th | & —30th
= =
= 3.0 e 40 0th S 3.0 e 4 ) th
S ——500th | }>
25 25
Li-AuLi3@Ni foam|LiFePO A Li-Ni foam|LiFePO A
30 60 % 120 30 60 D
Specific capacity / mAh g Specific capacity / mAh g
2 120
Teg 2 oy COEHUD v e g 100 52
250kg © -4
Z 150 w> 21 &% W TS by
£ 2 Ea00 ® o 17?0 2
< 3 = o 2
z e 2 4o 2
5 100 S B IS0F ¢ 0.1C k)
g < g- ﬂlc ]
g 1C 102 S 100f e . J40 5
o 50 g o e o Nifoam E
& o o Nifoam 10 S £ <o *, *o AuLi@Nifoam | S
2_ o AuLi;@Ni foam D H i E L \ e 02
] 0 ! A A ' 20 o @n o.l ' s 1 n J n n 0 U
100 200 300 400 500 0 10 20 30 40 50 60 70

353 Cycle number Cyele number
354  Figure 8. oltage-time profiles of the Li plating/strippirgycles with a capacity of 1
355 mAh cm? of Li metal at a current density of 0.5 mA érin symmetric Li/Li@Ni
356 foam and Li/Li@(AuLg@Ni foam) cells (A), voltage-capacity profiles of
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358 corresponding cycling performance of the LMAs withe bare Ni foam and
359  AuLiz@Ni foam current collectors in a full cell with aRePQ, cathode at 1 C (D).
360 Rate capability of the LMAs with the bare Ni foamdaAuLi;@Ni foam current
361 collectors in a full cell with a LiFeP{rathode (E).

362

363 Furthermore, the long-term cycling stabilities loé ttwo electrodes were examined
364 by measuring symmetric Li/Li cells with a Li foibanter/reference electrode and a Ni
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foam or AuLg@Ni foam electrode pre-deposited with 4 mAhZaf Li metal as the
working electrode. The voltage-time profile (FigA)8 of the bare Ni foam
basedelectrode exhibits random voltage oscillatafter cycling for 220 h, resulting
from the uncontrollable formation of a SEI film, dathen a sudden voltage drop
appears after 365 h, indicating short circuit peotd and cell failure. In contrast, the
Li plating/stripping on the Auk@Ni foam based electrode displays significantly
improved cycling stability without notable voltafiectuation. There is no sign of cell
failure after cycling for 740 h, implying that Leddrite growth has been effectively
suppressed. At higher current densities of 1.0228dmA cn¥, the AuLg@Ni foam
based electrode also displays a smaller and much stable voltage hysteresis than
the bare Ni foam based electrode (Fig. S10).

The AuLiz@Ni foam current collector pre-deposited with 4 méxh? of Li metal
was paired with LiFePOto evaluate its potential practical applicationy. RBB-D
show the voltage and capacity profiles of the &ellls with the AuL§@Ni foam and
bare Ni foam electrodes at 1 C for 500 cycles. fitlecell with AuLiz@Ni foam
shows excellent cycling performance, the reverstlgacity of the cell maintains at
45.2 mAh @ after 500 cycles, which is 43.8% of its originapacity, with a high CE
of 99.2%. However, the capacity of the cell withrdo&li foam based LMA rapidly
decreases to 6.5 mAR'@fter only 33 cycles, corresponding to a capaeitgntion of
8.2%, with an average CE of 98.2%. Fig. 8E comptresate capability of the full
cells between the Auk@Ni foam and bare Ni foam electrodes. The revesgsibl

capacity of the Aulg@Ni foam based cell is 123.7, 114.5 and 100.5 mAh g
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compared to 113.2, 90.2 and 56.5 mAhdj the Ni foam based cell, at 0.1, 0.5 and 1
C, respectively. Apparently, the AwW@Ni foam based cell exhibits significantly
higher reversible capacity than the Ni foam basat evealing the profound effect

of AuLiz surface modification of Ni foam on rate capabibifythe full cells.

4. Conclusion

In summary, we have demonstrated a surface engigestirategy for commercially
available Ni foam current collectors by uniformlgating a lithiophilic AuLj layer.
Compared to the bare Ni foam current collector,Abkiz;@Ni foam current collector
exhibits a homogeneous surface with significardlydr nucleation energy barrier for
Li metal nucleation, which is beneficial for therhogeneous and dense nucleation
and subsequent uniform growth of Li metal. This iayement in surface property
effectively suppresses the growth of Li dendritegshe void space inside the foam,
leading to excellent electrochemical performancettid LMAs. The cells with
AuLiz@Ni foam current collectors deliver enhanced CHgl therefore presented
more stable cycling performance when Li platingéging. The AuLs@Ni foam
based LMAs can run for 740 h without cell failunea symmetric Li/Li@ (AuLi@Ni
foam) cell at a current density of 0.5 mA €mwith a capacity of 1 mAh ct In
addition, the Li@(AuLi@Ni foam)|LiFePQ@ full cell shows excellent capacity
retention at 1 C for 500 cycles. This work provides example of engineering the
skeleton surface of the commercially available ihetédoam current collectors in
order to effectively improve their electrochemipakformance in LMAs for potential

use in next-generation high-energy-density LMBs.
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