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Surface Engineering of Commercial Ni Foams for 1 

Stable Li Metal Anodes 2 

 3 

Abstract: The short life span of lithium metal anodes (LMAs) due to dendrite growth 4 

and low coulombic efficiency has been regarded as the bottleneck in developing 5 

next-generation high-energy-density lithium metal based secondary batteries. 6 

Employing three-dimensional (3D) current collectors is one approach to reduce the 7 

effective current density and delay dendrite growth. Commercial Ni foam, in spite of 8 

its high electronic conductivity and 3D topology, has not been considered for this 9 

application due to its low specific surface area and lithiophobic nature. In this study, 10 

we develop a surface engineering strategy to uniformly coat lithiophilic AuLi3 11 

particles on Ni foam skeletons through lithiation of electrodeposited gold 12 

nanoparticles. In comparison with the bare Ni foam, the AuLi3@Ni foam is more 13 

lithiophilic, significantly lowering the nucleation energy barrier and enhancing the 14 

uniformity for Li deposition. Such a structure results in effective suppression of Li 15 

dendrite growth in the void space of the foam. As a result, the AuLi3@Ni foam current 16 

collector based LMAs can run for 740 h without cell failure in a symmetric cell. 17 

Furthermore, the Li@(AuLi3@Ni foam)|LiFePO4 full cell shows an excellent capacity 18 

retention of 43.8% with a high CE of 99.2% at 1 C for 500 cycles. This work further 19 

illustrates the critical importance of surface lithiophilicity in guiding lithium cycling 20 

and suggests engineering the skeleton surface of commercial metal foam current 21 

collectors is important to improve 3D structured LMAs. 22 
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 25 

1. Introduction 26 

Significant efforts have been devoted to developing lithium metal anodes (LMAs) for 27 

rechargeable Li batteries since the 1970s[1]. Besides their high capacity and low 28 

potentials, LMAs are requisite for Li-S and Li-O2 systems[2, 3]. Unfortunately, the 29 

practical application of LMAs has been greatly impeded by low coulombic efficiency 30 

(CE) and Li dendrite growth and the serious associated safety hazards, which are 31 

intrinsically linked to the undesired reactions between the Li metal and the electrolyte 32 

during repeated Li plating/stripping[4]. There are a number of strategies that are 33 

proposed to mitigate these problems in LMAs, including adding electrolyte additives 34 

to generate a highly stable solid electrolyte interface (SEI) film[5, 6], constructing 35 

artificial SEI films to protect Li metal against liquid organic electrolytes[7-10], 36 

introducing insulating sheaths onto current collectors to homogenize electron/Li ion 37 

distribution at the anode/electrolyte interface[11, 12], modifying lithiophilic seeds on 38 

current collectors to induce uniform Li nucleation[13, 14], and embedding a stable 39 

host to mitigate volume change during Li plating/stripping cycling[15-17]. In 40 

accordance with the Sand’s time model, which depicts an inversely proportional 41 

relationship between the time when Li dendrites begin to grow and the square of 42 

effective current density[18, 19], design of 3D, high-surface-area current collectors 43 

has also been introduced as an effective method for retarding Li dendrite growth by 44 

lowering the effective current density[20]. Based on this principle, a wide variety of 45 
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current collectors, such as graphene[21, 22], three-dimensional (3D) porous copper[23, 46 

24], 3D hollow carbon fibers[25], and 3D graphitic carbon foam[26], have been 47 

examined. 48 

Owing to the 3D interconnected porous architecture with excellent structural 49 

integrity and electrical conductivity, commercially available metal foams, such as Ni 50 

and Cu foams, have been widely employed as both the support substrate and current 51 

collector for various applications in electrocatalysis [27, 28], supercapacitors[29] and 52 

batteries[30]. Their low cost and demonstrated scalability make metal foams ideal for 53 

3D Li hosts. However, the random macropores and the uneven transportation of Li ion 54 

flux on the metallic skeletons of these foams lead to the formation of dendritic and 55 

dead lithium. Consequently, they are regarded as an inferior type of 3D porous current 56 

collector for LMAs[23, 24]. Additionally, the intrinsic lithiophobicity of Ni and Cu 57 

surfaces increases Li nucleation overpotential, which could also induce Li dendrite 58 

growth[13]. Considering that the Li plating/stripping behavior is a surface-related 59 

process, engineering the surface properties of current collectors is important and 60 

effective for regulating Li electrodeposition behavior. Although there are some studies 61 

on the lithiophilic modification of various 3D current collectors including carbon 62 

fiber/foam[31-33] and copper/nickel foam[34-36], little attention was paid to 63 

investigate the structure evolution of the original lithiophilic layer after lithiation and 64 

its effect on the Li plating/stripping behavior. 65 

In this study, we engineered the Ni foam surface by uniformly electrodepositing a 66 

layer of gold nanoparticles on the Ni skeletons, which was subsequently lithiated to 67 
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yield a layer of AuLi3 particles modified onto Ni foam. This was used as a composite 68 

current collector in LMAs. The as-obtained current collector possesses very 69 

homogeneous surface properties with uniformly modified lithiophilic sites and 70 

therefore enables a homogeneous Li-ion flux distribution, leading to dendrite-free Li 71 

plating/stripping cycling. These features of the AuLi 3 modified Ni foam current 72 

collector enhance CE and prolong lifespan. In the Li/Li symmetric cells, the 73 

AuLi3@Ni foam current collector based LMAs last for 740 h without cell failure. The 74 

Li@(AuLi 3@Ni foam)/LiFePO4 full cell shows an excellent capacity retention of 75 

43.8% with a high CE of 99.2% at 1 C for 500 cycles. 76 

 77 

2. Experimental section 78 

2.1. Fabrication of gold-modified Ni foam (Au@Ni foam) composite 79 

As-received commercial Ni foams (Changsha Lyrun Material Co., China) with a 80 

thickness of 0.5 mm and a porosity of 96.5 were cut into rectangular pieces with a size 81 

of 1×7 cm2, which were firstly sequentially washed by acetone, ethanol and distilled 82 

water in a sonication bath for 15 min, and then immersed into a 1 mol L-1 HCl 83 

solution to remove the native oxide, and finally washed thoroughly with distilled 84 

water. The gold electrodeposition was conducted in a two-electrode setup using the 85 

as-pretreated Ni foam substrates as the working electrodes with a 1 cm2 area exposed 86 

to the gold plating solution, and the Pt-modified Ti mesh as the counter electrode. The 87 

electrodeposition was carried out at a constant current density of 5 mA cm-2 for 88 

different time at 45 ºC. 89 
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2.2. Fabrication of AuLi3@Ni foam current collectors 90 

The Au@Ni foam composites were lithiated in CR2032-type coin cells, which were 91 

assembled in an argon-filled glove box with Au@Ni foam composites as the working 92 

electrodes, ceramic separators, and Li foils as the counter/reference electrodes. The 93 

electrolyte was composed of 1 mol L-1 lithium bis-(trifluoromethanesulfonyl)imide 94 

(LiTFSI) in 1,3-dioxolane/dimethoxyethane (DOL/DME, volume ratio 1:1) with 1% 95 

LiNO3. The cells were firstly discharged to 0 V at a current density of 50 µA cm-2, and 96 

then cycled between 0 and 0.1 V (vs. Li+/Li) at 50 µA cm-2 for 5 cycles to stabilize the 97 

SEI. 98 

2.3. Computational details 99 

Calculations were performed in the framework of DFT on periodic super-cells 100 

using the generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof 101 

(PBE) functional[37] for exchange-correlation and ultrasoft pseudopotentials[38] for 102 

nuclei and core electrons. The Kohn-Sham orbitals were expanded in a plane-wave 103 

basis set with a kinetic energy cutoff of 30 Ry and the charge-density cutoff of 300 Ry. 104 

The Fermi-surface effects have been treated by the smearing technique of Methfessel 105 

and Paxton, using a smearing parameter[39] of 0.02 Ry. The PWSCF codes contained 106 

in the Quantum ESPRESSO distribution[40] were used to implement all calculations, 107 

while figures of the chemical structures were produced with the XCRYSDEN 108 

graphical package[41-43]. 109 

In all calculations, we used (2×2) five-layer fcc(111) slabs with theoretical 110 

equilibrium lattice constant to model the Ni(111) and Au(111) surfaces. Brillouin-zone 111 
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(BZ) integrations were performed with the special-point technique, using (4×4) 112 

uniformly shifted k-meshs for (2×2) slabs. Vacuum layers with thickness of 15 Å were 113 

added above the top layer of slabs in all cases. The atoms in the bottom two layers are 114 

fixed at the theoretical bulk positions, whereas the top three layers on (2×2) five-layer 115 

slabs are allowed to relax and all the other structural parameters have been optimized 116 

so as to minimize the total energy of the system. Structural optimization was 117 

performed until the Cartesian force components acting on each atom were brought 118 

below 10-3 Ry/Bohr and the total energy was converged to within 10-5 Ry with respect 119 

to structural optimization. The adsorption energies are calculated with the energies of 120 

the bare Ni(111) or Au(111) slab (Eslab) and the isolated Li atom (ELi) as the references 121 

according to: 122 

Eads = Etotal – Eslab - ELi 123 

where Etotal refers to the total energies of the optimized slab/Li system. The more 124 

negative adsorption energy represents the stronger adsorption on the surface. 125 

2.4. Characterization and electrochemical measurements 126 

The current collectors were analyzed at room temperature by X-ray diffraction 127 

(XRD) using Rigaku D/max-2200/PC X-ray diffractometer with Cu Kα radiation at a 128 

wavelength of 0.1541 nm. The surface morphology of the samples was characterized 129 

by a field-emission scanning electron microscopy (FESEM, JEOL, JSM-6700F). In 130 

particular, for ex-situ measurements of LMAs, the coin cells were firstly disassembled 131 

in a glove box, the LMAs were then extracted and rinsed with DOL/DME solvents to 132 

get rid of residual electrolyte, and finally dried in the glove box. The LMAs were 133 
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transferred to the SEM via an air tight sample box. 134 

The electrochemical performances of the LMAs were measured in CR2032-type 135 

coin cells which were assembled according to the above mentioned procedure. CEs 136 

were tested at different current densities and capacities with LAND battery testing 137 

system at room temperature. A certain amount of Li metal was plated onto the 138 

AuLi3@Ni foam or bare Ni foam current collectors before charging to 0.1 V (vs. 139 

Li+/Li) to strip Li metal at different current densities for each cycle, and an upper 140 

cut-off voltage of 0.1 V was set for cycling to prevent dealloying of Au-Li alloy. CEs 141 

were calculated as the ratio of the stripped to the plated amount of Li. For long-term 142 

galvanostatic charge/discharge cycling and full cell tests, 4 mAh cm-2 of Li was 143 

initially plated onto the current collectors at a current density of 0.5 mA cm-2, and the 144 

cells were then repeatedly charged and discharged at different current densities and 145 

capacities. LiFePO4 was used as the cathode material in the full cell with an areal 146 

capacity loading of 1.5 mAh cm-2. Electrochemical impedance spectroscopy (EIS) 147 

measurements were performed using a ZIVE SP1 electrochemical workstation by 148 

applying a sine wave of 5 mV amplitude over a frequency range from 100 kHz to 0.01 149 

Hz. 150 

 151 
3. Results and discussion 152 
 153 

Fig. 1 displays the surface morphology evolution of the current collectors at 154 

different stages during the fabrication. Specifically, the bare Ni foam was composed 155 

of 3D interconnected ligaments with a size of about 50-100 µm (Fig. 1A). The 156 

ligament consists of a large number of irregular microscale granules with relatively 157 
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 158 

Figure 1. SEM images under different magnifications of pretreated Ni foam (A-C), 159 

gold nanoparticles coated Ni foam before (D-F) and after (G-I) lithiation. 160 

 161 

smooth surfaces (Fig. 1B, C). After gold electrodeposition at a current density of 5 162 

mA cm-2 for 200 s, a large quantity of dense gold nanoparticles was uniformly 163 

deposited and almost completely covered all of the Ni granule surfaces (Fig. 1D-F and 164 

Fig. S1A). The average size of gold nanoparticles is 65.6 ± 12.5 nm (Fig. S1B). It is 165 

noted that time of electrodeposition is an important parameter which affects both the 166 

surface morphology and the electrochemical performance of the current collector. The 167 

SEM images show that the surface of Ni foam skeleton was not completely covered 168 

by gold nanoparticles with a shorter electrodeposition time of 70 s (Fig. S2A, C), 169 

while a layer of loosely packed irregular gold nanoparticles formed on the surface of 170 

Ni foam skeleton with a longer electrodeposition time of 600 s (Fig. S2B, D). The 171 
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electrochemical measurements of the symmetric Li/Li cells also indicate that the 172 

LMAs based on the Ni foam modified with a gold electrodeposition time of 200 s, 173 

namely a nearly complete coverage of gold nanoparticles on the surface of Ni foam 174 

skeleton, exhibits best cycling performance (Fig. S3). Subsequently, the Au@Ni foam 175 

substrate were assembled into coin cells with Li foils. The cell was galvanostatically 176 

discharged to 0 V (vs. Li+/Li) at a current density of 50 µA cm-2 (Fig. S4), through 177 

which gold first reacted with Li to form alloys and then the surface gold dissolved 178 

into Li[13]. The SEM images present a relatively smooth and homogeneous surface 179 

after the lithiation (Fig. 1G). A translucent thin coating is conformally wrapped on the 180 

gold nanoparticles (Fig. 1H, I), indicating the selective binding of Li with Au, which 181 

was verified by DFT calculations when determining the binding energies between an 182 

Au or Ni slab and a Li atom. The calculation results show that the Au(111) surface 183 

exhibits a much larger binding energy of -1.66 eV than the Ni(111) surface of -1.30 184 

eV (Fig. 2A, B), revealing that the electrodeposited gold nanoparticles layer is much 185 

more lithiophilic than the bare Ni foam substrate.  186 

XRD was employed to further characterize the crystalline phase of the Au@Ni 187 

foam and the lithiated Au@Ni foam. In order to enhance the intensity of the 188 

diffractive signal, the samples for XRD tests were prepared with a longer gold 189 

electrodeposition time of 60 min. The XRD pattern of the Au@Ni foam perfectly 190 

matches the standard patterns of pure Au (PDF, card no. 04-0784) and Ni (PDF, card 191 

no. 04-0850) (Fig. S5), confirming the deposition of gold on Ni foam substrate. For 192 

the fully lithiated Au@Ni foam, all the diffraction peaks are in good accordance with 193 
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 194 

Figure 2. Calculated adsorption energies of a Li atom on Ni atoms (A) and Au atoms 195 

(B), XRD pattern of the AuLi3@Ni foam (C). 196 

 197 

the standard spectrum of Ni (PDF, card no. 04-0850) and AuLi3 (PDF, card no. 198 

65-8632) (Fig. 2C), except for the characteristic broad peak at 2θ = 17.9° from the 199 

polyimide tape that was used to protect the sample from air contamination. The XRD 200 

verifies that the alloy phase formed on the Au@Ni foam during the galvanostatic 201 

lithiation process is AuLi3. 202 

 203 

Figure 3. Voltage profiles of galvanostatic Li deposition on the bare Ni foam or 204 

AuLi3@Ni foam substrates at a current density of 0.5 mA cm-2 (A), and the 205 

corresponding comparison of Li nucleation overpotentials (B). 206 
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Galvanostatic Li deposition on both bare Ni foam and AuLi3@Ni foam substrates 207 

were conducted to study the Li deposition behaviors on different substrates. Fig. 3A 208 

shows that there is a very sharp voltage drop associated with the Li nucleation at the 209 

initial stage of the Li deposition on Ni foam, which is followed by a gradually steady 210 

voltage plateau. The difference between the flat part of the voltage plateau and the 211 

bottom of the voltage drop is used to define the nucleation overpotential. The Li 212 

nucleation overpotential of the bare Ni foam is 50.2 mV (Fig. 3B), which is utilized to 213 

overcome the energy barrier originated from the thermodynamic mismatch between 214 

Ni and Li. In comparison, the Li deposition on AuLi3@Ni foam substrate exhibits a 215 

significantly smaller voltage drop at the beginning. The Li nucleation overpotential on 216 

AuLi3@Ni foam substrate is only 10.2 mV (Fig. 3B). This significant reduction in 217 

nucleation overpotential therefore demonstrates that the surface engineering through 218 

the introduction of AuLi3 particles on Ni foam substrate significantly improves the 219 

surface lithiophilicity of the substrate. 220 

In order to evaluate the long term cycling stability of the AuLi3@Ni foam in LMBs, 221 

both of the AuLi3@Ni foam and bare Ni foam were cycled in a coin cell with Li foil 222 

as counter electrode. Fig. 4A-C show the surface morphology of the bare Ni foam 223 

current collectors after 100 cycles, the pores of the Ni foam are filled by Li infusion. 224 

Li dendrites severely grow on the Ni skeletons and inside the pores, which suggests 225 

that dendritic Li and dead Li are easily formed inside the macroscale pores of Ni foam, 226 

which is consistent with previous studies[23, 24]. Based on our previous work, it is 227 

possible that the growth of Li dendrites and dead Li is caused by the significant 228 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

12 

 229 

Figure 4. SEM images under different magnifications of the bare Ni foam (A-C) and 230 

AuLi3@Ni foam (D-F) after 100 cycles of Li plating and stripping at a current density 231 

of 0.5 mA cm-2 with a capacity of 1 mAh cm-2 of Li metal. 232 

 233 

difference of current density distribution between the ridges and flat regions on the Ni 234 

skeletons which leads to uneven Li ion flux[44]. Moreover, the Ni foam is 235 

intrinsically lithiophobic, resulting in a relatively large Li nucleation overpotential 236 

which accelerates Li dendrite growth. As depicted in Fig. S6, the molten Li droplet 237 

does not wet the bare Ni foam, while it spreads out and wets into the Au@Ni foam. 238 

Fig. 4D-F represent the morphology of the cycled AuLi 3@Ni foam current collectors. 239 

Fig. 4D demonstrates an outstanding morphological stability of AuLi3@Ni foam 240 

without appearance of any Li dendrites and dead Li. The high magnification SEM 241 

images further illustrate a homogeneous and smooth skeleton surface (Fig. 4E, F), 242 

which is attributed to the homogeneous distribution of AuLi3 particles that could 243 

induce uniform Li ion flux and facilitate Li nucleation. These results demonstrate that 244 

such a facile surface engineering strategy on commercial Ni foam is very effective at 245 

suppressing Li dendrites and dead Li growth. 246 
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 247 

Figure 5. SEM images under different magnifications of lithium plating (A-F) and 248 

stripping (G-L) on the AuLi3@Ni foam current collector with different capacities. 249 

 250 

The Li deposition morphologies on the AuLi3@Ni foam at different stages during 251 

Li plating/stripping were studied by SEM. The sample was prepared by depositing 252 

lithium at a current density of 0.5 mA cm-2 with a total capacity of 1 mAh cm-2. Fig. 253 

5A-C are the typical morphology of Li metal deposited with different capacities. A 254 

great number of spherical Li nuclei with relatively uniform size are homogeneously 255 

and densely packed on the skeleton surface. The corresponding higher magnification 256 

SEM images reveal that the sizes of these Li nuclei increase as the plating is going on 257 

(Fig. 5D-F). The dimples on these particles are probably generated by short exposure 258 
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to ambient conditions during sample transfer to the SEM chamber. The Li deposition 259 

on AuLi3@Ni foam seems to be an instantaneous nucleation process followed by a 260 

continuous growth of the Li nuclei. During the Li stripping, the Li nuclei gradually 261 

collapse (Fig. 5G, H) and finally vanish on the skeleton (Fig. 5I). The skeleton 262 

emerges a nearly intact surface just like that of the original sample (Fig. 1G, H). The 263 

high magnification SEM images reveal that the morphology of the Li nuclei 264 

transitions from opaque spherical globules to translucent flaky flowers (Fig. 5J, K), 265 

and finally the densely and uniformly distributed AuLi3 particles visibly appear on the 266 

skeleton (Fig. 5L). As a comparison, the Li deposition on the bare Ni foam exhibits a 267 

totally different trend (Fig. S7). During Li deposition, sparsely distributed Li nuclei 268 

form at a capacity of 0.1 mAh cm-2 (Fig. S7A), afterwards some nuclei preferentially 269 

grow and develop into mossy and filamentary Li at a capacity of 0.5 mAh cm-2 (Fig. 270 

S7B), which are further amplified at higher capacity (Fig. S7C). Although these 271 

dendritic structures can be partially stripped (Fig. S7D, E), there are still some 272 

residual Li dendrites after the stripping (Fig. S7F). The significantly improved 273 

capability for suppressing Li dendrites growth is attributed to the surface modification 274 

on Ni foam with AuLi3 particles that not only effectively homogenize the surface’s 275 

physico-chemical properties, but also greatly reduce the energy barrier for Li 276 

nucleation which yields a dendrite-free Li metal growth. 277 

Based on the above results, the mechanism of the Li plating behavior on the bare Ni 278 

foam and AuLi3@Ni foam current collectors are proposed (Scheme 1). On the bare Ni 279 

foam current collector, Li metal first nucleates sparsely and unevenly on the skeletons 280 
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 281 

Scheme 1. Schematic diagram of the Li plating stages on the bare Ni foam (top) and 282 

AuLi3@Ni foam (bottom) current collectors. 283 

 284 

owing to the inhomogeneity on surfaces, which evolves into Li dendrites as the 285 

plating progresses. In comparison, Li metal uniformly nucleates on the AuLi3 film due 286 

to the negligible nucleation energy barrier, and then these Li nuclei grow up 287 

homogeneously and merge into each other as the plating process continues, which 288 

gives a compact Li metal film on the preformed AuLi3 layer. 289 

The electrochemical performance of the AuLi3@Ni foam current collector was 290 

evaluated by CE tests. Fig. 6A-B show voltage profiles of Li plating/stripping cycles 291 

on the Ni foam and AuLi3@Ni foam current collectors, respectively, at a current 292 

density of 0.5 mA cm-2 with a capacity of 1 mAh cm-2. The amount of stripped Li 293 

metal significantly decreased after 50 cycles for the bare Ni foam based electrode (Fig. 294 

6A), while the discharge/charge curves for the AuLi3@Ni foam based electrode 295 

remained unchanged after the first cycle (Fig. 6B). Fig. 6C shows that the AuLi3@Ni 296 

foam-based electrode maintains a high CE of 98% over 100 cycles, while that of the 297 
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 298 

Figure 6. Voltage profiles (A, B), CEs (C) and voltage hysteresis (D) for Li metal 299 

plating/stripping cycles on the bare Ni foam and AuLi 3@Ni foam current collectors at 300 

a current density of 0.5 mA cm-2 with a capacity of 1 mAh cm-2 of Li metal. 301 

 302 

bare Ni foam based electrode sharply drops to 7% after 50 cycles. At current densities 303 

of 1 and 2 mA cm-2, the AuLi3@Ni foam based electrode still maintains a high CE of 304 

98% and 96% over 50 cycles, respectively, whereas the CEs of the bare Ni foam 305 

based electrode exhibit severe degradations within 10 cycles (Fig. S8). The rapid 306 

decrease of CEs for the Ni foam based electrode could be attributed to the 307 

uncontrollable growth of Li dendrites, causing continuous formation of SEI film and 308 

dead Li which largely consumes the active Li. The composition of the SEI films 309 

formed on the LMAs based on Ni foam and AuLi3@Ni foam were characterized by 310 

ex-situ X-ray photoelectron spectroscopy (XPS). It is shown in Fig. S9 that the SEI 311 

layers are composed of alkyllithium, lithium carbonate, and lithium fluoride after the 312 

initial Li plating. After 20 cycles, the composition of SEI on the AuLi3@Ni foam 313 
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shows much less changes than that of the Ni foam, indicating that the SEI layer on the 314 

AuLi3@Ni foam maintains stable during Li plating/stripping which results in the 315 

improvement on coulombic efficiency. Fig. 6D displays the corresponding voltage 316 

hysteresis of both electrodes. Due to the removal of the high resistance native oxide 317 

layer on the bare Ni foam and Li foil surfaces, the bare Ni foam based electrode starts 318 

to exhibit a decrease in the voltage hysteresis at the beginning of cycling. After 40 319 

cycles, its voltage hysteresis rapidly increases above 40 mV as a result of the 320 

accumulation of non-conductive SEI film formation. On the contrary, the AuLi3@Ni 321 

foam based electrode exhibits a relatively smaller voltage hysteresis below 40 mV at 322 

the beginning, and then it gradually declines and stabilizes below 22 mV during the 323 

remaining cycles. The smaller and much more stable voltage hysteresis for the 324 

AuLi3@Ni foam based electrode benefits from the compact and uniform plating of Li 325 

metal into the 3D porous structure of the AuLi3@Ni foam, which facilitates 326 

electrolyte diffusion inside the electrode for high ionic mobility as well as 327 

accommodating the electrode volume change during plating/stripping cycling. In 328 

addition, the surface lithiophilicity of the AuLi3@Ni foam based electrode reduces the 329 

polarization. All of the above merits of the AuLi3@Ni foam based electrode are 330 

beneficial for stabilizing the interface and suppressing Li dendrites growth, and 331 

consequently reduce the voltage hysteresis. 332 

The high interfacial stability of the AuLi3@Ni foam based electrode compared to 333 

the bare Ni foam based electrode has also been confirmed by EIS measurements. Fig. 334 

7 shows the Nyquist plots of the two electrodes after different cycles. The semicircles 335 
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 336 

Figure 7. EIS for the Ni foam (A) and AuLi3@Ni foam (B) based electrodes before 337 

cycling and after different cycles. 338 

 339 

at high-frequency regions represent the interfacial resistance at the 340 

electrode/electrolyte interface, which also reflect the stability of the SEI film. The 341 

bare Ni foam based electrode shows a high interfacial resistance of 64 Ω before 342 

cycling, the resistance first declines to 23 Ω during the initial 50 cycles, and then 343 

increases to 55 Ω after 100 cycles (Fig. 7A), whereas the AuLi3@Ni foam based 344 

electrode displays a low interfacial resistance of 14 Ω before cycling, and then it 345 

continuously reduces to only 4 Ω after 100 cycles (Fig. 7B). The initial decrease of 346 

the interfacial resistance could be ascribed to the decomposition of the native 347 

passivation layer on the electrode, while the significant increase of the resistance after 348 

longer cycling is caused by the Li dendrite growth leading to continuous formation of 349 

SEI layer which eventually increases the interfacial resistance. The smaller interfacial 350 

resistance further reveals that the AuLi3@Ni foam based electrode possesses higher 351 

stability and provides better Li diffusion kinetics during Li plating/stripping cycling. 352 
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 353 

Figure 8. Voltage-time profiles of the Li plating/stripping cycles with a capacity of 1 354 

mAh cm-2 of Li metal at a current density of 0.5 mA cm-2 in symmetric Li/Li@Ni 355 

foam and Li/Li@(AuLi3@Ni foam) cells (A), voltage-capacity profiles of 356 

Li-AuLi 3@Ni foam|LiFePO4 (B) and Li-Ni foam|LiFePO4 (C) full cells, and the 357 

corresponding cycling performance of the LMAs with the bare Ni foam and 358 

AuLi3@Ni foam current collectors in a full cell with a LiFePO4 cathode at 1 C (D). 359 

Rate capability of the LMAs with the bare Ni foam and AuLi3@Ni foam current 360 

collectors in a full cell with a LiFePO4 cathode (E). 361 

 362 

Furthermore, the long-term cycling stabilities of the two electrodes were examined 363 

by measuring symmetric Li/Li cells with a Li foil counter/reference electrode and a Ni 364 
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foam or AuLi3@Ni foam electrode pre-deposited with 4 mAh cm-2 of Li metal as the 365 

working electrode. The voltage-time profile (Fig. 8A) of the bare Ni foam 366 

basedelectrode exhibits random voltage oscillations after cycling for 220 h, resulting 367 

from the uncontrollable formation of a SEI film, and then a sudden voltage drop 368 

appears after 365 h, indicating short circuit problems and cell failure. In contrast, the 369 

Li plating/stripping on the AuLi3@Ni foam based electrode displays significantly 370 

improved cycling stability without notable voltage fluctuation. There is no sign of cell 371 

failure after cycling for 740 h, implying that Li dendrite growth has been effectively 372 

suppressed. At higher current densities of 1.0 and 2.0 mA cm-2, the AuLi3@Ni foam 373 

based electrode also displays a smaller and much more stable voltage hysteresis than 374 

the bare Ni foam based electrode (Fig. S10). 375 

The AuLi3@Ni foam current collector pre-deposited with 4 mAh cm-2 of Li metal 376 

was paired with LiFePO4 to evaluate its potential practical application. Fig. 8B-D 377 

show the voltage and capacity profiles of the full cells with the AuLi3@Ni foam and 378 

bare Ni foam electrodes at 1 C for 500 cycles. The full cell with AuLi3@Ni foam 379 

shows excellent cycling performance, the reversible capacity of the cell maintains at 380 

45.2 mAh g-1 after 500 cycles, which is 43.8% of its original capacity, with a high CE 381 

of 99.2%. However, the capacity of the cell with bare Ni foam based LMA rapidly 382 

decreases to 6.5 mAh g-1 after only 33 cycles, corresponding to a capacity retention of 383 

8.2%, with an average CE of 98.2%. Fig. 8E compares the rate capability of the full 384 

cells between the AuLi3@Ni foam and bare Ni foam electrodes. The reversible 385 

capacity of the AuLi3@Ni foam based cell is 123.7, 114.5 and 100.5 mAh g-1, 386 
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compared to 113.2, 90.2 and 56.5 mAh g-1 of the Ni foam based cell, at 0.1, 0.5 and 1 387 

C, respectively. Apparently, the AuLi3@Ni foam based cell exhibits significantly 388 

higher reversible capacity than the Ni foam based cell, revealing the profound effect 389 

of AuLi3 surface modification of Ni foam on rate capability of the full cells. 390 

 391 

4. Conclusion 392 

In summary, we have demonstrated a surface engineering strategy for commercially 393 

available Ni foam current collectors by uniformly coating a lithiophilic AuLi3 layer. 394 

Compared to the bare Ni foam current collector, the AuLi3@Ni foam current collector 395 

exhibits a homogeneous surface with significantly lower nucleation energy barrier for 396 

Li metal nucleation, which is beneficial for the homogeneous and dense nucleation 397 

and subsequent uniform growth of Li metal. This improvement in surface property 398 

effectively suppresses the growth of Li dendrites in the void space inside the foam, 399 

leading to excellent electrochemical performance of the LMAs. The cells with 400 

AuLi3@Ni foam current collectors deliver enhanced CEs, and therefore presented 401 

more stable cycling performance when Li plating/stripping. The AuLi3@Ni foam 402 

based LMAs can run for 740 h without cell failure in a symmetric Li/Li@(AuLi3@Ni 403 

foam) cell at a current density of 0.5 mA cm-2 with a capacity of 1 mAh cm-2. In 404 

addition, the Li@(AuLi3@Ni foam)|LiFePO4 full cell shows excellent capacity 405 

retention at 1 C for 500 cycles. This work provides an example of engineering the 406 

skeleton surface of the commercially available metallic foam current collectors in 407 

order to effectively improve their electrochemical performance in LMAs for potential 408 

use in next-generation high-energy-density LMBs. 409 
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