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In this work, metal foam current collectors (CCs, i.e. nickel [Ni] and copper [Cu]) were treated by thermal
oxidation to create a lithiophilic oxide surface that exhibited enhanced electrochemical performances of
lithium anodes such as the cyclic stability of Coulombic efficiency at different current densities for
various capacities compared to pristine CCs. The oxidized CCs facilitated much increased diffusivities of
ions for lithium growth than pristine CCs. It was found that an inhomogeneous solid electrolyte inter-
phase (SEI) formed on pristine CCs while a uniform SEI formed on oxidized CCs. Uniform lithium (Li)
deposition can be achieved on oxidized CCs owing to the lithiophilic oxide surface containing metal
nanoparticles and the ionic compound lithium oxide (Li;O) matrix that led to a uniform SEI film and
many nucleation sites. In addition, the porous and non-porous composite anodes exhibited different
SEI film electrochemical performances. The porous composite anodes showed initial lower voltage hysteresis but
Dendrites shorter lifetime with carbonate-based electrolyte than non-porous composite anodes. The porous
Li,O composite anodes showed better rate performances in full-cell measurements while the non-porous
composite anodes displayed better stability. The interfacial modification of porous hosts by lithiated
oxides and the effects of porous structure on battery performances can be also useful for designing other
electrodes (e.g. sodium [Na], potassium [K], zinc [Zn]).
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1. Introduction

As an integral part of global clean energy transition, batteries
play an essential role in future low-carbon energy applications and
management. The increasing demand for clean and renewable
energy is powering the need for batteries. As a result, developing
high-energy-density and high-performance batteries is attracting
great attentions particularly to meet the increasing demands of
societal needs such as electric transportations and power grids
[1,2]. As the one having the lowest standard electrode potential
(—3.04 V vs. standard hydrogen electrode) and lightest metal
(0.534 g/cm?), lithium (Li) metal owns a high theoretical specific
capacity (3860 mA h/g) and volumetric capacity (2061 mA h/cm?)
that are much larger than those of conventional graphite anodes
[3]. However, the commercialization of rechargeable Li metal bat-
teries have been impeded by a number of issues from Li anodes
such as the inferior cyclic stability, low Coulombic efficiency (CE)
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and severe safety concerns [3,4]. These diminished performances
and safety issues mainly stem from the growth of Li dendrites
during electrochemical deposition of Li, infinite volume change,
repeated break and formation of solid electrolyte interphase (SEI)
films, and formation of dead lithium debris during deposition and
stripping processes of lithium [3—5].

To tackle the abovementioned problems, storing lithium in an
electrically conductive porous framework provides an effective
strategy [4,5]. First, the porous structure can suppress the dendritic
growth by reducing the local current density or confine the den-
drites within the electrodes [6]. Second, the electrical skeleton can
facilitate the electron transport. Third, the pores provide more
channels for the transport of lithium ions and thus could improve
the rate performances. Fourth, well sealing of lithium in porous
hosts can prohibit direct contact between lithium and the elec-
trolyte, stabilizing SEI films and improving the CE [7]. In addition,
the encapsulation of lithium in the porous structure can also
restrain the volume change of Li electrodes during discharge and
charge [8]. These aspects of porous hosts bring forth higher CE,
better cyclic performances and safety. In particular, metallic
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scaffolds such as porous copper and porous nickel have many ad-
vantages such as high specific surface area, good strength and
stiffness, and high conductivities [9].

However, there are still some challenges in solving the above-
mentioned issues to commercialize Li-metal anodes and in the
synthesis of composite anodes. Stabilizing and manipulating the
SEI to suppress the growth of dendrites and improve CE provide
guidelines [10—14]. Although progresses have been made on
revealing the composition, microstructures, formation processes,
and functions of the inorganic compounds of SEI films [15—22], it
still requires more efforts on further uncovering the mysteries of
SEI films, such as the influencing factors (e.g. surface geometry,
chemical compositions, etc.) on the SEI formation and their con-
sequences on the growth behavior of Li and electrode perfor-
mances. Regarding the synthesis of composite anodes, commonly a
lithiophilic surface of host materials is of extremely significance for
electrode synthesis by thermal infusion of Li or electroplating to
achieve uniform loadings, storing lithium by creating nucleation
sites, and decreasing the nucleation/reaction energy barrier [23]. A
number of strategies have been employed such as chemical syn-
thesis/deposition of various kinds of metal oxide coatings on lith-
iophobic copper or nickel current collectors such as ZnO [24—27],
fluorides [28], metals that can form alloys with Li [23,29,30], carbon
coatings that guide the deposition of dendrite-free lithium [31—33].
However, understanding these modifications such as the
commonly employed oxides on the SEI formation is still limited.
Previous work showed that lithium has good wetting properties on
lithium compounds (e.g. lithium nitride [Li3N], oxide [Li»O], and
carbonate [Li;COs;) [34]. In particular, a rather low energy is
required for molten lithium wetting on lithium oxide, indicating it
as a possible media for thermal-infusion synthesis and tuning the
plating and stripping of lithium.

When designing composite anodes, the capacity of cathodes,
active lithium and non-reversible lithium consumed by the SEI and
dead lithium need to be taken into account for determining an
optimal lithium loading. The composite anodes can be made porous
or non-porous. For most of the reported composite Li anodes syn-
thesized by infusion of porous metals with molten lithium, usually
their pores are completely filled with lithium [6,24,30,35—37],
while the loadings of lithium are much excessive. In addition, it still
lacks studies on how the porosity affects the electrochemical per-
formances of the composite anodes for lithium-metal and lithium-
sulfur (Li—S) batteries. To evaluate the effect of a non-porous
structure (saturated with Li) and porous structure (with reduced Li
content) on the electrode and full-cell performances could be
meaningful for designing Li metal batteries. To the best of our
knowledge, it is still elusive on how the porous structure influences
the capacity, cyclic performances, rate performances and electro-
chemical deposition and stripping behaviors of lithium for appli-
cations of lithium-metal and lithium-sulfur batteries.

Herein, we investigated the influences of the surface modifica-
tion of current collectors (CCs) by a lithiophilic oxide coating on the
formation of solid electrolyte interphase (SEI), and electrochemical
performances. The oxidized porous current collectors (e.g. oxidized
Ni foam, named as ONiF) comprised a nanostructured coating
containing a nanoporous metal (e.g. nickel [Ni]) framework
embedded in a lithium oxide (LiO) matrix after thermal infusion of
lithium or electrochemical lithiation. The oxide-modified current
collector exhibited excellent Coulombic efficiency (CE) stability at
different current densities. The plating behaviors of Li and SEI for-
mation on the modified current collectors and pristine current
collectors were further scrutinized by electron microscopy and
electrochemical impedance spectroscopy (EIS). In addition, the ef-
fects of the structure of composite anodes on the electrochemical
performances were investigated. Two composites that were
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macroporous one with 20 wt% of Li (named as 20%Li@ONiF) and
non-porous one with 56% (named as 56%Li@ONiF) were synthe-
sized. The lithium plating and stripping behaviors, microstructures
after testing, and full-cell performances paired with LisTis01, (LTO)
and sulfur cathodes of the two composite anodes demonstrated
that the porous and non-porous anodes exhibit much different
electrochemical performances. The non-porous anodes surpassed
macroporous anodes in terms of the long-term stability and ca-
pacities in particularly for Li—S batteries.

2. Results and discussion
2.1. Lithiophilic oxide coating and composite anodes

Fig. 1 schematically illustrates the facile synthesis process of
composite anodes, including the thermal oxidation of current col-
lectors (e.g. Ni foam), thermal infusion of molten Li and controlling
the loading and content of Li in the composite anodes. Due to the
poor wettability of molten Li on current collectors, it was difficult to
infuse lithium into pristine Ni foam (see video 1 in the
Supplementary). In contrast, the oxide coating has good affinity
to lithium and facilitates fast and uniform infusion of Li into the
surface-oxidized current collectors (only took several seconds, see
video 2 in the Supplementary). Fig. 2 reveals the microstructure of
the thermal oxidization coating using scanning electron micro-
scopy (SEM). The current collector made of commercial Ni foam has
a three-dimensional macroporous structure and hollow ligaments
with voids of around 30 pm (Fig. 2a and b). After oxidation, an oxide
coating composed of nanoparticles uniformly and entirely formed
on the outside and inside surfaces of the ligaments as supported by
the microstructural analyses and EDS element mappings
(Fig. 2c—h). The oxide coating has a thickness of around 200 nm as
shown in Fig. 2c and e. The content of Li could be easily and pre-
cisely adjusted by adding the amount of molten lithium, which was
more controllable and reproducible than tuning the infusion time.

Two different electrode structures by varying lithium contents
were prepared, which were the porous composite anodes (20%
Li@ONiF) and non-porous anodes (56%Li@ONiF). As shown in
Fig. 3a, the large pores of 20%Li@ONiF anodes kept similar to those
of the original Ni foam. However, the hollow ligaments were fully
filled with lithium from the observation of the fractured cross
sections as seen in Fig. 3b. Lots of dispersed Ni nanoparticles were
formed as a result of the redox reaction between the oxide coating
and molten Li (Fig. 3c and d, Fig. S1 in the Supplementary). The Li;O
matrix was actually embedded in a metallic nanoporous framework
because of the Li insertion [38], which can be observed by etching/
washing away the Li and Li;O by water (Fig. S2). Although Li,O
is electrically insulating, the implanted metallic nanoporous
framework could improve the electrical conductivity and ionic
conductivity using nanosized Li;O [39]. The external surface of 20%
Li@ONiF was entirely covered by a lithium coating with a thickness
of 2—3 um (Fig. 3¢ and element mappings in Fig. S3). Thus, it can be
seen that molten Li preferentially infused into the voids of the
ligaments due to the capillary effect, demonstrating the good af-
finity of the lithiophilic oxidized surface. In contrast, all the pores of
non-porous 56%Li@ONiF anodes were fully filled with lithium,
which can be seen from the surface and cross section of the anodes
(Fig. 3e—f and Fig. S4).

2.2. Lithium growth on oxide-modified current collectors and
electrochemical performances

The growth behavior of Li on the oxide-modified and pristine
metallic surfaces in carbonate electrolyte was investigated. First,
the nucleation and growth of lithium on the surfaces of
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Fig. 1. Schematic illustration of the synthesis process of Li@ONiF, including thermal oxidation and infusion of ONiF with molten lithium.

Fig. 2. Microstructure of oxidized 3D Ni foam (ONiF): (a) overview, (b, c) fractured ONiF ligament revealing the nickel oxide film (NiOx) ~ 200 nm thick, and (d) close view of NiOx
film grown on the surface of Ni foam. (e—h) SEM image of the cross section and EDS mapping of O, Ni and the overlay.
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Fig. 3. Microstructures of porous 20%Li@ONiF anode (Li loading ~10 mg/cm?): (a) overview, (b) fractured Ni ligament, (c) Li coating formed on the outer surface of hollow Ni
ligament, and (d) close view of Li coating embedded with Ni nanoparticles. Microstructures of non-porous 56%Li@ONiF anode (Li loading ~50 mg/cm?): (e) top view and (f) fractured

cross section.

the oxidized nickel foam (ONiF) lithiated beforehand and Ni foams
were investigated. Fig. 4a shows there were no obvious needlelike
Li formed on the ONGJF lithiated beforehand. Instead, many mossy-
like lithium domains with a size of several microns can be observed
(Fig. 4b). In contrast, for the pure Ni foam there were lots of thick
and long whiskers grown on the ligaments (Fig. 4c). The differences
in the growth behavior indicated that the surface of ONiF lithiated
beforehand was in favor of homogeneous lithium plating. Mossy-
like Li domains were also found on ONiF electrochemically lithi-
ated beforehand ( Fig. S5). The voltage profiles (Fig. 4d) illustrated
that the growth of Li on ONiF lithiated beforehand had much lower
nucleation overpotential than that on the non-oxidized Ni foams,
demonstrating a lower energy barrier of nucleation for Li on ONiF. It
can be ascribed to the oxide coating that provided many nucleation
sites. The growth of Li on ONiF electrochemically lithiated before-
hand (galvanostatic discharge/charge between 0.001 and 1.0 V) also
exhibited lower mass-transport overpotential than that on the non-
oxidized surfaces, which can be originated by the SEI films.

The electrochemical impedance spectroscopy (EIS) was carried
out to compare the growth kinetics of Li onto the oxide coating and

pristine metallic surfaces. As shown in Fig. 4e, it was revealed that
the lithiated ONiF had much lower charge-transfer resistances than
that for the pristine Ni foams, implying a higher reaction rate for
lithium growth on ONiF. By plotting the real part of impedance (Z’)
as a function of the reciprocal root square of the angular fre-
quencies (w~%) in the low-frequency region, the Warburg coeffi-
cient o can thus be obtained by the slope of the linear plots (Fig. 4f).
It showed that the Warburg coefficient was much reduced for
oxidation-treated electrodes in contrast to that of pristine elec-
trodes (13 vs. 94 Q/s%3). The ionic diffusivity (D) referred to the
following equation [40]:

D=05(, RT )2 (1)

An?F26C
where R is the gas constant, T is the temperature (298.5 K), A is the
area of the electrode surface, n is the number of electrons involved,
Fis Faraday's constant, and C is the molar concentration of Li* in the
electrolyte. Because ONiF and non-oxidized Ni foam had almost the
same area A, thus Eq. (1) can be simplified as D~1/(¢ ). It gets
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Fig. 4. Growth of Li on ONiF thermally lithiated beforehand ( a—b) and non-oxidized Ni foam (c) under a current density of 1 mA/cm? for a total of 1 mA h/cm? of Li. (d) Voltage
profile of Li deposition (1 mA h/cm?) onto Ni foam and electrochemically lithiated ONiF at 1 mA/cm?; (e) Nyquist plots of cells with using lithiated ONiF and lithiated Ni foam before
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It can be seen that the diffusivity of Li ions for Li nucleation on
oxidation-treated electrodes increases significantly (52 times)
compared with pristine metallic electrodes. As it is known that the
diffusivity of ions is a significant factor for the transition of lithium
growth from root growth to tip growth [41], the enhanced diffu-
sivity with using oxidation treated electrodes can be the main
reason for the reduced mass-transport overpotential, and
dendrites-suppressed uniform growth of Li. Thanks to the homo-
geneous deposition, the oxidation treated electrodes delivered
higher and more stable Coulombic efficiency (CE) than pristine
electrodes (Fig. S6), consistent with the recent work where the
oxidized brass mesh and copper foils delivered a higher and more
stable CE than non-oxidized ones [42].

The Coulombic efficiency of Li plating/stripping on oxidation-
treated electrodes was further evaluated and compared with the
pristine electrodes. As shown in Fig. 5a, the growth of Li on ONiF
exhibited lower nucleation potential and mass-transport over-
potential than using pristine Ni foam. For ONiF, an excellent
Coulombic efficiency remarkably steadied at 98.7% over 490 cy-
cles was achieved (Fig. 5b), which was higher than the CE ob-
tained previously [6,25,26,42—46]. In comparison, the pristine Ni
foam presented a low and much fluctuated CE after 30 cycles. In
some cycles the CE values with using Ni foam were above 100%
(Fig. S7), which was because some dead lithium electrically re-
connects to the electrode in the plating and becomes active
again in the present stripping [7]. The lithium nucleation, growth
and stripping on ONiF at the 50th to 100th and 400th cycle
almost kept the same as shown in Fig. S6, proving the good
stability of lithium storage with using oxidation-treated
electrodes.
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Fig. 5. (a) Voltage profile of Li deposition (1 mA h/cm?) onto Ni and ONiF, (b) Coulombic efficiency of ONiF and non-oxidized Ni foam at 0.5 mA/cm? for 1 mA h/cm?, (c) Nyquist plots
of cells using ONiF and non-oxidized Ni foam before deposition of Li, (d) the relationship between Z’ and w~°° at low frequencies. Microstructures of the plating of Li for 6 mA h/cm?

at 1 mA/cm? in ether electrolyte onto different current collectors: (e) Ni foam, (f) ONiF.

The Nyquist plots in Fig. 5¢ proved that lithium growth had a
lower interfacial charge-transfer resistance on ONiF than on non-
oxidized Ni foam, which was consistent with the lower over-
potential presented in the voltage profiles of galvanostatic Li
plating. Fig. 5d shows the linear relationship between Z’ and w2
in the low-frequency region. The Warburg coefficient ¢ for ONiF
was much reduced in contrast to that for non-oxidized Ni (11 vs.
63.5 Q/s%°), indicating a large increase of the diffusivity of ions. The
ionic diffusivity still be kept higher for ONiF than Ni after the CE
tests (Fig. S8). The lithium plating on ONiF and pristine Ni foam
were also revealed as shown in Fig. 5 e-f. For a relatively high ca-
pacity of 6 mA hjcm?, no dendrites were observed on ONiF. In
contrast, the pores of Ni foam were fully filled with long and thick
filaments.

The performances on Coulombic efficiency were further inves-
tigated under various current densities and capacities. For a ca-
pacity of 1 mA h/cm?, at 1 mA/cm? the CE was retained at 98% for

350 cycles (Fig. 6a). When increasing the current density to 3 mA/
cm?, a high CE of ~96% was maintained after 300 cycles (Fig. 6b). In
further raising the current density to 5 mA/cm?, the CE ranged in
93%—95% from 1st to 100th cycle, and increased to 97% from 100th
to 200th cycle (Fig. 6¢). For the practical next-generation Li-metal
batteries, a high capacity of over 3 mA h/cm? would be required.
Thus the CE for a high capacity of 3 mA h cm 2 and 6 mA h cm™2 at
3 mA/cm? was evaluated. As shown in Fig. 6d and e, the high CE was
kept at ~97% for over 140 cycles for 3 mA h/cm? and 98% for over 80
cycles for 6 mA h cm~2. We also tested the CE of ONiF electrodes for
areal capacities from 1 mA h/cm? to 8 mA h/cm? (Fig. 6f). Under
these rigorous conditions, the CE remained at above 98.0%. The
oxidized copper foam as current collectors also demonstrated good
cyclic stability in Coulombic efficiency (Fig. S9). These results
demonstrated that the surface oxidation of metal foam CCs can
significantly improve the performances of lithium anodes with
exceptional CE at ultrahigh areal capacities and current densities,
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Fig. 6. Coulombic efficiency of ONiF with ether electrolyte: (a—c) at 1, 3 and 5 mA/cm? for 1 mA hjcm?, (d, e) at 3 mA/cm? for 3 mA h/cm? and 6 mA h/cm?, respectively, (f) at

0.5 mA/cm? for various capacities of from 1 mA h/cm? to 8 mA h/cm?.

and the approach can be applied to broad metallic current
collectors.

2.3. Solid electrolyte interphase formation and Li growth

It is known that the solid electrolyte interphase (SEI) film plays a
critical role on the growth behavior of Li. The SEI films formed on
the Ni and oxidized Ni foam were characterized by scanning elec-
tron microscopy (SEM). The Ni and oxidized Ni electrodes were
cycled under 50 pA/cm? within potential of 1-0.001 V, then rinsed
with 1, 2-Dimethoxyethane for several times to wash away the salts
and dried in a glove box before tests. The pristine Ni had a clean
surface (Fig. S10). It was found that a non-uniform SEI film with
many thick domains of sub-micron size formed on pure Ni elec-
trodes (Fig. S11). Similar non-uniform SEI films were also observed

with using Cu as current collectors. In consistence with previous
findings, elements of C, O, F and N were detected from the surface,
indicating the existence of the species of lithium alkyl carbonates
(ROCO,Li), lithium fluorides (LiF), lithium alkoxides (ROLi), LixNOy
and so forth in the SEI [47]. The Energy dispersive X-ray spectros-
copy (EDS) element mappings proved the formation of thick do-
mains and the complete coverage of the Ni electrode with the
inhomogeneous SEI films. In contrast, no thick SEI domains were
clearly observed (Fig. S11h), reflecting a good uniformity of the SEI
formed on the oxidized Ni.

To have more information, ex-situ transmission electron mi-
croscopy (TEM) was carried out to reveal the formation of SEI
films. To preserve its pristine state, SEI was directly grown on Ni
and oxidized Ni grids. Fig. 7a and Fig. S12 show the SEI films
grown on the surface of Ni grid, demonstrating the non-uniform
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Fig. 7. (a) TEM image of SEI formed on pristine Ni surface, (b) TEM image of Li plating on pristine Ni surface at 10 pA/cm? for 10 pA hjcm?, (c, d and the inset of d) TEM images of
lithiated nickel oxide coating showing a uniform and thin SEI film formed on the nanocomposite coating composed of metal nanoparticles embedded in a Li,O matrix, (e) schematic
illustration of lithium plating and stripping processes on pristine metal current collectors (e.g. Ni) and the thermal oxidation treated current collectors.

SEI films containing thick and thin regions. The inhomogeneity of
the SEI might be caused by the uneven localized current densities
induced by the rough surfaces (Fig. S13). In consistence with
previous results, the protrusions could induce the growth of Li
filaments (Fig. 7b and Fig. S14). The lithiated oxide coating had an
average thickness of 175 nm and was composed of lithium oxide
(LiO) and metallic nanoparticles (Fig. 7c—d). In contrast, a thin
and uniform SEI film can be observed on the outlayer of the
lithiated oxide coating (inset of Fig. 7d), consistent with the SEM
observations in terms of the uniformity of SEL It was believed
that the uniform and thin SEI film formed on the oxidized surface
facilitated the diffusivity of ions, and the homogeneous growth of
Li. The results also explained the reduced mass-transport over-
potential during lithium plating.

On the basis of the above results, Fig. 7e schematically demon-
strates the different growth behaviors of Li on oxide-modified

metallic surface from the pristine metallic surface, which results in
the differences in electrochemical performances. On pristine
metallic current collectors, inhomogeneous SEI with various
thicknesses formed, which can be originated from the uneven
current densities induced by the rough surface. Recently Zhao et al.
developed the polymer-based artificial SEI and found that too thick
artificial SEI resulted in much poor cyclic stability [48]. To the same
reason, it was believed that the non-uniform SEI that contains
polymeric and distorted distribution of inorganic compounds (e.g.
lithium alkyl carbonates [ROCO;Li], lithium fluoride [LiF], lithium
alkoxides [ROLi], LixNOy) can also cause different diffusion of ions
and uneven lithium growth at the interfaces, resulting in the for-
mation of local thick and long Li filaments. It should be noted that,
the current density applied was far below the critical current
density in terms of characteristic time (the so-called Sand's time),
implying that there might be other significant factors such as
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Fig. 8. (a—d) Voltage profiles of galvanostatic deposition and stripping of porous 20%Li@ONiF, non-porous 56%Li@ONiF and pure Li anodes in carbonate electrolyte, (e) galvanostatic

deposition and stripping of symmetric cells in ether electrolyte.

surface geometry induced uneven SEI on the growth of dendritic Li
[14]. In the stripping process, the roots of dendrites could strip first,
leading to loss of electrical contact for the remaining parts that
form as dead Li [7]. The unstable SEI debris and dead Li were the
direct reasons causing increased voltage hysteresis and instable CE.

On oxidation-treated current collectors, the uniform oxide
coating was converted to a nanostructure that was composed of
Li»O matrix and nanoporous metal. A thin and uniform SEI formed
on outlayer of the modified surface, which increased the diffusivity
of ions. Thanks to the tuned SEI, low nucleation energy and many
nucleation sites from the LiO matrix, lithium uniformly grew at
interfaces and kept good contact with the current collectors.
Considering the observation of lithium dendrites on pure lithium
surface that also provided many nucleation sites and low nucle-
ation energy, in addition to the benefits from nucleation it was
believed that the homogeneous and thin SEI was also crucial for
guiding lithium growth. After lithium stripping, owing to the good
electrical contact between Li and current collectors, very thin and
uniform SEI debris and dead Li formed. Thus, a high, stable CE and
low mass-transport overpotential were delivered for electrodes
using oxidation-treated current collectors.

Regarding the increased diffusivity of ions, the following factors
can be taken into account. First, the SEI film formed on modified
current collectors was much thinner compared to using the pristine
current collectors, introducing less resistance of ionic diffusion.
Another factor was the nanostructure of the lithiated coating. The
nanosized Li;O formed in the lithiated coating could be in favor of
the ionic transport. Different from bulk Li;O, nanocrystalline Li;O
owned lower activation energy for local hopping of Li* in the outer
layer and showed increased ionic conductivity [39]. In addition, the
role of nanocrystalline Li;O was also suggested to facilitate a Lewis-
acid transport mechanism of Li* through the oxides [18].

2.4. Effects of porous and non-porous structures on electrochemical
performances

Obviously, the content of Li influences the porosity and the
specific capacity of the electrodes. The specific capacity (C;) and
volumetric capacity (C,) of the composite Li anodes with a porous
host can be generally formulated as below:

Cs =3860¢ (3)
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_ 38604

G mﬁ porous

(4)

where ¢ is the content (weight percentage) of Li in the composite,
Pporous 1S the density of the porous host material. Egs. (3) and (4)
show that with increasing the content, the electrode capacities
increases. Fig. S15 shows the theoretical specific and volumetric
capacity of the Ni-foam constructed composite anodes as a function
of the Li loading. Accordingly, the non-porous 56%Li@ONiF elec-
trode owns much higher electrode capacities than porous 20%
Li@ONiF.

To understand the effects of macroporous and non-porous
structure on the electrochemical performances, the Li stripping/
plating behaviors of the composites anodes were first investigated
by half cells constructed with composite anodes as working elec-
trodes and Li kept as the reference and counter electrodes. The
commercial carbonate-based electrolytes were used. Fig. 8 a-
d shows the voltage profiles of galvanostatic deposition and strip-
ping of Li. In the initial few cycles, the porous 20%Li@ONiF com-
posite electrodes exhibited lower voltage hysteresis (defined as the
voltage difference between plating and stripping) than non-porous
56%Li@ONiF electrodes (51 mV vs. 64 mV). Both two composites
electrodes had lower polarization compared with Li (117 mV). After
150 h, the voltage hysteresis of the porous and non-porous elec-
trodes slightly increased to 66 mV and 80 mV, respectively (Fig. 8b).
In contrast, the voltage hysteresis of pure Li anode increased
quickly to 200 mV, followed with the aggravated voltage fluctua-
tion and short circuit of the cells. Amazingly, both two composite
electrodes exceeded more than 700 h. The non-porous composite
electrodes exhibited the most stable voltage hysteresis over 1000 h
(Fig. 8d). It was also noted that, the porous electrodes exhibited
increased polarizations after 500 h during each later stage of
stripping process as shown in Fig. 8c. The overpotential during
plating or stripping process was mainly affected by the reaction
kinetics and mass transport [49]. The lower voltage hysteresis for
the non-porous electrodes than pure Li can be attributed to
enhanced kinetics via the highly conductive three-dimensional Ni
skeleton. In addition, porous electrodes had lower voltage hyster-
esis within 500 h compared with non-porous electrodes by virtue
of the porous structure facilitated mass transport.

To further understand the causes for different cyclic stability, the
microstructures of the electrodes after tests were investigated by
scanning electron microscopy (SEM). Figs. S16a and b show the
surface of pure Li electrode after galvanostatic deposition and
stripping. A very thick dead lithium layer containing thick dendrites
formed on the lithium and the thickness was 30—50 um, causing
increased mass-transport overpotential and voltage fluctuation. In
contrast, on the surface of and inside the ligaments of porous
composite electrodes, there were almost no dendrites found
(Figs. S17a—c). However, a few of macropores were filled with
accumulated SEI debris and thin dendritic dead lithium (Fig. S17d),
which can cause the increased voltage hysteresis after 500 h
cycling. For non-porous electrodes, there were no thick dendrites
formed (Fig. S17e). The layer containing SEI debris and possible
dead lithium had a thickness of around 9 pum (Fig. S17f), which was
much thinner than that formed on pure Li anode. The above results
demonstrated that the porous current collector effectively reduced
Li dendrites and SEI debris layer. Moreover, although both porous
and non-porous electrodes were enhanced by the Ni framework,
the porous electrodes had larger surface area exposed to the elec-
trolyte in contrast to the non-porous electrodes, providing more
area for the formation of SEI debris and leading to shorter stability
in comparison with the non-porous electrodes. In summary, the
geometrical structure, conductive network, unstable SEI formation
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all resulted in the different cyclic stabilities for porous and non-
porous composites electrodes.

The galvanostatic deposition and stripping behaviors of lithium
in ether-based electrolyte were evaluated in symmetric cells. As
shown in Fig. 8e, the voltage hysteresis of all the electrodes grad-
ually decreased in the early stage (0—200 h), and then tended to
become steady. The voltage hysteresis of the composite anodes was
smaller and turned into steady state more quickly than that of
pristine Li anodes. The composite anodes kept steady for more than
1500 h. In contrast, the voltage hysteresis of Li anodes became
fluctuated after 670 h, and then increased dramatically. The 20%
Li@ONiF anodes exhibited the lowest voltage hysteresis of 36 mV
and the 56%Li@ONiF anodes got a low voltage hysteresis of 40 mV,
competent with other reported porous hosts. The non-porous 56%
Li@ONiF anodes steadily cycled for over 1500 h and then went into
voltage fluctuation. The porous 20%Li@ONiF anodes steadily cycled
for over 1900 h. Thus, the above results show that in the ether-
based electrolyte the porous electrodes performed better stabilities
and lower overpotential than the non-porous electrodes. After cy-
clic tests, the electrodes were examined with SEM. It was observed
that there were much less lithium filaments and SEI debris formed
compared with using carbonate electrolyte (Fig. S18). In carbonate
electrolyte, the formation of thick SEI debris seriously consumed
electrolytes and increased the mass-transfer resistance, thus
causing high polarization and instability. As the porous electrodes
had larger surface area than the non-porous electrodes, more SEI
debris can form on porous electrodes in carbonate electrolyte
(Fig. S17), resulting in faster depletion of electrolyte, higher mass-
transfer resistance, and shorter stable Li plating/stripping in car-
bonate electrolyte. But the ether electrolyte was in favor of
dendrite-free lithium deposition, thus SEI debris accumulated less
and at slower rate (Fig. S18). Thus, in ether electrolyte, the porous
structure of 20%Li@ONiF anodes was beneficial for mass transport
and delayed Sand's time, leading to lower polarization and better
stability than non-porous electrodes.

The ratio of cycling capacity to the total capacity of the electrode
in terms of the cyclic stability is a key influencing factor and sig-
nificant for practical applications. Considering the ratio was only
~2.8% for 20%Li@ONiF anode because of much excessive lithium not
utilized, we reduced the lithium loading to a capacity of around
10 mA h/cm? on oxidized copper foam, and then measured the
cyclic stability at 0.5 mA/cm? for 1 mA h/cm? that was corre-
sponding to ~10% of active lithium in the electrode. As shown in
Fig. S19, the low-Li-loading composite electrode demonstrated
much better stability, longer life, and lower voltage hysteresis in
comparison with lithium anode (450 pm) that only had a cycling
capacity of ~1% in Li electrode. It demonstrated that the composite
anodes constructed with oxidation-treated current collectors much
enhanced the electrochemical performances and would work in
practical conditions.

The advantages of ONiF constructed composite anodes and the
effects of porous and non-porous structure on electrochemical
performances can be also reflected by the full-cell performances.
Lithium titanium oxide, LisTis01, (LTO) was selected for the full-cell
configurations due to its excellent rate performances under high
loadings. As show in Fig. 9a, the LTO cathodes paired with the
composite anodes, exhibited higher capacity than those with pure
Li. Especially at high rates from 0.5C to 10C, the composite anodes
outperformed pure lithium to a great extent. For example, at 1C the
capacities of 142 mA h/g, 125 mA h/g and 105 mA h/g were obtained
for 20%Li@ONiF, 56%Li@ONiF and pure lithium anodes, respectively.
Moreover, the porous anodes illustrated significant improvements
in capacities at various rates compared to non-porous anodes. The
voltage profiles at different rates intimated possible reasons. As
shown in Fig. 9b and c, the polarizations for 20%Li@ONiF anodes
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Fig. 9. (a) Galvanostatic rate performances of LTO electrodes paired with 20%Li@ONiF, 56%Li@ONiF, and pure Li with electrolyte of LiPFg in EC/DEC; (b, c) Voltage profiles at 0.5C and
10C, (d) Nyquist plots of batteries of LTO paired with the three electrodes; (e) Galvanostatic cyclic performances of LTO electrodes paired with 20%Li@ONiF, 56%Li@ONiF and pure Li
with ether-based electrolyte; (f) cyclic performances of S electrodes paired with 20%Li@ONiF, compressed 20%Li@ONiF, 56%Li@ONiF and pure Li.

were lower than those of 56%Li@ONiF and pure lithium anodes,
especially under high current density such as 10C. The reduced
overpotential for porous anodes was ascribed to either the faster
mass transport facilitated by the porous structures, or the lower
activation overpotential enhanced by the intimate contact between
Li and Ni. The Nyquist plots in Fig. 9d revealed that the composite
anodes had lower charge transfer resistances at interfaces than
pure lithium, while 20%Li@ONiF had the lowest charge transfer
resistances. It indicated that the porous structure of the composite
anodes can significantly enhance the reaction kinetics. The lower
interfacial charge transfer resistance of porous anode compared
with non-porous anodes can be attributed to the higher surface
area.

In further analysis, the cyclic performances of full-cell batteries
in ether-based electrolyte were investigated using composite
anodes paired with LTO and sulfur electrodes. As shown in Fig. 9e,

1

all LTO electrodes delivered similar performances at 0.5C for the
first 150 cycles. After that, the capacity for using non-porous
composite anodes slightly increased. In contrast, using pure Li
the capacity showed obvious decay. The porous composite anodes
gradually exhibited large fluctuation from 150th to 300th cycles,
which was caused by the consumption of electrolyte and lithium,
and repeated formation of SEI debris. Compared with the non-
porous electrodes, the porous electrode having high surface
area and pore volume consumed more electrolyte as well. Fig. 9f
shows the electrochemical performances of Li—S batteries using
the composite anodes and Li. The non-porous composite anodes
exhibited the highest specific capacity among them. Compared
with the pristine lithium anode, the enhanced capacity of non-
porous composite anodes was attributed to the reduced charge-
transfer resistances (Fig. S20). However, with using the porous
composite anodes the sulfur cathodes delivered the lowest
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capacity. It was resulted from the macropores that filled with
more electrolyte, in which more polysulfides can dissolve. It was
also proved a higher capacity can be obtained by compressing the
porous anode to reduce the porosity and thus the insufficiency of
electrolyte.

The above results demonstrated the large influences of mac-
roporous and non-porous structure on the electrochemical per-
formances. Balancing the porosity and capacity was tricky.
Although macroporous electrodes exhibited better plating and
stripping performances than non-porous electrodes, practically
the porous electrodes needed more electrolyte that compromises
the battery capacity, making it even lower than using non-porous
electrodes. The high surface area of porous electrodes additionally
made higher consumption of electrolyte for repeated SEI forma-
tion especially in carbonate electrolyte. The lowered porosity can
be rather significant for Li—S batteries due to the dissolution of
polysulfides into the electrolyte. Electrodes with reduced macro-
porous to nanoporous could balance the fast mass transport and
high capacity for designing high-energy density and high-power
batteries.

It should be also mentioned that construction of a non-porous
anode with a low lithium loading and a reasonable electrode
thickness (such as 10—50 pm thick) for practical applications is
crucial and needs engineering thin porous current collectors with
suitable pore sizes. In addition, there might be influences of
reducing the pore sizes, thickness of the electrodes (down to
10—50 pm thick) and lithium loadings on the electrochemical
performances (including half-cell and full-cell performances),
which might be interesting for future investigations.

3. Conclusion

In conclusion, the effect of lithiophilic oxide coating modified
metal foam current collectors by a facile thermal oxidation process
on the performances of lithium anode was investigated. In com-
parison with pristine metal foam current collectors, the surface
oxidation treatment facilitated the formation of uniform SEI and
even lithium deposition. The diffusivity of ions were much
increased with using oxides modified current collectors. It exhibi-
ted lower energy barrier for the lithium nucleation and growth, and
higher reaction rate when using oxides-modified current collectors
than pristine current collectors. A higher Coulombic efficiency and
better stability were delivered with modified current collectors
than the pristine ones. A remarkable Coulombic efficiency steady at
98.7% over 490 cycles for ONiF was obtained.

The composite anodes show lower overpotential, longer life-
time, and better rate performances in the full-cell batteries than
pure Li anodes. In addition, balancing the porosity and capacity was
tricky. The porous composite anodes achieved lower overpotential
during plating/stripping and better rate performances. However,
the non-porous composite electrodes surpassed the macroporous
electrodes in terms of the stability and overall capacity, in particular
for the Li—S batteries as porous composite anodes require more
electrolyte that can dissolve active species.

Our research findings can be also useful for designing other
metal anodes (e.g. Zn, Na and K) with using metallic and non-
metallic porous host materials (e.g. porous copper, porous carbon,
graphene, carbon nanotube and nanofibers).
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