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Energy storage systems as lithium-ion batteries (LIBs) have become an essential part of our lives, powering on-
the-go technologies we use every day. Until recently, immense attention was paid to designing and synthesizing
advanced active materials for LIBs to enhance the battery characteristics. However, not the least crucial part of
the battery, the current collector, was left unattended for a long time. Therefore, it is not surprising that the
batteries reached their limits in power and energy densities, leaving the battery progress equal to an almost flat
line. The only way to go ahead with the battery technology would be to design new architectures or to investigate
new materials. Changing the battery current collector from planar to three-dimensional (3D) would offer
dimensionality to the electrodes meaning short diffusion length for Li-ions, which will boost power density, more
active material, and mechanical stability. Herein, in this review, various 3D architecture current collectors will
be summarized, and recent advances in synthesis routes will be discussed to point out the importance of 3D
structures. In addition, the correlation between the electrochemical performances of batteries and current col-
lector architecture will be reviewed. More than 50 research publications related to the synthesis and performance
of different 3D current collectors were reviewed and compared. The review results suggest that despite the
outstanding performance, currently used technologies to obtain 3D current collectors make them unacceptable in
the commercial sphere, and cheaper, faster and simple synthesis routes are desired to be explored.

1. Introduction Nevertheless, LIBs with even higher energy and power densities need

to be developed due to the demand for more advanced electronics,

In recent years, fossil fuel usage has been significantly reduced
considering the environmental damage caused by carbon dioxide
emissions. Despite this, the energy demand of modern society is
increasing at a rapid speed. Therefore, to fill the gap in energy defi-
ciency, environmentally friendly, reliable and, sustainable energy
sources should be explored, and devices for storing them should be
developed accordingly [1]. So far, different technologies have been
developed to store electrical energy as capacitors, fuel cells, batteries,
etc. The significant advantages of these systems are long service life, low
cost, good cyclability, and portable size [2]. Lithium-ion batteries (LIBs)
have been considered one of the most successful technologies to store
electrical energy. They are rapidly developing owing to their high en-
ergy density, power density, and long life compared to other secondary
batteries (Pb-acid, Ni-Cd, Ni-MH) [3].

* Corresponding author.

hybrid, plug-in and electric vehicles (EVs) [4]. The energy density (the
amount of energy stored per unit mass or volume) and power density
(maximum practical supported output power per unit mass or volume)
are the two critical quality indicators of secondary batteries that need to
be enhanced. Energy density is a critical parameter used in almost all
energy storage technologies, and it must be high, whereas power density
is a key factor for the applications, which require fast charge or
discharge. Systems with a high-power density require materials that
maintain a high permissible energy transfer rate. These materials and
their three-dimensional (3D) spatial arrangement are crucial de-
terminants of energy and power density [7].

In order to enhance the parameters described above battery con-
stituents must be upgraded. Conventional LIBs usually consist of five key
components: negative (anode) and positive (cathode) electrodes,
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electrolyte, separator, and casing (cell design). In turn, the electrode
contains an active material, a conductive additive, a current collector,
and a polymer binder. The chemical nature of active materials used in an
anode and cathode determines the energy output. In contrast, an elec-
trolyte in most situations determines how quickly energy can be released
by controlling the mass flow rate inside the battery [6]. So far, to in-
crease the efficiency of LIBs, plentiful new electrodes, electrolytes, and
separators were investigated. Since the specific energy determines the
battery capacity by mass (W kg™1), the energy received from the active
material is divided by the entire mass of the battery (conductive addi-
tives, binders, current collectors, electrolyte, and packaging). Two ways
can achieve energy density increase: 1) by reducing the weight of the
inactive components; 2) by increasing the active mass or changing the
structure of the active material. Most studies have focused on the latter,
which shows that using anode materials with a larger capacity, such as
silicon (Si) and germanium (Ge), improves the battery energy density
with a specific capacity reaching 3000 mAh g~! for Si. However, the
overall increase in battery energy density is usually only about 10 %
because of the higher density of Cu current collector and low capacity
cathodes [5]. To increase the energy density, a thinner current collector
and thicker cathode active material should be used. However, thick
cathodes have many problems. Cracks, dropouts, and exfoliation are
caused by the volume change in the coated layer during charge and
discharge. Besides, the ohmic resistance increases with the increasing
thickness of the electrode due to the low electronic conductivity of the
composite matrix [5,8].

A current collector is an inactive compartment of a battery connected
to an electrode with an external load. Its physical and chemical prop-
erties can affect LIB performance [9,10]. Although the current collector
has been known as an essential part of the battery performance, the
proper insights on the effect of structure, thickness, and material
composition are not given due attention [11]. Therefore, the review
aims to shed light on 3D current collectors’ performance and discuss
their latest advances in LIBs. The main attention has been paid to the
different preparation methods of foam-type current collectors and their
effects on the electrochemical performance of the LIB. This work could
help define and understand the most suitable current collector for a
particular type of electrodes and battery configurations.

2. Foam-type current collectors

Li ions move from the cathode to the anode during the battery
charging operation through the separator and electrolyte [12,13]. When
this process occurs, electrons flow through the current collector to the
anode, where the reduction reaction occurs with the formation of the Li
metal compound. When the discharge occurs, Li ions move from the
anode to the cathode in the same way as during the charging process
(Fig. 1) [14,15]. The main role of the current collector is to hold the
electrode and conduct the electrons through itself, connecting active
material and external load. Therefore, the critical criteria for the current
collector are high electronic conductivity and sustainability in a
particular electrochemical environment. Besides, it does not have to be
too thick and heavy so as not to reduce the gravimetric and volumetric
energy densities of the system. Moreover, free-standing, mechanically
robust, and low-cost current collectors are essential for LIB designs with
efficient performance [16].

Current collectors can be classified according to the architecture and
constituent materials used as flat and 3D, as well as metallic and non-
metallic, respectively. Different metals and their alloys, and non-
metallic carbon that meet the above-stated requirements, have been
tested as current collectors. In LIBs, various metal foils are usually used
as two-dimensional (2D) or planar current collectors. For instance, thin
foils of nickel (Ni), copper (Cu), aluminum (Al), platinum (Pt), zinc (Zn),
titanium (Ti), and other similar metals have been intensively investi-
gated as a current collector [17]. In the case of all solid-state LIBs, the
research on current collector materials is just beginning. The common
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Fig. 1. Schematic illustration of the LIB (LiCoO,/Li" electrolyte/graphite).
Reproduced with permission [1]. Copyright 2013, American Chemical Society.

current collector materials such as Al, Cu, Ni, stainless steel, and carbon,
which do not undergo the reaction with the electrolyte, were simply
chosen [18]. Among them, Al and Cu are the most preferred current
collectors for cathodes and anodes of LIBs, respectively, owing to their
wide stability window in the electrolyte [19].

Moreover, both current collectors have advantages such as lightness,
cheapness, good adhesion to the active materials, and good electronic
conductivity [20-22]. However, the electrochemical corrosion of Al and
Cu still occurs during charge/discharge cycling because of the electro-
lyte decomposition. The fluorine-based electrolytes, such as lithium
hexafluorophosphate (LiPF¢) and lithium bis(trifluoromethane sulfonyl)
imide (LiTFSI), decompose and generate HF that reacts with the current
collectors leading to capacity degradation of the batteries [23]. Also, the
small surface area provided by the flat metallic sheets for slurry casting
is not favorable. Hence, 3D structures with a hierarchical architecture
have attracted immense attention as a type of alternative current
collector.

There are many advantages of using 3D materials as a current col-
lector, such as a short diffusion length for Li ions, high electronic con-
ductivity, ability to suppress the growth of Li dendrite, and a large
surface area which in turn can help to increase the mass of the active
material [24,25]. Metal and carbon materials with diverse architecture
can be used to create 3D current collectors. It should be noted that
various characteristics of the current collector (pore size, porosity,
density, and thickness) could significantly affect and manipulate LIB
performance. In turn, the preparation method and the selected condi-
tions affect the architecture of the current collector. Therefore, we
concentrated on the 3D current collector preparation methods,
described their properties, and the effect on the performance of LIB [26].

3. Preparation methods of 3D foam-type current collectors

The 3D current collector’s foam-type structure is recognized as one
of the promising, offering high surface area, short diffusion length, and
ease in all battery components’ integrity. Different methods such as
chemical vapor deposition (CVD), electrodeposition, dealloying, and
pyrolysis can be used to fabricate technology, as demonstrated in Fig. 2.
The next section is devoted to the synthesis methods of 3D materials
with various examples and their electrochemical characteristics in LIB.

3.1. Chemical vapor deposition

Foam-type materials, such as Ni, Cu, Al, and carbon (C), found wide
application in LIBs as a current collector and an electrode itself. One way
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Fig. 2. Visual illustration of the reviewed methods for the preparation of 3D current collectors.

to prepare foam-type materials is by using the CVD technique. The
substrate is exposed to volatile gas precursors in a typical process, which
react or decompose on the heated substrate surface [27,28]. The Ni foam
production involves the deposition of Ni from gaseous nickel carbonyl
(Ni(CO)4) onto open-cell polyurethane foam (PU). In detail, PU is placed
in a CVD reactor through which gaseous nickel carbonyl is purged using
carbon monoxide (CO), which decomposes in the heated reactor
(approximately 100 °C) to Ni and CO, and coats PU template. Afterward,
Ni-coated PU foam undergoes a PU burnout process, and then the Ni
framework is sintered at about 1000 °C to improve the quality of the
final product. This method has several advantages, such as 1) one-step
Ni plating with the desired density of the material, which can be ach-
ieved by adjusting the residence time of the substrate inside the coating
chamber; 2) high purity of the resulting material (99.8 % Ni); 3) uniform
deposition; 4) controllable pore size in hundred micrometers in diam-
eter, which is determined by the pore size of PU template (Fig. 3a and b);
5) automated process control; 6) the ability to manufacture foams of
various densities of stable quality, and 7) the absence of problems with
wastewater treatment. However, this method has one significant
drawback as the high toxicity of used chemicals [29,30]. Yao et al. re-
ported an investigation of LiFePO4/Cu-Sn LIB, which was constructed
with 3D current collectors in both electrodes.

Ni foam was used as a negative electrode current collector; mean-
while, Ni-Cr foam obtained from alloying Ni foam and Cr powder (more
details in section 3.5 below) was a positive electrode current collector.
Compared to conventional Cu and Al foil current collectors, a battery
with a 3D current collector has improved cycle life, maintaining 90 % of

the initial battery capacity even at the 200th cycle [31]. Sa and Wang
reported incorporating a C-Si electrode into Ni foam, which shows an
effective reduction of the electrode expansion and, consequently, a
significant in the cycle life of electrodes owing to the network geometry
of Ni foam. Electrochemical impedance spectroscopy of the electrode
was also examined, which shows a significant decrease in impedance
after cycling [32]. Chung and Manthiram reported the examination of
Li-S batteries with 3D Ni foam as a cathode current collector. The
cathode shows 92 % capacity retention during high capacity discharge,
even after 50 cycles (Fig. 3c). Besides, the ability to prevent significant
self-discharge was discovered, in which the cathode retains 85 % of the
initial capacity after two months. The 3D morphology of Ni-foam helps
not only reduces the loss of active material and capacity but also pro-
vides an excellent internal electron transport network [33]. Nurpeissova
et al. reported another work, where the 3D structure of Ni foam along
with the Ni matrix significantly improved the Sn anodes performance
[34,35]. Inspired by research mentioned above, Ni foam was used to
fabricate various electrodes for LIBs by applying hydrothermal [36-44],
chemical bath deposition [45-47], thermal infusion [48], electrostatic
spray deposition [49,50], pulse electrodeposition [51], and dip coating
[52] techniques.

The CVD technique can also be used to fabricate a monolith of gra-
phene foam (GF). Cheng and his group [53] fabricated GF from the
decomposition of methane (CHy) to C on the surface of Ni foam. The
procedure involved the following steps in the CVD reactor, CHy is
decomposed to graphene (an allotropic form of C) at the temperature of
1000 °C under atmospheric pressure on the surface of Ni foam. It should
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Fig. 3. SEM images of Ni foam at (a) 110 ppi and (b) 20 ppi. Reproduced with permission [30]. Copyright 2004, John Wiley and Sons. (c¢) Cycling profiles of Li-S
cells with the SNF cathodes and conventional cathode at C/5 rate. Reproduced with permission [33]. Copyright 2013, Elsevier. (d) Schematic of the procedure for
fabricating 3D GF-rGO hybrid nested hierarchical network macrostructure. Reproduced with permission [55]. Copyright 2015, John Wiley and Sons.

be noted that the Ni template is determined by GF morphology. After
cooling down, poly (methyl methacrylate) (PMMA) was deposited on
the surface of the obtained product to prevent collapsing of GF’s shape
during etching away the Ni substrate. Then, Ni foam is etched by a hot
solution of hydrochloric acid followed by etching PMMA in hot acetone.
The obtained GF demonstrates extreme lightness (~5 mg cm™%) and
flexibility, which is essential not only for LIBs but also for all energy
storage technologies. Ruof et al. [54] examined the first usage of GF in
LIB. The authors synthesized a lithium iron phosphate (LiFePO4)
incorporated into ultrathin GF as a cathode in a LIB. The specific ca-
pacity of the fabricated electrode was 70 mAh g~! at a charge/discharge
current density of 1280 mA g~!. The maximum specific capacity of the
cathode (GF loaded with LiFePO4) was 23 and 170 % higher than
LiFePOy4 coated on either an Al foil or Ni-foam, respectively.

Moreover, it shows an excellent CE of 99.9 %. The lower resistance of
electron transfer explained these properties of GF from LiFePOy4 to the
external circuit and a higher contact surface area of the active material
of the electrode with the electrolyte. More works have been motivated to
implement such carbon foam (CF) current collectors obtained by the
above-mentioned CVD method (Fig. 3d) for various electrodes in LIB
[55-62]. Furthermore, various companies such as Graphene supermar-
ket have already launched GF on the market. The companies offer
various graphene foams such as free-standing GFs, flexible GFs, com-
bined GFs and different metal-based GFs such as Ni, Cu, etc. The method
for preparing commercial GF completely coincides with that described
above. The average price of a free-standing 3D GF with a size and density
of 76.2 mm x 38.1 mm and 85 mg/cm?, respectively, is 125 $. The high
price of graphene foam can be attributed to the use of expensive pre-
cursors and high energy consumption during production.

3.2. Electrodeposition

Another efficient method of obtaining a 3D porous framework is
electrodeposition. Dehkharghani and Divandari [63] reported the
preparation method of Cu foam by electrodeposition technique, which
requires five steps starting from 1) cleaning and 2) chemical etching to
remove impurities from PU foam; then 3) sensitization and 4) activation
to make polymer foam electric conductive as Cu cannot be electroplated
directly onto the surface of a non-conductive material; 5) the electroless
plating, to produce the foam-type material on the surface of the coated
3D polymer. The PU foam is cleaned out in ethanol in the first two steps,
followed by etching by a solution mixture of chromic acid and sulphuric
acid. Then follows by the immersing etched PU foam in a sensitization
solution of SnCly and HCI and then in the activator solution of AgNOg
and HCl, where the attachment of Ag particles to the polymeric substrate
occurs by the following reaction:

Sn?* + 2Ag" — Sn*t + 2Ag 6h)

Finally, in the last step, the electroplating occurs in an electroplating
bath, which has copper sulfate (CuSO4-5H20) as a source of Cu ions,
formaldehyde (HCHO) as reducing agent, ethylenediamine tetraacetic
acid (EDTA) as complexant and sodium hydroxide (NaOH) as pH regu-
lator. The process involves the following two half-cell reactions:

Half-cell reaction in the anode

2HCHO™ + 40H — 2HCOO™"+ 2H,0 + Hjp + 2e” (2)
Half-cell reaction in the cathode
Cu2+(solution) + 2 - Cu(lattice) 3

Overall reaction is
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Cu?* + 2HCHO + 40H™ — Cu+2HCOO + 2H,0 + H, 4)

The authors found that the optimal parameters for the Cu deposition
are the concentration of CuSOy in the bath for the deposition of 12 g L™,
pH 13, and the temperature range of the electroplated coating 55-60 °C.

Another electrodeposition technique for producing a porous skeleton
was proposed by Shin et al. [64]. Typically, the production of dense
metal electrodeposition processes can be used, where the accompanying
hydrogen development is intentionally suppressed. However, the au-
thors proposed the process of hydrogen bubbles that were used as a
dynamic template for metal deposition to obtain 3D foams structures. In
the process, Cu and Pt were used as the cathode, and the anode,
respectively, and the solution in the electroplating bath contained
CH3COOH (an additive that suppresses bubble coalescence), CuSO4 and
HS04. The distance between the anode and cathode was maintained at
2 cm. Sun et al. obtained porous Cu foam using a similar method with
few modifications to implement it as a current collector for Sn—Co alloy
negative electrode. To evaluate the electrochemical performance of the
obtained current collector, half-cell, coin-type (CR2025) cells were
assembled with Li foil as a counter and reference electrode. However,
the same coin cell with a 2D current collector (Cu sheet) was assembled
for comparison. The Cu@Sn—Co electrode showed the first discharge and
charging capacities of 726 and 563 mAh g~?, respectively. The capacity
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retention was at 71 %, which was 3 times higher than that of the Sn-Co
alloy anode with a 2D current collector [65]. More studies using
binder-free Cu foam current collectors were reported by the methods of
electrodeposition [66], electrochemical oxidation [67], anodization
[68], solvothermal [69-73], and others.

3.3. Dealloying

Although above, we highlighted the excellent properties of foam-
type current collectors obtained by CVD and electrodeposition, some
issues still need to be addressed. One of the drawbacks of these methods
is the requirement for using commercially available templates to syn-
thesize foam-type structures. Moreover, the electrical conductivity
could be altered negatively due to the poor contact between the active
materials and the foam-type current collector. For instance, large pore
sizes (hundreds of microns) of foam-type structures deposited on the
commercial templates could interfere with creating a tight contact sur-
face area [74]. Yang et al. demonstrated that the Coulombic efficiency
(CE) of a commercially available Cu foam decreased to 90 % after 29
cycles, which is worse than that of Cu foil. The reason for the poor
performance has been defined as coming through a large amount of
deposited Li into the Cu foam, which cannot be stripped entirely to
complete the reversible process. The formation of a dead Li on a Cu foam
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Fig. 4. (a) Principle of designing the 3D current collector for Li metal anode. (b) CE of Li deposition on 2D planar and 3D porous current collectors with current
densities of 0.5 mA cm™2. a,b) Reproduced with permission [25]. Copyright 2016, John Wiley and Sons. Scheme of the evolution brass alloy structure treated by (c)
chemical dealloying method and (d) physical dealloying method, with SEM images of the evolution structure of the dealloyed brass alloy. c¢) Reproduced with
permission [78]. Copyright 2020, American Chemical Society. d) Reproduced with permission [82]. Copyright 2018, Elsevier.
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structure promotes low CE. To avoid the problems of large pore size 3D
current collectors, a dealloying method has been investigated as an
alternative method to fabricate porous current collectors (Fig. 4a) [25].
Dealloying is the selective “splitting” of the metals based on their dif-
ferences in chemical, electrochemical, and physical properties [41,75].
This process leads to the formation of nanoporous foams, consisting of
nobler alloy components. There are three routes for the dealloying
approach: chemical, electrochemical, and physical.

Chemical Dealloying. Chemical dealloying is an artificially induced
corrosion process by chemical substances such as acids, base, and others
of a less noble element in the alloy to form a uniform porous architecture
[76]. Yang and co-workers reported the fabrication of porous Cu from a
commercially available Cu-Zn alloy by dissolving Zn in HCl and NH,4Cl
mixture solution. The obtained porous Cu had pore sizes varying from
~200 nm to ~2 pm, easily controlled by the dealloying time. After that,
it was directly used as a current collector for Li anode. To test the
properties of an anode, the full-cell was assembled with LiFePO4 cathode
(porous Cu/Li || LiFePOy4). Compared to the 2D current collector typi-
cally used for Li anode, the obtained 3D Cu current collector demon-
strated a significant improvement in cycling performance. The
reversible capacity was 136 mAh g after 300 cycles with a CE of 99.7 %
and capacity retention of 89.7 %. On the other hand, the 2D current
collector exhibited 87.3 mAh g~! with a lower capacity retention of 58.2
% [25].

Zhang et al. prepared a Cu-Ga alloy for the fabrication of 3D nano-
porous Cu by the dealloying method. A heated commercially available
Cu foil was painted with liquid Ga at 80 °C. Afterward, the obtained
alloy underwent a dealloying process in a mixture of HNO3 and HF. To
explore the properties of a 3D Cu, it was applied as a current collector for
lithium metal anode and Li@3D-Cu||LiFePOy full-cells were fabricated.
To demonstrate the advantage of such cells, 2D Cu current collector was
also used to make cells with LiFePO4 cathode. The cells with 3D and 2D
current collectors showed almost the same capacity of 137.5 and 136.3
mAh g~ at the first cycle, respectively. However, the capacity retention
of the cell with a 3D current collector was higher at about 80 after 150
cycles. While cells with 2D structured Cu current collectors could reach
only 58 %. Moreover, the CE results were collected as 98 % for a 3D
current collector, while large fluctuations were observed for the 2D
current collector (Fig. 4b) [77].

The superior results obtained by a 3D current collector could come
from the nanoporous structure where the initially deposited Li is ho-
mogeneously scattered, which leads to the numerous charge centers.
Consequently, the electric field becomes uniform that partially prevents
the spread of Li dendrites [77]. If we compare such arrangements in 2D
Cu current collectors, it has been reported that more Li dendrites have
been formed on the surface due to their inhomogeneous deposition. The
inhomogeneous deposition is explained by the fact that the initial
nucleation of Li is sporadic, and the formed nuclei have a strong electric
field, which prevents nucleation at the site of the initial nucleation.

Tang and his research team reported the preparation of 3D-CuZn and
3D Cu current collectors from a commercially available brass sheet
(H62, 38 wt% Zn) by dissolving it in hydrochloric acid for a different
time (2, 4 and 8 h). Complete removal of zinc from brass occurred after
8 h. The pore size of the obtained porous skeleton ranged from 2 to 8 pm
with thicknesses of about 40, 80, and 100 pm for 2 h-3D CuZn, 4 h-3D
CuZn and 8 h-3D Cu, respectively (Fig. 4c). To evaluate the electro-
chemical properties of t3he obtained current collectors, CR2025 coin
cells with 3D porous current collectors as « Li-free » working electrodes
and Li metal as counter/reference electrodes were assembled. The
electrolyte used was 1 M LiPF¢ in a mixture of ethylene carbonate (EC)
and diethyl carbonate (DEC) with a volume ratio of 1: 1 with the elec-
trolyte additive of 0.1 M LiNOs. After 60 cycles, it was noted that the
deposition of Li occurs preferably in the internal pores. After filling the
internal pores, Li began depositing on the external pores, which led to
the growth of Li dendrites. Obviously, the thinner the current collector,
the faster the pores are filled with Li. After 100 cycles, coarse Li
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dendrites appeared on the thinnest 3D collector (8 h-3D Cu). While 2 h-
3D CuZn current collector exhibited excellent cycling stability, long
cycle life (1000 h at 0.5 mA cm™2or 450 h at 1 mA cm™2) and a high CE
(>95 %) after 220 and 150 cycles at 0.5 and 1 mA cm ™2, respectively.
The enhanced electrochemical properties of a prepared 2 h-3D CuZn
current collector have been explained from numerous nucleation sites
that stimulate Li’s deposition into the internal pores [78]. In other
studies, binder-free electrodes for LIB were also fabricated using a Cu
current collector obtained by dealloying and electroplated with tin [79,
80].

Electrochemical Dealloying. The electrochemical dealloying pro-
cess has been considered one of the promising ways to obtain a homo-
geneous nanoporous morphology. Electrochemical dealloying can be
achieved by immersing the alloy in an electrolyte under the action of a
driving force. Consequently, the non-reactive components remain in a
metallic form, while reactive ones dissolve. In this case, an applied po-
tential or electrolyte can be a driving force. To use the electrochemical
dealloying method on alloys, two criteria have to be followed: 1) the
complete solubility of alloy components (except for the desired non-
reactive components) in the electrolyte; 2) selectively remove one or
more components, the metal oxidation potentials must be different. For
example, we can take Mn-Cu alloy, where Cu is the inactive component
and Mn is the reactive one [81]. However, to the best of our knowledge,
nanoporous materials obtained by electrochemical dealloying have not
been applied in LIBs yet.

Physical Vacuum Dealloying. Until recently, methods of chemical
and electrochemical dealloying were used widely for 3D structures
preparation. However, not long ago, Yang and co-workers reported on a
new method of physical dealloying. The concept of the novel method lies
in the sublimation and Kirkendall voids, where deallying is achieved by
applying high vapor pressure on one or more metal components to form
the porous metal. To form the metal’s pore structures, the temperature
has to be below the melting point of the precursor alloy, whereas the
evaporation temperature should be above the melting point of the alloy.
The advantage of using physical vapor dealloying is in the possibility of
obtaining the microporous material (from 0.5 pm up to 10 pm), which
cannot be obtained by the traditional preparation method (Fig. 4d) [82].
Liu et al. fabricated CugoZny alloy by heat treatment to use it as a
precursor for producing 3D nanoporous Cu by physical dealloying. The
treatment of CugpZny obtained the nanoporous Cu matrix with pore
sizes from ~0.5 pm to 3.5 pm in a high vacuum at 450 °C. The pore of the
obtained porous Cu matrix would act as “cages” for “hostless” Li metal
during electrodeposition. The obtained Cu matrix was then immersed in
a mixed solution of NaOH and (NH4)2S20g to obtain additional
nanometer-sized pores (about 200 nm), leading to uniform deposition of
Li due to a decrease in the local current density along the surface of the
porous Cu current collector. Finally, Cu nanoporous was reduced at
400 °C for 10 h in an Hp/Ar gas mixture to obtain the final product. To
evaluate the electrochemical properties of the prepared nanoporous Cu,
an R-2032 cell was assembled, in which a 3D Cu current collector was
used as a «Li-free » working electrode and a Li foil as a counter/reference
electrode. 1 M LiTFSI in a 1: 1 mixture of 1,3-dioxolane (DOL) and 1,
2-dimethoxyethane (DME) solvents with 2 wt% LiNO3 was used as the
electrolyte. Nanoporous 3D current collectors showed a high and stable
CE of about 98 % over 200 cycles. The unique 3D Cu architecture
facilitated the bulk expansion of Li metal during the deposi-
tion/dissolution process and inhibited the growth of Li dendrites and
mossy Li [83]. Qian et al. used a commercial brass plate (contains 75 %
Cu and 25 % Zn) to fabricate a 3D porous Cu current collector. Only a
high vacuum, along with various temperatures, was applied to the
CuysZngs to obtain a porous current collector. The electrochemical
testing was performed on 2016-coin cells assembled from a 3D porous
Cu current collector as a «Li-free » working electrode, the Li foil as a
counter/reference electrode. The electrolyte was 1 M LiPF6 in EC: DEC
co-solvent (1: 1). The cell exhibited a stable CE at 0.52 mA cm~2and
1.04 mA cm™2 after 120 cycles and more than 80 cycles, respectively,
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significantly reducing polarization. The long battery life of 800 h is
achieved in symmetrical Li|Li@Cu cells [82].

3.4. Hydrothermal reduction method

The dealloying synthesis process described above requires a large
amount of time and energy. Therefore, the more facile and inexpensive
method is necessary for the large-scale production of nanoporous metals
for LIBs. As an alternative method for the preparation of current col-
lectors, Pei and colleagues suggested a new template-free, fast, and
facile synthesis route [84]. The concept of this method for obtaining a
3D nanoporous structure is based on the thermal decomposition and
hydrogen reduction of metal salts and the subsequent rearrangement
and growth of particles of the reduced metal (Fig. 5a). This method is
considered unique since only hydrogen is needed as a reducing agent
and metal salts to provide the metal. To be more precise, water mole-
cules would be removed from nickel nitrate hexahydrate (Ni
(NO3)2-:6H20) by heating. After that, the salt is heated at a temperature
of 250-800 °C to obtain a nickel oxide framework and then reduce
nickel oxide to Ni with Hy. The overall reaction to the production of
nanoporous Ni can be summarized as follows:

Ni(NO3),-6H,O + H2(g) — Nig) + 7H20(g) + N»Os (@ 5)

The obtained framework had the pore sizes and the ligament thick-
ness ranging from 25 to 600 nm, and 100-200 nm, respectively (Fig. 5b).
The joints connecting the ligaments have a length of 600-800 nm. The
constructed 3D Ni-skeleton had a much lower density (~ 5.0 g cm™2)
than current collectors made of Cu foil (8.96 g cm™), respectively. It
should be noted that not only pristine nanoporous metal can be ob-
tained, but also alloys. The authors prepared a nanoporous NiCo alloy
using the same procedure to prove the effectiveness of the method for
the alloys.

Electrochemical performances of obtained 3D Ni were evaluated
through assembling NiCy04-2H>O@nanoporous-Ni binder-free elec-
trode. It was a working electrode; meanwhile, Li metal was used as a
counter/reference electrode in the assembled Swagelok type cell. The
first discharge achieved a high specific capacity of 3154 mAh ¢! and

,-——-

Thermal decomposition,
reduction, and growth
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Metallic salt precursors

lDecomposition
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during charge 1910 mAh g (Fig. 5¢), respectively. The exhibited ca-
pacity values were much higher than in the other evaluated oxalates
anodes and SnOy/nanoporous Cu, MnOs/nanoporous Cu systems using
as-prepared NiC204-2Hy0@nanoporous-Ni. Compared to NiCo
04-2H,0@Ni-commercial foam, the NiCy04-2H;0@nanoporous-Ni
electrode showed a good CE of 60.5 % for the first cycle and 93.5 % for
the 30th, while NiCy04-2H;0@Ni-commercial foam reached 56.8 % for
the first cycle and only 70-80 % for the remaining cycles. So far, scarce
works have been reported on the described method, although this
approach shows promising outcomes with enhanced electrochemical
performances.

3.5. Alloying method

Typically, this method is used to increase the resistance of a 3D metal
current collector to corrosion by alloying an additional element into its
structure. Ni foam is suitable as a current collector on the anode side, but
it goes through corrosion when applied on the cathode side. Therefore,
Yao et al. [85] first introduced the method of alloying 3D Ni foam using
heating with chromium (Cr) powder. The 3D structured alloy foam’s
electrochemical tests show a small anode peak at about 4.7 V during the
first cycle. The absence of a peak after the remaining cycles in the cyclic
voltammetry (CV) curve between 2.0 and 5.0 V was explained by
forming a passivation film.

In contrast, pristine Ni foam demonstrates a growing current curve at
about 4.0 V due to corrosion. The electrochemical properties of the
obtained Ni-Cr alloy were studied with the cathode of LiFePO4 and the
anode of Li metal. A cell with an Al foil as a cathode current collector
was also constructed to compare the electrochemical performance. The
discharge capacity of both prepared cells shows a comparable value for
the actual LiFePOy capacity of about 150 mAh g~!. However, compared
with conventional current collectors, the prepared 3D Ni-Cr alloy
demonstrated stable charge-discharge characteristics because of the
enhanced corrosion resistance. Inspired by this research, Joo et al. car-
ried out different studies to enhance the properties of Ni foam [26,
86-89]. The fabricated NiCrAl alloy foam was used as a current collector
for the cathode electrode of LiFePO4/C. According to the authors’ works,
the thickness of the alloy foam current collector played a significant role

Growth c) 32001 Current density: 100 mA/g
¥ s | l _. 28004 Hollow: discharge
22 ke Solid: ch
Intermediates [ | g 24004 i
£
p < 2000 sOpop NiC,0,2H,0@np-Ni
Reduction Low energy facets '§1eoo- ."'““EE‘EEEEEE“ g;gg
Q u "]
< e.g. {111} g - .2200 vy
B — — — —l 'S 800+ NiC,0,2H,0@Ni-CF
e -0 ‘/&\ & oo ‘OQQQQQQQQQQOQQRQ%
graphite: 372 mAhlg ) 890y
0 T T T T T

Neutral atoms Crystal formation Ligaments &
and clustering and grain growth joints formation

Porous structure

0 5 10 15 20 25 30
Cycle numbers
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in the electrochemical output of the cathode.

3.6. Pyrolysis preparation method

The concept of this method is to burn out a 3D structural C precursor,
which preserves the structure and, as a result, gives a 3D C current
collector. The C current collectors fabricated by pyrolysis could be
categorized as CF, carbon fiber, and carbon paper (CP). The preparation
methods will be discussed in the following section.

Carbon foam. CF can be obtained by annealing commercially
available polymer foam, as was demonstrated in Fig. 6a [90,91]. Yang
et al. used PU foam as a C source and then proceeded with the pyrolysis
process under an argon atmosphere at 800 °C to obtain a C current
collector for Li-S battery [90]. This study was proposed to prevent
environmental pollution and obtain economic and social benefits by
recycling PU foam waste. PU foam is widely used in daily life (an esti-
mated 5 % of the total global consumption of plastics). Direct pyrolysis
of the wasted polymer, which can later be used as a current collector,
solves the global waste problem and can be an inexpensive and
straightforward approach to the large-scale production of a current
collector. The resulting N-doped CF (NCF) exhibits high porosity of 80
%, elasticity, preferred compressibility, and low density of 0.4 g cm™.
The prepared cells from the PU foam current collector with sulfur
cathode showed a large reversible capacity of 1124 mAh ¢! at 0.5 C. A
high specific capacity of 902.8 mAh g™ has maintained over 100 cycles
with a CE of 98.6 % in all cycles. The melamine foam [91], emulsion
polymer foam [92], melamine formaldehyde foam [93] were also
examined as a C source to obtain CF current collector with promising
electrochemical properties.

Carbon fiber. Fibers with a C content at 90 % or higher can be
defined as carbon fibers [94]. In preparation, the organic precursor is
first spun to obtain an organic fiber-containing several thousand fila-
ments with a diameter of 5-10 um, and then a series of preliminary
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oxidation, carbonization, and surface treatment is carried out. Many
works are currently reported using carbon fibers based on poly-
acrylonitrile (PAN), resin, and viscose as raw materials [95]. Carbon
fiber has properties such as high tensile strength, high heat resistance,
high chemical resistance, fatigue and creep resistance, electrical con-
ductivity and thermal conductivity, low density, high rigidity and
lightweight, making it an ideal candidate as a current collector [96,97].

Recently, researchers fabricated a carbon nanofiber current collector
for a sulfur cathode as well. The fiber was first obtained by electro-
spinning of PAN, followed by a heat treatment at 280 °C to stabilize the
fiber, and follow up carbonization at 800 °C (Fig. 6b). The cathode was
prepared by applying slurry onto the current collector using the vacuum
infiltration technique. The slurry consisted of 80 % specially prepared
active composite material, 10 % acetylene black (AB) and 10 % PVDF
binder. To obtain a sulfur-containing active mass, so-called sulfur/
dehydrogenated polyacrylonitrile/multilayer carbon nanotubes (S/
DPAN/CNT) composition, sulfur with PAN and CNT was grinded and
then heat-treated at 300 °C for 4 h. The electrochemical characteristics
of the prepared cathode were evaluated by assembling 2032-coin type
half-cells with flat lithium foil as counter and reference electrode. The
prepared cell showed an initial specific capacity of 1620 mAh g™ and
retained a reversible capacity of 1104 mAh g™! for 100 cycles (Fig. 6¢).
Besides, the areal density of the nanofiber current collector (0.85 mg
cm™!) was almost 10 times lower than that of the commercial Al current
collector (7.33 mg cm‘l), respectively [98]. More works showed the
advantages of using nanofiber current collectors for electrodes in LIBs
[99-102]. However, although a carbon fiber-type current collector
shows good results, it has disadvantages as the time-consuming syn-
thesis and residual impurity components [103].

Carbon paper. By applying the pyrolysis technique, CP can also be
prepared, which has a desirable 3D structure. Zhang and co-workers
[104] used the filter paper that is inexpensive and widely available as
a precursor of CP. The annealing was used to etch filter paper at 800 °C
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under an inert atmosphere. Electrochemical performance testing was
carried out by using CR2025-type coin cells with CP@TiO2-S cathode
and Li anode. The CP@TiO2-S cathode showed a good reversible
discharge capacity and a high specific capacity of 850 mAh g™ after 200
cycles at a current rate of 0.5 C and 660 mAh g~ at 5 C, respectively. Si
et al. [105] used a non-woven cloth made from natural cellulose fiber to
produce CP. The electrode of Si/C was loaded onto a prepared current
collector. As a result, the electrode exhibited a stable reversible capacity
of 1200 mAh g™ after 100 cycles and an initial CE of 90 %.

The demonstrated Table 1 summarizes reported 3D current collec-
tors. From the analysis, we can define the type of electrodes, synthesis
methods, and the kind of electrochemical properties that could be ach-
ieved using a particular type of current collector.

4. Conclusions and outlook

Although the current collector plays a vital role in rechargeable
battery performance and charge-discharge mechanism, the attention on
its actual influence has not been properly addressed. Therefore, 3D
foam-type current collectors were comprehensively discussed and
summarized in this review work. To be successfully applied as a current
collector in a LIB, the material should meet the following criteria: high
electronic conductivity, stability, lightness, ability to stand freely, me-
chanical robustness, and cheapness. It can be classified as planar and 3D
structured and can be made from metallic and carbon materials. Some
advantages of a 3D structure current collector can be highlighted as:

@ larger surface area because of its skeleton;

@ shorter Li-ion diffusion length due to the many triple points (3D
current collector frame, active material, and electrolyte compounds)
inside the electrode, which also improves electrical conductivity;

@ higher loading mass of the active material, which makes it possible to
reduce the mass and the volume of inactive materials;

@ bifunctionality of porous materials, acting as a current collector and
a unit for active material, can vastly enhance the gravimetric and
volumetric capacitance of the electrodes due to their lightness.

These properties make the 3D foam-type current collectors ideal for
building flexible electrodes, all-solid-state batteries, and microbatteries.
Therefore, we have examined reported works on 3D current collector
preparation methods as CVD, electrodeposition, alloying, dealloying,
pyrolysis, and hydrothermal reduction. Considering cost, possible scal-
ability the preparation methods and compatibility with cell chemistry
the reviewed preparation methods can be ranked as follows:

1. Pyrolysis. The concept of this method is annealing commercially
available polymer foam or constructed architecture of a 3D carbon
precursor. The most intriguing example is the fabrication of carbon
foam from wasted PU foam. This method not only prevents envi-
ronmental pollution but also provides a facile and low-cost approach
to the manufacture of current collector. The inexpensiveness of the
synthesis process can be explained by only using an inert gas and
energy consumption in order to obtain 3D carbonaceous material. In
addition, the widespread use of polyurethane foam in everyday life
makes this synthesis process scalable. Moreover, owing to the high
electrochemical stability of carbon, three-dimensional carbons can
be used as a current collector for both positive and negative
electrodes.

2. The hydrothermal reduction method. This method involves obtain-
ing a three-dimensional nanoporous structure by thermal decom-
position and reduction of metal salts with hydrogen, followed by
rearrangement and growth of the reduced metal particles. This
method is easy, fast, and without templates that only require metal
salts as metal precursors and hydrogen as a reducing gas. All this
would make this method inexpensive. The Ni nanoporous foam is
stable only on the anode side, but this method can produce
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nanoporous alloy and other pure metallic material. However, by-
products such as NyOs may hinder the scaling up of this process
due to its high corrosiveness.

3. Electrodeposition. This method is based on metal electroplating on a
3D template. Although a platinum anode is used during production,
the process can be inexpensive as it does not consume Pt during
synthesis and uses relatively cheap chemicals.

4. CVD. This method allows the fabrication of metallic and carbon
foam-type current collectors with hundreds of microns pore sizes. Ni
foam and GF have already been commercialized. The reason for this
may be due to the fact that this method has several privileges of 1)
the desired density; 2) high purity of the resulting current collector;
3) even deposition; 4) tunable pore size in hundred micrometers in
diameter. However, the high toxicity of the chemicals used and the
need for additional materials, templates, such as commercial Ni or
PU foams, make it expensive.

5. Alloying. The alloying approach for fabricating 3D foam current
collectors is intended to increase the electrochemical stability of the
current collector by doping an additional one or more elements into
the metal foam. The advantage of this method is the high stability of
the current collector, which gives prolonged battery life. The process
may be expensive owing to the requirement of prepared foam ma-
terials. The simplicity of the method makes it feasible for commercial
production.

6. Dealloying. The concept of the method is an artificially induced
process of dealloying by chemicals, physical conditions, or an elec-
trochemical reaction to form a homogeneous porous structure.
Various metallic current collectors with smaller pores and excellent
quality foam materials could be obtained. However, nanoporous
materials manufacture has significantly increased costs due to the
lengthy and complicated processes of dealloying. It also requires
specially prepared alloys with alloying elements in a solid solution.
In addition, the etching time can become quite large, especially for
bulk alloys, due to the resistance of bulk diffusion of ions. Moreover,
etchants and oxides can be introduced as impurities into the porous
structure from the etching process. All this creates an obstacle to
industrial production.

The resulting foam current collectors have a different morphology
depending on the preparation method, affecting battery performance,
and each of them offers meaningful improvement.

Even though 3D current collectors are considered the next technol-
ogy to improve the battery characteristics, several problems that need to
be tackled still remain. Side reactions stemming from a high electrode/
electrolyte interface area which results in a low Coulombic efficiency is
one of the main concerns. Also, the porous structure of the 3D current
collector with its disordered microstructures and low packing density,
which causes an increased volumetric density, is recognized as unde-
sirable for battery applications. It is also worth mentioning integrating
active materials into a 3D structured current collector which again poses
some obstacles. Usually in traditional batteries, the active materials are
coated on metal foils easily, however, for a 3D system it is still chal-
lenging to fill the active materials into the porous 3D current collectors
densely and uniformly. Additionally, the complexity of the synthesis of
3D current collectors, the scale-up of 3D current collectors for real
application is still a concern, as a practical 3D current collector should
be compatible with the downstream manufacturing process. Currently,
research on methods for preparing a 3D current collector has made some
progress, but a simple and inexpensive method for large-scale produc-
tion still needs to be defined. Besides, reported methods are complex and
require a significant amount of time, which does not apply to mass
production. Therefore, future research should develop facile, cheap, and
fast preparation methods for 3D current collectors. And the last but not
the least concern is the cell design. Whether it is an all 3D solid-state
battery or quasi 3D electrodes, the cell with 3D current collectors
needs to be designed to protect the porous structure and ensure compact
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Table 1
Summary of 3D current collectors and their electrochemical properties used in rechargeable batteries.
Material Electrode/battery Synthesis method Electrochemical performance Ref.
Ni foam Cu-Sn/Ni/LIB CVD/ 500 mAh g™'at 0.2 C 30
electrodeposition
Ni foam C-Si/Ni/LIB Commercial 300 mAh g™! (100th) at 1.5-0 V/C/15 31
Ni foam S@Ni/Li-S Commercial >810 mAh g~! (50th) at 1.5-2.8 V 32
Ni foam Co3V,0g/Ni/LIB Commercial 1586.9 mAh g~ (1st) and 1289 mAh g~ (100th) at 0.01-3 V/200 mAh g~! 35
Ni foam CuCo,04/Ni/LIB Commercial 1700 mAh g’1 (100th) at 0.01-3 V/200 mAh g’1 36
Ni foam Ni(OH)2/RGO/Ni(OH),/Ni/LIB Commercial 1662 mAh g’1 (2nd) and 1330 mAh g-1 (200th) at 0.01-3.0 V/100 mAh g’1 37
Ni foam Ni3S,/Ni/LIB Commercial 700 mAh g'1 (1st) and 623 mAh g‘l (150th) at 0.01-3.0 V/0.1 Ah g'1 38
Ni foam Fe304/Ni/C/Ni/LIB Commercial 1184.5 mAh g’1 (1st) and 848.7 mAh g’1 (50th) at 0.02-3.0 V/0.3 C 40
Ni foam ZnO@Ni/LIB Commercial 731 mAh g™! (1st) and 565 mAh g™! (100th) at 0.02-3.0 V/100 mAh g™! 42
Ni foam ZnO nanosheets@Ni/LIB Commercial 1507 mAh g'l (1st) and 1292 mAh g‘l (45th) at 0.01-3.0 V/0.2 Ah g™! 43
Ni foam Co304 NW/Ni/LIB Commercial 1327 mAh g’1 (1st) and 71.7 % of initial capacity (100th) at 0.01-3.0 V/0.2 Ah g’1 44
Ni foam Co304/Cu0 NW/Ni/LIB Commercial 1633 mAh g™! (1st) and 1191 mAh g™! (200th) at 0.01-3.0 V/200 mAh g~! 45
Ni foam NCS/Ni/LIB Commercial 2563 mAh g'l (1st) and 2081 mAh g‘l (100th) at 0.05-3 V/200 mAh g_l 46
Ni foam ZnO/Ni/LIB Commercial 1784 mAh g’1 (1st) and 402 mAh g’1 (100th) at 0.01-3.0 V/200 mAh g’1 48
Ni foam NiO-NiCo,04/Ni/LIB Commercial 2112 mAh g’1 (1st) and 1466 mAh g’1 (100th) at 0.01-3.0 V/400 mA g’1 49
Ni foam Sn/Ni/LIB Commercial 890 mAh g~! (1st) and 667 mAh g~! (2nd) at 0.02-1.5 V/0.2 A cm™2 50
Ni foam SnO,/graphene/Ni/LIB Commercial 1642 mAh g™! (1st) at 200 mAh g™! and 757 mAh g~! (500th) at 0.01-3.0 V/1A g™ 51
Ni foam Li,TiO3/Ni/LIB Commercial 153 mAh g~ (1st) at 200 mAh g~! and 145 mAh g™ (30th) at 0.01-1.0 V/1 mAh g™! 52
C foam UGF/LFP/LIB CVD 70 mAh g1 at 2-5 V/1280 mAh g~! 53
C foam GF-rGO/S/Li-S CVD 1000 mAh g™! (1st) and 645 mAh g~! (350th) at 2.8-1.5 V/C/5 (1 C=1675mAhg™!) 54
C foam UFG-V,0s/PEDOT core/shell NBA/LIB CVD 265 mAh g’1 (1st) at 2.0-4.0 V/5 C maintain 98 % after 1000 cycles 56
C foam S-PDMS/GF/Li-S CVD >450 mAh g~! (1000th) at 1.5-2.8 V/6 A g* 57
C foam S@ FLG/Li-S CVD 1143 mAh g™! (1st) at 400 mAh g™! and ~300 mAh g~! (400th) at 1.5-3.0 V/3200 58
mA g’1
C foam LFP/GF/LIB CVD ~143 mAh g’1 (1st) at 0.8-2.5V/0.2 C (1 C = 145 mAh g’l) 59
C foam Si/graphene/UGF/LIB CVD 983 mAh g~ (1st) and 370 mAh g~! (100th) at 0.01-2.2 V/1.5 mA g~! 60
C foam Ge-QD@NG/NGEF/LIB CVD 1220 mAh g’1 (1st) and 1194 mAh g’1 (10th) at 0.01-1.5V/1 C (1 C = 1600 mA g’1 61
for Ge)
Cu foam Sn—-Co@3D-Cu/LIB Electrodeposition 550 mAh g~! (1st) and 108 mAh g~! (50th) at 0.02-1.5 V/50 mA g~* 64
Cu foam Si@3D-Cu/LIB Electrodeposition 1000 mAh g™! at 0.01-1.5 V/50 mAh g~! 65
Cu foam Cu0/3D-Cu/LIB Commercial 1112.3 mAh g™! (1st) and 523.9 mAh g™! (100th) at 0.01-3.0 V/0.5 A g~! 66
Cu foam CuCl@3D-Cu/LIB Commercial 197.2 mAh g’1 (1000th) at 0.1-3.0 V/10 C 67
Cu foam Cu20@3D-Cu/LIB Commercial 1058.3 mAh g™! (1st) and 385.3 mAh g~! (100th) at 0.01-3.0 V/1.5 C 68
Cu foam Si/3D-Cu/Ag/LIB Commercial 1450 mAh g™ (100th) at 0.01-2.0 V/2000 mAh g™* 69
Cu foam Si/CNFs-3D-Cu/LIB Commercial 1400 mAh g~! (1™) and 814 mAh g~! (80th) at 0.01-1.20 V/0.5 A g} 70
Cu foam TiO,@C/3D-Cu/LIB Commercial 394.8 mAh g~ (1™") and 338.6 mAh g~! (200th) at 0.01-3.0 V/1.5 A g™} 71
Cu foam Sn0,/3D-Cu/LIB Commercial ~1.6 mAh em™? (1™ and 1.3 mAh ecm™2 (50th) a* 0.01-3 V/0.5 mA cm ™2 72
Cu foam Cug 39Zn.14C02,4704—CuO@CNTs/CF/ Commercial 227 mAh g7! (1™) and 174 mAh g™* (100th) at 3.0-4.2 V/0.2 A g™} 73
LIB
Cu foam Li@Cu/LIB Chemical dealloying 136 mAh g™! (30th) at 0.0-1.0 V/0.5 C 25
Cu foam 3D-Cu@Li/LIB Chemical dealloying 137.5 mAh g~! (1) at 0.0-1.0 V/1 mAh cm™2, 80 % retention after 150 cycles 78
CuZn foam Li@3D-CuZn/LIB Chemical dealloying 220 cycles with 95 % of CE at 0.01-1.5 V/0.05 mAh cm ™2 83
Cu foam Sn@np-Cu/LIB Chemical dealloying 4.05 mAh cm™2 (1st) and s 1.03 mAh em™? (10th) at 1.5-0.01 V/150 mAh g‘l 79
Cu foam Sn@3D-Cu/LIB Chemical dealloying 3.67 mAh cm™2 (1st) and 1.29 mAh ecm™2 (30th) at 2-0.01 V/0.5 A cm ™2 80
Cu foam Li@3D-Cu/LIB Physical dealloying 151 mAh g’1 (1st) and 99 % of 1st (15th) at 2.4-4.2 V/0.5 C 84
Cu foam Li@3D-Cu/LIB Physical dealloying 147.7 mAh g™! (1st) and 128.8 mAh g~! (300th) at 0-1 V/50 mA g™* 82
Ni foam NiC,04-2H,0@np-Ni/LIB Hydrothermal 3154 mAh g™! (1st) and 1247 mAh g~! (30th) at 3.0-0.005 V/100 mAh g~* 85
NiCr foam LFP/NiCr/LIB Alloying 150 mAh g™! at 2.0-5.0 V/0.2 C 86
Carbon NCF@CNT/S/Li-S Pyrolysis 1124 mAh g~' (Ist) and 903 mAh g~! (100th) at 1.8-3.0 V/0.5 C 92
foam
Carbon TiO,- NCF/LIB Pyrolysis 188 mAh g™! (1st) at 1.0-3.0 V/200 mAh g~! and 149 mAh g~* (100th) at 1.0-3.0 V/ 93
foam 1000 mAh g™!
Carbon CF/Sn0,/LIB Pyrolysis 453 mAh g~! (100th) at 0.1-2.5 V/500 mAh g~! 94
foam
Carbon Ti@CF - Si/LIB Pyrolysis 1560 mAh g™! (1st) and 861 mAh g™! (100th) at 2.6-4.3 V/1.0 A g™} 95
foam
Carbon fiber S/DPAN/CNT/Li-S Pyrolysis 2000 mAh g’1 (1st) and 1104 mAh g’1 (100th) at 1.0-3.0 V/0.1 C 98
Carbon fiber ~ CFC - S/PPy/Li-S Pyrolysis 884 mAh g™! (1st) and 397 mAh g™! (50th) at 1.0-3.0 V/0.5 C 99
Carbon fiber ~ CNFs/CuNPs/Li/LIB Pyrolysis 124 mAh g™! (400th) at 3-4.2 V/140 mAh g~! 100
Carbon fiber ~ VN@NCNF- Li,Se/Li-S Pyrolysis 935 mAh g~! (1st) and 700 mAh g~! (500th) at 1.8-2.8 V/0.2 C 101
Carbon fiber =~ TiO,@NCNF-S/Li-S Pyrolysis 865 mAh g’1 (1st) and 786 mAh g’1 (200th) at 1.8-2.8 V/0.2 C 102
Carbon fiber ~ LVP@C/LIB Pyrolysis 142 mAh g™! (1st) at 3.0-4.8 V/10 C and 123 mAh g~! (500th) at 3.0-4.8 V/1 C 103
Carbon fiber ~ NanoSi@CFP/LIB Pyrolysis 1170 mAh g~! (1st) and 1136 mAh g~! (400th) at 0.0-2.0 V/0.5 A g* 104
Carbon CP@TiO,-S/Li-S Pyrolysis 1606 mAh g’1 (1st) and 850 mAh g’1 (200th) at 1.5-3.0 V/0.5C (1C = 1675 mAh g’l) 107
paper
Carbon Si/C/CP/LIB Pyrolysis 1720 mAh g~! (1st) and 1200 mAh g~! (100th) at 0.02-1.5 V/100 mA g~! 108
paper

Abbreviations: NW - nanowire; NCS - nickel cobalt sulfide; PEDOT - poly(3,4-ethylenedioxythiophene); FLG - few-layered graphene; UGF - ultrathin-graphite foam;
Ge-QD@NG/NGF - porous nitrogen-doped graphene foam (NGF) with encapsulated Ge quantum dot@nitrogen-doped graphene yolk-shell nanoarchitecture; np -
nanoporous; CNT - multiwalled carbon nanotube; S/PPy - sulfur/polypyrrole; CFC - carbon fiber cloth; VN - vanadium nitride; NCNF - N-doped carbon nanofibers; LVP
- Li3V5(PO4)3; CFP - carbon fiber papers; CP - carbon paper.
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