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Abstract

Lithium-ion batteries are the state-of-the-art power source for most consumer
electronic devices. Current collectors are indispensable components bridging lithium-
ion batteries and external circuits, greatly influencing the capacity, rate capability and
long-term stability of lithium-ion batteries. Conventional current collectors, Al and Cu
foils have been used since the first commercial lithium-ion battery, and over the past
two decades, the thickness of these current collectors has decreased in order to
increase the energy density. However to improve the performance further, alternative
materials and structures, as well as specific treatments such as etching and carbon
coating, have also been investigated to enhance the electrochemical stability and
electrical conductivity of current collectors, for next-generation lithium-ion batteries
with higher capacities and longer service lifetime. This work reviews six types of

materials for current collectors, including Al, Cu, Ni, Ti, stainless steel and



carbonaceous materials, and compares these materials from five aspects of
electrochemical stability, electrical conductivity, mechanical property, density and
sustainability. The effects of three different structures of foil, mesh and foam as well
as two treatments of chemical etching and coating are also discussed. Future

opportunities are highlighted at the end of this review.

Keywords: Current collector, lithium-ion battery, metal, carbonaceous material

Highlights:

e Six different types of current collector materials for batteries are reviewed
e The performance, stability, cost and sustainability are compared
e 2D and 3D structures of foil, mesh and foam are introduced

e Future direction and opportunities for 2D and 3D current collectors are provided



1. Introduction

The Lithium-ion battery (LIB) is currently the most commercially successful power
storage and generation device due to its comprehensive superiority in power density,
energy density, cost and safety [1]. LIBs store electricity in chemicals and convert
chemical energy into electricity via electrochemical reactions, which have been
regarded as a clean source of energy [2]. Their high energy and power densities
enable LIBs to power not only portable devices, e.g. phones, tablets and laptops, but
also electric vehicles, effectively reducing the consumption of fossil fuels and
greenhouse gas emission [3-5]. Furthermore, the high energy conversion rate of LIBs
enables them to be employed in electrical grid applications, allowing efficient storage
of energy harvested from renewable sources, e.g. wind, solar and geothermal [6]. It is

predicted that LIBs will continue to play an omnipresent role in our daily life.

A typical LIB is composed of a cathode, an anode, a separator, electrolyte and two
current collectors, as shown in Fig. 1a. Commonly used cathodes include LiCoOz,
(LCO) LiMNn204 (LMO), LiFePO4 (LFP), and LINIMNCoO2 (NMC) and the anode mainly
used is graphite [7, 8], which more recently contains additional active components
such as SiOx to improve the capacity [9]. During discharging, Li-ions stored at the
anode move to the cathode, generating electrons and forming current flow. The
process is reversed when the battery is being charged. Electrolytes consist of lithium
salts, e.g. LiPFs, LiBF4, LiClO4, in some organic solvents, e.g. propylene carbonate
(PC), ethylene carbonate (EC), ethyl methyl carbonate (EMC), dimethyl carbonate
(DMCQC), diethyl carbonate (DEC), that act as the conductive pathway for Li-ions
movement [10]. Separators, normally microporous layers consisting of either
polymeric membranes or non-woven fabric mats, are placed between the cathode and
anode to prevent physical contact [11]. Current collectors are bridging components
that collect electrical current generated at the electrodes and connect with external
circuits. Commercial current collectors are Al and Cu foils for cathodes and anodes,

respectively [12].

In 1998, Johnson and White systematically characterised some commercial LIBs
produced by five dominant manufacturers [13], including Sony, Moli Energy, A & T
Battery, Sanyo Electric and Matsushita Electric Industrial. Taking the average value

from the five manufacturers, the weight percentages of cathode, anode, Al foil, Cu foil,



separator and other components are 29%, 13%, 5%, 13%, 5% and 35%, respectively.
Fig. 1b shows the weight percentages of the main components in more recent LIBs
[14]. The cathode and anode together make up the highest proportion, 40% of the total
weight of LIBs. The two current collectors occupy the second-highest proportion with
a percentage of 15%, the electrolyte accounts for 11% and separator has the lowest
weight percentage of 4%. Other components, including case and tab, make up 30%
of the total weight. One observation is that the weight percentages of the current

collectors in LIBs has reduced slightly from 18% to 15% over the past two decades.

Current collectors can greatly influence the performance of LIBs. For example,
improving the electrical conductivity, reducing contact resistance and increasing the
corrosion resistance of current collectors are beneficial to increase the capacity, rate
capability, efficiency and cycle stability of LIBs [15]. Considering current collectors are
essentially non-active materials in LIBs, reducing the thickness of current collectors
can reduce the weight percentage and thus increase the energy density of LIBs.
Recent research pointed out that the thicknesses of Al and Cu current collectors are
reduced down to 10 um for the pursuit of high energy density [16]. Nevertheless, thin
current collectors will sacrifice the electrical conductivity and heat transfer property of
current collectors and in turn power density. Therefore, there is a trade-off between
power and energy of LIBs in the design of these current collectors. Furthermore, as
electrodes are adhered to current collectors, mechanical integrity is also required in
current collectors in order to maintain a suitable bond to the electrodes during battery
cycling, this adhesive strength also contributes to the internal contact resistance of the
cell, and requires minimisation. More importantly, current collectors are indispensable
components for the present LIBs, any improvements in current collectors are expected
to benefit all LIBs. Fig. 1c displays a brief timeline of the development of current

collectors for LIBs in both industry and academia over the past three decades.

Many efforts have been made in reviewing cathodes, anodes, electrolytes and
separators of LIBs. However, to our knowledge, few reviews on current collectors have
so far been published and these only review limited materials or structures [17, 18].
This brings us to the need for a more comprehensive review of current collectors. This
paper attempts to review the development of various current collectors for LIBs in the
literature, including Al, Cu, Ni, Ti, stainless steel and carbonaceous materials. For Al

and Cu current collectors, we have further classified them into different categories
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according to structures and treatments, namely foil, mesh, foam, etched and coated

current collectors. Research challenges and future directions for current collectors are

discussed at the end of this review.
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Fig. 1 a) Schematic diagram of a typical Li-ion battery, b) the weight percentage of

main components in LIBs [14], c) historical timeline of the development of current

collectors for LIBs in both industry (yellow) and academia (red) [13, 16, 19, 20].

2. Main requirements for current collectors in lithium-ion batteries

a) Electrochemical stability. Current collectors must be electrochemically stable

against oxidation and reduction environments during battery charging and

discharging. In practice, a high voltage is favourable for increasing battery energy

density, which

requires that cathodes and anodes have high and

low

electrochemical potentials, respectively, e.g. LiCoO2 cathode(~4 V vs Li/Li*) [21],
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b)

d)

LiFePOa4 cathode (3.45 V vs Li/Li*) [22], and graphite anode (0.01 — 0.25 V vs Li/Li")
[23]. However, it is challenging to keep current collectors stable when in direct
contact with electrolytes at such high and low potentials. Any undesired reactions
of current collectors may cause serious capacity fading and short service lifetimes
[24]. Therefore, good electrochemical stability is a prerequisite for all current
collectors. In this review, the electrochemical stability will be discussed first in each
section.

Electrical conductivity. All LIBs benefit from high electrical conductivity of current
collectors [25]. During battery cycling, electrons generated at the electrodes travel
through current collectors to external circuits. It is not only the conductivity of
current collectors that is crucial for LIB performance but also the electrode/current
collector interfacial conductivity. High electrical conductivity leads to low
transformation of chemical/electrical energy into heat during discharging/charging
process, contributing to high energy efficiency and capacity as well as avoiding the
risk of high temperatures.

Mechanical strength. Commercial electrodes in LIBs are fabricated by slurry
casting on metal foil current collectors [26]. The current collector serves as a
mechanical support for the electrode. Polymeric binder, usually polyvinylidene
difluoride (PVDF), is used to improve the integrity of the electrodes and adhesion
between electrodes and current collectors. Some electrodes undergo significant
volume change during cycling, which may cause serious electrode pulverisation or
delamination, particularly for thick electrodes. A typical example is Si anode which
suffers from up to 400% volume expansion due to the formation of LiSi alloy [27].
Current collectors with suitable levels of mechanical strength are helpful to
maintain the bonding of electrode active materials to the current collector and the
integrity of the whole electrodes during cycling.

Density. Conventional current collectors are non-active materials in LIBs as they
do not participate in electrochemical reactions during cycling. However, the current
collectors account for up to 20% of the total weight of LIBs. Using current collectors
with low densities is therefore favourable for reducing the overall weight of LIBs
and increasing the specific energy density of LIBs [28].

Sustainability and cost. The sustainable use of materials, in particular the critical
elements and strategic materials is crucial for the future of the battery industry. The

circular economic picture of cost, global availability and recyclability need to be
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taken into consideration when we select and utilise materials for future current
collectors. Although cost is one of the most important concerns for
commercialization, what happens to the materials at end of the devices lide also
needs consideration. The cost of current collectors may be reduced and the circular
economy of battery technologies improved by recycling current collectors from end-
of-life LIBs [29].

3. Materials for current collectors
3.1 Al

3.1.1 Electrochemical stability

The electrochemical behaviour of Al in the electrolyte of LiPFes in EC:DMC (1:1 vol.%)
was reported by Myung et al. [30], as shown in Fig. 2a. A cathodic peak at 0 V vs Li/Li*
and an anodic peak at 0.6 V vs Li/Li* represent the alloying reaction between Al and
Li as well as the subsequent dealloying process, respectively. Two small anodic peaks
at about 3.7 and 4.7 V vs Li/Li* result from the formation of a passivation film on Al
surface. Similar electrochemical behaviour of Al was reported previously [31]. The
current remains at about 0 mA cm as the potential moves to 5 V vs Li/Li*, indicating
good electrochemical stability. The good electrochemical stability is attributed to a
passivation film on Al surface, which consists of Al203 and AlFs. The structure of this
passivation film was identified by Zhang and Devine [32]. As shown in Fig. 2b, the
passivation film consists of an air-formed Al2O3 layer with a thickness of 1.2 — 2.4 nm
on the bottom and a thin layer of AlFz with an estimated thickness of 1 nm on the top.
Myung et al. proposed a possible mechanism of the formation of AlFs [30]. As shown
in Eqs. 1 — 3, AlFs is derived from the reaction between Al20s and HF which is
generated from the decomposition of LiPFs. Some factors, e.g. elevated temperature,
high potential and addition of H20, can facilitate the decomposition of LiPFe, boosting

the formation of the AlFs passivation layer [33, 34],

The reactions stop when the AlFs passivation film is formed completely.[35]. The
electrochemical stability of Al is sensitive to both lithium salts and solvents. Similar to



LiPFs, LiB(C20a4)2 is another lithium salt which allows Al to form a passivation film of
AIBO3 against corrosion [36]. Though Al shows excellent corrosion resistance in
electrolytes containing LiPFs and LiB(C204)2, it is not stable in electrolytes containing
many other lithium salts, e.g. LIN(CF3S0Oz2)2, LIC(CF3SOz2)3, LICF3SOs, and LiClOa,
because the Al surface is only partially covered with AlFs [37, 38]. To this end, an
effective strategy is to use LiPFe, LiBF4, LiB(C204)2, or LiBF2(C204), as additives in
electrolytes to allow the formation of passivation films on the Al surface [39-43]. In
addition to lithium salts, solvents also have an effect upon the electrochemical stability
of Al, this is known to be related to their dielectric constant [44]. Solvents with low
dielectric constants are favourable, these exhibit limited solubility of the corrosion
products, instead of forming a protective layer adhered to the Al surface. Solvents with
high dielectric constants easily solvate the corrosion products removing them from the
current collector surface, diffusing into the bulk electrolyte. An example is using methyl
difluoroacetate (MFA) to replace EC:DMC (1:1 vol.%), which can improve the
electrochemical stability of Al current collectors [45]. It is noted however that the high
dielectric constant is beneficial for the dissociation of the lithium salts in the electrolyte,
and promotes fast ionic diffusion. Therefore again a trade-off between stability and

performance is observed.

The formation of passivation films on the Al surface enables Al to serve as the current
collector for cathodes. However, it is difficult to use Al for anodes because of the
alloying reaction between Al and Li at low potentials close to 0 V vs. Li/Li*. An
exception is LisTisO12 anode. Al current collectors can be used for LiaTisO12 anodes
due to their high potentials, about 1.5 V vs. Li/Li* [46].

3.1.2 Al foll

Al foils have been used as current collectors for cathodes since the first commercial
LIB which was developed by the Asahi Kasei team led by Yoshino and produced by
Sony in 1991 [47]. Apart from the excellent electrochemical stability already described,
high electrical conductivity is another advantage of Al foil current collectors. Al is the
fourth most conductive metal with an electrical resistivity of 2.65 x 108 Om at 20 °C,
following Ag, Cu and Au [48]. A common question is raised regarding the effect of the
insulating Al203 layer on the electrical conductivity of Al. Tian et al. measured the
electrical resistivity of an Al wire using the four-probe technique [49]. The Al wire was

not polished or subjected to any other treatments. Thus, an Al20O3 layer is expected to
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form on the surface of the Al wire. The measured electrical resistance was 2.83 x 10
8 Qm [49], which is very close to the value of pure Al. Similar work was done by Brandt
and Neuer who reported an electrical resistance of about 2.80 x 10® Qm [50],
indicating that the Al203 layer does not affect the electrical conductivity of Al current

collectors.

Low density and good mechanical properties also make Al foils stand out from other
metals. Al has a low density of 2.70 g/cm?® [48], which is favourable for increasing
battery gravimetric energy density. Early Al foil current collectors have a thickness of
25 um, which are normally manufactured by rolling thicker stock foils into thinner and
thinner sheets [51]. The thickness of Al foil current collector was reduced down to 10
pm in further development to achieve high energy density. The effect of the thickness
of Al foils on LIB energy density can be seen by comparing two specific LIBs, Sony
VTC5A and VTCG6 [16]. Both of the two Sony LIBs have an identical 18650 size, NCA
cathode, graphite and silicon composite anode. The VTC6 LIB has a thinner Al foil
with a thickness of 12 um, contributing to a higher gravimetric and volumetric energy
density of 246 Wh kg and 665 Wh L, respectively. While the counterpart (VTC5A
LIB) has a 15 pum thick Al foil, resulting in a lower gravimetric and volumetric energy
density of 196 Wh kg and 552 Wh L%, respectively. However, the enhanced energy
density is at cost of power density. This is in part due to the thickness of the current
collectors, because the electrical conductivity and heat transfer property of Al foils
decrease with thickness, but also the thickness of the electrode films. This highlights
the interconnected electrode and cell engineering requirements that are required to
optimise the specific properties of a cell. The VTC5A LIB has a gravimetric and
volumetric power density of 2.3 kW kg and 6.5 kW L1, respectively, higher than that
of the VTC6 LIB (1.6 kW kg? and 4.2 kW L1). The Al foil current collectors with a
thickness in the range of 10 — 20 um have an estimated yield strength around 7 MPa

and tensile strength around 25 MPa at room temperature [52].

The price of commercial Al foil current collectors varies significantly with different
suppliers. To facilitate comparison with other materials in this study, we take the lowest
online quotation from an identical supplier, Goodfellow Cambridge Ltd., Huntingdon,
UK. The price of Al foil with a thickness of 20 um and a high purity of 99% is about $
130 /m?2. It is worth mentioning that the price of Al foil from industrial suppliers is much

lower, with an estimated price of about $ 5 /m? in 2011 [51].



3.1.3 Al mesh

The high contact resistance is a major issue of Al mesh current collectors. Arora et al.
reported the important role of the contact resistance between mesh current collectors
and electrodes in battery performance by simulations [53]. The contact resistance
mainly originates from the mesh current collector and ranges from 20 to 35 Qcm?,
depending on different cell specifications [53]. Hikmet conducted an experimental
study of the contact resistance between an Al mesh current collector and a LiCoO:2
cathode [54]. The electrical resistance of an Al mesh/LiCoO2/Al mesh sandwich
structure is 40 Q, which is equivalent to the resistance of two Al mesh/LiCoO2
interfaces. Given than the Al mesh current collector has a geometric surface area of
1.76 cm?, the resistance of the Al mesh/LiCoO: interface can be converted into 35.2
Qcm?, which agrees with Arora’s work. Hikmet also measured the contact resistance
between a LiCoO2 cathode and an Al film current collector which was directly
deposited on the LiCoO2 cathode. The deposited Al/LiCoO: interface has a resistance
of 1.32 Qcm?, much lower than the Al mesh/LiCoO: interface. The reason for this result
was not discussed by the author. We believe it is probably because of the different
electrode preparation process. Although the Al mesh and deposited Al film current
collectors have an identical geometric surface area, the cathode film was simply
pressed on the Al mesh current collector under heat, with poor adhesion resulting,
whereas the Al film current collector was deposited on the cathode film, resulting in a
higher contact area and thus lower contact resistance than the Al mesh current
collector.

Kanamura et al. compared the performance of LiNio.sMn1.504 cathodes on Al mesh
and Al foil current collectors [55]. Both the Al mesh and foil current collectors produced
very similar initial discharge capacities of about 130 mAh g, indicating a negligible
effect of the current collector. From the 29 to 50" cycle, the Al mesh current collector
results in an average discharge capacity fade of 0.342 mAh g* per cycle, much higher
than the Al foil current collector with an average capacity fade of 0.0819 mAh g per
cycle. The author ascribed the serious degradation in discharge capacity to the low
mechanical strength of the Al mesh which cannot withstand expansion and shrinkage

of the cathode during cycling.

Al meshes have also been used as current collectors for other cathodes, e.g.
LiAlyCo1-yO2 [56], LiNio.sMno.sO2 [57], LiNio.sC00.202 [58], LisCr2(POa4)s3 [59]. However,
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the benefits and drawbacks of Al mesh current collectors were not well discussed in
these studies.

3.1.4 Al foam

Al foams have been used as current collectors for LIBs due to the unique porous
structures that enable high electrode mass loading. For conventional Al foil current
collectors, high electrode mass loading is challenging because of the high risk of
electrode delamination during cycling. An ultra-thick Al foam current collector with a
thickness of 258 um was used for LiNio.33Mno.33C00.3302 cathodes by Fritsch and his
colleagues [60]. The Al foam current collector allows high electrode mass loadings of
electrode active material up to 42 mg cm and thus high capacities up to 7 mAh cm-
2, more than three times higher than commercial LiNio.33Mno.33C00.3302 cathodes with
a thickness around 50 um on a conventional Al foil current collector (~12 mg cm?
loading and ~2 mAh cm? capacity) [61]. It should be noted that the electrode mass
loading on Al foam current collectors also depends on loading techniques. The
aforementioned high mass loading is achieved by slurry infiltration under vacuum. For
example, another sample prepared by dip-coating on an Al foam current collector with
a similar thickness, only has a mass loading of 7.8 mg cm and low capacity of 1.24
mAh cm2. Although the two samples prepared by two different loading processes have
different areal capacities, they have very similar gravimetric capacities in the range of
160 — 170 mAh g%, implying that that have a similar electrode efficiency. Therefore, Al
foam current collectors can increase only absolute or areal capacity but not gravimetric
capacity. Compared with Al foils, the Al foams also contribute to a much lower charge
transfer resistance at the electrode/electrolyte interface, further improving the

electrode performance [60].

Al current collectors with porous structures are also beneficial to increase Li-ion
diffusion during cycling. Li-ion diffusion within electrodes has been regarded as the
rate-determining step for LIB cycling, particularly at high current densities [62]. Du et
al. prepared an Al current collector with tunnel-like pores for TiO2 anodes [63], as
shown in Fig. 2c and d. The tunnel-pores provide not only a high surface area for TiO2
loading but also a diffusion pathway for Li-ions during cycling. The enhanced Li-ion
diffusion enables fast charging/discharging. The TiO2 anode on the porous Al current
collector delivers a capacity of 95 mAh g™ at a very high current rate of 100 C and

remains stable after 8000 cycles.



3.1.5 Etched Al

Chemical etching is a treatment for current collectors to achieve a rough surface and
better performance. Nakamura et al. investigated the effect of the surface morphology
of Al current collectors on the electrochemical performance of
LiCoo0.33Ni0.33Mno0.3302 cathodes [64]. Two different Al current collectors, one with and
the other one without surface treatment, were employed in the study. The treatment
process was probably chemical etching, judging by the surface morphology of the
treated Al current collector which is covered by numerous sub-micron-sized pores,
although the author only mentioned this as ‘chemical treatment'. The surface-modified
Al current collector leads to almost the same capacities as the normal Al current
collector at current rates smaller than 1 C, but higher capacities at higher current rates,
due to improved contact resistance. Besides this, the surface-modified Al current
collector also contributes to higher capacity retention after 30 cycles. Yoon et al.
investigated the effect of the surface morphology of Al current collectors on the
electrochemical performance of LiCoO2 cathodes [65]. Two type solutions, i.e. a
mixture of NaOH, Na2COs, CsH11NaO7 and a mixture of NaOH, NaNOs, CsH11NaOv,
were employed to obtain different Al surface morphology after different etching time
between 10 — 70 s. The etched Al foil with the roughest surface exhibits the highest
discharging capacity, particularly at high current rates, up to 4 times higher than a
normal Al foil current collector. The superior electrochemical performance of the
surface-modified Al current collector arises from the rough surface which increases
the adhesion between the current collectors and electrodes as well as reduces the
charge transfer resistance of the LiCoO:z cathode. The strong adhesion further avoids
peeling of the electrode and maintains low contact resistance. Additionally, chemical
etching slightly decreases the tensile strength but increases the surface hydrophilicity
of Al current collectors [65].

Nakanishi et al. reported that the enhancement effect of etched Al current collectors
on electrode performance is also affected by electrode type and active material particle
size [66]. LiCoO2 cathodes with large particles on a normal and etched Al foil current
collector show similar performance, while LiFePO4 cathodes with small particles
exhibit highly increased discharge capacities when using an etched Al current collector
to replace a normal Al foil current collector. However, based on these results, it is not

possible to confidently solely ascribe the difference to either the effect of electrode
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type or material particle size. The author also quantitatively measured the peel
strength between the LiFePO4 cathode and current collectors. The etched Al current
collector gives rise to a 7 times stronger bond to the cathode than the normal Al current

collector.

Due to enhanced adhesion and electrical conductivity of etched Al current collectors,
Shin et al. proposed to use an etched Al current collector for LiCoO2 cathodes in
ultrafast LIBs [67]. The LiCoO2 cathode on the etched Al current collector exhibits an
initial capacity of 90 mAh g at a high current rate of 10 C with 85% retention after 250
cycles. For comparison, the LiCoO:z cathode on a normal Al current collector cannot

work properly at such a high current rate.

3.1.6 Coated Al

Coating is an effective way to improve the conductivity of Al current collectors to
achieve better electrode performance. Striebel et al. compared the performance of
LiFePO4 cathodes on a carbon-coated and a bare Al current collector [68]. The
LiFePO4 cathode on the carbon-coated Al current collector delivers a discharge
capacity of 160 mAh g* at a low current rate of 0.2 C and has a 70% capacity retention
at a high current rate of 5 C, while the LiFePO4 cathode on the bare Al current collector
delivers a discharge capacity of 140 mAh g* at 0.2 C and only has a 15% capacity
retention when the current rate increases to 5 C. The LiFePOa4 cathode on the bare Al
current collector also undergoes serious voltage drop from 3.4 to ~2.6 V vs. Li/Li* as
the charging rate increases from 0.2 C to 5 C, indicating that the bare Al current
collector brings a large contact resistance. Replacing the bare Al current collector with
the carbon-coated Al current collector gives rise to a contact resistance drop from 200
to ~40 Qcm? and thus a small voltage drop of 0.2 V when the charging rate increases
from 0.2 C to 5 C. Furthermore, the formation of carbon coating on Al current collectors
in flowing CH4 at 600 °C can remove the native oxide on the Al surface and thus

improve electrical conductivity [69].

Coating can also improve the corrosion resistance of Al current collectors. Doberdo et
al. used a carbon-coated Al current collector for LiNio.33Mno.33C00.3302 cathodes with
carboxymethyl cellulose (CMC) as a binder and water as a solvent [70]. Though
normal Al current collectors suffer from serious corrosion when in direct contact with

this LiNio.33Mno.33C00.3302 cathode slurry due to its basicity, the carbon-coated Al
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current collector shows good corrosion resistance. The thickness of the carbon coating
is crucial for corrosion resistance. For the Al surface coated with a 2 ym carbon layer,
small corrosion pits were still visible, while no evident trace of corrosion was observed
on the Al surface coated with a 5 um carbon layer. The LiNio.33Mno.33C00.3302 cathode
on the 5 um carbon-coated Al current collector delivers a capacity of 126 mAh gt at 1
C after 50 cycles, higher than an identical cathode on a normal Al current collector
(107 mAh g?).

Apart from carbon, other materials have also been coated on Al current collectors to
improve electrode performance, e.g. graphene oxide [71], Mn and Al oxide composite
[72], chromate [73] and graphene [74]. All of these coatings are reported to be
favourable for improving either or both of the electrical conductivity and
electrochemical stability of Al current collectors. Among them, the Mn and Al oxide
composite and graphene coatings can also improve the adhesion between Al current

collector and electrodes.
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Fig. 2 a) Cyclic voltammetry of Al in 1 M LiPFes in EC:DMC (1:1 vol.%) electrolyte
(Reproduced with permission [30]. Copyright 2009 Elsevier), b) schematic drawing of
passivation film formed on Al surface, c) and d) tunnel-like Al foam current collector
(enlarged view: 1 ion transport in the electrolyte, 2 ion transport in the electrode, 3
electrochemical reactions in the electrode, 4 electron transport in the electrode and 5
electron conduction in the current collector) [63].

Table. 1 Al current collectors

Type Electrode Current  Capacity/ Capacity Reference
rate/C mAh gt retention
(cycles)
Foil LNMO 0.1 130 97% (50) [55]
Foil NMC111 0.1 178 91% (30) [64]
10 20 -
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Foil

Foil

Foil

Foil

Foil

Foil

Foil

Foil

Foil
Foil

Mesh
Mesh

Foam

Foam

Etched

Etched

LCO

LCO

LFP

LCO

LFP

NMC111

LMO

LFP

LMO
LCO

LNMO
LNMO

NMC111

TiO2

NMC111

LCO

~0.1
~2.7
0.2

0.2

10
0.2

10

0.1

0.1

0.1
0.1
0.5

0.2

0.3
100

0.1
10
~0.1
~2.7

188
25
142
138
96
128
105

120

140
20
110
35
100
158
145
116
130
150
130
45
130
174
145
110
166
55
330
100

178
25
190
125

93% (50)
92% -(240)
71% -(100)

97%- (50)
80% -(100)

84% (-2000)
0% -(50)
4% -(50)

87%- (50)

~100% (10)

90% (40)
90% -(140)

~100%
(8000)
94% (30)

96% (50)

[65]

[66]

[66]

[67]

[68]

[70]

[71]

[72]

[73]
[74]

[55]
[57]

[60]

[63]

[64]

[65]
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Etched LCO 0.2 140 - [66]

138 -
104 -
Etched LFP 0.2 125 - [66]
114 ~100% (240)
80 -
Etched LCO 1 135 85% (100) [67]
10 90 85% (250)
Carbon-coated LFP 0.2 160 - [68]
110 -
Carbon-coated @ NMC111 1 120 (2 pm) 2 97% (50) [70]

128 (5pm)@  98% (50)
10 51 (2um)? -

60 (5 um) 2 -
Graphene oxide- LMO 3 100 90% (100) [71]
coated
Mn and Al oxide LFP 0.1 162 - [72]
composite- 1 150 95% (2000)
coated
120 -
Chromate- LMO - 115 87% (50) [73]
coated
Graphene- LCO 0.1 160 - [74]
coated 1 135 55% (50)
5 110 -

Note: partial data were taken from published figures by approximation, ‘-* means data
not given, as noted for other tables.

2 denotes current collectors with specific coating thicknesses.
3.2Cu

3.2.1 Electrochemical stability

The electrochemical behaviour of Cu in the electrolyte of LiPFes in EC:DMC (1:1) is
shown in Fig. 3a. An open circuit potential at 3.326 V vs Li/Li* is initially observed, the
first cathodic peak can be seen at about 3.1 V vs Li/Li*!, which is suggested to
correspond to the decomposition of LiPFs to HF [75]. A large cathodic peak is observed
between 1.5 — 3 V vs Li/Li*, which corresponds to the reduction process of the air-
formed Cu oxide film to metal, the electrolytic salt formation of Li2O, the reduction of
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the solvent and the formation of the solid electrolytic interphase (SEI) layer on the Cu
surface [30, 44]. A small cathodic peak and anodic peak at about 0.6 V and 0.7 V vs
Li/Li* represent underpotential deposition of Li on the Cu surface and subsequent
dissolution of the deposited Li in the electrolyte, respectively [30, 44]. As Cu is
polarized in the anodic direction, no other peak appears until approaching a high
potential of 3.5 V vs Li/Li*. The anodic peak at about 3.7 V vs Li/Li* has been identified
as the dissolution of Cu into the electrolyte [30, 44]. Similar dissolution behaviours of
Cu in other electrolytes of LiPFs in EC:DEC (1:1 vol.%), LiCIO4 in EC:DEC(1:1 vol.%)
and LiCIO4 in PC at high potentials were also reported by Iwakura et al. [76] and
Kawakita et al. [77]. The dissolution of Cu can cause numerous pits with a
characteristic shape which looks like a hole with the square aperture area advanced
toward the inside of the substrate, as shown in Fig. 3b. Therefore, the dissolution of

Cu is also named ‘pitting corrosion’ in many studies.

A small amount of water and HF can boost the dissolution of Cu [78]. The mechanism
was proposed by Dai and his colleagues [79]. As shown in Egs. 4 — 5, Cu is first
oxidized by water with the formation of Cu oxide. The Cu oxide further reacts with HF
either generated from the decomposition of LiPFe or introduced externally, producing
CuF2. Both CuO and CuFz have been proven to exist on the Cu surface after
immersion in the electrolyte of LiPFsin EC:DMC (1:1 vol.%) [30, 44]. Nevertheless,
they do not form a substantial passivation film on the Cu surface. The dissolution of
Cu can also be affected by electrolytes. It was found that Cu is more readily dissolved
in the solvent of PC:EC:DMC (1:1:3 vol.%) than EC:DMC:DEC (2:2:1 vol.%) and
EC:DMC:MEC (1:1:1 vol.%) at the same potentials [78]. However, the reason is still

not clear.

Cu + xH,0 - CuO, + 2xH*2xe~ Eq. 4

CuO, + 2xHF - CuF, + xH,0 Eqg. 5
Though the dissolution of Cu at high potentials hinders Cu serving as the current
collector for cathodes, the stable electrochemical behaviour of Cu at potentials below
3 V vs Li/Li* as well as no alloying reactions with Li make Cu a good choice for current
collectors at anodes because most anodes have low potentials. However, over-
discharging may raise the potential of anodes, causing severe Cu dissolution. The
dissolved Cu ions will redeposit as Cu metal at anodes to form dendrites and pierce
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the separator, resulting in capacity fading and short-circuit of LIBs [80]. Therefore,
over-discharging should be avoided when using Cu current collectors for anodes.

3.2.2 Cu foil

Almost all commercial LIBs use Cu foils as current collectors for anodes since the first
LIB produced by Sony [47]. The initial Cu foils were manufactured by rolling and
therefore low levels of oil were present upon the surface, this caused adhesion issues,
and therefore needed to be removed before use [81]. More recently Cu foils are
manufactured by electrodeposition methods [82]. Apart from the good electrochemical
stability aforementioned, Cu is the second most conductive metal with a resistivity of
1.68 x 10" Om at 20 °C [48], which is another advantage of using Cu current collectors.
However, Cu is much heavier than Al with a density of 8.96 g/cm?3[48]. The high density
of Cu results in Cu foil current collectors occupying more than 10% of the total weight
of LIBs, about twice of the Al foil current collector for cathodes [13].

Similar to Al foil current collectors, Cu foil current collectors tend to be thinner and
thinner for the pursuit of high energy density [16]. Two specific LIBs, Samsung 30Q
and Sony VTC5A, have an identical battery size, cathode and anode, as well as very
similar battery design. The Samsung 30Q LIB has a 10 um Cu foil current collector,
thinner than the Sony VTC5A (14 pm). The Samsung 30Q LIB has a gravimetric and
volumetric energy density of 245 Wh kg and 657 Wh L1, respectively, higher than
the Sony VTC5A (196 Wh kg and 552 Wh L1). However, the thinner Cu foil current
collector and coated electrodes of the Samsung 30Q LIB results in a lower gravimetric
and volumetric power density of 1.2 kW kg and 3.2 kW L, respectively, compared
with the Sony VTC5A having a gravimetric and volumetric power density of 2.3 kW kg-
Land 6.5 kW L. This highlights, similar to the aluminium current collector and
cathode, that the combination of electrode and cell design is important when

optimising the performance properties of a cell.

Special concern has been expressed over the mechanical strength of Cu foil current
collectors because Cu foils may suffer from environmentally assisted cracking and
structure degradation during repeated battery cycling under bending stress [34].
Recent work also reported that Cu foil current collectors for Sn-based anodes
underwent structural degradation during cycling [83]. The mechanical properties of
commercial Cu foil current collectors were systematically investigated by Zhu and his

17



colleagues [84]. The elastic modulus, tensile, fracture and yield strengths of Cu foils
with a thickness of 8 — 35 um are in the ranges of 45 — 75 GPa, 300 — 350 MPa, 260
— 360 MPa and 40 — 180 MPa, respectively, which is higher than that of Al foils.

At the time of writing, the cost of Cu foils with a thickness of 20 um and a purity of
99.9% is about $ 640 /m?, from the online quote of Goodfellow, much higher than that
of Al foils.

3.2.3 Cumesh

Li et al. used Cu meshes as current collectors for Li metal anodes [85]. To connect the
Cu mesh current collector and Li metal anode, a circle-shaped copper mesh with a
pore diameter in the range of 60 — 170 um was aligned with a Li metal foil and pressed
with a punching machine until the Cu mesh was fully embedded in the Li metal. The
Li metal anode on the Cu mesh current collector exhibits much better cycling
performance than that on a conventional Cu foil current collector, with a high
coulombic efficiency of 93.8% after 100 cycles against a low coulombic efficiency of
30.9% after 70 cycles at a current rate around 0.5 C, respectively. When used in a Li/
LisTisO12 cell, the Li metal anode on the Cu mesh current collector results in a higher
cell capacity than a bare Li metal anode, particularly at high current rates. The
enhanced performance of the Cu mesh current collector can be attributed to four
aspects. 1) the presence of holes on the Cu mesh enhances the charge transfer
kinetics and reduces the electrode/electrolyte interfacial resistance. Li anode on the
Cu mesh current collector has a low electrode/electrolyte interface resistance of 27
Qcm? after 10 cycles, while a bare Li anode shows a high interface resistance of 62
Qcm?. 2) The Cu mesh current collector can accommodate the volume change of Li
anode to some extent during battery cycling. This unique function also makes Cu mesh
a good current collector for Si-based anodes that suffer from severe volume change
[86, 87]. 3) The high surface area of Cu meshes lowers the areal current density,
leading to uniform charge distribution and thus smoothening the Li deposition and
preventing Li dendrite formation [88]. 4) The thickness of the anode remains almost
unchanged during cycling, providing good mechanical stability of the anode and

integrity of cells.
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3.2.4 Cu foam

Cu foams can bring many benefits when used as current collectors, particularly for Li
metal anodes that have high theoretical capacity but suffer from severe volume
change and Li dendrite formation. The porous structure of Cu foams can greatly
accommodate the volume expansion/contraction of Li metal anodes during cycling.
Besides, Cu foams provide much higher surface areas than Cu foils, which lowers the
local current density and in turn prevents Li dendrite formation. Therefore, Cu foams
are ideal current collectors for Li metal anodes from this point of view. A typical
example of using Cu foams as current collectors to improve Li anode performance is
reported by Yun and his colleagues [89]. They fabricated Cu foams with a pore size in
the range of 0.2 — 2 um by chemical dealloying of CuZn. The as-fabricated Cu foam
current collector results in a coulombic efficiency over 95% at 1 C after 150 cycles,
much better than a conventional Cu foil current collector with a coulombic efficiency of
80% under the same measurement conditions. Similar conclusions have also been

drawn from other studies [90, 91].

Cu foam current collectors with pores neither too big nor small are appropriate for
improving Li metal anode performance. Small pores, e.g. nano-sized pores, can
prevent Li dendrite formation due to high surface area but suffer from the volume
change of Li metal anodes. By contrast, large pores, e.g. micron-sized pores, can
accommodate the volume change but only provide limited surface area. Liu et al.
developed a hierarchical Cu foam current collector with both micron- and nano-sized
pores for Li metal anodes, providing a good solution for this problem. The micron- and
nano-sized pores are formed by physical dealloying and immersion in a NaOH and
(NH4)2S20s mixed solution, respectively. The micron-sized pores effectively
accommodate the volume change of the Li metal anodes during cycling and the nano-
sized pores increase total surface area and prevent Li dendrite formation [92]. The
surface area of a hierarchical Cu foam containing both micron- and nano-sized pores
can be up to 60 times higher than that of a Cu foam only containing micron-sized pores
[93]. The as-produced hierarchical Cu foam results in a high coulombic efficiency more
than 98% at 1 mA cm after 200 cycles, better than a Cu foam only with micron-sized

pores (90% after 200 cycles) and a conventional Cu foil (23% after 150 cycles).

The pore geometry is also key for Cu foam current collectors. Wang et al. developed

a Cu foam current collector with vertically aligned microchannels for Li metal anodes
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[94]. The vertically aligned microchannels exhibit a tip effect, leading to preferential
nucleation of Li inside the mouth of channels and preferential deposition on the
microchannel walls and thus effectively restraining growth of Li dendrites. The tip effect
essentially means the surface with a high curvature has high surface potential due to
the distortion of the electrical field, which makes Li dendrites form more readily [95].
The geometry of the microchannels, i.e. radius, depth and spacing, can also affect
battery performance. With optimised microchannel geometry, the Li anode on the
vertically aligned microchannels current collector exhibits a high stable coulombic
efficiency around 98.5% at 1 mA cm2within 200 cycles, much better than conventional
Cu foil current collectors with a coulombic efficiency dropping from 98% in the 15t cycle
to 50% after 80 cycles. Wang et al. fabricated Cu foam current collectors through a
NaCl-assisted powder sintering process [96]. The produced Cu foam has
interconnected micron-sized pores with a smooth inner surface, which provides high
surface area and facilitates Li-ions diffusion, resulting in uniform Li deposition and
effectively suppressing Li dendrite formation. The as-fabricated interconnected Cu
foam contributes to a coulombic efficiency higher than 90% at 1 mA cm™2 after 400
cycles. For comparison, the commercial Cu foams manufactured by electrodeposition
only results in a coulombic efficiency of 50% at 1 mA cm™2 after 300 cycles.

Cu foam current collectors can also bring many benefits to other anodes apart from Li
metal anodes. For example, Cu foams with a porosity of 97% enable fabrication of
thick graphite anodes with a thickness of up to 1.2 mm which is 10 times greater than
conventional Cu foils [97]. The thick graphite anode greatly improves the energy
density of LIBs but sacrifices the observed gravimetric capacity due to increased
internal resistance. The gravimetric capacity of the graphite anode decreases from
375 to 275 mAh g as the electrode thickness increases from 0.3 to 1.2 mm. The
author solely ascribed the reduced gravimetric capacity to increased electronic
resistance, which is evidenced by the result that the voltage hysteresis between the
charge and discharge is smaller for the thinner electrode. We believe not only the
electronic resistance but also Li-ion diffusion reduces the gravimetric capacity of thick
electrodes. Because the thick electrode is difficult for Li-ions to diffuse through and
can cause Li-ion depletion in the electrolyte phase [98]. Additionally, Cu foams can
effectively accommodate the volume change of Si and Sn anodes during battery

cycling [99, 100]. When used as current collectors for Sn anodes, the phase
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transformation of Sn into CusSns takes place on the electrode/current collector
interface. The newly-formed phase CusSns enhances the bonding force between Sn
anodes and Cu foam current collectors, further restraining the volume changes of

active materials during cycling [100].

3.2.5 Etched Cu

Cu current collectors with a rough surface are favourable to improving electrode
performance [101, 102]. Nguyen et al. used an etched Cu current collector for
amorphous Si anodes [103]. The rough surface of the etched Cu provides a high
contact area and thus strong adhesion to the Si anode as well as good electrical
conductivity. Meanwhile, the etched holes existing on the surface are filled up with Si,
indicating a higher mass loading than Cu foils. With the help of a siloxane-stabilized
electrode/electrolyte interface, the Si anode on the etched Cu current collector exhibits
a discharge capacity up to 4255 mAh g%, versus 2428 mAh g for the Si anode on an
unetched Cu current collector. The discharge capacities of the Si anodes on the
etched and unetched Cu current collectors remain at 80% and 53% after 200 cycles,
respectively. A similar study was conducted by Reyter and his colleagues who used
etched Cu current collectors for Si powder anodes [104]. The etched Cu contributes
to a high capacity up to 2410 mAh g at 600 mA g™ after 25 cycles versus 1630 mAh
g? for an unetched Cu current collector. They also quantitatively compared the
adhesion strength between the Cu current collectors and Si anodes through a scratch
test. The minimum load in grams required to scrape through the Si anode to the etched
and unetched Cu current collectors are 110 and 40 g, respectively, proving that the

eteched surface provides a stronger adhesion to the Si anode.

Selective etching on Cu current collectors can effectively alleviate the volume change
of Si anodes during cycling. Cho et al. selectively etched Cu foils with discontinuous
lines at regular spacings and subsequently deposited Si on the etched Cu current
collectors to obtain discontinuous Si anodes [105]. The discontinuous Si anode
exhibits better cycle stability than continuous Si anodes, i.e. Si deposited on a
conventional Cu foil current collector. The enhanced cycle stability is attributed to the
discontinuous lines that accommodate the stress generated by the volume change of
Si anodes. Three different spacings between the discontinuous lines of 400, 800, 1700
pKm were made to investigate the effect of spacing, with the smallest spacing of 400

pm resulting in the best performance. Cho et al. further developed trench-structured
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Cu current collectors for Si anodes following a similar selective etching and deposition
process [106]. Si film was deposited on either the whole surface of the etched Cu
current collector or only the bottom of the trenches, termed wholly covered Si film
anode or selectively covered Si film anode, respectively, as shown in Fig. 3c-e. The
wholly covered Si anode exhibits an 18.5% increase in initial capacity compared to the
continuous Si film anodes. The selectively covered Si film anode shows even better
performance than the wholly covered one. The geometry of the etched trenches has
modest effects on the Si anode performance, with a trench width of 45 ym and trench

height of 14 uym resulting in the highest columbic efficiency and best cycle performance.

3.2.6 Coated Cu

Cu current collectors with various material coatings can provide many benefits. Kang
et al. coated conventional Cu foils with a rough layer of carbon via an electric discharge
method and used the carbon-coated Cu foils as current collectors for graphite anodes
[107]. The carbon-coated Cu current collector shows reduced electrical and charge
transfer resistance, resulting in higher capacity and better rate capability than
conventional Cu foil current collectors. Wu et al. prepared carbon-coated Cu current
collectors via chemical vapour deposition at 600 °C and subsequently used the as-
prepared current collectors for LisTisO12 anodes [69]. In addition to improved electrical
and charge transfer properties, the carbon-coated Cu current collector prepared at
high temperature shows greater surface hydrophobicity than conventional Cu foils,
which improves the surface adhesion to the LisTisO12 anode. More importantly,
LiaTisO12 anode is known to have a high voltage plateau at about 1.55 V vs Li/Li* during
cycling, which is challenging for Cu current collectors due to low corrosion resistance
at high potentials. The carbon coating is expected to provide a protective film for Cu
against corrosion, leading to improved cycle stability. Similar benefits can also be
found from graphene-coated Cu current collectors [108]. The graphene coating on Cu
current collectors brings up to 32% increase in the capacity of Li4aTisO12 anodes due
to enhanced electrical conductivity, charge transfer kinetics, adhesion to anodes and
electrochemical stability.

Coating is an effective way to make the surface of current collectors lithiophilic. Zhang
et al. constructed a Cu current collector coated with vertically aligned CuO nanosheets
via NH4OH etching for Li metal anodes [109]. The Li metal anode on the CuO-coated

Cu current collector provides a high coulombic efficiency of 94% at a current density
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of 1 mA cm™ for 180 cycles, in contrast to a conventional Cu current collector with a
coulombic efficiency less than 20% after 150 cycles. A prolonged lifespan of 700 h at
0.5 mA cm™ is also easily achieved. The enhanced performance arises from the
lithiophilic CuO coating which can reduce the nucleation overpotential and guide
uniform Li nucleation and deposition [110]. Ag is another lithiophilic material which has
been used to coat Cu current collectors [111]. The Li metal anode on the Ag-coated
Cu foil exhibits a stable coulombic efficiency of 98% for 50 cycles at a current density
of 1 mA cm™ versus 95% for 20 cycles for uncoated Cu foils. The Ag-coated Cu
current collector results in an improved lifespan of up to 360 h at 1 mA cm™2, more
than twice of the uncoated Cu foil current collector. Other materials, such as Ni and
ZnO, can also be coated to make the Cu surface lithiophilic [112, 113]. It is worth
mentioning that the Li metal anodes also benefit from the nanostructures of CuO and

Ag which can facilitate fast Li-ion diffusion and reduce the local current density.

Artificial SEI can also be directly coated on Cu current collectors to improve electrode
performance. Luo et al. coated Cu current collectors with a thin layer of high-polarity
B-PVDF for Li metal anodes [114]. The B-PVDF has all trans conformation with F and
H atoms located on the opposite sides of the polymer backbone, serving as an artificial
SEI to facilitate uniform Li deposition by the strong interactions between its polar
functional groups and Li-ions. The B-PVDF-coated Cu current collector enables
uniform Li deposition/stripping at high current densities up to 5 mA cm™2, Li-plating
capacity loadings of up to 4 mAh cm™2, and excellent cycling stability over hundreds

of cycles.
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Fig. 3 Cyclic voltammetry of Cu in 1 M LiPFs in EC:DMC (1:1 vol.%) electrolyte
(Reproduced with permission [30]. Copyright 2009 Elsevier), b) pitting corrosion on Cu
surface (Reproduced with permission [77]. Copyright 2001 Elsevier), c) fabrication
process for continuous, wholly covered and selectively covered Si film anodes, d)
etched Cu current collector, e) wholly covered Si film anode, f) selectively covered Si

film anode, c-f from (Reproduced with permission [106]. Copyright 2017 Elsevier).

Table. 2 Cu current collectors

Type Electrode(s) Current Capacity/ Capacity Reference
rate/C mAh g retention
(cycles)
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Foil

Foll
Foll
Foll
Foll
Foll

Foll
Foll
Foll
Foll
Foll
Foll

Foil

Foil

Foil

Mesh

Foam
Foam
Foam
Foam
Foam

Foam

LTO

Li/LFP
Li/NMC11
Li/LFP
Li/LFP
Li/LFP

Si
Sn
Si
Si
Si
C/ILFP

LTO

Li/LFP

Li/LFP

Li/ LTO

Li/LFP
Li/NMC111
Li/LFP
Li/LFP
Li/LFP

Li/LFP

20
0.5
50 @

0.5

0.5

100 2
0.0352
600 2
0.5

0.1

10

0.1

0.5

0.2

0.2

10

0.5

502

0.5

0.5

10

155
65
150
150
110
150
149
15
800
300
2428
3250
2021
955
888
151
126
84
160
150
120
115
55
30
145
85
60
150
150
120
151
149
45
158
124

58% (300)
60% (300)
33% (200)
~100% (50)
80% (100)
85% (40)
75% (20)
53% (200)
50% (25)
10% (35)
96% (400)
85% (200)
57% (300)
92% (200)
80% (500)
90% (300)
90% (300)
75% (200)
~100% (50)
90% (100)
90% (200)

[69]

[89]
[90]
[91]
[92]
[94]

[99]
[100]
[103]
[104]
[106]
[107]

[108]

[109]

[111]

[85]

[89]
[90]
[91]
[92]
[94]

[96]
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Foam

Foam
Foam
Etched
Etched

Etched
(wholely)
Etched
(selectively)
Carbon-
coated

Carbon-
coated

Graphene-

coated

CuO-coated

Ag-coated

Ni-coated

ZnO-coated

B-PVDF-
coated

Graphite

Si
Sn
Si
Si
Si

Si

LTO

C/LFP

LTO

Li/LFP

Li/LFP

Li/LCO

Li/LCO

Li/LFP

0.2

100 2
0.0352
600 @
0.5

0.5

20

0.1

10
0.1
0.5

0.2

0.2
5
10
1
10
30
0.3

285 (1.2 mm) b
335 (0.6 mm) P
370 (0.3 mm)P®

800
850
4255
3250
2267

2758

160
80
996
946
155
132
107
160
150
125
125
72
50
120
90
30
153
99
78
150

~100% (60)
59% (50)
80% (200)
74% (25)
48% (100)

719% (100)

97%;400)
97% -(200)
81% -(300)
98% -(200)
96% -(250)

84% (1000)

96% (40)
47% (100)

[97]

[99]
[100]
[103]
[104]
[106]

[106]

[69]

[107]

[108]

[109]

[111]

[112]

[113]

[114]

Note: When current collectors are tested in full cells, the 2" column is expressed as

anode/cathode, as noted for other tables.

2 denotes a different unit of mA g for current rate.

b denotes specific electrode thicknesses.
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3.3 Ni

3.3.1 Electrochemical stability

Zhuang et al. performed a cyclic voltammetry study of Ni in 1.2 M LiPFs in EC.EMC
(3:7 vol.%) electrolyte, in a potential range from 0.5 — 2.9 V vs. Li/Li*, as shown in Fig.
4a [115]. A large cathodic peak can be seen at 1.85 V vs. Li/Li* in the first cycle, which
is probably due to the reduction of Ni oxide to Ni and the formation of the SEI on the
Ni surface. A further shift of the potential in the cathodic direction probably results in
underpotential deposition of Li on the Ni surface. No alloying reaction was observed
as the potential moved close to 0 V vs. Li/Li* [116]. The peaks in the anodic direction
were not well explained by the authors, which may arise from the dissolution of
deposited Li, oxidation of Ni and decomposition of the SEI. After the first cycle, the
overall current density remains below 5 pA cm™, indicating good electrochemical
stability in this potential range. Therefore, it is possible to use Ni as current collectors

for anodes.

The electrochemical behaviour of Ni in the electrolytes of 1 M LiCIOs in ethylene
carbonate (EC):diglyme (DG) (1:1 vol.%) and 1 M LiPFs in EC:DG (1:1 vol.%) in a high
potential range of 3 — 5.5 V vs Li/Li* was investigated by Geoffroy et al. [117]. It was
reported that Ni was stable in the electrolytes up to 4.5 V vs Li/Li*. However, different
conclusions were drawn by other studies. Liu et al. reported that Ni corroded at a
potential of 3.6 V vs Li/Li* in LiPFs in EC/DMC/DEC (1:1:1 vol.%) electrolyte [118].
Veith and Dudney proposed that Ni promoted the electrochemical degradation of
electrolytes containing LiPFs at potentials higher than 3.5 V vs Li/Li* [119]. Overall, the
electrochemical behaviour of Ni current collectors has not been well studied,
particularly at high potentials, which hinders its application as current collectors for

cathodes.

3.3.2 Ni current collector

Ni foils have been used as current collectors for many anodes, e.g. Si[120, 121], SnO:2
[122], graphene [123], Sn/graphene composite [124], Co304 [125], NiO [126] and NisS2
[127], indicating a broad applicability. Compared with Cu foils, Ni foils have a very
similar density of 8.90 g/cm?® and a higher resistivity of 6.93 x 10 Qm at 20 °C [56].
The tensile strength of 20 um thick Ni foils made by electrodeposition is 730 MPa
[128], which is higher than that of Cu foils. The cost of Ni foils with a thickness of 20

um and a purity of 99.9% is about $ 795 /m?, from the online quote of Goodfellow.
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Ni current collectors have a unique advantage when used as current collectors for Ni
oxide and sulfide anodes, Ni can serve as not only the current collector but also a
source of the metal precursor. Varghese et al. fabricated vertically aligned NiO
nanowalls directly on a Ni foil using a plasma-assisted oxidation method [126]. The
as-fabricated NiO anode exhibits a reversible capacity of about 638 mAh g at a
current rate of 1.25 C after 85 cycles, which is close to the theoretical capacity of 718
mAh g~! [129]. Similarly, Lai et al. grew NisS2 nanowires directly on Ni substrates (Fig.
4b) [127]. The NizS2 anode delivers a reversible capacity of about 340 mAh gt at 0.1
C after 100 cycles, which is about 65% of the theoretical capacity [130]. The direct
fabrication of Ni oxide and sulfide anodes on the Ni foils provides a good bonding
between anodes and current collectors and eliminates the need of using binders,

resulting in improved electrode performance.

Ni mesh [131, 132], foam [133-145] and etched Ni [146-148], have also been used as
current collectors for LIBs. Table 3 summarizes various Ni current collectors
developed for LIBs during the past two decades. Generally, the benefits from the mesh
and foam structures as well as surface modification for Ni current collectors are quite

similar to that for Al and Cu current collectors.
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Fig. 4 a) Cyclic voltammogram of Ni electrode in 1.2 M LiPFes in EC:EMC (3:7 vol.%)
electrolyte (Reproduced with permission [115]. Copyright 2005 Elsevier), b) SEM
image of NisS2 nanoarrays grown on a Ni substrate (Reproduced with permission [127].

Copyright 2009 Royal Society of Chemistry).

Table. 3 Ni current collectors
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Type Electrode Current Capacity/ Capacity Reference
rate/C mAh gt retention
(cycles)
Foil Si 1700 59% (1250) [120]
Foil Si 3700 ~100% (200) [121]
2 3500 ~100% (200)
Foil SnO:2 0.1 1121 58% (100) [122]
5 350 -
Foll Graphene 0.17 400 - [123]
2.67 280 -
Foil Sn and 1 466 ~100% (4000) [124]
grapher_1e 2 300 i
composite
Foil C030a4 1 1000 105% (20) [125]
Foil NiO 0.62 800 92% (40) [126]
1.25 638 97% (85)
1.86 500 ~100% (50)
Foil NisS2 0.1 400 80% (100) [127]
Foil Si (100 nm) @ 1 2600 77% (400) [147]
Si (200 nm) @ 1 1500 13% (500)
Mesh SnSb 60 P 500 60% (50) [131]
Mesh NiO 100° 900 94% (20) [132]
10000° 700 86% (20)
Foam C and Si 0.07 700 50% (95) [133]
composite
Foam NiO 0.4 14c¢ ~100% (140) [134]
Foam NiO 0.5 844 85% (200) [135]
20 170 -
Foam NiO 156° 701 92% (65) [136]
1310° 200 -
Foam NiO 1000° 706 95% (70) [137]
2000° 548 80% (70)
Foam NiS 0.15 591 93% (100) [138]
5 394 -
Foam NisS2 350 451 92% (80) [139]
Foam Si 0.2 2500 80% (100) [140]
4 803 -
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Foam Si 0.025 2500 - [141]

0.5 1300 88% (100)
4 740 -
Foam ZNnCo204 500° 1400 80% (50) [142]
1000° 1300 72% (50)
2000° 1100 49% (50)
Foam ZnCo0204 200° 1986 - [143]
400" 1900 130% (300)
5000° 811 -
Foam ZNnCo204 100° 1150 96% (60) [144]
416" 1150 78%(50)
Foam Mn-doped 100° 1500 87% (100) [145]
Etched Si 1 2400 75% (200) [146]
Etched Si - 2650 66% (200) [147]
Etched  Si(0.67 um)?2 1 2250 84% (200) [148]
Si (1.1 pm) 2 1 2650 66% (200)
Si (1.8 pm) 2 1 2800 39% (200)
Si (3.6 um) 2 1 1400 36% (60)

@ denotes specific electrode thicknesses.
b denotes a different unit of mA g for current rate.

¢ denotes a different unit of mAh cm? for capacity.
3.4Ti

3.4.1 Electrochemical stability

The electrochemical behaviour of Ti in 1 M LiPFs in EC:DMC (1:1 vol.%) electrolyte
was systematically investigated by Myung et al. (Fig. 5a) [30]. In the cathodic direction,
a small cathodic peak at 1.7 — 2.6 V vs Li/Li* originates from the formation of the SEI
layer on the Ti surface. Further polarization results in the reduction of the air-formed
Ti oxide to Ti metal and underpotential deposition of Li on the Ti surface below 1.5V
vs. Li/Li*. Ti does not induce alloy formation with Li at low potentials close to 0. In the
anodic direction, an anodic peak at about 1.6 V vs Li/Li* results from the oxidation of
the deposited Li and Ti metal. Similar to Al, further anodic polarization leads to the
formation of a passivation film which contains an outer layer of TiF4 and an inner layer

of TiO2 on the surface of the Ti metal (Fig. 5b), providing a relatively good corrosion
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resistance at high potentials [76]. However, the passivation layer on the Ti surface
may not be as stable as that on the Al surface at high potentials, resulting in an inferior
performance when used as current collectors for cathodes [55]. Taken together, Ti is
stable in a wide potential range from 0 — 5 V vs Li/Li* and can serve as current

collectors for both cathodes and anodes.

3.4.2 Ti current collector

Ti has a low density of 4.51 g/cm? [56], lower than Cu and Ni but slightly higher than
Al. Ti foils with a thickness of 20 — 30 um have a yield and tensile strength of 250 and
360 MPa [149], respectively, which is higher than Cu and Al. Adversely, Ti has a high
electrical resistivity of 3.9 x 107 Qm at 20 ‘C [56], one order of magnitude higher than
the aforementioned metals. The cost of Ti foil with a thickness of 20 um and a purity
of 99.9% is as high as about $ 3100 /m?, from the online quote of Goodfellow.

Ti foils have been used as current collectors for various electrodes, including CoO
[150], C0304 [151-154], SnO2[155, 156], Fe203 [157], TiO2 [158, 159] and LiaTisO12
[160, 161], as shown in Table 4. Ti can serve as a source of metal precursor when
used as current collectors for TiO2 and LiaTisO12 anodes. Besides, CoO, C030a4, TiO2
and LiaTisO12 can directly grow on Ti surface without auxiliary binders and carbon black,
which is favourable to improving electrode capacity and cycle stability. A typical
example was done by Chen and his colleagues who fabricated LisTisO12 anodes on a
Ti foil current collector via a hydrothermal process without any additives [160]. The as-
fabricated LisTisO12 (Fig. 5c) exhibits a capacity of 124 mAh g* at 50 C after 3000
cycles. Similar capacities of 153 and 115 mAh g* at 2 C and 20 C after 5000 cycles,
respectively, were also reported for binder-free LisaTisO12 anodes by Wang et al. [161].
For comparison, a conventional LisTisO12 anode with 20% carbon black and 10%
PVDF binder only delivers a capacity of 25 mAh g at 2 C after 2000 cycles (Fig. 5d).

Table 4 also summarizes Ti mesh and foam current collectors reported in the literature.
To our knowledge, etching and coating are not often employed to treat Ti current
collectors. The benefits from the mesh and foam structures for Ti current collectors

are quite similar to that for Al and Cu current collectors.
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Fig. 5 a) Cyclic voltammetry of Ti in 1 M LiPFs in EC:DMC (1:1 vol.%) electrolyte
(Reproduced with permission [30]. Copyright 2009 Elsevier), b) schematic drawing of
passivation film formed on Ti surface, c) LisTisO12 nanoarrays grown on Ti foll
(Reproduced with permission [160]. Copyright 2014 Royal Society of Chemistry), d)
Long-life cycling performance of binder-free and conventional LisTisO12 anodes
(Reproduced with permission [161]. Copyright 2014 Springer Nature).

Table. 4 Ti current collectors
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Type Electrode Current  Capacity/ Capacity Reference
rate/C mAh gt retention
(cycles)
Foil CoO 1 700 96% (20) [150]
2 500 93% (20)
4 375 83% (20)
6 200 75% (20)
Foil C0304 20 600 75% (20) [151]
50 400 60% (20)
Foil C0304 15 750 ~100% (30) [152]
15 760 70% (30)
30 900 36% (30)
Foil Co304 2002 964 ~100% (100) [153]
50002 662 -
Foil Co304 and a- 1002 1200 82% (60) [154]
Fe203 composite
Foil SnO2 0.2 980 71% (20) [155]
5 800 86% (20)
10 720 82% (20)
Foil SnO2 2002 550 ~100% (30) [156]
15002 400 -
Foil a-Fe20s3 2002 893 - [157]
5002 814 112% (100)
100002 426 -
Foil TiO2 0.2 266 ~100% (50) [158]
10 66 -
Foil TiO2 0.05 340 - [159]
2 125 -
Foil LTO 20 163 - [160]
50 145 86% (3000)
200 78 -
Foil LTO 2 174 88% (5000) [161]
20 139 83% (5000)
80 103 -
Mesh LMO 6.8 105 71% (1500) [162]
Mesh TiO2 432 195 78% (100) [163]
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Mesh TiO2 10 267 - [164]

200 174 94% (6000)
Mesh LTO 1 188 - [165]
40 157 97% (325)
100 143 -
Foam TiO2 0.11 387 ~100% (100) [166]
5.61 312 -
Foam TiO2 - - ~100% (60) [167]

2 denotes a different unit of mA g for current rate.
3.5 Stainless steel

3.5.1 Electrochemical stability

Stainless steel is an alloy mainly containing Fe, Cr, Ni and Mn, which is well known for
high corrosion resistance due to the formation of a passivation film of chromium oxide
on the surface [168]. The electrochemical behaviour of stainless steel (type 304) in 1
M LiPFs in EC/DMC 1:1 electrolyte is shown in Fig. 6a [44]. A cathodic peak between
1.5 and 2 V vs. Li/Li* is assumed to result from the reduction of the air-formed Fe-
and/or Cr-oxide films, the electrolytic salt formation of Li2O, and the formation of the
SEI. Another cathodic peak occurs at about 0.6 V vs. Li/Li*, which is an indicator of
the underpotential deposition of Li on the stainless steel. No alloy between stainless
steel and Liis formed as the potential approaches 0 V vs. Li/Li*. In the anodic direction,
deposited Li starts to oxidize at 1 V vs. Li/Li*, generating an anodic peak current. As
the applied potential increases to 2 V vs. Li/Li*, another peak is observed due to the
oxidation of Cr. A small anodic peak occurs at about 3.2 V vs. Li/Li*, which is likely
due to the oxidation of Fe and Cr3*. Further increasing the applied potential upto 5V

results in very small current, implying that a stable passivation film is formed.

However, The passivation film is not strong enough to protect stainless steel against
corrosion when used for LICoO2 and LiMn204 cathodes [169, 170]. Besides, the
electrochemical stability of stainless steel at high potentials is also affected by Li salts.
For example, stainless steel 304 is stable in 1 M LiPFs in EC/DEC electrolyte at
potentials up to 4.5 V vs. Li/Li* but starts to react with the electrolyte of 1 M LiClOa4 in
EC/DEC at 3V vs Li/Li* [76]. Thus, the applicability of stainless steel current collectors
for cathodes is questionable. On the other hand, the stable electrochemical behaviour

at low potentials enables stainless steel to serve as current collectors for anodes.

34



The electrochemical stability is also sensitive to the composition of stainless steel.
Fredriksson and Edstréom studied the electrochemical behaviour of duplex stainless
steel LDX 2101 in 1 M LiPFs in EC/DMC 1:1 electrolyte [171]. Stainless steel LDX
2101 is known to have a higher content of Cr and N as well as a lower content of Ni
than stainless steel 304, which results in stable electrochemical behaviour in a
potential range of 3 — 4.5 V vs Li/Li*. However, the stainless steel LDX 2101 is too
reactive with the EC/DMC electrolyte. Fredriksson and Edstrém also proposed a three-
layer structure of the passivation film on stainless steel LDX 2101, which is composed
of a bottom layer of iron and chromium oxides, an interlayer of chromium hydroxide
and a top layer of iron and chromium fluorides. The three-layer structure is also

expected to be applicable for stainless steel 304.

3.5.2 Stainless steel current collector

Stainless steel (type 304) has a density of 7.9 g/cm?2, which is similar to Cu and Ni [48].
Stainless steel foils with a thickness of 25 um have a tensile and yield strength of about
454 and 584 MPa [172], respectively, slightly higher than Cu foils. Adversely, stainless
steel has a high electrical resistivity of 7.2 x 107 Qm at room temperature [48], which
is much higher than pure metals Cu, Al, Ni and Ti. The cost of stainless steel foils with
a thickness of 25 um is about $ 842 /m? (Goodfellow), which is similar to that of Cu

and Ni foils.

Stainless steel is superior to other metals when used as current collectors for Fe
contained anodes, e.g. a-Fe203 and FeVOa. Li et al. directly fabricated a-Fe20s3
anodes on a stainless steel current collector via chemical corrosion in HCI| and
subsequent thermal oxidation [173]. The as-fabricated a-Fe20O3 anode delivers a
capacity of 1105.6 mAh g? at 0.2 C after 200 cycles, which is even higher than the
theoretical capacity, 1005 mAh g™1. The stainless steel current collector serves as not
only mechanical support for a-Fe20s anodes but also a source of Fe3*. The direct
fabrication of a-Fe203 on the stainless steel current collector provides firm adhesion
and fast electron transport, avoiding the use of binder and carbon black. Similarly, Sim
et al. directly fabricated FeVO4 anodes on a stainless steel foil via chemical vapour
deposition technique. The FeVO4 anode exhibits a capacity of 1237 mAh gt at0.15C
after 100 cycles, about 95% of the theoretical capacity [174].
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Table 5 shows various stainless steel current collectors used for LIBs, including foil,
mesh, coated and etched stainless steel. It is worth mentioning that all uncoated
stainless steel current collectors are only used for anodes, which is indirect evidence
that stainless steel may not be able to directly serve as a current collector for cathodes.
With Au coating, stainless steel works perfectly for Li(Nio.sMno.3C00.2)O2 and LiCoO2
cathodes [175, 176]. Fig. 6c illustrates the synthesis procedure of the LiCoO:2
nanosheet arrays on an Au-coated stainless steel current collector. Apart from coating,
a nitriding heat treatment was developed to treat stainless steel, which heats stainless
steel at a temperature higher than 1200 °C in a nitrogen atmosphere. The nitrided
stainless steel is stable at a potential higher than 5 V vs Li/Li* [177]. Overall, though
stainless steel has been used as current collectors for many electrodes, the analysis
of the advantages and disadvantages of stainless steel current collectors is scarce in

the literature.
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Fig. 6 a) Cyclic voltammetry of stainless steel (type 304) in 1 M LiPFes in EC:DMC (1:1
vol.%) electrolyte (Reproduced with permission [44]. Copyright 2011 Royal Society of
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Chemistry), b) schematic drawing of passivation film formed on the surface of stainless
steel (Reproduced with permission [171]. Copyright 2012 Elsevier), c) schematic
illustration of the synthesis procedure of LiCoO2 nanosheet arrays on Au-coated
stainless steel, the right part is macrographs of a bare and an Au-coated stainless

steel foil (Reproduced with permission [176]. Copyright 2018 John Wiley & Sons).

Table. 5 Stainless steel current collectors

Type Electrode Current Capacity/ Capacity Reference
rate/C mAh gt retention
(cycles)
Foil a-Fe203 0.2 858 129% (200) [173]
1 681 134% (500)
5 520 -
Foil FeVOa4 0.15 1316 94% (100) [174]
15 453 -
Foil Si - 0.06 ¢ 67% (70) [178]
Foil Si 0.22 0.55¢ - [179]
Foil Si 0.2 1600 72% (50) [180]
Foil Si 0.2 3800 84% (40) [181]
0.5 3600 86% (40)
1 3000 83% (40)
Foil SiO2 0.005 @ 646 ~100% (250)  [182]
Foil Sn0O: and a- 0.12 1195 80% (50) [183]
Fe20Os composite 0.3 2 600 78% (50)
Foil CoFe204 1 910 63% (100) [184]
2 900 59% (100)
4 810 56% (100)
Foll N-doped carbon 0.2 750 113% (150) [185]
2 415 -
Foil CoP 400 b 737 53% (900) [186]
Foil NiO 1 604 42% (100) [187]
Foil NiO and C 1 800 81% (100) [187]
composite
Foil C0304 700 b 1000 60% (100) [188]
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Foil Graphene and 700° 1150 70% (100) [188]

Co0304
composite
Foil C0304 0.5 1200 42% (50) [189]
Foil ZnO 1 635 63% (100) [190]
Mesh Graphene oxide 50 530 60% (20) [191]
100 ® 435 78% (20)
Mesh C0304 100 P 850 90% (80) [192]
800 P 625 -
Mesh Fe203 and 1000 © 650 90% (100) [193]
NiC0204
composite
Mesh N-doped carbon 200 2058 - [194]
5000 P 313 -
Au- NMC532 0.5 125 89% (100) [175]
coated
Au- LCO 0.1 130 82% (1000) [176]
coated 10 105 )
Au- V205 0.33 265 ~100% (20) [195]
coated
Etched MnO2 0.2 1300 107% (100) [196]
1 915 89% (95)

2 denotes a different unit of mA cm=2 for current rate.
b denotes a different unit of mA g for current rate.

¢ denotes a different unit of mAh cm- for capacity.
3.6 Carbonaceous material

3.6.1 Electrochemical stability

Fig. 7a shows the electrochemical behaviour of fully-, semi-, non-graphitic carbon
fibores and an Al foil in 1.2 M LiPFe in EC/DMC (1:2 vol.%) electrolyte [197]. The
passivation film on the Al foil is expected to form after the 15 cycle. Before 4.5 V vs
Li/Li*, the currents generated at all carbon fibres are close to that of the Al foil at the
2d cycle, indicating that all carbon fibres have good electrochemical stability. The
current of all carbon fibres increases significantly after 4.5 V vs Li/Li* due to oxidation.
It should be noted that the current in Fig. 7a is normalised by the geometric surface
area. Considering that the carbon fibres have much higher electroactive surface areas,
i.e. the surface area where chemical reactions take place, than the Al foil, the real

areal current densities on the carbon fibres should be much lower than that of the Al
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foil, indicating better electrochemical stability. Additionally, carbonaceous materials
have been widely used as conductive additives, e.g. carbon black, and even anodes,
e.g. graphite and graphene in LIBs [198], indicating good electrochemical stability at
a wide potential range. Thus, carbonaceous materials can serve as current collectors

for both cathodes and anodes.

3.6.2 Carbonaceous current collector

Carbonaceous current collectors, e.g. carbon fibre papers, are superior to metal
current collectors in many aspects. Firstly, carbonaceous current collectors are
favourable to increasing the ratio of active to non-active material at electrodes. Carbon
fiore papers with a porosity of 78% have a density of 0.44 g/cm?3[199], which is one
order of magnitude lower than that of metal foils. Besides, the porous structure allows
several times higher mass loading than planar metal current collectors and thus higher
gravimetric capacity [200, 201]. Secondly, carbonaceous substrates for anodes not
only serve as current collectors but also participate in lithiation/delithiation processes
as active materials, which further contribute to high battery capacity. Shafiei and Alpas
coated Sn anodes on a carbon fibre paper which serves as both a current collector
and active material [202]. The Sn-coated carbon fibre delivers an initial discharge
capacity of about 3 mAh cm2?, almost four times higher than that of a Sn anode on a
Cu foil current collector. Thirdly, carbonaceous current collectors have unique
mechanical properties. The tensile strength of carbon fibre paper, with a mass fraction
of carbon fibre in the range of 0 — 50%, is up to 5 MPa [203]. Unlike metal current
collectors that easily undergo plastic deformation, carbonaceous current collectors
can be folded multiple times without plastic deformation, which is an ideal material for
future flexible LIBs [204]. Fig. 7b-d shows a flexible LisTisO12 anode on a carbon fibre
paper current collector, which delivers a capacity higher than 150 mAh g after
repeated bending [205]. A similar study for developing flexible current collectors based
on carbonaceous materials can be found in [206]. Fourthly, carbonaceous current
collectors can improve electron and ion transfer kinetics. Though carbon fibre papers
have a relatively high electrical resistance of 8 x 104 Qm [199], the porous structures
of carbonaceous current collectors provide high contact area between electrodes and
current collectors as well as pathways for Li-ion diffusion, lowering interfacial
resistance and increasing mass transfer kinetics [207-210]. Additionally, the flexible

structure of carbonaceous materials can effectively alleviate strain and stress caused
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by battery cycling, maintaining good current collector/electrode contact and thus high
conductivity. Last but not least, carbonaceous current collectors are cheaper than
metal current collectors. According to the online quotation from Goodfellow, carbon
fabric with a thickness of 0.15 mm costs $ 440 /m?, which is equivalent for $ 60 /m? for

carbon fabric with a thickness of 20 pm.

In addition to carbon fibre papers, many other carbonaceous materials have also been
used as current collectors for LIBs; carbon foams, carbon nanotubes, carbon
nanofibres and graphene foams. Chu et al. fabricated carbon foams with an average
pore size of 39 nm and a BET surface area about 350 m?/g by the carbonization of
melamine foams at a high temperature of 800 °C and subsequent punching [211].
Nanosized TiO2 anode was deposited on the as-fabricated carbon foam current
collectors, which exhibits a capacity of 203 and 104 mAh g! at 0.3 and 6 C,
respectively. Carbon foam current collectors have also been fabricated by the
carbonization of melamine or PVDF for silicon anodes in other studies [212, 213]. A
10-layer carbon nanotube current collector with an extremely low density of 2 mg/cm?3
has been fabricated for silicon anodes [214]. The silicon anode on the carbon
nanotube current collector delivers a high capacity of about 1600 mAh gt at 100 mA
g and remains at 94% after 45 cycles. Besides this, the carbon nanotube current
collector has also been used in the development of flexible LIBs [215-217]. Kim
developed a 3D Si/carbon nanofibre anode by electrospinning [218]. Though the
authors described the anode as current collector-free, carbon nanofibres serve as a
mechanical support and current collector for silicon nanoparticles. The silicon anode
exhibited a high initial capacity of 1957 mAh g* at 2 A g* and maintained at about 60%
after 400 cycles. Carbon nanofibre current collectors with ultrafine titanium nitride
sheath decoration have also been used for Li metal anodes to alleviate the formation
of Li dendrites [219]. Chao and his colleagues directly fabricated V20s nanoarrays
cathode on a graphene foam (also named ‘ultrathin graphite foam’ in some
publications) via a solvothermal synthesis process [220]. The graphene foam has an
ultrahigh porosity of 99.7% and an electrical resistance of 10> Qm which is similar to
carbon fibre papers, serving as a current collector. The V205 cathode on the graphene
foam delivers a capacity of 265 and 168 mAh g™ at 5 and 60 C, respectively. The
capacity remains at 98% at 60 C after 1000 cycles. Many other studies on graphene

foam current collectors have been reported in [221-223].
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Fig. 7 a) Cyclic voltammetry of fully-, semi-, non-graphitic carbon fibres and Al foil in
1.2 M LiPFes in EC/DMC (1:2 vol.%) electrolyte (Reproduced with permission [197].
Copyright 2012 IOP Publishing), b) preparation of Li4TisO12 anode on carbon fibre (CF)
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current collector, with super-b carbon black and TEMPO oxidized cellulose nanofibrils

(TOCNF) as a binder, c) macrograph of the flexible LisTisO12 anode on a carbon fibre

current collector, d) capacity vs. cycle number measured at different rates of the

LiaTisO12 anode before and after repeat bending (R-bending) (Reproduced with

permission [205]. Copyright 2017 Elsevier).

Table. 6 Carbonaceous current collectors

Type Electrode(s) Current  Capacity/ Capacity Reference
rate/C mAh gt retention
(cycles)
CFP Si 0.1 1800 75% (40) [200]
CFP Si 0.1 700 93% (100) [201]
CFP Sn 152 152 50% (20) [202]
CFP LTO 0.1 166 - [205]
2 124 83% (100)
10 50 -
CFP LFP 0.1 150 - [206]
1 133 -
CFP Siand 0.1 1100 - [208]
reduced 25 550 95% (100)
graphene
oxide 10 280 -
composite
CFP Si 1 700 98% (10) [209]
CFP LVP and 0.5 122 - [210]
carbon 10 108 95% (1000)
composite
1 97.4 -
CF TiO2 0.3 203 - [211]
3 150 75% (100)
6 104 -
CF Si 2000° 1500 86% (1000) [212]
CF Si 0.05 2200 81% (123) [213]
0.1 2200 61% (142)
0.2 2040 69%(112)
CNT Si 500 1720 - [214]
100° 1590 94% (45)
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800° 100 -

CNT LTO 1 153 93% (200) [215]
CNT LTO 0.25 132 ~100% (80) [216]
CNT LCO 0.25 134 93% (80) [216]
CNT LTO 10 b 160 94% (350) [217]
CNF Si 2000° 1957 61% (400) [218]
CNF Li/LFP 1 160 78% (250) [219]
GF V20s 5 265 ~100% (500)  [220]
60 168 98% (1000)
GF Ge 1 1220 96%(1000) [221]
40 800 -
GF FeS: 0.2 1250 86% (100) [222]
GF Li/LFP 0.5 160 88% (100) [223]
2 106 -

Note: CFP, CF, CNT, CNF and GF stands for carbon fibre paper, carbon foam,
carbon nanotube, carbon nanofibre and graphene foam, respectively.

a denotes a different unit of mA cm2 for current rate.

b denotes a different unit of mA g for current rate.

4. Summary

4.1 Comparison of materials

Fig. 8a compares the performance of all materials reviewed in this work in five aspects.
Carbon fibre paper is used to represent carbonaceous materials in comparison. In
terms of electrochemical stability, Ti and carbon fibre have the largest stable potential
range of 0 — 5V vs. Li/Li*, allowing them to be employed as current collectors for both
cathodes and anodes. Al has a relatively large stable potential range of ~0.5 -5V vs.
Li/Li* because the alloying reaction of Al and Li takes place at potentials close to 0 V
vs. Li/Li*. Cu and Ni are stable at potentials up to 3.5 V vs. Li/Li*. Stainless steel has
the smallest stable potential range of 0 — 3 V vs. Li/Li*. Thus, Cu, Ni and stainless steel

can be used as current collectors for anodes only.

The second criterion is electrical conductivity. Cu has the lowest resistivity of 1.68 x
108 Qm, followed by Al (2.65 x 10 Qm), Ni (6.93 x 10 Qm), Ti (3.9 x 107 Qm),
stainless steel (7.2 x 1077 Qm) and carbon fibre paper (8 x 10 Qm). A common query
about the performance of Al current collectors is the effect of the air-formed Al2O3 layer
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on the electrical conductivity. Comparing the theoretical electrical conductivity of pure
Al and the measured electrical conductivity of untreated Al wires and rods shows that
the Al203 layer does not affect the electrical conductivity of Al current collectors. It is
generally accepted that other metals and carbon-based materials are stable under the
exposure of air. To the best of our knowledge, very little work has been done on the
effect of passivation films on the electrical conductivity of current collectors. The
contact resistance between the current collector and electrode is much higher than the
resistance of the current collector itself and there has been much work in modifying
the surface to improve adhesion and through-plane conductivity. It is necessary to
minimise the contact resistance to improve the overall conductivity in practical

applications.

In terms of tensile strength, the order of the metal foils from high to low, is Ni (730
MPa), stainless steel (454 MPa), Ti (360 MPa), Cu (~325 MPa) and Al (25 MPa).
Carbon fibre papers have a tensile strength lower than 5 MPa. Advantageously, the

soft structure makes carbon fibre paper an ideal choice for flexible current collectors.

When it comes to density, carbon fibre papers are the lightest material with a density
of about 0.44 g/cm?3, followed by Al (2.7 g/cm?3), Ti (4.51 g/cm?3), stainless steel (7.9
g/cm?), Ni (8.9 g/cm?) and Cu (8.96 g/cm?). As the conventional Cu current collector
takes up 13% of the total weight of a LIB, assuming other conditions are the same,
replacing the Cu foil with an identically sized carbon fibre paper as the current collector
is expected to reduce the total weight of the LIB by 12% and thus increase the

gravimetric capacity by 14%.

Last but not least, the cost and sustainability vary with materials greatly. Based on the
online quotation from Goodfellow in June 2020, the order of the six types of foils in
cost, from low to high, is carbon fabric ($ 60 /m?), Al ($ 130 /m?), Cu ($ 640 /m?), Ni
($ 795 /m?), stainless steel ($ 842 /m?) and Ti ($ 3100 /m?). All of the foils have similar
thicknesses around 20 pum and purity higher than 99%. In terms of sustainability,
carbon is the most abundant material among the six materials, followed by Al, stainless
steel (based on Fe reserve), Ti, Ni and Cu [224, 225]. Recyclability is an important part
of sustainability. It is reported that Al and Cu foils can be easily separated from

electrode active materials by ultrasonic treatments or heating and then recycled or
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reused [226-228]. However, the recyclability of other materials has not been well
investigated.

4.2 Effects of structures and treatments

Current collectors are normally employed in the forms of foil, mesh and foam. Foil is
the simplest structure which is easy to produce and process. However, the mediocre
performance of foil current collectors makes it is difficult to meet the requirements for
next-generation LIBs. Mesh current collectors are expected to improve electrode
performance due to increased surface area and enhanced charge transfer kinetics.
The limitation is that mesh current collectors have low mechanical strength. Foam
current collectors can provide even higher surface area than mesh current collectors.
Besides, the porous structure also allows high mass loading, efficient Li-ion diffusion,
fast charge transfer and accommodation of electrode volume change during cycling,
greatly improving electrode performance. It also should be noted that the electrode
loading technique is crucial when using mesh and foam current collectors. For
example, a large amount of active material can be loaded evenly on foam current
collectors by electrodeposition, thus enhancing performance, while very limited active
material can be loaded via dip-coating, causing a huge waste of useful surface area.

Chemical etching and coating are two commonly used treatments for current collectors.
Chemical etching can effectively roughen the surface of current collectors, which is
favourable for improving adhesion and interfacial conductivity between electrodes and
current collectors as well as electrode/electrolyte charge transfer kinetics. Current
collectors with patterns for particular purposes can be fabricated by selective etching
to alleviate the volume change of some specific anodes. Nevertheless, chemical
etching may also bring a risk of contamination and reduce the mechanical strength of
current collectors. Coating is an effective way to change the surface material to
achieve better performance. The coated material can improve the electrochemical
stability, charge transfer property, interfacial adhesion and conductivity of current
collectors. Besides, current collectors coated with lithiophilic materials, e.g. CuO and
Ag, can reduce the nucleation overpotential and guide uniform Li nucleation and

deposition, effectively preventing the formation of Li dendrites.
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Fig. 8 a) Comparison of Al, Cu, Ni, Ti, stainless steel and carbon fibre in five aspects
of stable potential range, electrical resistivity, tensile strength, density and cost; b)
main advantages and disadvantages of current collectors with three different
structures of foil, mesh and foam, as well as two treatments of chemical etching and
coating. Note: the carbon fabric with a thickness of 0.15 mm costs $ 440 /m?, which is
equivalent for $ 60 /m? for carbon fabric with a thickness of 20 um.

4.3 Future directions

The development of next-generation LIBs will go in the direction of higher capacity,
longer service lifetime, more environmental-friendliness and lower cost, which requires
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potential current collectors to be more electrochemically stable, more conductive,
lighter and cheaper. Additionally, current collectors with flexible structures are also
necessary for the applications of future wearable devices. To achieve this goal, further

efforts should be made on the following topics.

e Carbonaceous materials have been regarded as a promising alternative to
conventional Al and Cu current collectors in the literature. However, the use of
carbonaceous materials in real LIBs is still problematic due to low weldability. At
present, all metallic current collectors are connected with electrode tabs by welding,
providing a good bonding and electrical contact. However, It is very hard to weld
carbonaceous materials due to the extremely high temperature and pressure
needed for melting [229]. Therefore, more efforts should be made on securing good
contacts between the carbonaceous current collectors and electrode tabs.

e Porous current collectors are ideal choices for high electrode mass loading [230,
231]. On the one hand, the enhanced mass loading can improve absolute LIB
capacity. On the other hand, the enhanced mass loading may sacrifice gravimetric
capacity due to increased internal electrical resistance and limited Li-ion diffusion
[98]. We need to optimise the porous structure of current collectors, e.g. porosity,
pore size and pore shape, to increase electrode mass loading as well as keep
electrical resistance low and Li-ion diffusion rate high. So we can improve both
absolute and gravimetric capacity of LIBs at the same time.

e Polymers have lower densities than metals and better mechanical strength than
carbonaceous material, which is a potential material for current collectors [232]. In
addition, polymers are expected to have better corrosion resistance than
conventional metal current collectors. Nevertheless, low electrical conductivity is a
major obstacle for polymeric current collectors. The electrical conductivity of
polymeric current collectors needs further improvement to meet the requirements
for high power LIBs. Another concern is the thermal conductivity and stability.
Metallic current collectors transfer heat in addition to electrons. Future polymeric
current collectors need similar high thermal conductivities to avoid heat
accumulation in LIBs and provide thermal stability in the normal operating
temperature range.

e Surface coating is a commonly used treatment to make current collectors more

stable, conductive and improve adhesion properties. Thick coatings can add extra
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weight to LIBs, while thin coatings may result in insufficient protection and
conduction [70]. A uniform coating layer with an appropriate thickness is beneficial
for high LIB performance. Thus, the coating thickness and uniformity need to be
precisely controlled. Besides, the coating material is also an important factor.
Current collectors coated with lighter and more conductive materials are desirable
for the next generation LIBs.

Recycling or reusing conventional current collectors can not only protect our
environment but also provide a secondary source of some valuable materials,
reducing the cost of current collectors [29]. To our knowledge, although the
strategy for the recycling of Al and Cu foils from end-of-life LIBs has been proposed
in many studies [226-228], subsequent characterisation and testing of the recycled
Al and Cu foils have not been well reported. Whether the recycled Al and Cu current
collectors can be directly reused in new LIBs is still unknown. Furthermore,

knowledge about the recyclability of other current collectors is still lacking and

needs investigating.

Abbreviation

CMC Carboxymethyl cellulose

DG Diglyme

EC Ethylene carbonate

EMC Ethyl methyl carbonate

DEC Diethyl carbonate

DMC Dimethyl carbonate

LCO Lithium cobalt oxide, LIiCoOz2

LFP Lithium iron phosphate, LiFePOa4

LMO Lithium manganese oxide, LiMn204

LNMO Lithium nickel manganese oxide, LiNio.sMn1.504
NMC Lithium nickel manganese cobalt oxide, LINIMNCoO:
LTO Lithium titanate oxide, LisTisO12

LVP Lithium vanadium phosphate, LizV2(POa4)3

MFA Methy! difluoroacetate

PC Propylene carbonate

B-PVDF B-phase polyvinylidene difluoride
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