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Abstract: Lithium-metal batteries (LMBs) are regarded as the most promising candidate for practical
applications in portable electronic devices and electric vehicles because of their high capacity and
energy density. However, the uncontrollable growth of lithium dendrite reduces its cycling ability
and even causes a severe safety concern, which impedes the development of the technology. Al-
though great efforts have been devoted to solving the lithium dendrite issue in recent years, the
contradiction between the high cost of thin Li foil and the severe safety hazard of excess Li still
exists. This is precisely the factor that inspired the development of anode-free lithium-metal batteries
(AFLMBs). Compared to lithium-metal batteries, AFLMBs with a zero-excess Li anode possess
an incredible, conceivable, and specific energy. Additionally, because the use of metal lithium is
limited, the battery manufacturing will be safer and simpler, leading to a significant decrease in
cost. However, comprehensive reviews on anode-free batteries are rare. Therefore, in this review, we
aim to explain the essential development factors influencing the cycle life, energy density, cost, and
working mechanism of anode-free batteries. We summarize different strategies to improve the cycling
stability of AFLMBs, and we discuss the application of anode-free electrodes in other electrochemical
energy storage systems. Moreover, it is believed that the combination of modification techniques,
including electrolytes and current collectors, and the application protocols will be the most important
solution for future anode-free batteries.
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1. Introduction

Since lithium-ion batteries (LIBs) first entered the market in 1991, they have completely
changed our lives, laying the foundation for a wireless and fossil-fuel-free society, thus
representing great benefit to mankind. At present, LIBs have a wide range of applications,
e.g., the mainstream energy storage form of portable electronic equipment, new energy
vehicles, and smart grids [1]. With continuous development, the application scenario also
puts forward higher requirements for the energy density of the battery. However, the
energy density of the available commercial LIBs has reached a bottleneck and is less than
250 Wh-kg~! [2]. Although we have seen great progress made in the laboratory, there is
still a long way to go to achieve an energy density of 500 Wh-kg ! [3,4]. For example, by
adjusting the content of nickel in ternary cathode material, the reversible specific capacity of
the cathode material will also change. Compared with the current value, it can be increased
by up to 40% [5-7]. The mixture of silicon and graphite can also deliver improvements
to the specific capacity [8,9]. However, there are still many problems to be solved from
laboratory to industrialization for practical applications, and the optimal results cannot
meet the goal. Anode-free batteries and lithium-metal batteries provide high volumetric
and gravimetric energy density, compared to Li-ion batteries.
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At present, the anode material of commercial lithium-ion batteries is mainly graphite,
and its actual specific capacity is very close to its theoretical specific capacity. In order to
further improve the specific capacity of the battery, a variety of new anode materials, such as
Sn, Sb, and Si, have been developed in recent years. These anode materials generally form
a battery system with lithium-containing cathode materials. Lithium-containing transition-
metal-layered compounds are ideal for cathode materials because of their high voltage
and moderate specific capacity. At the same time, lithium has become a popular metal in
high-energy-density lithium batteries due to its high theoretical specific capacity and the
most negative electrode potential. In the lithium-metal battery, the lithium source can be
provided by the negative electrode; hence, the positive electrode should be a compound
without lithium and the ability to store lithium. At present, lithium-free cathode materials,
such as iron sulfide, graphite fluoride, and manganese dioxide, have a low potential for
lithium removal, which is bound to affect energy density improvement. At this time, if
we continue to use the original mature transition metal oxide as the cathode material and
make use of its high-voltage, lithium-containing, and mature process characteristics, the
negative electrode will save active material. It allows the lithium in the positive electrode to
be deposited directly onto the negative collector during the charge and discharge process,
to build an anode-free electrochemical system. It is expected to become an important
development direction of the next generation of high-energy density batteries. Due to the
lowest redox potential (—3.04 V vs. SHE), the lithium metal is considered as the ideal anode
material with its maximum theoretical capacity of up to 3860 mAh-g~1, 2061 mAh-cm 3
for anode materials [10,11]. Therefore, the lithium metal anode is the most significant factor
allowing a quantum leap in the lithium-ion energy density of batteries.

Recently, various computational studies have been used to facilitate the rationalization
of the Li* transport mechanism, the Li deposition behavior, etc. Via simulations and
experimental measurements and analyses, the beneficial effect of electron deficiency on the
Li hosting behavior of the carbon current collector was demonstrated. They also reported
the results of testing anode-free coin cells comprising a multivacancy defective carbon
current collector; these cells retained 90% of their initial capacity for over 50 cycles under
lean electrolyte conditions [12].

Meanwhile, lithium metal plays an important role in the structure of advanced lithium-
sulfur batteries and lithium—oxygen batteries. They all have some common defects, includ-
ing low coulombic efficiency, poor rate reversibility, thermal runaway, and other safety
issues due to lithium dendrites, which can cause depletion, undesirable side reactions, and
short-circuits [13-15]. To improve the LMB performance, many researchers have developed
state-of-the-art optimization procedures and systematically studied the intrinsic regula-
tion principles for better lithium anode stability, according to the recent literature [16-18].
However, the attained specific capacity is still a problem [11]. In order to improve the
coulombic efficiency and enhance the life cycling of batteries, the concept of anode-free
batteries was proposed, whereby the material on the surface of the current collector is very
thin or there are self-assembled materials without a current collector. Not only does the
battery have only a cathode, but it is organized in a different manner compared to Li-ion
and Li-metal batteries.

2. Anode-Free Batteries

LIBs are mainly designed in configurations such as Cu/Cg/PP/LiXO/ Al arrange-
ments, where Al and Cu represent the current collectors, and Cg is used as the graphite
anode. In terms of energy storage capacity, PP denotes the separator from polymer mate-
rials, while LiXO represents the lithiated oxide cathode, e.g., LCO, LMO, NCA, and LFP.
Lithium metal shows excellent performance with advantages such as being lightweight,
providing an excellent specific capacity, and showing a high negative standard poten-
tial window compared with other anode materials. Furthermore, lithium-ion batteries
using lithium metal as the anode could provide excellent electrochemical performance
with a higher potential window than the graphite anode by about 0.1 V, while the en-



Crystals 2022, 12, 1241

30f16

ergy density can also be improved [19]. However, the formation of dendrites during the
charge—discharge processes decreases the columbic efficiency. A parasitic reaction with the
surrounding electrolytes mostly happens in the batteries during charging and discharging
via the organic electrolyte. Anodes with greater Li metal excess have recently been used
in many areas. Nevertheless, the attained specific capacity is not satisfactory [11]. Several
techniques have been developed to improve the coulombic efficiency and enhance the life
cycling of anode-free batteries. Figure 1 summarizes the recent studies, including optimiza-
tion of the electrolyte and current collector, as well as design of the most favorable protocols.
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Figure 1. Schematic diagram of anode-free batteries. “Reprinted from The Lancet, Vol. number,
Author(s), Title of article, Pages No., Copyright (2006), with permission from Elsevier”.

For instance, by increasing the Li content to over 200%, the theoretical capacity of
lithium-metal batteries in terms of volumetric energy density declines from 687 mAh-L~!
to 2060 mAh-L~!. The specific capacity of LMB is even lesser than when using graphite
as anode, which can provide 719 mAh-L~! [20]. Furthermore, if the Li anode’s thickness
exceeds 50 pum, the failure operation at an early stage is reduced by a quick reduction in the
lean electrolyte [21,22].

Liu and coworkers reported that, when using a thin electrolyte, the cycle life of the
battery with 250 um Li foil decreases sixfold, with even the concentrated electrolyte failing
to have an effect. When the Li foil thickness is about 50 um, the cycle life is still 20 cycles.
Moreover, a massive quantity of Li metal in the batteries can lead to fire and explosions
following car accidents or bad weather. In some cases, companies have recalled their
products and paid a heavy price for the accidents.

Therefore, decreasing the amount of Li by using a thin Li anode of less than 50 pum (the
ideal thickness is 20 pm) could provide a higher energy density with excellent industrial
application safety [23]. For example, Zhang and coworkers prepared a Li metal battery
containing an excess amount of Li, and the thickness of the foil was 45 um. Furthermore,
the prepared cathode was evaluated using a prepared electrolyte, which could provide
a 12 times higher life cycle [24]. In the meantime, Park’s group manufactured a Li metal
battery with Li anode of 20 um thickness. LiCoO, used as the cathode exhibited a lower
retention rate after 100 charge—discharge cycles [25]. Lithium foil is typically easy to trade
with a reasonable price between 300 and 400 USD-kg~!. The cost for making the thinnest
layer of lithium metal anode exceeds 1000 USD-kg~!. Subsequently, a very reactive lithium-
metal anode with durable adhesion behavior requires complicated processing techniques
and harsh operating conditions such as punching, rolling, deposition, and evaporation.
Then, the price will increase significantly compared with currently available graphite
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anodes [26-29]. Supposedly, the manufacturing of a thin layer of lithium-metal anode by
the battery company will attract a much lower cost than purchasing Li foil from another
provider [26]. The cost of Li-based material is about four times higher than it was 10 years
ago because of the limited global reserves of lithium. Moreover, the extraction of lithium
from seawater is costly and challenging. Li-metal anodes in batteries can be regarded as the
Holy Grail in Li-metal batteries. The inconsistency with respect to lithium’s energy density
and safety issues has encouraged the design of anode-free batteries [30].

Anode-free batteries provide high volumetric energy density compared to Li-ion
batteries with graphite anodes. Figure 2 shows the differences in battery configuration,
resulting in a large improvement in volumetric and gravimetric energy density. Massive
volume changes occur during the charge and discharge process in the cell stack of anode-
free Li-ion batteries. For a volume expansion of approximately 20%, the stack’s plating was
assumed to exhibit negligible contraction on the cathode side, while a 57.1% increase in
volumetric energy density was found for the Li-ion battery system [31].

Li-ion batteries Li metal batteries Anode-free Li batteries
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Figure 2. Differences in battery manufacturing and related improvement in volumetric and gravimet-
ric energy density (adopted and modified from [31]).

Figure 2 describes the differences in the cell configuration, as well as the related
improvement in both gravimetric and volumetric energy density. Furthermore, while
preparing a thin film with <100 pm thickness, the uniform distribution of active material
and the control of purity are challenging steps [30]. Today’s LIBs are predominately based
on intercalation chemistry, involving a graphitic carbon anode and a lithiated transition
metal layered oxide cathode with the general formula LiMO, (M = Ni, Mn, or Co) [19].
Upon charging, the transition metal ion is oxidized (e.g., Ni>* — Ni** or Ni*") as electrons
and Li* ions are extracted. The Li ions then migrate and intercalate into the graphitic
anode, which is accordingly reduced (see Figure 3a). Upon discharge, these processes are
reversed. A major challenge with anode-free full cells is the large volume expansion of the
cell stack that accompanies the plating and stripping of lithium. In the example system
shown in Figure 3b, 6.2 mAh-cm~2 of plated lithium capacity corresponds to a 30 um
increase in stack thickness or a volume expansion of nearly 20%. However, this is still an
underestimate, as the actual thickness of the porous high-surface area of deposited lithium
of a particular capacity would almost certainly exceed the theoretical value.

Further handling of a thin film is also challenging due to the lack of mechanical
toughness, and it is also highly reactive with air and moisture. Henceforth, the lithium
metal coating process with fewer effective layers or stabilizing interphases is relatively
insignificant. Anode-free lithium-ion batteries come with many problems. The trivial
changes in battery manufacturing, compared with existing Li-ion batteries, indicate that
anode-free battery production is efficiently designed for the current battery configuration
setup with slight modifications. In the meantime, anode-free LIBs are manufactured in
completed discharge conditions, in which they experience a lower energy state. Moreover,
anode-free Li-ion batteries are comparatively safer than Li-ion batteries.
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Figure 3. Schematic diagram of the loading of LIBs featuring an NCA (lithium-nickel-cobalt-
aluminum oxide) cathode system with a thickness of 100 pm. (a) Schematic illustration of an example
lithium-ion battery using an NCA cathode of thickness 100 um and a loading of 30.5 mg-cm 2, drawn
to scale. (b) Schematic illustration of an anode-free full cell using an equivalent NCA cathode, in both

charged and discharged states. The difference in energy density can be clearly visualized. There is
a ~20% volume change associated with the plating and stripping of lithium, which will have to be
accommodated (modified from [30]).

The anode-free battery’s typical structure is Cu||LiCoO, | Al (assuming LiCoO; as the
positive electrode). During the first charge, lithium ions are separated from the positive
lattice and deposited on the lithium metal’s negative collector. The battery works like
a lithium metal cell during the subsequent cycle, but the positive electrode only acts as
the source of lithium. Compared with commercialized lithium-ion batteries, anode-free
batteries simplify the slurry preparation and electrode coating, having the characteristics
of easy assembly and low cost. Moreover, because there is no inert body, the volume of
a negative electrode-free lithium-ion battery can be minimized, and it has a high energy
density. The energy storage of the Cul||LiFePOy battery is over 40% higher than that of
traditional lithium-ion batteries. Compared with traditional lithium-metal batteries, lithium
metal is not used in the preparation and assembly process of non-negative lithium-metal
batteries. The lithium used in the battery cycle is completely stored in the stable positive
electrode with relatively higher safety. Furthermore, anode-free lithium metal batteries
have another advantage; they can match lithium-containing cathode materials in terms of
stable process performance, which greatly improves the prospect of industrialization.

However, there are still many challenges.

(1) The formation of “dead lithium” on the anode side: the binding force of lithium
ions deposited on the surface of the current collector copper foil is weak, resulting in
large contact resistance and mossy “dead lithium”. The research of Zhang’s group in the
Argonne National Laboratory in the United States showed that only 23% of the lithium
ions in Cul|LiNij ;3sMn; ,3C01 /30, can return to the positive electrode of the NMC in the
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discharge stage, while the remainder is “dead lithium”, which reduces the capacity of
the battery.

(2) Lithium dendrite’s problems: similar to lithium metal batteries, lithium dendrite
can easily grow on the negative side during charge and discharge. The existence of lithium
dendrite not only brings potential safety hazards, but also increases the side reaction
between lithium metal and electrolyte, causing rapid loss of lithium metal, resulting in low
cycle efficiency of lithium and rapid attenuation of battery capacity, ultimately reducing
the electrochemical performance of the lithium-free negative battery.

Therefore, there are key scientific and technical challenges that need to be addressed,
e.g., fundamentally solving the nonuniform lithium deposition, reducing the “dead lithium”,
effectively inhibiting the growth of lithium dendrite, and improving the safety performance
and cycle stability of the battery while increasing the energy density.

3. Approaches for Enhancing the Performance of Anode-Free Batteries

Neudecker and his team reported the first study on anode-free lithium-ion batter-
ies [28]. They used a thin film with 3 um thick LiCoO; cathodes, a LiPON film as the
electrolyte, and Cu sputter-deposited for the current collector. They applied 5 mA-cm 2
current to provide excellent cyclability, but the capacity was less than 0.1 mAh-cm~?2 of
lithium, which was plated. Review studies have mainly focused on the modification of
anode-free lithium-ion batteries in the electrolyte and current collector; in addition to
solid-state and anode-free batteries, anode-free sodium batteries and anode-free sulfur
batteries have also been discussed.

In energy storage devices, monitoring and sustaining the lithium inventory are key
factors for evaluating and improving its performance. In the last few years, the foremost aim
of anode-free lithium-ion battery research was to improve energy density by investigating
the irreversible loss of lithium inventory during charging and discharging. The optimization
of the cathode is an essential factor to achieve higher electrochemical performance. Anode-
free Li-ion batteries face some deficiencies, such as the decreasing capacity of lithium metal
at the current collector. Many researchers are now focusing on the fast movement of ions
through the electrolyte and confirming the solid electrolyte interphase that provides the
superficial conductivity of Liions and prevents the electrolyte decomposition on the surface
of deposited lithium.

The important steps (as shown in Figure 4) for achieving an improved anode-free
battery are as follows: (1) modification of the electrolyte; (2) current collector modifica-
tion; (3) improvement of the manufacturing process and the cycling parameters to avoid
capacity loss.

Electrolyte Optimization Current collector modification Formation/Cycling
parameters

o9 T
» = =|-

Figure 4. Framework indicating the three categories of strategies used to improve the performance of

anode-free lithium-ion batteries (modified from [29]).

3.1. Electrolyte Modification

The role of electrolytes is essential and critical for anode-free lithium-ion batteries.
Furthermore, they represent an essential element for defining the composition of the SEI
layer and morphology of the lithium deposition on the lithium metal surface. The elec-
trolyte enables a smooth and uniform deposition of lithium metal on the current collector,
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constraining unwanted side reactions between the electrolyte and metallic lithium. Sub-
sequently, the electrolyte can adjust itself and decay into a favorable SEI on the surface of
the deposited lithium with high ionic conductivity to certify the electrochemical accessi-
bility to the surrounded lithium metal and actual passivation to alleviate the additional
decomposition of the electrolyte. Both of the above parameters are promising candidates
for preserving lithium inventory over charge-discharge cycling.

Qian et al. reported influential work on anode-free lithium-ion batteries using lig-
uid electrolytes [29], by investigating the tradeoff using an electrolyte of standard car-
bonate: ether-based, concentrated electrolyte, 4 M lithium bis-flourosulfonyl imide in
dimethoxyethene versus 1 M LiPFg in ethylene carbonate (EC)/dimethyl carbonate 1:2,
v/v. The 1 M LiPF6 used in the anode-free lithium-ion battery as electrolyte has a copper
current collector. The LiFSI, which is added to dimethoxyethene electrolyte to stabilize the
lithium metal cathode’s plating and stripping, shows both enhanced deposition morphol-
ogy and promising SEI layer formation. The electrolyte with high concentration provides
up to 60% retention after 50 charge—discharge cycles, keeping an average CE higher than
99%. At a current speed of 0.2 mA-cm~2, the starting lithium stripping capacity was
1.7 mAh-em~2 [17,19].

After initial investigations, a multitude of strategies were established by varying
the material’s concentration and composition used in the electrolyte solution and salt in
anode-free lithium-ion batteries. Beyen et al. described the dual salt formulation that
developed when using a high concentration of salt. They used 1 M lithium bis trifluoro
methanesulfonyl imide and 2 M LiFSI in DME dioxolane with a ratio of 1:1 v/v. That
experiment showed 50% capacity retention after 50 charge—discharge cycles in anode-free
lithium-ion batteries [29].

Hagos and coworkers studied the use of carbonate-based electrolyte consisting of 2 M
LiPFg in EC/diethyl carbonate (1:1 v/v) diluted by 50% volume with fluoroethylene. The
electrolyte reported by Hagos et al. provided improved electrochemical performance with
a wider potential window than the ether-based electrolyte. A large amount of fluorinated
solvent stabilized the lithium deposition because of the rich SEI layer of LiF. In contrast,
it reduced the overall amount of salt and the viscosity of the electrolyte compared to the
high-concentration electrolyte. Anode-free lithium-ion batteries using the above electrolyte
with a copper foil current collector were built, which still had 40% CE after 50 cycles [32].
From this reported work, we can conclude that the carbonated-based electrolyte plays
an important role in providing higher specific capacity with a wide potential window in
anode-free lithium batteries [33]. Weber and his group reported anode-free Cul | NMC
lithium-ion batteries with dual salt carbonate-based electrolytes. The electrolyte consisted
of 0.2 M LiBF4 and 1 M lithium difluoro oxalato borate in a mixture of FEC/DEC (1:2 v/v).
This electrolyte showed excellent improvement with 90% capacity retention after 50 cycles
and 80% capacity retention after 90 cycles [34]. Substantial progress has been made in terms
of modification regarding electrolytes in the last few years. An in-depth understanding of
the importance of the SEI layer is yet to be achieved, because it can influence the lithium’s
stripping, plating, conductivity, electronic insulation, chemical passivation, mechanical
stability, and interfacial energy.

3.2. Amendment of the Current Collector

The alteration of the current collector used for the deposition of lithium is another
aspect for improving the cycle life of anode-free lithium batteries. It plays an important
role in describing the consequent growth of the deposited lithium and initial nucleation
condition. Consequently, it is crucial in the development of anode-free lithium-ion batteries.
Pretreatment of the current collector can enhance the morphology of the deposition of
lithium. A coating can be used as an artificial SEI layer to avoid the deposition of electrolyte
on the deposited lithium.

A series of current collectors with coating films and artificial SEIs using polyethylene
oxide were reported. The use of PEO could improve the retention rate when using the ether-
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based electrolyte. The anode-free lithium batteries consisted of Cu@PEO | | LFP, which
provided 64% capacity retention after 50 cycles. For investigation in multilayer graphene, a
wide-area current collector was used, which was relatively larger than the cathode area, to
decrease the deposited lithium metal surface pressure. A coating of graphene oxide and
garnet was able to moderately improve the electrochemical performance of the anode-free
lithium batteries. The coating acted as an artificial SEI layer, preventing the deposited layer
of Li from reacting with the carbonate-based electrolyte. Furthermore, in the presence of
carbonated electrolytes, a coulombic efficiency in the range of 97% to 99% was achieved [19].

Moreover, there is an opportunity to improve the electrochemical performance of
anode-free LIBs by modifying the current collector. Many groups used bare copper foil
as the substrate for deposition. Thin layers of lithium and tin metal deposition substrate
were also investigated in anode-free batteries [35,36]. These layers were deposited on the
surface of copper foil. LiPFg electrolyte was used, exhibiting improved electrochemical
performance in the tin coating with bare Cu foil. The cyclic performance was highly
increased from 30 to 80 cycles, showing 30% capacity retention after 50 cycles.

The current collector plays a key role in determining the deposited lithium’s mor-
phology during battery operation; hence, its lithium inventory performance is essential in
anode-free batteries. Many studies have been conducted on the pretreatment, coating, and
modification of the current collector. However, there is still room for further research. The
coating layer must be defect-free, tolerant, and robust before using the artificial SEI layer.
The layer also needs higher volume changes of the deposited lithium metal during charge
and discharge cycles. The lithiation factor should be controlled to enhance the ionization of
the limited lithium inventory, which should be accessible for stripping and plating.

3.3. Optimization of Battery Manufacturing and Cycling Parameters

The final basis for sustaining the lithium inventory in anode-free lithium batteries
is represented by the manufacturing of batteries and the cycle performance parameter
used during the operation. The working conditions, such as operational controls, modified
resting steps, application of temperature and pressure, and optimized first cycle protocol,
can affect the energy storage device [37-40]. The initial manufacturing steps are essential for
manufacturing a highly stable and passivating SEI layer on the anode side before extending
the cycle life. As the anode-free LIBs already have the absence of an anode, optimal battery
manufacturing approaches are different from other applied systems. It should be noted
that optimizing the starting manufacturing process for anode-free LIBs is still a newly
developing area of research.

Beyene and coworkers determined a new approach to a cycling and resting protocol
for anode-free LIBs. When applying electrolyte at a high concentration, a more robust SEI
layer was formed on the deposited lithium metal [41]. They used a method in which the
lithium was deposited at a low current rate while the battery was charged. The battery
was rested for 24 h after the first cycle to enable the formation of an SEI layer with rich
fluorinated species made from LiFSI electrolyte.

Furthermore, when the battery was discharged at a high current rate, the deposited
lithium was stripped away. It was concluded that the battery was galvanostatically cycled
at up to 2 mA-cm~2. Beyene and his coworkers claimed that the lithium deposition would
become uniform and smooth with increasing temperature. When this method was used to
prepare an anode-free Cu | | LFP full battery, it provided stable cycling performance and a
coulombic efficiency of up to 99%. After 50 cycles, it exhibited a charge the retention of up
to 64%.

Louli and coworkers discussed the effects of mechanical stack pressure on the cyclic
performance of anode-free LIBs [20]. They used anode-free Cul INMC for a large area
with a low amount of electrolyte of 3 g-:Ah~!. The cycling of Cul INMC was further
checked using a high pressure of up to 2200 kPa. The cyclic performance typically increased
with pressure. Furthermore, the level of improvement in capacity retention depended
on the type of electrolyte. Another research group also reported a new approach called
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“hot formation”, in which the first two cycles were checked at a higher temperature of
approximately 400 °C. They concluded that the cycle formation at a higher temperature
enabled a denser and more uniform layer following lithium deposition, than at 200 °C. The
formation on an optimized temperature approach was applied in an anode-free Cu | INMC
full battery at a pressure of 75 kPa, showing 50% capacity retention after 100 cycles [41].
Even though the hot formation approach also generated gas in the battery, it was further
used under high pressure (1200 kPa) with concentrated electrolyte salt FEC/DEC in the
ratio of 1:2. Using this electrolyte, the anode-free LIBs showed 80% retention. The initial
capacity of the device was 95% after 100 cycles. The starting lithium stripping capacity was
2.5mA-cm ! at the current rate of 0.5 mA-cm~2. This was a tremendous achievement in the
field of electrochemistry, with respect to not only anode-free devices but also lithium-metal
anodes. The use of an electrolyte mixture with a high salt concentration in anode-free
batteries represented a landmark.

To improve the capacity retention and to enlarge the cycling ability, in 2020, a group
introduced a new approach to study the NMR metrology of anode-free lithium metal
batteries, where lithium is directly applied on the copper bare current collector and LiFePO,
is used as the cathode. The metrology permits dead or inactive lithium formation when
stripping and plating lithium in anode-free lithium-ion batteries. NMR could be used to
measure the SEI and dead lithium formation, and their relative speed of formation was
compared in ether and carbonate electrolytes. When using FEC as an additive, no dead Li
was detected. The amount of Li metal was observed during rest time. The corrosion of Li
was observed in carbonated and ether electrolytes.

Corrosion can also be observed when the battery is not in operation. The high speed
of corrosion is accredited to the formation of SEI on both lithium and copper metal. The
study showed that a polymer coating and a modification of the copper surface helped to
stabilize the lithium metal surface [41].

4. Anode-Free Lithium—-Sulfur Batteries

Lithium-sulfur batteries are perfect candidates for preparing next-generation batteries
with higher energy density. The gravimetric capacities are 1675 mAh-g~! for sulfur and
3861 mAh-g~! Li. Sulfur is abundant and has low cost compared to other transition
metals [42].

Sanjay Nanda and his coworkers reported an anode-free battery by combining Li,S/CNT
used as the cathode material with bare Cu foil [41]. To the best of our knowledge, these
reported lithium-sulfur batteries were the first anode-free batteries to be configured. They
introduced tellurium (Te) into the Li-S batteries as the cathode material. Te enabled
excellent improvement in the Li plating and stripping by establishing a sulfur-rich and
tellurized electrolyte SEI layer on the Li surface. Tremendous progress was found in
the cycle life of anode-free Li-S with lean electrolyte. Polysulfide reacts with Te to form
soluble polytellurosulfides that shift to the anode side and generate the stable lithium
thiotellurate and lithium telluride on the Li anode surface. This study showed that Te
addition is a viable strategy to form a more stable deposition of Li, which can provide
excellent electrochemical performance. This study provided a critical step to overcome the
problem of short cyclability and energy density. Compared to the Li | | Li;S half-battery
with a large amount of lithium, the anode-free Cu |l | Li,S full battery highlighted the impact
of small lithium inventory on electrochemical performance (Figure 5) [34].
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Figure 5. (a) Electrochemical performance of Lil | Li,S half battery and anode-free Cul | Li,S battery,
with a 4 mg-cm~2 cathode. (b) Coulombic efficiencies of plating and stripping lithium on Cu foil
from Li,S cathode and lithium-metal counter electrode (modified and adopted from [42]).

5. Anode-Free Sodium Batteries

In various energy storage devices, sodium is a more promising alternative than lithium
due to its unique properties such as higher gravimetric capacity (1165 mAh-g~!) and lower
redox potential (—2.71 V). Furthermore, sodium is available in high abundance in the earth’s
crust and is cheaper than lithium [43,44]. The use of sodium instead of lithium also exhibits
many advantages, especially in cobalt-free sodium-ion batteries. In sodium-ion batteries,
the copper can be replaced with easily available materials that are lightweight, cheaper,
more flame-resist, and environmentally friendly compared to lithium-ion batteries [44,45].
Using sodium as the cathode material facilitates the absence of an appropriate anode host
material with lower redox potential and decent cycle ability [46,47]. Additionally, using
metallic sodium can help to overcome this problem.

However, sodium metal is highly reactive with moisture and air, sometimes more
reactive than lithium. In most cases, it would be a disadvantage to form a full battery
without free sodium metal. We can design an anode-free sodium battery by pairing a
completed sodiated cathode with the current collector for sodium plating and stripping.
This can provide excellent energy density and solve the abovementioned problems [48].

As with the lithium metal anode, the sodium metal anode also suffers from various
issues. Due to the deposition of sodium metal, reactive porous mossy deposits on high-
surface-area materials can decrease the stripping and plating effect. Sodium metal has not
received much attention for its improvements in this regard. Furthermore, the proposed
solutions for improving the coulombic efficiency of sodium-ion batteries are similar to
those for lithium metal batteries, such as optimizing electrolytes, controlling the layer’s
thickness to homogenize the Na ion flux, and modifying the current collector.

Nevertheless, there are significant differences between lithium and sodium’s physical
and chemical properties, such that the deposition of sodium cannot be considered similar
to that of lithium. Sodium ions (116 pm) are more extensive than lithium ions (96 pm).
Nevertheless, sodium ion is less polarizing because of its lower charge density. Lithium
metal is a stronger reducing agent than sodium, and the melting point of sodium (98 °C) is
much lower than that of lithium (181 °C).

Cohn et al. reported in 2017 an anode-free sodium-ion battery using a sodiated iron
pyrite cathode combined with a thin layer of a carbon-coated aluminum foil [49]. The
thin layer of carbon exhibited a low sodiation capacity of 0.05 mA-cm~2. In this study,
they described the challenges of energy density faced by sodium metal batteries. These
challenges can be solved by introducing an anode-free configuration that can enable the
utilization of the nanocarbon nucleation layer formed on Al current collectors.

This configuration showed excellent electrochemical performance, high stability, and
more efficient plating and stripping of sodium metal on applied ranges up to 4 mA-cm 2.
The obtained sample showed a long cycle life of up to 10,000 cycles at the current rate of
0.5 mA-cm 2 with long-term stability. The electrode was checked by SEM at different time
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intervals, as shown in Figure 6. From the SEM images, we can observe the progress from
the seeding of well-formed sodium to the formation of a shiny, smooth sodium metal with
a uniform hexagonal morphology.

I a

10 minutes

b

1 hour

4 hours

8 hours

Figure 6. SEM images of sodium metal on carbon/ Al electrodes following plating at 0.5 mA-cm? after
(a,b) 10 min, (c,d) 1 h, (e,f) 4 h, and (g,h) 8 h. (i) SEM image of hexagon-shaped sodium metal island
(SB =20 pum). (j) EDS map showing coalescing sodium metal islands (CB = 50 um). (k) Micrograph of
plated sodium metal film with 4 mAh/cm? loading (SB = 20 um) (adopted with [49]; copyright (2006)
American Chemical Society).

6. Anode-Free Solid-State Batteries

The various fundamental limitations of lithium metal batteries were widely discussed
in this review paper, such as the many types of liquid electrolytes, modification of the
current collector, battery manufacturing optimization, and cycling parameter optimization.
Those limitations have led to extensive interest in all-solid-state batteries [49,50]. By
inhibiting lithium dendrite growth, the risk of the battery’s internal shorting and the
consequent thermal runway can be removed when using the solid-state electrolyte [51,52].
The energy density can be improved by skipping the polymer separator, using as little
electrolyte as possible compared to liquid electrolytes [48]. Greater improvements in the
electrochemical performance and energy density were observed when using a solid-state
electrolyte. The solid-state electrolyte also showed a limited gas evolution as compared to
liquid electrolyte [52].

Despite the above merits, the improvement of solid-state lithium-metal batteries
faces many difficulties. At room temperature, the traditional solid-state electrolyte suffers
from relatively poor ionic conductivity. Optimized SSE materials such as LIPON, LATP,
LAGP, NASICON, and garnet type LLZO feature lower ionic conductivity than their liquid
electrolyte counterparts [51-53].

Solid-state electrolytes are commonly divided into three categories: inorganic elec-
trolytes, organic polymer electrolytes, and ceramic polymer composite electrolytes.
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For rigid batteries, inorganic electrolytes are more suitable as they can work in a
harsh environment. They show high elasticity, perfect chemical/thermal stability, low
electronic conductivity, high ionic conductivity, and high electrochemical potential. [54-61].
On the other hand, solid polymer electrolytes can enable many geometries, high flexibility,
and cost-effectiveness for commercialization. However, the ionic conductivity of polymer
electrolytes is much lower than that of inorganic solid electrolytes [62-65]. Featuring the
advantages of inorganic solid electrolytes and organic polymer electrolytes, improved
thermal and chemical stability and enhanced mechanical properties can be obtained when
using ceramic polymer composite electrolytes [66—70].

Lee and his coworkers reported an anode-free solid-state battery featuring a
LiNig.90Co00.05Mny.9502 cathode with LigPSs5Cl sulfide solid electrolyte [70]. The layer
of solid electrolyte was consistently used on the cathode and pressed with the warm
pressing machine. The cathode was covered by a thin layer of Li;O-ZrO, to maintain
the stability of the solid electrolyte. The anode nanocomposite with a thickness of 5 pm
consisted of lithiophilic gold (Ag) nanoparticles and carbon black as the buffer layer be-
tween the stainless-steel current collector and solid electrolyte. The nanocomposite buffer
allowed obtaining dense and dendrite-free lithium. The uniform deposition on the current
collector acted as stable interface between solid electrolytes and lithium metal. The obtained
anode-free battery provided 6.8 mAh-cm~2 capacity with an applied current density of
0.5 C. The test for 10,000 cycles showed 99.98 % retention, which is approximately similar
to the coulombic efficiency of industrialized Li-ion batteries using a graphite anode.

Current electric vehicles can drive up to 400 km. However, the range of electric
vehicles can be extended by more than 280 km while maintaining the same energy cost it a
battery with a 60% volumetric capacity is implemented [71].

When comparing both types of batteries, it can be concluded that they both use
Li(Nig.5sMng.3Cog.2) as the cathode, but the anode-free batteries store charge as electroplated
lithium metal instead of using a graphite host. Thus, 100% of the lithium comes from the
positive electrode because the anode-free batteries use zero excess lithium [72,73].

Weber and coworkers reported anode-free batteries with a long life cycle by using
dual salt carbonated electrolyte. Cells with a dual salt LIDFOB + LiBF, electrolyte had the
best performance among all the electrolytes tested, providing 80% capacity after 90 cycles,
which is the longest life demonstrated to date for cells with zero excess lithium [74].

A further merit of anode-free batteries is their superior energy density retention to
Li-ion batteries. Figure 7 provides a comparison of anode-free and Li-ion cells with different
electrolytes. Lithium diflouroxalate electrolyte provided a higher energy density than the
optimized Li-ion battery for 120 cycles. The authors characterized the degradation of anode-
free batteries with LiDFOB and LiBF; electrolytes. Using scanning electron microscopy
and X-ray, they observed the deterioration of the starting pristine lithium morphology.
Furthermore, they observed the depletion of electrolyte with increasing lithium porosity by
using ultra sonic transmission mapping. To address safety concerns, they measured the
battery’s temperature during charging and compared it with another battery reported in
the literature that used a different electrolyte. They found that the optimized electrolyte
extended the anode-free battery life up to 200 cycles.
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Figure 7. (a) Comparison of anode-free and Li-ion cells with different electrolytes. (b—i) SEM images
of plated lithium at different pressure after different charging cycles. Scale bars 25 um [74].

7. Conclusions

In summary, anode-free batteries have gained tremendous attention in recent years.
Anode-free batteries contain a particular prototype of a current collector, featuring an
optimized electrolyte with a separator and cathode current collector. They provide high
energy density, improved safety, and cost-effective and simple battery assembly. As com-
pared to traditional lithium/sodium-sulfur batteries, anode-free lithium batteries possess
a limited lithium source and exhibit excellent electrochemical performance with a long
cycle life. However, lithium metal may be consumed during plating and stripping via
an irreversible reaction involving electrolyte and metal. As a result of the irreversible
reaction, dead lithium metal is formed. The cycle life is affected by this dead lithium.
To solve this problem, several techniques have been developed, and we reported them
in this paper. We summarized the significant challenges and fundamental issues. For
example, optimizing the anode-side current collector, implementing a liquid electrolyte,
and improving the cyclic performance and assembly of batteries can increase the LIRR
value (99.99%) to enable industrial applications. A clear understanding of the role of SEI
layer on the lithium surface, as well as its individual components, is necessary for the
development of optimized electrolyte formulations. To improve the cycle life of anode-free
batteries, the formation of high-ionic-conductivity interfacial species such as Li3PS; and
high-surface-energy interfacial species such as LiF is especially effective. Furthermore,
mixed polysulfide additives and fluorinated electrolytes combine the high wettability of
common electrolytes and low viscosity for anode-free lithium-ion batteries. Modifying
the anode-side current collector with lithophilic materials is also a useful approach for
improving the lithium deposition’s reversibility. We investigated and summarized en-
hanced mechanisms from the perspectives of the electrolyte, current collector, and protocol.
Although tremendous progress has been achieved, there are still several remaining tasks
that need to be addressed.

The poor capacity retention is a difficult challenge for anode-free batteries, resulting
in electrodeposition of metal at the poorly organized interface between the electrolyte
and current collector. There are two ways to solve this problem: (1) evaporation and
spin-coating of organic polymers can provide better contact between anode materials and
current collectors; (2) high-conductivity self-supporting materials directly used as the
negative electrode can negate the need for current collectors. Certainly, the combination of
modification techniques with respect to the electrolyte, current collector, and cathode will
be the most important solution for future anode-free batteries. By using advanced devices
and techniques, we can better study the internal mechanism underlying the movement
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of ions during charging and discharging in anode-free batteries. We believe that our
review paper can provide a deep understanding of anode-free batteries, as well as enhance
their development.
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