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On the Recent Developments
in Electrospinning to Produce
Hierarchically Organized

Composites for Separator
Membranes

Y. Kan*, Alexey |. Salimon, Alexander M. Korsunsky

Abstract This research article aims to reveal the potential of electrospinning for separator applications.
The product of electrospinning is a nano- or microfiber that could serve as a building unit for
multilayered structures with high permeability, which, in turn, could be used as a filter or bat-
tery separators. The abundance of polymers supporting electrospinning opens up the oppor-
tunity toward building a composite. A series of composite modifying inorganic nanoparticles
allows improving of the mechanical and thermal stability of separator. In this work, we describe
the fabrication of fibers build with the set-up produced in FabLab and Machine Shop Shared
Facility at Skoltech. Recent studies showed the involvement of electrospinning in battery sep-
arators field. The preliminary results of electrospun material reported cover the morphology
characterization for the obtained fibrous membranes yield from the composition of polyvinyl

alcohol solution with additive nanoparticles of SiO,.

Index Terms Electrospinning, fibers, composite, polyvinyl alcohol, separators.

* Yuliya Kan is doctoral student with the Center for Energy Science and Technology, Skolkovo Institute of Science and Technology, Skolkovo
Innovation Center, Building 3, Moscow 121205, Russia (e-mail: Yuliya.Kan@skoltech.ru).

Alexey |. Salimon is Senior Research Engineer at the Hierarchically Structured Materials (HSM) lab, Center for Energy Science and
Technology, Skolkovo Institute of Science and Technology, Skolkovo Innovation Center, Building 3, Moscow 121205, Russia (e-mail:
A.Salimon@skoltech.ru).

Alexander M. Korsunsky is Head of the Multi-Beam Laboratory for Engineering Microscopy (MBLEM), Professor of Engineering Science,
Department of Engineering Science, University of Oxford, Parks Road, Oxford OX1 3PJ, UK and Professor of Center for Energy Science
and Technology, Skolkovo Institute of Science and Technology, Skolkovo Innovation Center, Building 3, Moscow 121205, Russia (e-mails:

alexander.korsunsky@eng.ox.ac.uk, a.korsunsky@skoltech.ru)




RESEARCH
ARTICLE

1. NOMENCLATURE

DMA Dimethylacetamide

PAN Polyacrylonitrile

PP Polypropylene

PET Polyethylene terephthalate
PVA Polyvinyl alcohol

PVDF Polyvinylidene fluoride

I1. INTRODUCTION

HERE is a growing demand for the energy supply with the spread of portable devices as smartphones, laptops, home

devices and electric cars. Due to the high energy density of Li-ion batteries, their consumption was increased world-

wide. The Li-ion batteries have four main components: cathode, anode, electrolyte and separator. The transfer of Li ions
provides the charging and discharging electrochemical processes on the surfaces of electrodes. Current research is aimed
at improving the battery charge-discharge parameters to extend the life cycle and avoid the formation of defects such as
dendrite structures caused by the rapid migration of Li ions. The optimal thermal range is 60-70°C for the life cycle of Li-ion
batteries that limits the usage of Li-ion batteries in the higher thermal range and working constructions [1]. Therefore, the devel-
opment of separator should meet the strategy to increase of the operational thermal range for Li-ion batteries. In case the bat-
tery is exposed to external conditions like high temperatures, the polyolefin separators start melting at 130°C and degradation
which often leads to internal short circuits and subsequent thermal runaway (TR) and potential explosion [2]. The functions of
separator include the support of the battery life cycle preventing the short circuit, and simultaneously provide Li ionic transport

between electrodes.

Therefore, the separator should consists of a membrane with dielectric properties with the thermal resistance to retain its mor-
phology and interconnected porosity for ion migration. Thus, the structure of separator should provide long-term thermal and
chemical stability in the electrolyte during the charge-discharge processes. In case of the fast charging the Li ions with inten-

sive rate, the lithium ions form dendrites on the surface of electrodes that causes the battery damage.

The market of commercial separators contains the following segments: microporous membranes, ceramics, nonwoven mats,
and composite membranes. The microporous membranes segment has occupied a significant share of the global battery sep-
arator materials market in the last decades. These separators possess low acid solubility, good oxidation resistance, good

wettability, low electrical resistance, and high porosity [3].

Commercially used microporous membranes (Celgard) are composed of polyolefins: polypropylene (PP) and polyethylene
(PE) based structures. Celgard 2325 consists of a three-layer of PP/PE/PP; Celgard 2500 consists of a monolayer membrane
of PP obtained by crazing method via deformation below the melting point. According to the manufacturer's information, the
porosity reaches 39% for Celgard 2325 and 55% for Celgard 2500, respectively [4]. The thickness of the membrane is 25
pm for both products. Pores near 24 nm and 64 nm supported the required ion migration for Celgard 2325 and Celgard
2500, respectively. The PE layer has a low melting point of 135°C that can act as a thermal fuse and block ions direction
when it is close to its melting temperature. Simultaneously, the PP layer preserves the dimensional structure and mechanical
strength of a composite using a higher melting property of 165°C. Using the synergy input of two materials, the three-lay-
ered composite prevents the short-circuiting [5]. The recent studies of separators aimed at the increase of wetting with ester

carbonate electrolytes and thermal stability of separator structure to extend the safety of using Li-ion batteries [2]. The widely
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used polyolefin separators stop retaining the porous structure of PE layer at temperatures above 130°C that leads to the
loss of the dimensional stability and functionality [6]. One of the recent improvements of conventional separators is aimed to

increase a thermal dimensional resistance of separators [7], [8].

The electrospinning captured the attention as a simple and adaptable technology to fabricate polymeric composites [9]. There is
a study where the PP separator was modified with the help of electrospun PET coating [10]. The study of composite separator PP/
PET showed that after the heating range at 120-180 °C the thermal shrinkage was less than the commercial PP separator demon-
strated. The electrospun PET coating increased the thermal stability of PP/PET composite where the PET retained the wholeness
of separator up to 248°C after the PP separator could thermally shutdown at 169°C. The hierarchical composite PP/PET was
mounted in the cell with the LiFePO, cathode to compare the discharge capacity of the cell with the commercial PP microporous
separator. The cycle performance of cells with the electrospun based composite PP/PET showed a higher discharge capacity of
149 mAh/g after 50 cycles than 134 mAh/g for cell with PP separator. The ionic conductivity of PP/PET composite measured at
room temperature was higher at 0.782 mS/cm in comparison to the PP separator with 0.503 mS/cm. Hence, electrospinning is

expected to be a robust tool to build up a separator membrane with the optimal Li ionic transfer for practical applications.

The technology of electrospinning includes the fabrication of the polymer fibers lengthened by the electric field generated by
the high voltage power supply. When the applied electric field forces overcome the surface tension, the elongated drop of
polymer facilitates the fiber during the evaporation of the solvent. The collected fibers form the network structure with a high
surface-to-volume ratio and porosity, which facilitate the transfer of lithium ions. This method can produce nonwoven hierar-
chical organized structures from diverse polymer mesh. Such polymers as PVDF [11], PET [10], PAN [12], PVA [12], [13] are

used to design fibrous materials by the electrospinning for separator fabrication.

The host polymer solution could be based on PVDF as one of the polymers with a high thermal stability [14]-[18]. PVDF solu-
tion with a mixture of solvents (acetone/DMA = 7/3 by weight) facilitated electrospinning with average fiber diameter of 0.45
pm and mean pore size 1.1 um that retained 80% of the initial absorbed volume of electrolyte [11]. However, the low mechan-
ical properties and hydrophobicity of PVDF hinder the spread of polymer. Nanoparticles of Al,O, were added into the poly-
mer solution to mitigate these disadvantages and improve wettability [18]. Despite these facts, the hazardous solvents of PYDF

prevent the membrane fabrication and stimulate the study and design of other, safer and more human friendly compositions.

PAN is one of the potential components for the separators due to the excellent thermal stability and high electrolyte uptake.
The composite PAN/PVA/MA performed the reduced contact angle 42° in comparison with 85° for pure PAN that evi-
denced the increased wettability of this PAN/PVA/MA composite [12]. This polymer allows the fabrication of separators
with increased wettability.

The polymers like polyvinyl alcohol (PVA) could be dissolved with a safe solvent as distilled water under heating up to 90°C
to form a homogeneous solution. To improve the mechanical stability, the PVA is mixed with a crosslinking component such
as malonic acid (MA). The PVA based solution supports the repetitive electrospinning process. Polyvinyl alcohol serves as a
binder for polymer meshes and is well-known as a ‘green’ and safe polymer. Due to these properties, the PVA based compo-
sitions are easy fo handle to prepare the electrospun solutions up to 10-16 wt.% [13], [19], [20]. Moreover, the high dielectric
strength, good charge storage capacity and dopant dependent electrical properties could be useful for membrane fabrica-
tion. Besides, the studies reported the impact of PVA on the surface wettability of separator [12]. However, the low mechan-
ical properties of PVA fibers are not sufficient for the separator membrane and still under study to be modified. Hence, there

are some modifying components (lignin, ceramic nanoparticles) embedded in the polymer composition.

Lignin is a biopolymer derived from plants, considered as a component that produces an environmentally friendly, inexpen-
sive, nonwoven separator membrane. The lignin/PVA membrane has superior wettability and electrolyte uptake over the

Celgard separator, while the mechanical properties of separator are still the subject of improvement [21].

However, the overall drawbacks such as the mechanical strength and thermal stability of the obtained membranes prevent
the spread of electrospinning and need to be optimized. The researchers try to fix the polymer meshes using the inorganic

particles (SiO,, Al,O,, ZrO,) [22].
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The research of electrospun PVA/SiO, nanofiber separator membrane demonstrated the greater electrochemical val-
uves of electrolyte uptake and ionic conductivity in comparison with the microporous PP membrane [13]. The incor-
poration of silica caused an improvement of electrochemical properties due to the affinity of particles to the liquid
electrolyte and their high porosity. The higher mass fraction of silica caused the decrease of average fiber diameter
and presented the defects like beads on fibers. However, the current issue is an agglomeration of particles that leads
to the low electrospinning of solutions. It indicates the modern problem of using silica in the electrospun membranes.
The authors of that article tried to solve that issue by means of a sol-gel process that allowed homogeneous distribution

of the synthesized silica [13].

Nanosilica (SiO,) is one of the most widely used nanomaterials due to its thermal resistance, lyophilicity and chemical inert-
ness. Moreover, it has a higher dielectric ratio and lower dielectric loss than other inorganic fillers. The preparation of a mod-

ified PP separator with the nonwoven coating of SiO,/PVA layer showed the prospects for lithium batteries [9].

Spraying of inorganic nanoparticles ZrO, at the top of PVA fibers was investigated to study the multilayered PVA-electrospun
composite for electrochemical applications. PVA/ZrO, multilayered composite showed thermal resistance at 160°C, ionic

conductivity of 2.19 mS/cm, and satisfactory electrolyte wettability and tensile strength [20].

There are two issues to handle the nanoparticle for the separator applications. One of these is the problem of homo-
geneous distribution in the membrane without the formation of aggregates [22]. Moreover, the inorganic nanoparticles
increase the mechanical stability and may cause the difficulty to mount the separator into the cell due to its brittleness
and fragile [22]. It is a limiting factor of using the nanoparticles in the field of battery separator. The recent studies are
aimed to solve this problem and distribute the nanoparticles throughout the composite and provide tensile fibrous struc-

ture [13], [20].

In our paper, the modification of fibers with nanoparticles is considered as a solution for the separators of Li-ion batteries.
The involvement of electrospinning makes it possible to fabricate the nanofibrous multilayered composite with nanoparticles.

An optimal composition of components is under the scope of a research project.

I1l. MATERIALS AND METHODS
A. Materials

Polyvinyl alcohol powder was supplied from RusChem, Moscow, Russia. Colloidal silica suspension OP-S Non-Dry was
obtained from Struers, USA. Copper TEM grids were supplied from the Agar Scientific Ltd, UK.

B. Electrospinning process

Polyvinyl alcohol powder was dissolved in the distilled water at 80°C for 3 hours in a magnetic stirrer. The host poly-
meric solution had a solid content of 10 wt.% in the solvent where the concentration was given from the references [13],
[19], [20]. The 10 wt.% solution of PVA was cooled down and mixed with the colloidal suspension of SiO, nanoparti-
cles OP-S Non-Dry in a ratio of PVA solution to the solution of silica (90:10) and (85:15). Then, the PVA /OP-S solutions
were homogenized for 3 hours at room temperature in the magnetic stirrer. The polymeric solutions were placed in a
20 ml syringe with a needle of 21G in the laboratory apparatus consisting of a syringe pump, a 22 kV high-voltage
direct-current power supply (Fig. 1). The flow rate of the pump was 1 ml/h, and the tip-to-collector distance was set
at 15 cm. The electrospinning set up has two types of fiber collectors: rotating mandrel and the holder for the flat alu-

minum target.
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Fig. 1. The representation of electrospinning equipment constructed by Fablab

The rotating mandrel was placed at the tunable distance in front of the syringe pump. The electric field was applied to the
connected electrodes between the syringe needle and mandrel. The polymeric solution was loaded in the syringe and was

ejected at the defined flow rate by the syringe pump. The rotation speed and the change of distance could be adjusted.

The fibers of 85PVA150P-S were collected on the carbon lacey copper TEM grids during 1 min of electrospinning at 18 kV.
The TEM grid was mounted at the flat target to obtain a monolayer of fibrous coating for TEM characterization. After the

sputtering, the samples were dried at room temperature before the measurements.
C. Morphology characterization of obtained fibers
1) Scanning electron microscopy (SEM)

The morphology of the nanofiber separator was characterized using scanning electron microscope VEGA 3 (Tescan, Brno,
Czech Republic) with the accelerating voltage of 6 kV and 12 kV and analyzed with Tescan software. SEM images with high
resolution were obtained from FEI Helios G4 Plasma FIB Uxe with voltage 2 kV and 3 kV.

2) Transmission electron microscopy (TEM)

The morphology of the silica nanospheres dispersed in the fibrious mat was observed using TEM) on FEI Titan Themis Z instru-

ment operating with an acceleration voltage of 120 kV.

IV. RESULTS AND DISCUSSIONS

Diameter of the nanofibers QOPVATOOP-S ranges from 80 to 110 nm in Fig. 2. Thus, the SEM images prove the formation of
PVA/OP-S nanofibers. There is no bead formation but some clusters of particles are observed. It should be mentioned that
the beads are considered as the defect of electrospinning that could be caused by such factors as low polymer concentration
and solution viscosity that does not support stable fiber formation [23]. The fabricated polymer solutions were electrospun
into the fibers that contain some clusters which morphology differs with beads. Both compositions have the agglomerates of

nanoparticles that seemed to be immersed in the depth of fiber.
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Fig. 2. SEM imaging of morphology 90PVATOOP-S

SEM HV: 12.0 kV WD: 11.32 mm | VEGA3 TESCAN

View field: 21.8 ym Det: SE 5 um o3 o mag WD HPW det  mods
SEM MAG: 8.51 kx  Date(m/diy): 11/24/20 Performance in nanospace oy DOKY 100000x 25mm 4.14pm TLD SE

Fig. 3. SEM imaging of morphology 85PVA150P-S

The distribution of fibrous mat is shown in Fig. 3a, where the 8 5PVA150P-S was sputtered on the top of copper grid for
TEM. The size of fibers was varied from 115 nm to 230 nm. Some aggregates were clearly observed, but due to the low
conductivity of the polymer composite, SEM analysis was not informative enough to identify the specific features of the
nanoparticles. Thus, the sample should be characterized by additional methods to study the effect of nanoparticles in
future studies. The TEM was therefore implemented to study nanoparticles in fibers obtained by electrospinning. This
is one of the most effective methods for detecting the distribution of nanoparticles across fibers. High-resolution fiber
images allow us to calculate the average size of nanoparticles and perform Energy Dispersive X-Ray (EDX) mapping
of chemical elements.
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Fig. 4. STEM image of 90PVATOOP-S

STEM imaging of polymer composite afforded to visualize the embedded nanoparticles of SiO, within the depth of
nanofiber. Mean size of nanoparticles was 76 £ 30 nm in Fig. 4. The EDX analysis (Fig. 5) showed that the chemical
mapping of Si was distributed in depth of nanofiber. The mapping of chemical elements proves the clear presence of

silica agglomerates.

The electrospinning of polymers promotes a fiber as a building block for a three-dimensional fibrous membrane sep-
arator. The concept of hierarchically organized materials includes the processing of materials with scaled structure and

morphology. Nanofibers were successfully produced in the laboratory set up of electrospinning by Fablab.

Moreover, the synergetic effect was available due to the electrospun components in one solution. The polyvinyl alco-
hol was proven as a stable component to support the electrospinning in a given PVA/OP-S solutions. In this ongoing
research, we have managed to obtain the silica nanoparticles embedded in PVA fibers. Challenges still exist for the use

of the obtained experience to design multilayered composites.

V. CONCLUSIONS

In this article, we proved the electrospinability of PVA based solutions. The electronic microscopy indicated the high
performance of using the PYA 10 wt.% as a binding solution in compounds. The host polymer provided the repetitive
electrospinning process, whereas the additive components were embedded in the structure to enrich the fiber proper-
ties. The agglomerates occurred since the overloading of silica solution (10-15 wt.%) resulted in the bead formation on

fibers. Thus, we identified the need to reduce the fraction of silica content in our composite.

The further stage of research will focus on studying the mechanical characteristics and wettability of the obtained mate-
rial. We plan to conduct the tensile testing using the Deben microtesting machine (UK) and to measure electrolyte wet-
tability using contact angle method.
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Linear lon Traps

Timur Abbasov®, Ivan Sherstov, Arkadi Shipulin

Abstract Nowadays, trapped ions are a very promising architecture in various applications: from mass
spectrometry to frequency standards and quantum simulations. In this article, we summarized
how ions can be stored in some area and present a brief review of different constructions of the

linear ion traps.

Index Terms Frequency standard, ion, linear ion trap, surface trap.

1. INTRODUCTION

HE first experiments with trapped ions were conducted more than 60 years ago [1]-[3], and a lot of studies with stored
charged particles were made since then [4]-[9]. There are a lot of different applications for frequency standards. Except
for the timekeeping, the resolution of global navigation systems like GPS, GLONASS, and GALILEQ rely on the stability of

onboard atomic clocks. Moreover, precise frequencies can be used for a more accurate definition of physical units.

There are two main divisions in frequency standard research with trapped particles: a system with trapped neutral atoms and a
system with charged ions. Each approach has its advantages and disadvantages. In systems with neutral atoms, there are a lot of
particles in the working area. Therefore, there is an excellent signal-to-noise ratio. However, systems with trapped charged ions

are more stable because of the huge lifetime of the ion in a trap.

The working principle of the ion frequency standards is based on the quantum-jump spectroscopy of the narrow “clock” transition
of the trapped ion. Such an approach is described in many works [4]-[6]. Clock transitions exist in a large number of different
ions. The most promising ions are "yb*, %8s+, P Cat, ]99Hg+ ,and ’In+[4]-[7], not only because of the transitions that can

be used as frequency standards but also because they can be manipulated with convenient laser wavelengths.

Since the first demonstration of a single trapped ion in 1980, experiments with trapped single particles have led to some of the
finest spectroscopic measurements in physics [8], [9] and radiofrequency (RF) Paul traps have become excellent working tools

with unsurpassed accuracy in frequency metrology [4], [5].

Modern technologies are capable of producing compact RF ion traps. While the size of the frequency standard components
(vacuum chambers, pumps, lasers, etc.) is constantly decreasing, it has become possible to create very compact, transportable,

and highly accurate frequency standards for different airborne or even space applications. Such precise and portable systems
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A. Shipulin is with Center for Photonics and Quantum Materials, Skolkovo Institute of Science and Technology, Skolkovo Innovation Center,
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are sensitive to gravitational heterogeneities and can find oil and gas fields and among other things. Also, trapped ions are prom-
ising candidates to use in quantum computation systems. Their long coherence times, state initialization and detection, and pre-

cisely controllable and versatile interactions make them excellent systems for quantum simulation experiments.

Il. ION TRAPPING MECHANISM

To store an ion in some volume, we need to create a stable balance condition for the ion in this volume. It means that if ion moves

from some point, it experiences a restoring force that pushes it back to the stable region.

The most common analogy of this process is an example with an ideal zero-length spring connected to the trapping point from

one side and to the ion from another side. In the anisotropic situation, the energy potential could be written as:

I 2 2
Ulx, y, 2)=5 (ax’+fy’+yz’) (M
To store a charged particle, we can create an electric potential:

®(x, y, 2)=U/Q= 2LQ (@ +By+y2) 2)

where Q is an electrical charge of the particle. The Laplace equation in this situation looks like Ad=a+3+y=0. It means that at
least one of the coefficients should be negative. Such potential presents a saddle point with “anti-trapping” force in at least one

direction. Therefore, a static electric field cannot be used for charged particle trapping.

One of the ways to solve this problem is to use RF electric potentials and periodically rotate a saddle point as shown in Fig. 1.
In this situation, the motion of the ion can be decomposed into two motions: micromotion and secular motion. The first one is small
in amplitude and driven by the RF field, and the second one is slower but bigger in amplitude. The time-averaged force, which the
ion experiences in such a field, can be trapping in every direction under some conditions. According to the Paul trap theory [10],

[11], such a force can be described in terms of pseudopotential:
W(x,y, z)= % IVD(x, y, z)I (3)
where Qis an angular frequency of the RF field and M is the mass of the particle.

Pseudopotential ¥

Radiofrequency

X Y

Fig. 1. The potential surface of a quadrupole trap with hyperbolically shaped electrodes with a saddle point

As E (x,y,7)=-V® (x, y, z), the potential increases as the square of the magnitude of the electric field. It means that the minimum
of the potential (the trapping point) will be located in the field node. The energy potential can be approximated with a harmonic

potential near this point.
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I1l. IDEAL TRAP

The ideal linear quadrupole ion trap consists of electrodes with such a configuration that the electric field can be written using (2)

with coefficients a=-=QV/R? and y=0.

Such a potential can be generated with four hyperbolically shaped electrodes with a distance 2R between the opposite elec-

trodes and by applying opposite voltages £V / 2, as shown in Fig. 2.

Fig. 2. The ideal Paul trap with four hyperbolically shaped electrodes. A potential difference between
each pair of neighboring electrodes is V [11].

By using an RF voltage, we can trap ions as described above. In practice, it is more convenient to apply V(1)=V, +V, cos (Qt)
to the first pair of opposite electrodes and keep the other pair of electrodes in the ground potential (GND). Here V. is the amplitude
of the RF voltage and V. is the applied DC voltage.

For such a configuration, equations of motion for the trapped ion take a simple form:

)'C':_%RZ V(1) and)')':—% V).

These differential equations are a case of the known Mathieu equations with the stability parameters a and ¢:

a= 40Vie g= 2QVir )
MR*Q’ MR’

Using these parameters, we can define regions of stable trapping, where the ion trajectories are bounded.

] 2 4 6 g 10 12

f ——

Fig. 3. Stability diagram with a and q parameters (left) and the first region of stable trapping (right) [7].

For practical purposes, the most important region is the first one with the lowest parameters ¢ and a.
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IV. NON-IDEAL TRAPS

A. Rod-shaped trap

In practice, it is more convenient to use rod-shaped electrodes instead of hyperbolically shaped ones [12], [13], as shown

in Fig. 4.

GND

Vit)
Fig. 4. Four rod-shaped electrodes geometry of a linear Paul trap [11].
Such a configuration is used for different variety of applications. For axial ion confinement and better ion manipulations, ring

electrodes [14], segmented rod electrodes [15], or endcap electrodes [16] can be used. The first two variants are shown in
Fig. 5.

Fig. 5. Linear rod-shaped Paul traps with additional ring electrodes (left) and segmented electrodes (right)
for the axial confinement of the ion [7].

The main advantage of using such a configuration is the simplicity of the construction. It is easy to calculate, fabricate and

operate. Unfortunately, it has drawbacks, such as big geometry dimensions and poor optical access to the stored ions.

Different attempts were made to decrease trap dimensions, provide better optical access to the stored ions, simplify
the manufacturing process, and improve some trapping parameters. These traps have different shapes of potentials,
which can be non-harmonic. However, near the field node, the physics remains the same as before. lon traps are
usually made with a gold layer on top of the electrode surface to decrease the influence of the black-body radia-
tion shift on the width of the ion transitions. For better adhesion of the gold, the body of the electrodes can be made

from titanium.
B. Blade trap
One of the examples of the design improvements is the “blade trap” [17]. It consists of four blade electrodes which are held

together with a special mount. Each blade is split into five segments connected on the RF blades and isolated from each other

on the static ones.

PROCEEDINGS OF THE SKOLTECH ENERGY PHD SEMINAR

GND/DC RF

(radial confinement)

Fig. 6. Schematic representation of the linear Paul trap with four blade-shaped electrodes [17].

This type of ion trap can be much more compact compared to the trap with rod-shaped electrodes and provides better opti-
cal access to the stored ions. Segmentation of the electrodes allows controlling trapped ions independently from each other
and generating an axially confining potential.

C. Multi-Layer Trap

Another example of a different ion trap design is a multi-layer trap with several electrodes aligned in several layers. An exam-

ple of such a trap is shown in Fig. 7. It consists of three layers of segmented electrodes and was created in PTB Germany for

Ton |
GND/DC : RF
[—]
GND/DC » GND/DC .
[—

RE GNDDC : :
L= e . ]
AN #
L.

Fig. 7. Schematic representation of the linear Paul trap with electrodes located in several layers. Left: side view, right: top view [18].

quantum simulations [18].

Multi-layer traps can be created using technologies from the semiconductor industry, such as lithography, plasma etching,
and physical vapor deposition [19], [20]. Thus, such a construction can be created without any manual assembly and with

a sub-pm resolution.
D. Surface trap

One of the most promising architectures for a compact Paul trap is a chip-based surface trap with electrodes in one plane.
First ion traps with electrodes in one plane were tested at NIST in 2006 [21]. Such architecture also has the advantage of
optical access to the stored ion because ions are trapped above the surface of the trap. It helps to direct radiation from dif-
ferent laser systems into the ion and detect the stored ion with higher probability. Such an architecture also allows using ele-
ments of integrated photonic circuits [22] which helps minimize the whole system dimensions and makes it more stable to

external impacts.

A huge amount of surface traps has been built since then to improve various characteristics. In order to improve the fab-
rication process and trap performance, a lot of different materials for substrate and electrodes have been tested [23],
[24]. Eventually, the fabrication of surface traps was combined with well-known silicon-pattering technologies [25]. It
significantly helped improve the resolution of narrow regions on a trap and made the planar trap production much more

convenient.
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A typical realization of such a surface trap is described in several theses [10], [11] and is shown in Fig 8.

GND | Ton
0 A GND/DC fon
o o NN
GND
O
_~Ton
L d

GNDRF GND RF GND/DC

Fig. 8. Planar ion trap as a result of “deformation” of the rod electrodes into the surface electrodes

from a side view (left) and top view (right).

A stripe of a ground electrode is located between two also stripe-shaped RF electrodes. Segmented electrodes on both sides
of the RF electrodes are applied with DC voltage and serve for the ions’ confinement in the axial direction and compensate

the ions’ secular motions. All electrodes are located on top of the dielectric substrate.

V. CONCLUSION

In conclusion, we demonstrated the theory of the ion trapping process and showed the most popular linear Paul trap designs.
All these designs are different versions of the ideal Paul trap with hyperbolically-shaped electrodes created to improve some
trapping parameters, make manipulations with the stored ions easier, and improve the trap fabrication process. Despite the
significant change of the whole trap geometry, physics near the trapping region remains the same, and calculations of differ-

ent trap parameters can be adapted to the new geometry without profound changes.
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Carbon Nanotube/Polymer

Composites as Sensor
Materials

llya V. Novikov*, Fedor S. Fedorov, Albert G. Nasibulin

Abstract Due to their unique properties (electrical conductivity, mechanical properties, large surface
area and aspect ratio), carbon nanotubes (CNTs) are of great interest and are widely used as a
reinforcing agent in polymer nanocomposites. However, in addition to improving the mechan-
ical properties, such composites can be utilized in a number of other more complex applica-
tions as a highly functional material, such as stretchable electronics, energy storage devices,
biomedicine, sensor materials, and many others. In this review, we focus on CNT/polymer
composites for sensor devices. Herewith, we will consider both mechanical and chemical sen-
sors, discuss the general principles of their operation, and highlight the latest achievements of

researchers in this area.

Index Terms Carbon nanotubes, carbon nanotube/polymer composites, chemical sensors, mechanical sensors.

I. NOMENCLATURE

R resistance (Q)

l length (mm)

€ strain (mm/mm)

R\, intrinsic resistance of carbon nanotubes (Q)

R, resistance between carbon nanotubes that are physically in contact (Q)
R, tunneling resistance between carbon nanotubes (Q)

s gap between carbon nanotubes (A)

K average height of the potential barrier (eV)
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1. INTRODUCTION

OR nearly three decades, CNT/polymer composites have attracted the attention of researchers because of excellent
combination of mechanical, electrical, and thermal properties and have been investigated intensively [1]. One of the
first significant works on the synthesis of composites based on CNTs and polymers dates back to 1994 [2]. Ajayan et al.
obtained aligned multi-walled CNTs (MWCNTs) in epoxide-based resin by mechanical mixing and subsequent hardening of
composite upon exposure at elevated temperature. Since then, many advanced methods for fabrication of CNT-based poly-
mer composites have been proposed as well as lots of unique properties of such composites have been revealed and studied.
The one is the sensitivity of polymer composites with loaded carbon nanotubes towards mechanical or chemical perturbations.
Indeed, CNT/polymer composites have been found to have a response to various external stimuli, such as strain, pressure,
gases, chemical vapors, temperature, and many others [3]. Furthermore, in the vast majority of cases, the response is resis-

tive. This means that under external influences, for example, mechanical or chemical, the resistance of the composite changes.

The general principle of these phenomena is associated with the structural features of the composites. Essentially, polymer
nanocomposite is a polymer matrix with embedded nanofillers. In the case of CNT/polymer composites, the fillers are con-
ductive carbon nanotubes, which form a conductive 3D network above the critical concentration called percolation threshold.
Under the external influence, the average distance between nanotubes may be altered causing the change in the number of
intertube junctions. This leads to crucial changes in overall resistance of the composite, since tunneling through dielectric poly-

mer from one nanotube to another one depends exponentially on the distance between them.

In what follows, we will touch upon the two most intensively studied areas of sensors based on CNT/polymer composites,

namely, mechanical (primarily strain) and chemical sensors.

Ill. AN OVERVIEW OF CNT/POLYMER SENSORS

A. CNT/polymer composites as mechanical sensors.

Mechanical sensors are widely used in the engineering fields for damage detection as well as for material structure character-
ization. Traditional strain gauges based on metals or semiconductors (primarily silicon) possess certain drawbacks, in particu-
lar, quite low resolution in nanoscale and a principle possibility to perform measurements only in a specific direction. The fiber
Bragg grating (FBG) sensors are quite promising optical fibers sensors. Although they demonstrate good strain sensing char-
acteristics and are capable to withstand very high strain, FBG strain sensors are insensitive at a nanoscale [4]. In this regard,
alternative approaches for fabrication of strain gauges that could work at the nanoscale and in all directions of tension, as
well as demonstrate high elasticity, have begun to be developed actively in recent years. Because of their ease of manipula-
tion, chemical versatility, unique electrical and mechanical properties carbon nanomaterials have attracted great attention
as a promising alternative materials to existing prototypes [5]. To date, there are works on strain sensors, in which graphene,
carbon nanotubes, carbon black, and carbon nanofibers have been used as functional materials. Graphene-based strain
sensors show the greatest sensitivity; however, they are beyond of the scope of the present review and, for interested readers,

we recommend the comprehensive review by Yee et al. [5].

CNT-based strain sensors are divided into two groups, which are CNT films (often called in the literature as buckypapers)
and CNT/polymer composites. Early investigations were mostly related to the films based on single-walled CNTs (SWCNTs).
SWCNTs are essentially a sheet of graphene rolled up at a certain chiral angle — a monoatomic two-dimensional honeycomb
crystal lattice of carbon. However, SWCNTs may be either metallic or semiconducting since they are strongly chirality-de-

pendent; therefore, the trend of the fabrication of strain sensors switched to the utilization of multi-walled CNTs (MWCNTs).
Although CNT films have exhibited relatively high sensing performance, recently, more attention has been paid to the CNT/

polymer composites. This is associated mainly with the ability to successfully detect large strain deformations, reaching several

hundred percent. Various polymers have been considered, including polystyrene (PS), poly(methyl methacrylate) (PMMA),
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polyvinyl alcohol (PVA), epoxy resin, and many others. At the same time, elastomer-based sensors are most interesting and
promising materials as displaying high elasticity, which means low Young’s modulus and relatively high tensile strength. Due to

this feature, elastomer-based strain sensors are capable of operating at very high strains.

Before the consideration of some works on CNT/polymer composite-based mechanical sensors, let us first consider the funda-
mental mechanisms of operation of such sensors. Sensitivity of CNT/polymer composites is related to the piezoresistive prop-
erties of the network of carbon nanotubes within the polymer matrix. It should be noted here that we are not talking about the
classical piezoelectric effect caused by the polarization of the dielectric under the action of external forces. The piezoresistivity
of composites should be taken in an integral sense, as a change in resistance at tensile strength. To characterize the magnitude
of this effect, that is, the sensitivity of the strain sensor, gauge factor (GF) is used, which is determined by the ratio of the relative

change in resistance to the relative elongation (strain):
G ARR AR )

In a nanotube network, two types of resistance can be distinguished: the intrinsic resistance of nanotubes (RCNT, “intra-CNT”
resistance) and the resistance of inter-tube contacts (“inter-CNT” resistance) (Fig. 1). In this case, the resistance between nano-
tubes is divided into the contact resistance (Rc, when two nanotubes are in physical contact) and tunneling resistance (Rt, when
there is a small gap between nanotubes). In sensors based on CNT films, the intrinsic resistance is important, since it increases
significantly even at low loads [4]. However, the contact resistance between the tubes prevails over the internal resistance. This is
due to the Schottky barrier at tube-to-tube junctions within the network. It significantly depends on the contact areq, hence, the
diameter of the nanotubes, as well as on the nature of the nanotubes [6]. In polymer composites, the first two contributions are of
lesser importance. Since, as a rule, the concentration of nanotubes in the polymer does not exceed a few percent, the stretching
of the composite sample occurs due to the elongation of the polymer chains. This leads to an increase in the average distance

between nanotubes. As it was mentioned above, tunneling resistance depends exponentially on the distance between CNTs:

R =R ¢*, (2)

Ry= i h=CVK (3)

with the constants C, = 3.16 x 10'°, C,= 1.0125 [4]. Thus, at relatively low strains (within elasticity region), change in resistance

may be considerable, resulting in high values of GF.

Fig. 1. Typical SEM image of the CNT/polymer composite (left); representation of CNT network in a polymer matrix [4].

One of the first key works on CNT/polymer composites used a strain sensor was published in 2006 by Kang et al. [7]. They
fabricated SWCNT/PMMA composite film by casting the suspension of SWCNTs in PMMA solution in a teflon mold followed
by curing in a vacuum oven at room temperature. They compared the performance of such composite film with buckypaper
of SWCNTs and found noticeable advantages of composite films. This was mainly attributed to the relatively weak van der
Waals attractions between nanotubes causing their slippage and degradation of the network allowing performance only

within the range of 500 microstrain. Despite lower sensitivity compared to buckypaper sensor, there are strong polymer inter-
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facial bindings. This leads to the improvement of strain transfer across the CNT/PMMA sensor. Also linear reversible strain
response under static and dynamic strain tests has been shown. In another significant early study [8], Zhang et al. investi-
gated CNT/elastomer strain sensor performance. They showed good agreement with prevailing tunneling mechanism of the
change in CNT network conductivity within the elastomer matrix by demonstration of universal concentration-independent
exponential relationship between resistivity and strain. However, for lower (0-5%) strains, the resistivity-strain dependence
was explained by the deformation of the conductive network. In their following paper [9], these authors considered recover-
ability and reproducibility of such composite-based sensors by cycling loading and found good performance at small ampli-
tudes, while at larger strains, only a small part of resistance is recoverable. This was attributed to the competing processes of

network deformation and network reformation during cyclic loading.

In more recent works, researchers have used more diverse methods of fabricating composites. Thus, in the work [10],
3D-printed composites based on MWCNTs and thermoplastic polyurethane (TPU) demonstrated a very high GF (about
176). This was caused by high adhesion between printed TPU layers during the fusion process this way providing no degra-
dation of conductivity in both through-layer and cross-layer directions. Thus, in the applications where complex design and
customization are demanded, such 3D-printed strain sensors may be employed. In another study [11], the authors fabricated
a high-performance lightweight polyurethane-based pressure sensor. This was achieved by the specific inner structure of the
composite created by directionally growing ice crystals during synthesis (Fig. 2). This way lightweight composite foam was
obtained. Due to the aligned porous structure, such composites exhibited superior piezoresistive behavior. Moreover, the

authors showed human motion (such as walk, jump, squat, etc.) detection conducted by such foam pressure sensor.
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Fig. 2. Fabrication process of the aligned CNT/TPU foam [11].

Thus, CNT/polymer composites are highly effective as a mechanical sensor material. The dominant mechanism of the piezore-
sistivity of CNT/polymer composites is due to the tunneling resistance between nanotubes, which exponentially depends on
the distance between them. However, the deformation and reorganization of a 3D carbon nanotube network in polymer
matrix also occurs in a number of cases. The performance of composites can be improved due to better dispersion of the
nanotubes in the polymer, as well as by attracting new approaches to the synthesis of composites and the creation of new

structures that allow improving the characteristics of the sensor and its applicability in a wide variety of areas.

B. CNT/polymer composites as chemical sensors

Due to the huge specific surface area and conductivity, CNTs are of tremendous interest for chemical sensor applications.
Unlike in mechanical sensors, selectivity is a key parameter in a chemical sensor. Although sensitivity and stability are extremely
important, in reality, a sensitive sensor unable to distinguish between analytes will essentially produce noise rather than infor-
mative signal. Therefore, the task of a chemical sensor is to selectively react to certain external chemical analytes and, based
on the received chemical information, convert it info an electrical signal. Many functional materials demonstrate change in
resistance by exposure to various vapors and are often called chemiresistors. As with a mechanical sensor, a carbon nano-

tube-based chemical sensor changes its resistance while being exposed to specific chemical environment.

25



SMALL
REVIEWS

Other important parameters that characterize sensor performance are drift, response time, recovery time, reversibility, etc.
Drift means the response of the sensor in a situation where the environment is not changing. Response time refers to the time
sensor takes for an output signal to rise to 90% of its steady state after reacting to an analyte. Conversely, recovery time is the
time sensor takes to the signal to fall 10% above the baseline after removing the analyte. Sensor sensitivity is often determined
by limit of detection (LOD), which means the minimum concentration of analyte that can be detected at certain confidence

level [12]. The illustration of some sensor parameters is presented in Fig. 3.
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Fig. 3. Representation of sensor performance parameters (at increasing concentration of analyte) [12].

There are three fundamental mechanisms for the operation of sensors based on CNTs. CNT-based sensor responses can be
triggered by effects induced within the tube (“intra-CNT”, see Fig. 4a). In this case, we are talking about doping CNTs with
analytes, which leads to a sharp change in their conductivity. Another type of response is based on the effects arising in the
contacts between the CNTs (“inter-CNT”, see Fig. 4b), and the third — in the contacts between the CNTs and the electrode
(Schottky barrier modulation, see Fig. 4c) [13]. In the case of CNT/polymer composites, this is mainly about the second type

of sensing mechanism, namely “inter-CNT” (as in a mechanical sensor).

As was discussed in the previous paragraph, the change in average distance between carbon nanotubes may lead to signif-
icant changes in overall composite conductivity. Therefore, the swelling of the polymer matrix leads to a sharp drop in con-
ductivity. Polymer swells in specific analytes, which results in the selectivity of the sensor. The opposite effect can be observed
upon drying or destruction (depolymerization) of the polymer under the influence of the analyte, since the disappearance
of the non-conductive layer between the tubes leads to the formation of new contacts (Fig. 5). Volumetric changes may be
crucially sensitive near the percolation threshold. For this purpose, however, highly uniform spatial distribution of CNTs is

required [14].

Analyte

(a) Intra-CNT J N‘hoﬂk\f Barrier
P e BiiSszatatitiie
T
—V (b) Inter-CNT =

Fig. 4. Different mechanisms of CNT-based chemical sensors [13].
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Insulated network Conductive network

Fig. 5. lllustrations of polymer swelling (a) and polymer decomposition (b) leading to CNT/polymer
composite chemiresisitivity (metallosupramolecular polymer (MSP) degrades upon exposure
to chemical warfare agent mimic diethyl chlorophosphate (DESP) [13].

Quite common approach relates to covalent functionalization of CNT surface with polymers. This method assumes the growth
of selectivity due to the functional groups of polymers. On the other hand, this leads to a partial disruption of nanotube
n-electronic structure and, as a consequence, to a decrease in conductivity [13]-[16]. Non-covalent polymer attachment to
carbon nanotubes (e.g., physical wrapping) is an alternative type of CNT/polymer composite fabrication, which preserves
pristine CNT conductivity; however, the selectivity of such polymers is comparably lower. In one of the pioneer works on
CNT/polymer composites as chemical sensors (chemiresistors), Philip et al. [17] compared the performance of PMMA-based
composite with pristine MWCNTs and oxidation-modified MWCNTs (o-MWCNTs) and tested sensor responses on various
vapors, including dichloromethane, chloroform, acetone, and some others. Both types of composites demonstrated change
in resistivity under the specific chemical atmosphere. Yet, the sensitivity of o-MWCNT-based composites appeared to exceed
significantly that of prisine MWCNT-based composite sensor. The enhanced response was caused by dipole-dipole interac-
tions between carboxyl group on the CNT surface and the polar organic molecules. Another approach could be fabrication
of composites with aligned CNTs. Thus, Wei et al. [18] used an array of aligned nanotubes that were partially coated with
polymers along their length (Fig. 6). This approach maintains a high specific surface area of nanotubes, which enhances the

sensor sensitivity.
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Fig. 6. Scheme of (a) fabrication process (aligned MWCNT synthesis on the quartz substrate; partial covering by polymer film (1);
removal of the substrate (I1); sputter-coating two strip gold electrodes) and (b) characterizing (monitoring resistance change caused by
polymer swelling upon exposure to chemical vapor) the chemical vapor sensor based on polymer composite with aligned CNTs. SEM

images of CNT array before (c) and after coating by polymer (d). Scale baris 5 ym [18].

Nevertheless, the most promising polymers for CNT/polymer composite-based chemical sensors are conductive conjugated
polymers, such as polyaniline, polypyrrole, polythiophene, etc. Such polymers combine electronic and magnetic proper-
ties of semiconductors and even metals with good mechanical properties and processing advantages typical for polymers.
The conductivity changes arise from redox interaction between the polymer and electrically active analytes. This topic is too

broad and we direct interested readers to the following reviews [13], [14], [16], [19].
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IV. CONCLUSIONS

Summing up, we have considered two main fields of applications of CNT/polymer composites as sensor materials: mechan-
ical and chemical sensors. The principle mechanism of sensor operation is related to the change in the resistivity of CNT net-
work within polymer matrix. Considerable changes in resistance are determined by change in the average distance between
carbon nanotubes. In the first case, this displacement is caused by the influence of external force, while in the second one
polymer matrix can swell or decompose under the specific chemical environment. Promising results may be achieved by fab-
ricating composites with new artificial structures. Nevertheless, new approaches in CNT organization and functionalization,
as well as new effective synthesis methods allowing uniform spatial distribution of CNTs in the polymer will likely determine

the development of this technology and may lead to the substitution of most other sensor types.
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Recycling Opportunities
for Lithium-ion Batteries.

Review

Nataliya A. Gvozdik*

Abstract The rate of Lithium-ion batteries (LIBs) production significantly exceeds the recycling capacities. Up
to date, the final products of LIBs recycling are such primary raw materials as Li, Co and Ni. This
process is ineffective and goes against the “circular economy” concept. However, other methods
of recycling with re-use and refurbished basic materials of LIBs components have been developed.
This review is aimed to cover the alternative methods of LIBs recycling without complete decompo-
sition of the battery materials. We included a short overview of LIBs working principles, materials,
and degradation mechanisms to illustrate working principles of alternative recycling approaches

with the reintroduction of LIB compounds into the economy cycle.

Index Terms LIBs recycling, LIBs re-use, cathode regeneration, solid-boosters, anode recovering

1. INTRODUCTION. LIFE CYCLE OF LIBS

S fuel-based transport produces one third of the CO, emissions, the world-wide direction to the decarbonization
and the development of eco-friendly technologies has fostered the industry of electric vehicles [1]. Mass-production
of the electrical cars implies a drastic increase in battery production as well [2]. The lithium-ion batteries are recog-
nized as the most mature technology suitable for the electric transportation as they have a high energy density and reliability
among with easy-to-install charge stations [3]. However, the life cycle of the LIBs is not adapted to the exponentially growing
market. The demand in recycling of spent LIBs is expected to dramatically grow in next decade [4]. Hence, there is a tendency

of government stimulation of recycling initiatives using legislative and financial resources [5].

The battery life has several steps. The battery stacks in electrical vehicles are recognized to be reliable and effective till the
capacity reaches the minimum of 80% of initial ones, or another degradation phenomena arises [6]. Removed battery stacks
are then used as stationary energy storage systems (ESS) for the next 10-15 years [7]. Such prolongation of battery utilization
effectively shifts the recycling need to the future. However, LIBs re-use in ESS requires a standardization of form-factor, size, volt-
age output and other characteristics to make this transition widely spread. Rapid development of smart-grids is also needed [8].

Meanwhile, a huge amount of spent LIBs from portable electronics and stacks with irregular configurations will require recycling.

* Nataliya A. Gvozdik is with the Center of Energy Science and Technology, Skolkovo Institute of Science and Technology, Skolkovo
Innovation Center, Building 3, Moscow 121205, Russia (e-mail: Natalyia.Gvozdik@skoltech.ru).
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1l. OPERATION PRINCIPLE OF LIBS

The four main components of a LIB are cathode, electrolyte, separator, and anode (Fig. 1). The anode stores lithium ions
during charging, and the lithium ions move to the cathode during discharging to drive the electrical applications. Every
electron pushed to the external circuit is compensated by the lithium ion which reacts ((de)intercalates) with cathode or
anode material, causing the redox reaction in it. The degradation mechanisms attributed to these redox reactions are dis-

cussed below.
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Fig. 1. Schematic principle of LIB. Reprinted with permission from [9].

Ill. DEGRADATION MECHANISMS IN LIBS

Widely used cathode materials include Lithium manganese oxide (LMO, LiMn,O,), Lithium iron phosphate (LFP, LiFePO,),
layered metal oxide like Li[l\lixCoyI\/\n]_x_y]O2 (NCM) and Li-rich materials. Anode materials include graphite (C) and Li,Ti,O

(LTO). There are only several kinds of Li-ion cells with selected anode and cathode combinations including LFP/C, LMO/C,
NCM/C, NCM/LTO, etc. LFP/C cells have a long life and high safety. Schematic illustration of possible degradation mech-

anisms is presented below (Fig. 2).

A. Anode degradation

The first degradation mechanism is observed at the anode. During the charging and discharging processes, there will be Li+
consumption coupled with the electrolyte decomposition, forming a passivation protective layer on the surface of graphite
anode electrode, called SEI (solid electrolyte interface). The SEI film is mainly formed during the first few charging processes,

especially during the first cycle, causing the fast degradation of the battery capacity.

Another problem relates to the anode volume fluctuation with the battery charging and discharging. The graphite
material would have a volume change about 10% due to the lithium ions intercalation and deintercalation. The SEI
film may crack, leading to the contact and reaction between the graphite and electrolyte resulting in extra irrevers-
ible lithium consumption. Excessive SEI thickness can block lithium ions pathways, reducing the available capacity.
This continuous thickening of the SEl on the surface of graphite anode is widely accepted as one of the major rea-

sons for LIBs aging [6].
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Moreover, the lithium deposition due to the low temperature charging, fast charging or overcharging may lead to capacity
decay, dendrites formation and shortening the cells. Copper corrosion and binder decomposition may result in loss of active

material.

B. Cathode degradation

The LMO cathode material has the advantages of low price, high energy density and nontoxicity. Its main aging mecha-
nisms are the structural deformation caused by Jahn-Teller distortion and dissolution of manganese. As a result, lithium ions
accumulate on the surface of the LMO particles, and manganese changes its position in the crystal structure. One reason of

it is tendency of Mn®" to disproportionate into Mn?* and Mn**. This disproportionation reaction happens at low potentials.

The LFP cathode has low voltage and low diffusion rate, resulting in low energy density. However, it has the long cycle life,
low price, and safety. Currently, it is one of the most widely used LIBs cathode materials in commercial vehicles. Iron ions
also dissolve slightly in the electrolyte. The iron ions may be reduced on the anode surface, catalyzing the SEl formation and

resulting in increased internal resistance.

The NCM cathode has high energy density and low price. It has been widely used in passenger vehicles. The main aging
mechanisms for NCM cathode may include: (i) crack formation due to the volume change during the charging and discharg-
ing cycle, (i) dissolution of transition metal ions, (iii) generation of SEl film by side reaction between cathode materials and

electrolyte [10].

Thus, practically all raw materials utilized in the LIBs do not degrade significantly in terms of their initial properties, but their
assembly undergoes the chemical irreversible processes on the interfaces. The purification of surfaces coupled with lithium
replenishment could be one of the possible ways to restore the battery capacity. However, proposed recycling processes are

mainly aimed at mass utilization of LIBs with maximum economic efficiency and minimum CO, emissions [11].
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Fig. 2. Overview of main degradation mechanisms in LIBs. Reprinted with permission from [6].

IV. STANDARD PATHWAY OF LIBS RECYCLING

Currently, metallic components are recovered as alloys as a result of pyrometallurgical processes or, in the case of large
casing materials, during mechanical dismantling. The remaining materials, such as Li compounds, electrolyte, plastics, and

organic materials, are lost, except in China and South Korea, where Li is recovered as Li,CO, [12].
In general, the following steps are performed to get the target compounds. Firstly, a battery disassembly under the CO, envi-

ronment is followed by mechanical grinding. The precision of this step is significantly influenced by standardization require-

ments, robotics capabilities and targeting separation components [13].
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Existing processes for recycling spent LIBs can be categorized into pyrometallurgy and hydrometallurgy. For the pyrometallur-
gical process, high energy consumption is required. Also toxic gases are formed during the burning. Pyrometallurgical metals
reclamation uses a high-temperature furnace to reduce the component metal oxides to an alloy of Co, Cu, Fe and Ni. Hydro-
metallurgy is an advantageous process for the separation and complete recovery of metal ions with such benefits as low energy
requirements and minimization of waste [14]. Hydrometallurgical treatments involve the use of agueous solutions to leach the
desired metals from cathode material. By far the most common combination of reagents reported is H,SO,/H,O, mixture. Phys-

ical materials separation requires delicate separation components, thus, can be presented as another recycling method [13].

Even though LIBs are excellent secondary resources for lithium recovery, lithium recycling requires alternative methods for the
whole process. The pyrometallurgy approach is ready to scale up; however, lithium is lost in the slag phase [15]. Hydrometal-
lurgical methods result in poor recovery efficiency of lithium as it is reclaimed in the last step. This limits industrial Li recovery.
However, proposed techniques in lab scale allowed effectively extracting of LiF [16]. To sum up, the existing recovery proce-
dures implies complete decomposition of materials, which are the basic "know-how" of the whole technology. Meanwhile,

alternative ways to recover the materials without loss of general structure are reviewed below.

V. ALTERNATIVE REUSE OF LIBS RESEARCH

Here we accumulated alternative methods of LIBs compounds recycling and reuse without complete decomposition.

A. Cathode material regeneration

Main degradation mechanisms of cathode materials are lithium depletion due to anode side reactions, transition metals
dissolution and disordering. Generally, these problems can be addressed by heating of the material in presence of lithium

source until intensive solid-state diffusion occurs [17].

For example, a method of resynthesis cathode NCM material was proposed based on facile co-extraction and co-pre-
cipitation processes [18]. Organic phase with metals was transformed into inorganic salt mixture by sulfuric acid, and the
cathode material was directly regenerated from stripping liquor without separating metals individually by co-precipitation
method. A more gentle way was demonstrated using eutectic Li* molten—salt solutions for ambient-pressure relithiation to
recycle and remanufacture NCM cathode materials from 40% to 100% of lithium content (Fig. 3) [19].
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Fig. 3. lllustration of the relithiation process for Li composition recovery via the eutectic molten salt approach.

Reprinted with permission from [19].

Electrochemical utilization of LFP was demonstrated at the lab scale for decomposition of this substance to the initial com-
ponents, such as FeSO, and LiOH [20]. The main principle of the approach was a coincidence of redox potentials of sol-
uble mediator and the cathode material, which dissolves during the electrochemical process. The final compounds had
an extra purity. Another electrochemical method showed the effective extraction of FeSO, and Li,CO, based on electrol-
ysis in cell with anion-conductive membrane [21]. A more robust approach of LFP regeneration is to convert the graphitic

anode to the conductive additive, followed by crystal structure regeneration under high temperatures [22].

33



SMALL
REVIEWS

B. Anode material regeneration

Industrial regeneration of graphite anodes has a lower added value than the above metal materials. However, lab scale
methods were elaborated, where anode material was recycled from scrapped batteries with high yield through the recy-
cling process. The first step was an effective removal of the residual conductive agent acetylene black, binder, thickener
CMC and solid-electrolyte interphase from the recycled anode material by shearing emulsified in H,SO,/H,O, solu-
tion, centrifugation and further heating in air at 300-600 °C for 1 hour [23]. Another method proposed a regeneration
of graphite via pyrolyzation, acid leaching, graphitization and coating by amorphous carbon. As a result, material had
negligible impurities, smaller specific surface area, reduced pore defects and higher degree of graphitization. Assembled
LIBs exhibited a high initial coulombic efficiency of 90.64% and a high specific capacity of 344 mAh/g [24].

C. Alternative implementations of LIBs compounds

It was proposed to reuse the anode scrap of spent LIBs as high-performance cathode in Electro-Fenton systems with
high efficiency [25]. Electro-Fenton process is an emerging treatment technology for wastewater. Electro-Fenton utilizes
hydroxyl radicals to oxidize hazardous contaminants and is especially useful to treat persistent compounds that are not

easily degraded in conventional water and wastewater treatment plants [26].

Another promising application of cathode materials in ESS is a flow battery with solid boosters [27], [28]. Particles of puri-
fier cathode material can store extra energy. The organic molecules play a role of mediator and circulate in the system by

transferring energy from the electrochemical cell to the reservoirs where the solid materials are stored.

There are several studies aiming to utilize cathode materials as catalysts for various reactions, like biomass pyrolysis or sul-
fate radical-based advance oxidation processes [29], [30]. Moreover, implementation of LiCoO, was also demonstrated
as a promising electrocatalyst for the oxygen evolution reaction [31]. At the same time graphite anode material after pre-

treatment was recognized as effective additive to the catalysts for oxygen reduction reaction [32].

VI. CONCLUSIONS

Discussed methods of LIBs recycling provide an insight in the complexity of modern and future technological recycling chal-
lenges. Contemporary industrial approaches to LIBs recycling focus on the pure metal recovery, while alternative methods
of compounds reuse and regeneration are gaining momentum. However, a lot of efforts and research is still needed to make
these methods commercially viable. The complexity of recycling processes highlights the interrelations between many fields

and industries.
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