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ARTICLE INFO ABSTRACT

Keywords: Three-dimensional (3D) configuration of the battery provides a large active surface area of the electrodes to store
Lithium-ion battery (LIB) and utilize more active material, enabling remarkable increase of capacity. Herein, we report on the development
3D battery

of a full 3D battery composed of NizSn4 (Ni-Sn) alloy electrodeposited onto a nickel foam current collector to
form a 3D anode, which was coated with a polymer electrolyte-separator film, and LiFePO4/CNT cathode filled
into the voids of the resulting 3D structure. An ultrathin polymer coating on the 3D anode was obtained via layer-
by-layer technique. The X-ray diffraction investigations confirmed stability of the structure of the anode prior
and after the polymer coating, while top and cross-section SEM images proved the uniformity of both the
deposited 3D anode and the polymer coating on its surface. It was shown that a thin homogeneous layer of
polymer can be obtained on 3D structured anode. This film effectively performed as a gel-like electrolyte in a full
3D battery. Cyclic voltammetry and charge-discharge tests exhibited stable electrochemical response and
cyclability of the 3D battery. The prepared full 3D battery successfully operated at 0.1C rate and retained 90% of
its initial capacity over 100 galvanostatic charge-discharge cycles.
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1. Introduction

Lithium-ion batteries (LIBs) have been widely used as power sources
in most of portable electronics and electric vehicles devices as well as for
stationary energy storage due to their long cycle life, high energy and
power densities [1-4]. Recently a large number of research was dedi-
cated to the increase of their power density in order to meet the per-
formance requirements of some new advanced applications [5-7]. In
order to achieve a high energy density of batteries, along with the
development of new electrode materials, the electrode surface area
could be maximized to enable high mass loading of electrochemically
active material per unit area. Traditional planar or two-dimensional
(2D) design of electrodes limits the active material mass loading
within a 2D surface, and its further increase can be achieved by making
thicker electrodes. However, the electrode thickness is restricted due to
the following factors: i) risks of delamination of a thick electrode from
current collector upon repeated charge-discharge; ii) slow lithium-ion
diffusion/charge and mass transfer through a thick electrode layer; iii)
in case of Li metal based battery, the lithium dendrite growth on elec-
trode which leads to short circuiting [8,9]. These issues and demand to
improve areal capacity of batteries lead to the concept of
three-dimensional (3D) batteries [9], where a highly developed 3D
surface permits deposition of a larger amount of the active material
maintaining a lower thickness, i.e. eliminating the above mentioned
problems related with a thick electrode [5]. Along with these benefits, a
3D structure can mitigate and compensate the volume variations of an
electrode due to lithium insertion and extraction [10]. Furthermore, it
was reported that lithium dendrite growth can be suppressed by using
3D metal based frameworks in lithium metal batteries [11-13].
Recently, Nurpeissova et al. reported on the Sn-based anodes on 3D
current collector for lithium-ion batteries [14]. It was shown that the 3D
design remarkably improves the battery performance due to the short
Li" ions diffusion paths, high surface area and suppression of volume
expansion of the electrode. Alternatively, electrical conductive low
weight carbon based frameworks like carbon nanofibers [15], carbon
nanotubes [16], and graphene [17,18] were used to obtain light and
highly conductive 3D anodes with enhanced Li" ion conductivity.
Moreover, the application of metal-carbon composites [19,20] and
lithiophilic 3D frameworks [21,22] for preparation of 3D electrodes was
reported, and the cells exhibited enhanced performance compared with
the ‘planar’ counterparts. However, the design and structure of the
batteries presented in those papers can be referred to as a “semi-3D”
since three-dimensional active area of one electrode was connected with
a counterpart electrode through a planar separator [23].

A few attempts to develop the batteries with 3D architecture of both
electrodes were reported. Chamran et al. [24] proposed a 3D battery
architecture based on interdigitated arrays of electrodeposited nickel
and zinc, and liquid electrolyte. Moreover, other 3D architectures, such
as honeycomb structured ceramic electrolyte with bidirectional pore
arrangement filled with electrodes from both sides were investigated
[25]. It was shown that the all-solid-state battery performs a discharge
capacity of 32 pAh em~2. The capacity of electrodes and the cell was
limited by small pore size and large wall thickness of the honeycomb
pattern of solid electrolyte [25].

In the design of 3D batteries with a solid polymer electrolyte, me-
chanical properties of a separator/electrolyte and its conformal depo-
sition are especially critical to ensure electrical separation of the
electrodes. While being as thin as possible to decrease the Lit ion
diffusion distance and enhance charge transfer, the electrolyte should be
flexible to resist electrode expansion [26-28]. Several techniques for
conformal deposition of polymer-based electrolytes onto 3D electrodes
were investigated and reported. Many groups attempted to use elec-
tropolymerization to fabricate non-pin-hole solid polymer electrolytes
for 3D batteries [29-31,36]. However, the electropolymerization tech-
nique has several drawbacks such as limited choice of electroactive
monomers, the use of expensive working and counter electrodes such as

Journal of Power Sources 493 (2021) 229686

platinum, gold and indium tin oxide (ITO) coated glass [32-34], and the
limitations related with low conductivity of most of the electrodes pre-
venting effective deposition of a polymer layer.

In this paper we present the fabrication and characterization of 3D
full battery with Ni3Sny4 alloy anode on 3D metal substrate (Ni foam) and
LiFePO4 (LFP) cathode. The electrodes are separated by an ultrathin gel-
like polymer electrolyte, which was fabricated using layer-by-layer
(LbL) deposition method. LbL technique allowed the formation of a
uniform and stable polymer (poly (ethylenimine)/poly (acrylic acid))
coating on a 3D anode with controllable nanometer range thickness,
which was thermally cross-linked and loaded with liquid electrolyte in
order to form Li-ion conductive gel-like polymer electrolyte (GPE). The
3D LFP/GPE/Ni3Sny4 cell demonstrated a stable cyclability up to 100
cycles with capacity retention of 90% and coulombic efficiency of 95%.

2. Materials and methods
2.1. Materials

Branched poly (ethylenimine) (PEI; MW = 750,000 by LS, 50 wt % in
H0), poly (acrylic acid) (PAA; MW = 450,000), nickel foam (Good-
fellow Inc., thickness 1.6 mm, porosity > 95%), nickel (II) chloride
(NiCly-6H50, 99.9%), tin (II) chloride (SnCly-2H50, 99.9%), potassium
pyrophosphate (K4P207, 97%), ammonium hydroxide (NH4OH, 30%),
glycine (CaHsNO,, 99%), hydrogen peroxide solution (HO,, 37%),
single side polished silicon wafer and Trizma® buffer were purchased
from Sigma-Aldrich and used as received. A commercial LiFePO4 (LFP)
starting powder and multi-walled carbon nanotubes (CNT, 95%, OD:
10-20 nm) supplied by Linyi Gelon LIB Co. Ltd. and US Research
Nanomaterials, Inc. and consumed without any treatments.

2.2. Synthesis of anode

The Ni3Sny intermetallic alloy was electrodeposited on Ni foam to
obtain 3D structured electrodes as reported in our previous work [14].
The electrodeposition was carried out in a two-electrode cell with Pt and
Ni electrodes at 50 °C from a solution of 0.15 mol dm 2 SnCly-2H,0, 0.1
mol dm 3 NiCly-6H0, 0.5 mol dm 3 K4P207, 0.125 mol dm 3 glycine in
DI water. The pH of solution was adjusted to 8 by NH4OH. A constant
current of 10 mA was provided by EL302RT Triple power supply (Aim
Thurlby Thander Instruments Ltd.) for 10 min. After electrodeposition,
the samples were washed with DI water and dried at 60 °C in a vacuum
oven.

2.3. Gel polymer electrolyte formation

Before deposition of a polymer electrolyte, the surface of 3D anode
was treated with 5% H,0, aqueous solution and rinsed in DI water. For
the deposition of the polymer electrolyte, the Ni-Sn electrodes and Si
wafers were further immersed into 2 g dm 2 PEI solution with pH of 8.5
for 10 min, then rinsed with a buffer solution with the same pH. Then,
the samples were immersed into 2 g dm~> PAA solution of pH 5.0 for 10
min followed by rinsing by Trizma® buffer of pH 5.0. These steps were
repeated n times and the coating was abbreviated as (PEI/PAA),, where
n is the number of bilayers. Finally, the Ni-Sn samples with n-multi-
layered (PEI/PAA), polymer electrolyte coating were washed with pure
ethanol and dried.

2.4. Characterization techniques

Structure of electrodeposited Ni-Sn alloy was studied by X-ray
diffraction (XRD, Rigaku SmartLab XRD system) equipped with Cu X-ray
tube and D-Tex detector. Electrodeposited NigSns sample and (PEl/
PAA), coated Ni3Sn4 surfaces were observed using a scanning electron
microscope (SEM, FeSEM Auriga, (Crossbeam 540)). SEM with energy-
dispersive spectroscopy (EDS) (JSM-IT 200) was used for elemental
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mapping. The thickness of bilayers on silicon wafer was measured by a
PHE - 101 Discrete Wavelength Ellipsometer (Angstrom Advanced).

2.5. Electrochemical investigation

Electrochemical measurements were conducted using CR2032-type
coin cells assembled in an argon-filled glovebox (MasterLab, MBraun
Inc.). For the lithium half-cell experiments, lithium foil was used as a
counter and reference electrode. 1 M LiPFg solution in a mixture of
ethylene carbonate/ethyl-methyl carbonate/dimethyl carbonate (EC/
EMC/DC, 1:1:1 vol %) was consumed as an electrolyte. Celgard 2400
microporous polypropylene membrane was used as a separator. Cyclic
voltammetry (CV) tests were performed on a VMP3 potentiostat/gal-
vanostat (Bio-Logic Science Instr. Co.) at scanning rate of 0.1 mV s~
between 0 and 1.4 V potential range. The lithium half-cell potentials are
given with a reference to a lithium metal electrode.

3D full cells were also investigated in a CR2032-type coin cell
configuration. In this case a NigSny alloy served as both a negative/
counter and reference electrode. Coated multilayers of (PAA/PEI)3o on
the alloy-deposited nickel foam served as a separator and electrolyte.
Two drops of commercial LPFg liquid electrolyte was added on coated
polymer multilayers to form a GPE. The LFP cathode slurry was prepared
by dispersing LFP, carbon nanotubes (MWCNT) and polyvinylidene
difluoride (PVdF) in a weight ratio of 6:3:1 in n-methyl-2-pyrrolidone
(NMP). The slurry was injected into pores of a 3D alloy and polymer
coated foam. Aluminum foil was used as a current collector for the
cathode side. Fig. 1 schematically illustrates the preparation steps of the
3D battery. CV was carried out in a potential range of 0-3.2 V with a
scanning rate of 0.1 mA s~ . All electrochemical measurements were
conducted at room temperature.

3. Results and discussion

The thin layer of Ni-Sn alloy anode was prepared by electroplating
the alloy on a 3D structured Ni foam substrate, which served as a current
collector in a battery assembled. The structure and composition of the
deposited material was analyzed by XRD (Fig. 2, green line). The results
illustrate that the electrodeposited alloy consists mainly of NisSn4 phase
with a hexagonal structure. The distinct peaks related to NigSny4 appear
at a range of 30-45° 20 while there are also some weak peaks at 42° and
54° coming from the Ni3Sn traces.

The major goal of this paper is to explore the capability of ultrathin
LbL polyelectrolyte coating to act as a gel-like electrolyte and separator
in 3D Li-ion cell, and assemble and test this battery. Therefore, the weak
polybase and polyacid such as (poly (ethylenimine) (PEI) and poly
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Fig. 2. XRD patterns of Ni (black), Ni3Sns (blue), NizSn (red) and electro-
deposited (green) and polymer-coated Ni foams (brown). (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

(acrylic acid) (PAA) were alternatively deposited from aqueous solu-
tions onto the surface of 3D Ni-Sn alloy anode as schematically illus-
trated in Fig. S1. The (PEI/PAA);( coated Ni-Sn alloy also was studied
by XRD (Fig. 2), which showed that the polymer coating does not affect
the structure of the anode, which maintained the same XRD pattern as
bare Ni3Sng.

The growth of the (PEI/PAA), coating was followed by ellipsometry
measurements with polished silicon wafers substrates as illustrated in
Fig. S3a. The results showed a thickness of 2 + 1 nm of the first bilayer
and a linear increase of it within initial ten bilayers, while exponential
thickness growth was observed within further deposition steps. These
results were highly reproducible upon precise control of deposition pH
and agree well with the values reported in other works with the same
system [35]. The thickness of 10 and 20 bilayers of LbL coating applied
on the surface of Ni-Sn anode on 3D substrate was also estimated from a
cross-sectional SEM image as 20 + 3 nm and 60 + 10 nm (Fig. 3a and b),
which was consistent with the ellipsometric thickness. The
cross-sectional Ni, Sn, C and O element mapping images of LbL coated
3D anode confirm the uniform depositions of Ni-Sn anode on Ni sub-
strate and ultrathin polymer coating on top of it.

Although a uniform and complete coverage of the substrate (3D
Ni-Sn alloy deposited Ni foam anode) was already achieved by depos-
iting 10 bilayers of PEI/PAA, the thickness was not sufficient for stable
electrochemical performance, but that of 20 bilayers was. At the same
time the increase of bilayers number from 20 to 30 did not show any

(PEI/PAA),

—
LbL coating

Filling
voids with
LFP/CNT

Fig. 1. Schematic illustration of 3D full battery fabrication and configuration.
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Fig. 3. Cross section SEM images of electrodeposited Ni-Sn alloy on Ni foam and with (PEI/PAA), of 10 (a) and 20 bilayers (b), and cross-sectional EDS elemental

mapping of Ni-Sn alloy/(PEI/PAA), (c-g).

noticeable difference in cyclic voltammetry response (Fig. S3b). In order
to ensure an effective electrical insulation and mechanical stability of
the coating, 30 layers of PEI/PAA were applied and used for further
studies. Fig. 4 depicts SEM images of bare nickel foam, Ni-Sn deposited
Ni foam, and the surface of (PEI/PAA)3( coated Ni-Sn alloy. Fig. 4a and
b are the captures of nickel foam with a smooth surface at different
magnifications. The surface morphology of the Ni3Sny electrodeposited
Ni foam sample (Fig. 4c and d) differs from the bare one (Fig. 4a and b),
demonstrating homogeneous deposition of Ni-Sn alloy on the foam
substrate. The aggregates of cauliflower shape can clearly be seen in the
inset of Fig. 4d. Fig. 4e and f demonstrate the (PEI/PAA)3( coated sur-
face of Ni-Sn alloy. The change of the surface of the foam framework is
clearly depicted as a matt-like coverage after the polymer LbL deposition
(Fig. 4e). Rough surface of NigSns has become smooth (Fig. 4d) with
uniform polymer coating. It can be observed that the foam framework
structure was ideally preserved upon electrodeposition and polymer
coatings. The absence of any cracks or holes in the polymer coating is
crucial for a safe operation of the battery since the LbL polyelectrolyte
coating loaded with 1 M LiPFg solution in EC/EMC/DC is supposed to act
as both an electrolyte providing Li-ion conductance and a separator

ensuring electrical insulation of electrodes from each other.

Since PEI and PAA are weak polyelectrolytes, in aqueous media the
charge density of their molecules can be controlled by adjusting the
acidity solutions. Therefore, LbL coating based on electrochemical
interaction was grown from solutions with pH values close to pKa of the
polymers, i.e. 8.5 and 5.0 for PEI (pK, ~ 8.8) and PAA (pKa ~5.0),
respectively (Fig. S1). In order to investigate the stability of formed
polymer assembly in the electrolyte solution (1 M LiPFg in EC/EMC/
DMC) with a high ionic strength, the (PEI/PAA)3( layers were deposited
on Si wafer substrates. It was followed by a thermal cross-linking at
130 °C for 1 h to covalently bond PAA and PEI layers through amine and
carboxylic groups interaction [7] (Fig. S2). The samples with and
without thermal cross-linking were challenged by immersing into the
electrolyte solution for 12 h. SEM images of these samples before and
after soaking into the electrolyte and rinsing with the corresponding
solvent are shown in Fig. 5a—d. The surface of substrates remained the
same in both cases. Thus, it can be assumed that the heat treatment of
polymer coating is not essential but may be applied to further improve
their stability. Additionally, in Fig. 5a a clear border between polymer
coated substrate and scratched area can be seen. Fig. 5b—d illustrate the

Fig. 4. SEM images of bare nickel foam (a,b), Ni3Sn, anode electrodeposited sample (c,d) and (e,f) (PEI/PAA)3( coated anode surface.
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Bare Si wafer

Fig. 5. SEM images of (a, b) polymer layer of (PEI/PAA)3, on smooth substrate
surface of Si wafer, and soaked in 1 M LiPF¢ in EC/EMC/DMC (c) before and (d)
after heat treatment.

uniform coating of 30 bilayers of PEI/PAA on Si wafer without any
cracks and inconsistencies. Along with the excellent stability in the
electrolyte media and uniform coverage of the anode surface, the ul-
trathin (PEI/PAA)3 coating, in contrast with common polymer sepa-
rators, negligibly adds to the weight and volume of the battery and does
not negatively affect its overall power density.

Electrochemical performance of the electrodeposited NizSn, alloy on
Ni foam was tested using standard Li half-cells. A half-cell was assem-
bled using Ni-Sn alloy as a working electrode and lithium metal as both
reference and counting electrodes with a Celgard separator between the
electrodes. Mass loading of the active material onto nickel foam sub-
strates was in a range of 1.97-2.0 mg cm 2. Cyclic voltammetry (CV)
measurements were conducted at a scanning rate of 0.1 mV s~ within a
potential range of 0-1.5 V, and the results are shown in Fig. 6. Three
cathodic, and four anodic peaks in the second cycle were assigned to a
multistep redox process of alloying and dealloying of Sn and Ni3Sng
phases with lithium ions. A cathodic peak at 0.65 V corresponds to the
formation of Sn-Li, while two overlapping main peaks at around
0.26-0.35 V are attributed to a stepwise evolution of LizpSns. The
observed CV responses of the alloy anode correlates with those in pre-
viously reported works [37]. It should be noted that the first cycle
remarkably differs from the consecutive cycles, which can be explained
by a development of a solid electrolyte interface (SEI) layer within the
initial cycle. Similar patterns can be observed for a half-cell that was
assembled with LbL coated 3D Ni-Sn alloy electrode (Fig. 6b). This
demonstrates that the polymer coating does not affect the electro-
chemistry of the system within the working potential range of the active
material, and acts as GPE/separator without side reactions and
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alteration of the chemistry of the electrode. While ionic conductivity
measurement of GPE with blocking and non-blocking electrodes could
not be conducted due to the tool’s inability to test nanoscale coatings,
the EIS measurement was performed in a cell with Ni-Sn alloy and
lithium metal. The spectra in Fig. S4 clearly represents that the cell with
an ultrathin gel-like polymer electrolyte coated Ni-Sn anode has
significantly lower resistivity compared to the one with liquid electro-
lyte and Celgard separator.

Galvanostatic charge and discharge profiles of LFP cathode and
Ni-Sn alloy anode with lithium metal were obtained and the results are
demonstrate in Fig. S4. The electrodes have performed stable with a
specific capacity of ~160 and ~995 mAh g ! at 0.1C for LFP and NisSny,
respectively. Further, the 3D full battery was constructed using (PEl/
PAA)3 coated Ni-Sn alloy onto Ni foam substrate as a negative elec-
trode and LiFePO4 mixed with CNT as a positive electrode. The cell with
10 and 20 bilayers did not demonstrated any stable electrochemical
performance. The cathode was filled into the free voids of LbL coated
anode as illustrated in Fig. 1. The CV tests were carried out at a scanning
rate of 0.5 mV s~} within a potential range of 1-4 V. A cyclic voltam-
mogram of 3D full cell is presented in Fig. 6¢c demonstrating a charac-
teristic CV plot of a LiFePO4 Li-ion cell. The cell exhibits one pair of
reversible CV peaks, a broad peak at around 3.45 V reflecting the deli-
thiation of LFP and a corresponding reversible lithiation process
occurring at 2.70 V.

The galvanostatic charge and discharge of the 3D full cell was run
within a cutoff range of 1.0 V-3.6 V, and the corresponding potential
profiles and cycle performance are depicted in Fig. 7 a, b. It can be seen
that the initial discharge capacity of the battery was 134 mAh g™ ! at
0.1C. The discharge capacity increases up to 159 mAh g~ * within further
cycles. It remained at 143 mAh g~ ! after the 100th cycle with a capacity
retention of about 90%. Coulombic efficiency of the cell increased over
the initial cycles and stabilized at 95% beginning from the 10th cycle.
Such tendency in the coulombic efficiency could be due to the formation
of a solid electrolyte interface (SEI) layer during the initial cycles, which
consumed additional electrons. In the consecutive cycles such side re-
actions weakening and the coulombic efficiency of 95% was achieved. A
rate step-progressive tests of the cells have been carried out as presented
in Fig. 7c. The cells were galvanostatically cycled at a current density of
0.1C for 5 cycles, and then the current density was gradually increased
up to 5C. Stable discharge capacities of 153, 131, 116 75, 46 mAh g~*
were obtained for LFP at current densities of 0.2, 0.5, 1, 2 and 5C,
respectively. After five cycles at 5C rate, the cell restored the discharge
capacity of ~145 mAh g~ for further cycles at 0.1C. Taking into account
a small resistivity of the ultrathin gel-like polymer electrolyte layer, it is
likely that electrodes conductivity is a key factor in achieving high rate
performance of the 3D cell.

Having the lower coulombic efficiency value in the initial cycles
further described by combinational measurements of electrochemical
impedance spectroscopy and glavanostatic charge and discharge

0.6
a) celgrad_Ni Sn, b) bilayers_Ni Sn, ¢) 3D full battery
0.61 0.61
0.4
« 0.44 —2" cycle 0.4 —2"cycle
£ — 1" cycle — 1" cycle 0.2
< 0.2+ 0.21
=
£ 0] 0- 0-
5 0.2 0.2 024
-0.4- -0.44
-0.41
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Fig. 6. CV profiles of bare (a) and (PEI/PAA)3, coated NisSny alloy in Li half cell (b) at a scanning rate 0.1 mV s—*, and CV profile of NisSn,|(PEI/PAA)so|LFP 3D full

cell (c) at a scanning rate 0.5 mV s~ .
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capability (c).

analysis. The EIS of 3D full battery before and after galvanostatic charge
and discharge examination is depicted in Fig. 8a.

The EIS of the fresh cell demonstrates the lowest charge transfer
resistance, which abruptly escalates with initial cycles. The semicircle
growth is due to the SEI formation, and further enlargement is explained
by the pulverization of the alloy [38]. This process is extended for
farther two cycles. The resistivity decreases starting from the 5th to 10th
cycles and a little change was further observed due to the stabilized SEI
layer [39].

To further explore the degradation mechanism of the battery, the
cells were disassembled after 50 cycles of galvanostatic charge-
discharge, and structural and morphological analysis of the LbL coated
anode was performed. The XRD analysis of the cycled Ni3Sns anode
showed that the crystalline structure of the material was not affected by
repeated oxidation-reduction reactions (Fig. S6). Fig. 8b and c illustrate
SEM images of fresh and cycled Ni-Sn alloy anodes on Ni foam without
polymer layer, which distinctly show an appearance of considerable
number of cracks after cycling of Ni-Sn alloy. SEM images of LbL coated
Ni-Sn electrode before and after cycling are demonstrated in Fig. 8 d-j.
As can be seen from Fig. 8d and e, the surface morphology of polymer
coating has not changed after 50 cycles. SEM images from the cross-
section view clearly exposed the established interphase boarder be-
tween anode and GPE after cycling (Fig. 8j), while before cycling it was
smooth (Fig. 8f). Constant Li alloying and dealloying process slightly
influenced on the interface between the polymer coating and the anode,
while the coating itself remained complete and uniform without any
cracks. It is likely that the ultrathin polymer coating improves the
structural stability of the cell allowing to have better performance
without any damage or delamination during the electrochemical tests.

This work demonstrates a successful design and operation of a 3D full
lithium-ion cell by applying a layer-by-layer deposited thin polymer

electrolyte film on a 3D anode with further filling the 3D cavities with a
cathode. The LbL deposited polymer electrolyte effectively acts as a gel-
like electrolyte and separator.

4. Conclusion

A full 3D lithium-ion cell Ni foam|NizSns|(PEI/PAA)30|LFP was
designed and successfully assembled via a simple route by electrode-
position of 3D Ni3Sn4 anode onto Ni foam, followed by a layer-by-layer
deposition of a thin PEI/PAA polymer electrolyte on this 3D structure,
and filling the positive electrode LiFePOy, into its cavities. Layer-by-layer
method was shown as an effective route to obtain a complete coating of a
thin polymer electrolyte onto 3D Ni3Sng anode. The uniqueness of LbL as
a technique capable of obtaining a thin polymer electrolyte layer on a 3D
structure with a controllable thickness was confirmed by successful
operation of the 3D battery. Along with the enhanced structural stabil-
ity, the cell exhibited stable cycling and rate capability with high spe-
cific capacity and coulombic efficiency.

The capability of LbL to control the thickness of multilayer coating,
which ensures enhanced lithium ion transport, makes this technique a
considerable choice for future developments of advanced systems for
energy storage. Along with this, the electrochemical and mechanical
stability of such thin and lightweight electrolyte/separator enable an
alternative choice of its application to increase a footprint energy den-
sity of electrodes.
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