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Abstract

A novel anode design is demonstrated with Si nanostructures with double-layered protection for an aqueous recharge-
able Li-ion Battery (ARLIB). Si nanoparticle-embedded LATP (lithium aluminum titanium phosphate; Li, ;Al, 3Ti; 7(PO,);),
as well as LATP-PVDF polymer nanocomposites, is used as the protective layers. The unique anode structure is expected
to be useful in overcoming the cathodic challenges and subsequent gas evolution reactions, thus widening the operat-
ing voltage of an ARLIB up to 3.5 V. The layered anodes exhibited discharge capacities of 2630 mAh g™ at 0.1 C as half
cells in 2 M Li,SO, aqueous solution as the electrolyte. They are also coupled with LiFePO, cathode, and the full cells
demonstrate a discharge capacity of 123 mAh g~' with the calculated energy density values of 138 Wh kg™" which is
comparable with the conventional organic electrolyte-based LIBs. They can cycle 500 times with capacity retention of
more than 75%. Hence, the conclusions from the present study project a promising anode design for ARLIBs, with high

capacities and long cycling stabilities.
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1 Introduction

Li-ion batteries are one of the most widely accepted
technologies of choice when it comes to energy storage
devices, especially for portable electronic applications
[1-3]. Researches try to explore various possibilities of
anode and cathode materials and electrolyte formulations
to enhance the durability and energy efficiency of the sys-
tem [4, 5]. However, the technology is often questioned
for its safety as there are incidents involving high-profile
explosions and these concerns hinder their applications
in large-scale purposes, especially in electric vehicles
and hybrid electric vehicles as they require large-format
LIBs (>30 Ah) [6]. One of the major challenges associated
with the safe scaling up of conventional LIBs is the highly

flammable organic electrolyte formulations that fuel the
chemical combustion initiated by high energy electrode
materials like Li metal which in turn would lead to thermal
runaways [7, 8]. Since the energy density of the LIBs is not
to be compromised, the obvious solution to address the
associated disadvantages is to replace the highly inflam-
mable organic electrolytes which project safety concerns
also of their own [9].

One of the most suitable replacements for the carbon-
ate ester-based conventional organic electrolytes is water
which possesses additional advantages of its high values
of dipole moment (1.8546 Debye), acceptor, and donor
numbers (AN=54.8, DN =18) and dielectric constant
(e = 78 at 25 °C). The factor that hinders the use of aque-
ous electrolytes in LIBs is the low electrochemical stability
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window of 1.23 V with its cathodic and anodic limits situ-
ated at 2.62 V and 3.85 V versus Li, respectively, and the
redox potentials of most of the LIB anode materials are
located far beyond these limits (e.g., Li metal, 0.0 V; graph-
ite, 0.10V; silicon, 0.30V) [10, 11].

Even with the promising results of "water-in-salt” elec-
trolytes (WiSE) with high salt concentration, which kineti-
cally protect the electrode surfaces from operating above
the limits, the energy density values offered by these
designs are still far below as compared to the state-of-the-
art LIB designs [12, 13]. This difference could be attributed
to the cathodic limitation since the most energy-dense
anode materials like Li, graphite, and alloy anodes are all
located below the 1.7 V limit. To overcome these limita-
tions, the anode requires a protective coating which would
hinder the accumulation and subsequent hydrogen evo-
lution happening before the solid electrolyte interphase
(SEI) layer formation [14]. Even though there are very few
studies on this concept wherein the protected Li metal
and graphite anodes are used as anodes for Li secondary
batteries, alloy anodes like Si and Ge are seldom explored
while they are the class of anode materials with the high-
est theoretical capacity as well as moderate anodic voltage
reported in the literature [15-17].

However, owing to the low theoretical capacity of
graphite and the possibility of breaking the protective

coating which could lead to a vigorous reaction between
Li and water, alloy anodes could be potential candidates
to be approached in this concept. With these remarks, the
present study reports a silicon-based anode material with
a unique double-layer assembly with one layer composed
of a LATP/Si plum pudding-like structure and another layer
of pristine Si. In situ synthesis of the electrode material
along with a Li superionic conductor like LATP is followed
as it would be beneficial in decreasing the interfacial resist-
ance as reported in the previous literature [18].

2 Results and discussion

The layered anode structure was synthesized using Si,
Si-LATP plum pudding-like structure, and another LATP
layer blended with hydrophobic PVDF polymer. A detailed
description of the experimental methods for the synthesis
of active materials, fabrication of electrodes and cells as
well as the morphological and electrochemical character-
izations are included in the Supplementary Information
(SI-).

2.1 Structural and morphological characterizations

Figure 1a shows the XRD spectra of Si-LATP samples. The
presence of phase pure Si was evident from the spectra

Fig. 1 a XRD of Si-LATP and (a)
pristine Si samples b SEM ¢
TEM and d HR-TEM micro-
graphs of Si-LATP samples
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(JCPDS No. 27-1402). It was also found that the LATP-Si
sample shows the presence of well-crystallized peaks of
NASICON structured LATP (hexagonal setting of the rhom-
bohedral space group (S.G. R-3c), (JCPDS No.40-0095)
[19-21].

Figure 1b shows the Scanning electron microscopy
(SEM) images illustrating the surface morphology of
LATP-Si composite film demonstrating a homogeneous
morphology. Figure 1 c shows the low-magnification
transmission electron microscopy (TEM) images of Si-LATP
structure denoting the uniform dispersion of Si nanopar-
ticles in the LATP matrix. In order to further analyze the
structural details, high-resolution TEM (HRTEM) images are
taken (Fig. 1d) and it was found that the Si nanoparticles
have a spherical morphology with a diameter of 20-40 nm.
Figure 2e shows the lattice spacing’s at the interface the
Si nanoparticles were found to be crystalline with the d
spacing of ~0.301 nm by the (111) planes of crystalline Si.
The morphological characterizations of pristine Si as well
as pristine LATP have been included in the supplementary
information (SI-Il). The composition of the LATP-Si samples
was also evaluated using inductively coupled plasma (ICP)
elementary analyses to confirm the final composition of
the samples. The results obtained are given in the Sup-
plementary Information revealing an elemental composi-
tion that corresponds to the theoretical stoichiometry of
Li; ., AL Ti,_,(PO,); with x=0.3 as assumed (SI-l).

Fig.2 Schematic illustration of
the cell design

Current collector

\Si LATR

Double Layer !anode

2.2 Electrochemical characterizations

Figure 2 illustrates the schematic illustration of the silicon-
based anode with the double-layer structure. The initial
layer consists of pristine Si nanoparticle, whereas the sec-
ond layer consists of a plum pudding-like structure with
silicon nanostructures embedded in a LATP matrix. The
double-layer electrode is coated with a PVDF-LATP com-
posite electrolyte layer which can also act as a separator.
The coated silicon anode is expected to be very stable in
an aqueous electrolyte background.

Figure 3a, b shows the CV curve of the double-layer Si-
based anode and LiFePO, obtained in a 0.5 molar Li,SO,
aqueous solution. Platinum (Pt) mesh is used as the coun-
ter electrode and saturated calomel electrode (SCE) as the
reference electrode. To better understand the real sce-
nario, the potential has been converted to a Li/Li+ refer-
ence. Figure 3a shows the CV curves of the layered anode
at 1st, 2nd, and 5th cycles. The peak at around 0.3 V that
appears from the second cycle could be assigned to the Li
alloying process. The peak is not present in the initial cycle
which could be attributed to the required activation of
silicon. CV curves showing a comparison with pristine LATP
in aqueous solution and pristine Siiin 1 M LiPF4 in EC/DEC
have been included in the Supplementary Information (SI-
IV) for the superior understanding of the performance of
the layered structure. It is well evidenced that the Li alloy-
ing/dealloying process does occur in the Si anode with
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Li,SO, LER
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Fig.3 a CV curves of the (2)0.04 (b)0.04
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the Li+ions passing through the polymer-LATP mem-
brane between Si and the aqueous electrolyte. The small
peak appearing in the cathodic scan at about 1V could be
attributed to the initial formation of the SEl layer. The LATP,
while acting like a protective layer, could also contribute
towards the anode capacity as evidenced by the CV curves.
Itis well versed in the literature that LATP does take partin
the redox reaction (Ti**/ Ti**) while the Li; ;Aly5Ti; 5(PO5),
is converted to Li;Al, 5Ti; ;(PO;), [22]. The significant factor
is that the reduced form of LATP maintains the NASICON
structure and Li superionic conductivity and has also got
a better diffusion and higher ion conductivity of Lithium
[23].

However, it disappears in consecutive cycles. Figure 3b
displays the graph showing CV curves performed on Si
anode together with a LiFePO, cathode material with
a delithiation potential centered around at reaction
occurred at 3.8 V. Now, it can be assumed that coupling of
the double-layer Si anode with the LiFePO, cathode would
form an aqueous LIB of > 3 V. Since the potential of the Si
anode lies far below the potential for hydrogen evolution
reaction, it is expected that hydrogen evolution happens
in an aqueous electrolyte-based system.

However, it is prevented by the unique design of the
anode wherein the Si nanoparticles are protected by the
LATP-polymer matrix. Since only Li* ions and not water or
protons could enter inside the coating, due to the unique
properties of LATP together with the presence of the
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hydrophobic polymer, hydrogen production is prevented
[22-25]. Moreover, the Li* ions outside the coating are in
a very stable position with a higher potential without tak-
ing part in the gas evolution process. In addition to the
protective properties of LATP in the system, the unique
layered anode design aids in reducing the interfacial
layer which would be higher in the absence of the com-
posite layer. This is validated by the ex situ SEM images
of the Si-LATP-Si interface at 1st and 5th cycles with a
continuous uniform interface exhibited in the presence
of Si-LATP intermediate layer, whereas in the absence of
such an intermediate layer, a cracked interface is visible
which in turn would increase the resistance and affect
the rate performance (Supplementary Information SI-V).
It is attributed that the alloy formation during the initial
cycles from both the layers prevents any cracks or separa-
tion between the layers. At the same time, since the LATP is
only conducting Li*ions, the extend of SEl layer formation
is minimal which would prevent cracking of the Si active
material, hence enhancing the stability. To further analyze
the electrochemical characteristics of the anode, especially
to analyze the efficiency and stability of the novel design,
galvanostatic tests were conducted, where the layered
anode was lithiated and delithiated at constant current
(Fig. 3¢). The discharge profiles of the electrode shows
a clear indication of the Li alloying process delivering a
discharge capacity of 1494 mAh g~'. The Coulombic effi-
ciency (CE%) of the electrodes at the 1st and 5th cycle was
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calculated to be 88 and 99.6%, respectively. This could be
attributed to the formation of an interface at the Si/LATP
double-layer region [17]. The tiny plateau at around 0.6 V
could be correlated with the additional reactions happen-
ing below 0.8 V contributed by the LATP component. The
[PO,] tetrahedra in LATP act as an electron donor/accep-
tor during the intercalation and deintercalation of Li ions
within the LATP crystal structure [22]. Since this feature is
absent in the CV curves, the CV studies were also done at
a lower scan rate of 0.1 mV s~ where the peaks at around
0.58 V appeared (SI-IV (b)). Moreover, to further confirm
the stability of the anode against H, evolution reactions,
Linear Sweep Voltammetry studies were also carried out at
a scan rate of 0.5 mV s™' with Pt and SCE electrodes as the
counter and reference electrodes, respectively.

As evidenced by the electrochemical analyses, the
newly designed Si anodes show very promising perfor-
mance in aqueous electrolyte systems, and to analyze the
real scenario, they were coupled with a LiFePO, cathode
material. Figure 4 shows the charge-discharge curves as
well as the cyclic stability of the cells at room temperature.
The full aqueous LIBs operate reversibly at or above 3.0V
plateaus for a continuous 500 cycles, and the capacities
delivered were 124 mAh g~', a value comparable with sim-
ilar systems in organic electrolytes. The CV characteristics
of the full cell have also been analyzed and are given in the
Supplementary Information (SI-IV (d)).

The energy density was calculated to be 138 Wh kg™,
again making a reasonable value considering the fact
that the representative Li-ion batteries based on organic
electrolytes for electric vehicles are specified to be of 120
Wh kg™'(C/ Organic Electrolyte/ LiMn,0,) [26]. The cyclic
stability was found to be as high as 75% at the end of 500
cycles.

Cycle number

3 Conclusions

In conclusion, a highly safe aqueous rechargeable Li-ion
battery is fabricated with an electrochemical stability win-
dow as high as 3.5 V. A layered anode design is adopted
which would enable multiple advantages such as to over-
come the cathodic limitation and the hydrogen evolution,
decrease the interfacial resistance, and act as an artificial
SEl layer. Three electrode studies exhibit discharge profiles
that are indicative of the Li alloying process delivering a
discharge capacity of 1494 mAh g~'. The full cell in combi-
nation with LiFePO, exhibits a reasonable energy density
of 138 Wh/Kg that is even comparable with an organic
electrolyte-based lithium batteries.
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