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Direct integration of a metallic lithium anode with the ceramic Liy 3Alg 3Tiy 7(PO4)3 (LATP) electrolyte into an
all-solid-state battery is highly challenging due to their chemical and electrochemical incompatibility.
Herein, a layered hybrid solid electrolyte is designed by coating the ceramic LATP electrolyte with
a protective polymer electrolyte, polyphosphazene/PVDF-HFP/LIBOB. This
comprises highly Li* conductive polyphosphazene and mechanically stable PVDF-HFP as the polymer

polymer electrolyte
matrix, and the mobile lithium ions in the polymer layer are supplied by LIBOB. Equipped with both
polymer and ceramic components, the hybrid electrolyte possesses favorable features, such as a flexible
surface, high ionic conductivity, high chemical stability against lithium and wide electrochemical stability
window (4.7 V), which all to help realize its application in all-solid-state lithium batteries. The prepared
all-solid-state battery with a metallic lithium anode and high-voltage LizV,(PO4)3s/CNT cathode shows
high capacity and excellent cycling performance with negligible capacity loss over 500 cycles at 50 °C.
Furthermore, the analysis of the hybrid solid electrolyte after long-term cycling demonstrates
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Introduction

All-solid-state batteries (ASSBs) are of great interest because of
their inherent safety and wide operable temperature range due
to the lack of flammable liquid components, as well as potential
benefits in terms of gravimetric and volumetric energy
density."* Instead of a porous separator soaked with a liquid
electrolyte, ASSBs use a solid electrolyte, which acts as an elec-
trical insulator and ionic conductor at once. From the viewpoint
of mechanical compatibility, a compact solid electrolyte permits
the use of a metallic lithium anode in ASSBs because the solid

“Institut fiir Energie- und Klimaforschung (IEK-9: Grundlagen der Elektrochemie),
Forschungszentrum Jiilich, D-52425 Jiilich, Germany. E-mail: s.yu@jfz-juelich.de;
zigeng. liu@cec.mpg.de

bInstitut fiir Anorganische und Analytische Chemie, Westfilische Wilhelms-Universitdt
Miinster, D-48149 Miinster, Germany

‘Max-Planck-Institut fiir Chemische Energiekonversion, D-45470 Miilheim an der Ruhr,
Germany

“Institut fiir Physikalische Chemie, RWTH Aachen Universitit, D-52074 Aachen,
Germany

T Electronic  supplementary  information available. See DO
10.1039/c8ta11259b

{ These authors contributed equally to this work.

(EST)

3882 | J. Mater. Chem. A, 2019, 7, 3882-3894

nature of the electrolyte can effectively block lithium
dendrites.*® Therefore, an increase in energy density can be
achieved compared to lithium-ion batteries with conventional
anode materials (e.g., graphite)." Additionally, the high elec-
trochemical stability of some solid electrolytes facilitates the
use of high-capacity (e.g;, LiCoO,) or high-voltage (e.g,
Li;V,(PO,);) cathodes,>® which also leads to increased energy
densities at the cell level. However, unresolved fundamental
issues remain in the development of ASSBs with metallic
lithium anodes, mainly with respect to electrochemical
compatibility at the interfaces.” Moreover, there are also
significant engineering challenges that require methodical
effort to enable obtaining a tangible product. Therefore, the
scale-up process from academic laboratories to industry to
bring ASSBs to the booming sustainable energy market remains
unsuccessful so far, owing to the required high cost and
complicated processing efforts.®

The origin of electrochemical interfacial issues, leading to
a variation in composition over the interface and an increment
of the interfacial resistance, can be narrowed down to atomic-
scale reactions, such as element inter-diffusion and segregation
during battery operation,”'® and the formation of space charge
layers and unwanted redox reactions due to electrochemical

This journal is © The Royal Society of Chemistry 2019
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instabilities."* Quite a few successful approaches have been re-
ported to mitigate the interfacial issues between solid electro-
lytes and cathodes, including coating a solid electrolyte on the
surface of cathodes, interface softening and adding a solid
electrolyte to the cathode composite.*">** However, the inter-
face at the anode side has rarely been explored, especially when
metallic lithium is used, due to the fact that many solid elec-
trolytes are incompatible with metallic Li.

Li; 3Aly 3Ti; 7(PO,)s (denoted as LATP) is an attractive solid
electrolyte with a scalable production procedure for the possible
commercialization of ASSBs, owing to its competitive ionic
conductivity (close to 1 mS ecm™ ' at room temperature) and its
sensitivity against an oxygen/moisture atmosphere
compared to other ceramic ion conductors like sulfide-based
glass electrolytes or garnet electrolytes.’>*” Unfortunately, LATP
degrades when in contact with the lithium metal since Ti*" will
be reduced to Ti*", leading to a decomposed electrolyte surface
with high resistance for Li' migration.'*> Moreover, like most
ceramic electrolytes, poor mechanical contacts and/or micro-
cracks may occur between the LATP electrolyte and electrodes
during battery preparation and operation, thus blocking
percolation pathways for lithium ions. Normally, most
mechanical interfacial issues can be circumvented by special-
ized fabrication methods like spark plasma sintering (for “bulk-
type” ASSBs)'® and deposition methods (for “thin-film”
ASSBs),"*° or by applying external pressure on cells.® But, all
these methods usually result in either low cell energy or low
energy density at the system level and the required massive
fabrication efforts are hardly realized in large-scale production.

Since polymer electrolytes have the features of high
mechanical flexibility, large intrinsic electrochemical stability
windows and great chemical stability against metallic
lithium,**** an alternative way to overcome the interfacial and
technical issues, and to enable the application of metallic
lithium in ASSBs is to sandwich a thin layer of polymer between
the electrode and ceramic electrolyte. It is possible to solve the
above-mentioned issues with this complementary polymer/
ceramic/polymer electrolyte. First, the magnitude of the electric
field and trapped positive charge at the Li/polymer interface is
reduced due to the blocking of anion transport by the ceramic
layer, which facilitates protection of the polymer electrolyte
from chemical/electrochemical decomposition and improves
the coulombic efficiency of a battery.>® Second, since the poly-
mer is an electronic insulator, direct electron transfer for an

low

interfacial chemical reaction at the ceramic surface is avoided
which could significantly enlarge the electrochemical stability
window of ceramic electrolytes.>® Third, the interface fabrica-
tion process is simplified as compared with that for all-ceramic
ASSBs. Finally, introducing the polymer electrolyte as a thin
layer between ceramic and electrodes not only prevents the
direct contact of metallic lithium with the ceramic electrolyte,
which eliminates the possibilities of side reactions, but also
forms a favorable interface between rigid ceramic components,
which results in a better connection in the solid-state battery.
Although the layered hybrid solid electrolyte architecture
increases the total resistance of the electrolyte as compared to
a single inorganic electrolyte, such a structure is expected to be
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more suitable for an all-solid-state lithium battery since wetting
of the lithium surface by the polymer provides a uniform Li" flux
across the interface and thus suppresses the formation of
lithium dendrites.

Herein, we present an all-solid-state test cell with a stable
metallic lithium anode which makes full use of the promising
manufacturability and high ionic conductivity of LATP. By
combining the ceramic LATP solid electrolyte with a solid
polymer electrolyte (denoted as SPE), a layered hybrid solid
electrolyte (SPE/LATP/SPE, denoted as LHSE) was constructed
and it exhibited great advances regarding chemical and
electrochemical stability against metallic lithium anodes.
Specifically, highly ionic conductive oligoethylene oxide-func-
tionalized  polyphosphazene, poly[bis(2-(2-methoxyethoxy)
ethoxy)phosphazene] (MEEP) and highly mechanically stable
poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP)
were rationally chosen for the fabrication of the SPE to ensure
eligible electrochemical properties and interfacial mechanical
strength. The prepared LHSEs were (electro-)chemically stable
against metallic lithium and were applied in test cells of the
type Li|LHSE|Li3V,(PO,);/CNT.

Experimental section
Preparation of the layered hybrid solid electrolyte

All chemicals for the sample syntheses were purchased from
Sigma-Aldrich and were used as received.

Poly[bis(2-(2-methoxyethoxy)ethoxy)phosphazene] (MEEP)
was synthesized according to the four step synthesis route re-
ported by Wang et al.*”** and a living cationic polymerization
reaction that was first published by Allcock et al.** with minor
modifications.”® After synthesis of the precursor polymer
[NPCl,],, MEEP was obtained by substitution of chlorine atoms
with corresponding sodium alcoholates. The details of the
synthesis, as well as the electrochemical and thermal properties
of MEEP, have already been published before.*

The synthesis of the Li; 3Aly3Ti; 7(PO,); powder and the
preparation of ceramic electrolyte pellets were performed as
reported in our previous studies.**® The ceramic pellets used as
substrates for the polymer electrolyte coating were prepared
from the LATP powder pre-calcined at 800 °C via a pressing—
sintering process, which including uniaxial die pressing,
densification by cold isostatic pressing at 504 MPa for 30
seconds, and subsequent sintering at 1100 °C for 8 hours. The
thickness and surface roughness of the LATP pellets were
controlled by polishing with sandpapers (P800 and P1200). The
relative density of the prepared ceramic substrate is higher than
90% of its theoretical density (2.93 g cm ™).

Mechanically stable polymer electrolytes were prepared in an
argon filled glove box. A mixture of 65.3 wt% MEEP polymer,
21.7 wt% poly(vinylidene fluoride-co-hexafluoropropylene)
(PVDF-HFP, M,, = ~400 000) and 13.0 wt% lithium bis(oxalato)
borate (LiBOB) were prepared and stirred in acetone (=99.9%)
overnight to form a homogenous solution. Then the solution
was spread onto a glass plate, stabilized at room temperature
overnight, dried at 50 °C for 24 hours, and further dried under
vacuum at 100 °C for one day to form the polymer electrolyte.

J. Mater. Chem. A, 2019, 7, 3882-3894 | 3883
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Furthermore, the thickness of the solid polymer electrolyte was
varied by using different volumes of the coating solution. For
example, ~70 pL slurry eventually resulted in a ~120 pm dry
polymer layer.

The layered hybrid solid electrolyte was prepared by coating
the polymer layers on LATP pellets in an argon filled glovebox.
As schematically shown in route (a) in Fig. 1, the polymer
electrolyte was coated on both sides of the LATP pellets by
repeating the polymer layer formation process described above.

Characterization of the layered hybrid solid electrolyte

The crystal structure and phase analysis was carried out using
powder X-ray diffraction (XRD) measurements using an
EMPYREAN (Panalytical, Netherlands) X-ray diffractometer with
Cu-Ka radiation, operated at 40 kV, 40 mA and a scan rate of 1°
min~'. The FTIR spectra of the membranes were obtained using
the attenuated total reflection (ATR) attachment on a Frontier
FTIR spectrometer (Alpha, Bruker) from 500 to 2000 cm ™', with
32 scans at a resolution of 4 cm™'. Scanning electron micros-
copy (SEM) and EDX mapping images were taken using
a Quanta FEG 650 (FEI, USA) environmental scanning electron
microscope equipped with an EDAX-TSL detector. Trans-
mission electron microscopy (TEM) and high-resolution trans-
mission electron microscopy (HR-TEM) measurements were
conducted on a Tecnai F20 (FEI, USA) transmission electron
microscope using an accelerating voltage of 200 kV. Thermog-
ravimetric analysis (TGA) was performed on a NETZSCH TGA/
STA-QMS 403D thermoanalyzer (Germany) between 40 and 600
°C with a heating rate of 3 °C min~" under constant O, flow.
Atomic force microscope (AFM) images of LATP pellets were
acquired on an AFM microscope (Bruker, Santa Barbara, USA,
Dimension Icon Microscope) operating inside a glovebox with
electrochemical strain microscopy (ESM) mode, which is suit-
able to qualitatively detect local variations in ionic mobility. The
contact resonance frequency and the amplitude were tracked
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with a phase-locked loop (HF2LI, Zurich Instruments, Switzer-
land). Further information on the sample polishing and
instrument setup is described elsewhere.*® Topographical
images as well as the change in the amplitude signal were
recorded simultaneously.

The cyclic voltammetry (CV) curves were recorded with
a computer-controlled potentiostat (Autolab PGStat302N, Met-
rohm). The anodic oxidation limit was measured with a scan
rate of 1 mV s~ ' in the range from 2.6 V to 7 V using an inert
polarizable platinum working electrode. The cathodic reduction
limit was determined analogously between 2.8 Vand —0.4 V by
choosing an inert copper electrode as the polarizable working
electrode. Both working electrodes had a diameter of 1 mm and
were polished with abrasive paper down to grain P4000 before
use.

The AC impedance measurements were performed in
symmetric cells with either two Pt or two lithium electrodes
using a potentiostat with a built-in frequency response analyzer
(VSP-300, Bio-Logic). Measurements were conducted from
7 MHz to 1 Hz with a peak-to-peak voltage amplitude of 10 mV.
The temperature was varied from 10 to 50 °C in a climate
chamber (Binder KB 115). The equation for calculating ionic
conductivity is

where Ry, is the bulk electrolyte resistance as determined from
the impedance analysis, L is the thickness of the electrolyte, and
S is the contact area of the interfaces between the electrolyte
and the blocking electrodes.

Preparation of the free-standing Li;V,(PO,);/CNT electrode

Binder-free, current collector-free, carbon nanotube (CNT)-
enhanced LizV,(PO,); electrodes were prepared by a conven-
tional sol-gel route on CNT fabrics. First, ammonium
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Position 1

Fig. 2 Cross-sectional SEM images of the layered hybrid solid electrolyte: (a) field of view image of the polymer—ceramic interface. High
magnification images of (b) the solid polymer layer, (c) Liy 3Alp 3Tiy 7(PO4)3 (LATP) and (d) the interface region between the LATP and polymer layer.
(e)—(j) EDX maps (Ti, O, AL, P, C and N) at the polymer—ceramic interface of the prepared layered hybrid solid electrolyte. The field of view image is

shown in (a).

metavanadate (NH,VO;3;, =99.0%) and oxalic acid (H,C,O4,
=99.0%) in a weight ratio of 1:3 were first dissolved in
deionized water and magnetically stirred at 50 °C for 12 hours
until a dark blue solution was formed. Second, stoichiometric
amounts of lithium acetate dihydrate (LiCOOCH;-2H,0,
=99.0%) and ammonium dihydrogenphosphate (NH,H,PO,,
=99.999%) were dissolved in deionized water, separately, and
then the dark blue solution was slowly added under continuous
stirring for 12 hours to form the precursor solution. A4-size CNT
fabrics (thickness = 115 pum, Tortech Nano-Fibers Ltd, Israel)
were cut into desired sizes, rinsed with concentrated hydro-
chloric acid and an 1 : 1 (vol./vol.) ethanol/water mixture several
times before use to remove the impurities as well as to improve
their hydrophilicity, and immersed in the prepared precursor
solution. After refluxing at 120 °C overnight, the CNT fabrics
were transferred into a vacuum oven and dried at 50 °C over-
night to form LizV,(PO,4)s/CNT solid substrates. With the
purpose of increasing the mass loading, the precursor solution

This journal is © The Royal Society of Chemistry 2019

was uniformly dropped onto the solid substrates with appro-
priate amounts (~0.5 mL ¢cm™?). Once the solvent was slowly
evaporated, the solid substrates were further dried at 100 °C
under vacuum. The CNT enhanced LizV,(PO,); electrodes were
obtained by annealing the solid substrates at 850 °C under N,
flow in a tube furnace for 8 hours, removing the loosely bound
powder on their surface, and pressing uniaxially at 20 MPa.
Then the LizV,(PO,)3/CNT electrode was directly transferred
into a glovebox for the battery assembly. The mass loading
obtained from TGA measurements of the prepared free-

standing LizV,(PO,4);/CNT electrode is about 10 mg cm 2.

Battery assembly and electrochemical characterization

The solid-state lithium ion batteries were fabricated as sche-
matically shown in route (b) in Fig. 1. Once one side of the LATP
pellet was coated with the dry polymer electrolyte, drop coating
was performed on the other side of the pellet following
attaching of a free-standing Li;V,(PO,);/CNT cathode (0 = 12

J. Mater. Chem. A, 2019, 7, 3882-3894 | 3885
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mm) directly on this side when the fresh coated polymer layer is
still wet. Then the hybrid electrolyte, attached with the
Li3V,(PO,);/CNT cathode, was stabilized for 12 hours in a glo-
vebox, further dried in a vacuum oven and transferred back to
the glovebox to attach a 10 mm metallic lithium disk as the
anode in a Swagelok®-type cell. It is worth mentioning that, in
order to improve the rate performance, the thickness of the
LATP pellet used in the full cell was polished down to 250 pm
and the polymer layer between the LizV,(PO,);/CNT cathode
and LATP is around 50 pm. The thickness of the polymer layer
between the lithium anode and LATP is around 120 pm.

In order to compare with the electrochemical performance of
the as-prepared solid-state lithium batteries, Swagelok cells
with liquid electrolyte were also assembled using the
Li;V,(PO,);/CNT electrode, LP30 electrolyte (1 M LiPF4 in EC:
DMC (1 : 1 vol./vol.)) soaked in glass fiber and metallic lithium
anode.

CV and galvanostatic charge/discharge tests were carried out
using a Bio-Logic potentiostat (VMP3). CV tests were performed
in the potential windows of 3.0-4.3 V and 3.0-5.0 V vs. Li/Li",
respectively, at a scan rate of 0.05 mV s~ " at 50 °C in a climate
chamber. The galvanostatic tests were performed at different
current rates between 3.0 and 4.3 V vs. Li/Li".

Results and discussion

Structural and morphological analysis of the layered hybrid
solid electrolyte

Structural studies of the as-prepared SPE, LATP and LHSE were
performed by ATR-IR and XRD. And the results showed that the
specimens are obtained with satisfactory phase purity and the
components in LHSE are chemically stable with each other.
More details regarding the results and additional discussions
are presented in the ESI} of this article.

The quality of adhesion between the polymer and the
ceramic pellets was evaluated using cross-sectional SEM and
EDX, and the corresponding interfacial microstructure images
and element maps are shown in Fig. 2. A clear layer separation
can be identified between the smooth and dense SPE and LATP
(¢f Fig. 2(a) and (b)), where the LATP ceramic consists of
particles with a length around 3 to 5 um (cf. Fig. 2(a) and (c)). At
the interface between the polymer layer and LATP ceramic (¢f.
Fig. 2(d)), the SPE has perfectly coated the surface of the LATP
particles, benefitting from its low viscosity and sufficient
malleability, respectively. As evidenced by the SEM images, very
few pores can be observed in the bulk and at the interface of
LHSE, which guarantees continuous and efficient Li" pathways
in the LHSE. The good contact at the interface between LATP
ceramic and SPE is further substantiated by data regarding the
elemental mapping of Ti, O, Al, C, P and N as displayed in
Fig. 2(e)-(j). Both LATP and SPE contain O and P but in different
concentrations. Ti and Al, the characteristic elements of LATP,
are well separated from the SPE, where C and N are character-
istic elements, indicating the high stability of the polymer/
ceramic interface. Furthermore, it can be concluded that the
SPE is able to diffuse into the open pores of the ceramic phase
and create intimate contacts with LATP. The heterogeneous

3886 | J Mater. Chem. A, 2019, 7, 3882-3894
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distribution of Al in the LATP region owing to the formation of
AIPO, at grain boundaries of LATP during the sintering process
is of note, which also confirms the results from XRD and agrees
with previous reports.*'**' Such a secondary phase could posi-
tively affect the ionic conductivity regarding the improvement of
relative density of the LATP layer."®

Thermal, chemical and electrochemical stabilities of the
layered hybrid solid electrolyte

Thermal, chemical and electrochemical stabilities of the LHSE
are important for the feasibility of practical application.

The thermal stability of the LATP ceramic electrolyte and SPE
was investigated by TGA, as shown in Fig. 3(a). No mass change
was observed for the LATP from 40 °C up to 600 °C whereas for
the SPE a large mass loss corresponding to the decomposition,
carbonization and evaporation of polymer components started
at 178 °C. The second mass loss step began at 330 °C for the SPE
which is considered to be the residues burning into CO, and
NO,. Therefore, the LHSE is supposed to have an intrinsic
thermal stability up to at least 170 °C, which is much lower than
that of the pure ceramic electrolyte but higher than that of most
liquid electrolytes. Therefore, this hybrid solid electrolyte allows
higher operating temperature of lithium-ion batteries
compared to standard cells with liquid electrolytes which start
to degrade at temperatures above 65 °C.

To investigate the chemical stability of the as-prepared
electrolytes against metallic lithium, LATP and LHSE disks,
respectively, sandwiched between the lithium metal, were
analyzed using electrochemical impedance spectroscopy (EIS)
at 25 °C over 60 hours. As shown in Fig. 3b, the total resistance
of the Li|LATP|Li cell constantly increased with time and dark
grey side products were found on the LATP pellet surface as
shown in the inserted photo in Fig. 3b, indicating that contin-
uous side reactions took place at the interface between LATP
and Li. In sharp contrast, there was no difference between the
initial and final EIS spectra after 60 hours for the Li|LHSE|Li
symmetric cell, proving the chemical stability of the LHSE
against the lithium metal. The compatibility of lithium and
LHSE is further examined by constant current polarization of
the Li|LHSE|Li symmetric cell at 50 °C for a period of 1500
hours with 0.13 mA cm ™2 current density. No significant change
in cell voltage was observed, as shown in Fig. 3¢, indicating the
high electrochemical stability of the prepared LHSE against the
lithium metal. On the basis of these results, the polymer layer
can prevent chemical and electrochemical decompositions of
LATP when using with the lithium anode by avoiding their
direct contacts. Thus, it is possible to fabricate an operable all-
solid-state lithium battery with the LHSE regarding the stability
of the anode-electrolyte interface.

We also studied the effect of the SPE protection layers on the
electrochemical stability window of the LATP ceramic electrolyte
by CV experiments with a scan rate of 1 mV s~ at 60 °C. The
results are shown in Fig. 3d. At higher potentials (above 4.7 V), the
oxidative degradation of oligoether side chains in the MEEP
polymer begins. In the low potential side at around 0 V, reversible
lithium deposition and dissolution were observed with the inert

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) TGA curves of Liy sAlp 3Ti1 7(PO4)3 (LATP) and the solid polymer electrolyte (SPE). (b) Impedance spectra of LATP and the layered hybrid

solid electrolyte (LHSE) measured in a lithium symmetric cell with a time period of 2 to 60 h at 25 °C. (c) Constant current polarization curve of
LHSE measured in a lithium symmetric cell with a current density of 0.13 mA cm~2 at 50 °C. (d) Cyclic voltammetry curves of LHSE with a scan

rate of 1 mV s~. Working electrodes are Pt and Cu.

copper working electrode. The plating/stripping process is not
completely reversible (~53%) which is attributed to SEI forma-
tion. Hence, based on the large electrochemical stability window
of LHSE (0-4.7 V), we expect that our hybrid solid electrolyte will
also be suitable for a lithium battery with the high-potential
cathode material LizV,(PO,); as the positive electrode.

Ion transport in the layered hybrid solid electrolyte

Complex Li* transport pathways are expected in the LHSE since
it enables two ion-transference mechanisms of ion hopping in
the LATP crystal structure and Li' transport related to the
segmental motion of polymer chains in SPE.** As presented in
the SEM image and the schematic diagram of the interface
between SPE and LATP in Fig. 4a, distinguishable regions for
the Li" migration can be defined as (i) inside the LATP grain, (ii)
along/cross the LATP grain boundary, (iii) inside the bulk
polymer and (iv) along/cross the boundary of LATP and SPE.
When considering the ion transport in the LATP region of
LHSE, the Li* mobility in the LATP grain and grain boundary is
significantly different due to the different energy barriers in the
ordered crystal structure and at boundaries with mismatched

This journal is © The Royal Society of Chemistry 2019

conductive channels from different grains. The different Li"
mobilities inside the LATP grain and at the grain boundary can
be clearly seen in Fig. 4b from which the correlative images of
AFM topography and electrochemical strain microscopy (ESM)
of identical regions are illustrated. The AFM images reflect the
same LATP surface features as observed by SEM, while only
a few grains and their relative grain boundary regions are
focused. Ion mobility in the indicated regions is shown in the
ESM image as the changes in the amplitude can be correlated to
local interactions between the applied electric field and the
LATP material in the respective areas.*® A strong amplitude
signal was found for LATP grains, whereas the grain boundaries
exhibit considerably smaller amplitudes. The quantification for
the ion transport in the LATP material was resolved in our
previous work by analyzing the impedance data of LATP in
defined frequency ranges with the method of distribution of
relaxation time analysis in two dimensions."” Specifically,
the conductivities of grains ((i) in Fig. 4a) and grain boundaries
((ii) in Fig. 4a) of LATP at 50 °C reach 3.5 mS cm™ ' and 4.0 pS
cm ', respectively.'” A total conductivity of 0.45 mS cm " at
50 °C for the LATP pellet is achieved, as shown in Fig. S37.
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Fig. 4 (a) SEM image and schematic drawing of the Li* transport pathways in the prepared layered hybrid solid electrolyte (LHSE). (b) AFM
topography and electrochemical strain microscopy amplitude signal of Li; sAlg 3Ti; 7(PO4)s (LATP). The benchball crystal structure image of LATP
showing the crystal sites of lithium atoms in the phosphate framework. (c) TEM images of the solid polymer electrolyte (SPE, MEEP/PVDF-HFP/
LiBOB) and correlative illustration of the lithium transport in the electrolyte network.

When considering the ion transport in the SPE region of
LHSE, comprehensive observation of the microstructure of SPE
could help elucidate the Li" transportation mechanism of the
SPE. In the coated polymer layer, ideally, PVDF-HFP serves as
the matrix to maintain the solid structure and offers relatively
sluggish Li* transportation pathways (o3 = ~10">Scm ™, at 50
°C).*3 Faster Li" migration take places in the MEEP polymer
owing to its low crystallinity and low dissociation energy with
Li*.2*3° Therefore, a well-mixed MEEP, PVDF-HFP and LiBOB, as
can be seen in the TEM images in Fig. 4c, are preferable for
obtaining high ionic conductivity. As demonstrated in the low
magnification TEM image, the black dots are considered to be
the folded MEEP polymer since P and N have a higher atomic
mass than C. Such a distribution of the MEEP polymer on the
PVDF-HFP matrix could generate the local disordered structure
that possibly decreases the crystallinity of PVDF-HFP, resulting
in a faster segmental motion of polymer chains for the trans-
portation of Li* in PVDF-HFP. Partially dissociated lithium ions
and anions are transported by the chain movement in PVDF-
HFP and MEEP polymers, which is the conventional mecha-
nism of polymer electrolytes, resulting in a significantly low
lithium ion transference number of 0.06 for SPE (¢f. Fig. S4t)
compared with ceramic electrolytes like LATP (¢, = 1). At 50 °C,
the ionic conductivity inside the bulk polymer ((iii) in Fig. 4a)
can be considered as the SPE conductivity of 0.26 mS cm ™"
(¢f Fig. S31) which is highly consistent with the cross-linked
MEEP solid polymer electrolyte.>*

3888 | J Mater. Chem. A, 2019, 7, 3882-3894

When considering the ion transport along or across the
interface of LATP and SPE ((iv) in Fig. 4a), lithium ion migration
cross the interface of LATP and SPE is still limited by the LATP
grain boundary which has significantly lower ionic conductivity.
Thus, at 50 °C, the ionic conductivities along and across the
ceramic/polymer interface are assessed to be similar to the
polymer conductivity (0.26 mS cm ") and roughly equal to the
LATP grain boundary conductivity (=4.0 uS cm ™), respectively.
However, both assumptions need further experimental
evidence and cannot be answered based on the present data.

Due to the fact that the concentration gradient during ion
transport in polymer layers of LHSE are influenced by the layer
thickness and the contact area between the LATP and polymer,
it is more precise to discuss the overall ionic conductivity of
LHSE based on a specific geometry. The thickness of LATP in
LHSE for battery assembly is 250 um in order to maintain
sufficient mechanical support and to minimize the total resis-
tance. The resistance for such a LATP pellet is 64 Q at 50 °C,
obtained from fitting the impedance result with the equivalent
circuit shown in Fig. 5a. The thickness of polymer layers in
LHSE, on the other hand, can be varied. As shown in Fig. 5b,
resistance increases along with the thickness, whereas a thin
polymer layer may be penetrated by lithium dendrites during
long term cycling. Hence, the thicknesses of the polymer layer
between the cathode and LATP and between the lithium
anode and LATP are 50 um and 120 um, respectively, in order
to minimize the inner resistance and prevent dendrite

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Nyquist plots of the (a) Li; 3Alp3Ti;7(PO4)3 (LATP) electrolyte with a thickness of 250 um and (b) solid polymer electrolyte (SPE), with
different thicknesses of 20, 50, 120, 180 and 280 um, measured in symmetric cells with Pt electrodes at 50 °C. (c) Nyquist and Arrhenius plots of
the layered hybrid solid electrolyte (LHSE) measured in a symmetric cell with Pt electrodes. And (d) Nyquist plot of LHSE measured in a symmetric
cell with lithium electrodes. The LHSE is prepared by coating a 120 um polymer layer on one side and a 50 um polymer layer on the other side of
a 250 pm thick LATP pellet. The impedance data obtained from Pt symmetric cells are fitted with the equivalent circuit in Fig. 5a; the equivalent
circuit in Fig. 5d is used for fitting the impedance data obtained from the lithium symmetric cell.

penetration. The intrinsic resistance of these two polymer layers
is measured to be 25 Q and 56 Q at 50 °C, respectively.

As shown in Fig. 5c, the total resistance of the LHSE at 50 °C
is 192 Q, about 50 Q larger than the accumulated resistance of
all three individual layers, indicating the presence of interfacial
resistance between the LATP and polymer in LHSE. For the
LHSE with the defined thicknesses of each layer, an overall ionic
conductivity of 0.2 S em™ " at 50 °C is achieved, which is suffi-
cient for a solid electrolyte in ASSBs.* At lower temperatures, the
total ionic conductivity of LHSE decreases by orders of magni-
tude, which will significantly impede the rate performance of an
all-solid-state battery. Although the total ionic conductivity of
LHSE is limited due to the higher resistivity of SPE layers, the
viscoelastic SPE material can, not only prevent a direct contact
between the LATP and lithium anode, but also expand the net
contact area and improve the adhesion between the electrolyte
and electrodes by infiltrating into the body of LATP through the
cracks or pores between LATP grains.

The lithium-LHSE interface charge-transfer kinetics are
studied by analyzing the impedance data measured in the

This journal is © The Royal Society of Chemistry 2019

Li|LHSE|Li symmetric cell at 50 °C. As shown in the Nyquist plot
in Fig. 5d, the LHSE resistance is given by the high frequency
intersection that the value is consistent with the result obtained
from the Pt symmetric cell (¢f Fig. 5¢). The diameter of the
semicircle has two contributions of (a) the resistance of the SEI
formed on the lithium electrode by its reaction with the elec-
trolyte (Rse;) and (b) the charge-transfer resistance (R.).***® The
additional presence of SEI will superimpose an additional
contribution, which cannot be separated from the charge
transfer. Even so, the overall resistivity of the lithium-LHSE
interface can be estimated from the result and is believed not to
be the limitation for fabricating an operational all-solid-state
battery.

Electrochemical performance of the all-solid-state lithium
battery

Electrochemical properties are evaluated for the all-solid-state
Li|LHSE|Li;V,(PO,);/CNT batteries with following specifica-
tions of the electrodes: metallic lithium is used as the anode to
maximize the energy density of the battery. A 95 pm thick free-
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standing Li3V,(PO,);/CNT, as shown in the SEM photographs in
Fig. S5,1 is cut into disks as a high-voltage cathode. The CNT
fabrics serve as the 3D electronic conducting network as well as
the flexible frame for LizV,(PO,)s;. The LizV,(PO,); particles,
with a size below 500 nm, are located on the surface of CNT
fabrics and also embedded in the bulk of the CNT matrix, thus
resulting in a high mass loading of 10 mg cm™ 2. The prepara-
tion and structural features of the LizV,(PO,);/CNT are similar
to those of previously reported CNT enhanced NaTi,(PO,); and
Na;zV,(PO,); electrodes for sodium-ion batteries.*”

The schematic of the electrochemical compatibility of the
battery components regarding voltage and chemical potential is
presented in Fig. 6a. The LATP ceramic electrolyte has an
intrinsic electrochemical stability window referring to the
lowest reduction potential of 2.17 V vs. Li/Li" and the highest
oxidation potential of 4.21 V vs. Li/Li",*** which is relatively
narrow compared with the operating voltage range of the elec-
trode pair of the lithium anode and Li3V,(PO,); cathode.
According to the CV result of LHSE shown in Fig. 3d, the SPE
coating significantly improved the electrochemical stability of
LATP and thus extended the voltage window of LHSE to a range
of 0-4.7 V. Therefore, the electrochemical stability window of
LHSE covers the phase transition potential of LizV,(PO,); —
LiV,(POy); (4.11 V vs. Li/Li") and even the complete phase
transition of Li;V,(PO,); — V,(PO,); (4.58 V vs. Li/Li").%

To gain insight into the electrochemical behavior of the
Li|LHSE|Li;V,(PO,);/CNT all-solid-state battery, CV was per-
formed first in a broad voltage range of 3.0 to 5.0 V at a scan rate
of 0.05 mV s~ ' at 50 °C (cf. Fig. 6b). Four oxidation peaks cor-
responding to a sequence of phase transitions of Li,V,(PO,)3
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where x = 3.0, 2.5, 2.0, 1.0 and 0 are observed at about 3.65 V (b),
3.77 V (c), 4.11 V (d), and 4.58 V (e) vs. Li/Li". At the potential
range above 4.7 V, the oxidation peak at 4.79 V (f) is assigned to
the decomposition of LHSE, which is also accompanied by
a strong polarization effect at higher potential. In lithium free
vanadium phosphate, the V sites exhibit a fairly close average
bond distance and an average vanadium valence of +4.5,%
indicating that the mixed V** and V°* states do not display
charge ordering in this phase. Such phenomena will result in
a disordered lithium reinsertion, as is evidenced by the solid
solution behavior during the reduction process, which has also
merged with the reduction peaks of Li,V,(PO,); — Li; 5V,(PO,)3
and Li, 5V,(PO,)s — LizV,(PO,4); owing to the large polarization
caused by the electrolyte decomposition (together denoted as
region (g)). Additionally, a pair of small redox peaks, (a) and (a'),
is presented at a potential below 3.5 V, which is characterized as
the LiFePO, impurity in the cathode that formed due to the
presence of Fe particles in the carbon nanotubes.* A tiny
amount of impurity (below 3.5 wt%) will influence the battery
performance not strongly, as is evidenced by the discharge
plateau at the corresponding voltage in the charge-discharge
profiles in the following part.

When performing a CV test for a battery in the voltage range
of 3.0-4.3 V vs. Li/Li" (¢f. Fig. 6¢), the cell exhibits four distin-
guishable pairs of redox peaks, being associated with the
reversible phase transitions of LizV,(PO,); <> Li, 5V,(PO4); ((b)
and (b)), Li,5Va(PO,); < LiV,(PO,); ((¢) and (c¢’)) and
Li,V,(PO,); < LiV,(PO,); ((d) and (d'), as well as the redox
peaks of (a) and (a’) for LiFePO,. Importantly, no solid solution
behavior, electrolyte decomposition or strong polarization can
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(@) Schematic of the Lijlayered hybrid solid electrolyte (LHSE)|LizV,(PO4)3/CNT all-solid-state lithium battery. The narrow intrinsic

electrochemical stability window of Liy sAlg 3Ti; 7(PO4)3 is extended in the LHSE. Cyclic voltammetry profiles of the all-solid-state lithium battery
measured in the voltage ranges of 3.0-5.0 V and 3.0-4.3 V vs. Li/Li*, respectively, with a scan rate of 0.05 mV s~ * at 50 °C ((b) and (c)).
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be observed from the CV curve. Comparing the CV curves in the
two relevant voltage ranges, it's obvious that the Li|LHSE|Li;-
V,(PO,);/CNT solid-state cells are preferable to be operated in
the voltage range of 3.0-4.3 V to avoid the formation of kineti-
cally sluggish V,(PO,); phase.*>*

The electrochemical characteristics of the high-voltage
Li3V,(PO,);/CNT cathode in the voltage range of 3.0-4.3 V were
initially assessed in liquid electrolyte batteries by using the
conventional LP30 electrolyte and metallic lithium anode, and
the results are shown in Fig. S6.1 The charge-discharge profiles
of the second to fifth cycles at 0.05C demonstrated well defined
voltage plateaus (c¢f. Fig. S6at) consistent with previous
reports.*>*»* The tiny reversible plateau at about 3.3 V is the
LiFePO, impurity, whose capacity is less than 5% of the total
discharge capacity. The specific discharge capacity is around
130 mA h g, corresponding to 98% of its theoretical capacity
(131.5 mA h g~ ") based on two lithium extractions. The elec-
trochemical behavior before and after formation cycles was
investigated by EIS in the frequency range from 100 kHz to 10
mHz. As shown in Fig. Séb, all Nyquist plots of the cells
exhibited a semicircle in the high frequency region which is
ascribed to the charge-transfer process of lithium ions from the
surface layer of the electrode through the interface into the
electrolyte. In addition, a straight line appeared in the low-
frequency region which is attributed to the diffusion of lithium
ions in the LizV,(PO,); cathode.*® The impedance plots were
fitted by using the equivalent circuit shown in Fig. S6b.7 Their
analyses showed that after formation cycles, the charge-transfer
resistances (R.) of the cathode decreased from 114 Q to 79 Q,
hinting at the structural and electrical integrity of the electrode
and its interface with the liquid electrolyte after battery
formation. The cycling performance and rate capability of the
LizV,(PO,);/CNT electrode in liquid electrolyte cells at current
rates of 0.5, 1 and 10C are shown in Fig. Séc.t The electrode
could be stably cycled for up to 1000 times at each current rate
with the coulombic efficiency close to 100% for every cycle,
indicating the good reversibility of lithiation/delithiation in the
Li3V,(P0O,)s/CNT electrode. The capacity retentions are 94, 96
and 88% after long-time cycling at 0.5, 1 and 10C current rates,
respectively. The discharge capacities after 1000 loops at 0.5 and
1C are still higher than 120 mA h g™*, corresponding to more
than 90% of the theoretical capacity. Even at a high current rate
of 10C, the battery still delivered 72% of its theoretical capacity
after 1000 cycles. Therefore, the free-standing electrode, with its
novel morphology,> exhibits outstanding electrochemical
performance in liquid electrolyte cells in the relevant voltage
range. Based on the above results, the electrochemical proper-
ties of the LizV,(PO,4);/CNT cathode are expected not to hinder
the overall performance of the solid-state lithium battery with
the LHSE electrolyte in the relevant voltage range.

In contrast to the liquid electrolyte cells which were cycled at
room temperature, the temperature was set at 50 °C for all the
electrochemical measurements of the prepared Li|LHSE|Li,-
V,(PO,);/CNT solid-state lithium batteries to take advantage of
the improved ionic conductivity of LHSE at elevated tempera-
ture. The formation cycles of the solid-state lithium batteries
were performed at a current rate of 0.05C in the voltage range of

This journal is © The Royal Society of Chemistry 2019
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3.0-4.3 V for 5 times. The charge-discharge profiles of the
formation cycles are presented in Fig. 7a, showing a continuous
increasing trend of coulombic efficiency and slight capacity
decrease along with cycling numbers. The initial discharge
capacity of the battery is 130.5 mA h g~ ' and stabilized at about
123 mA h g~! after the formation cycles. Three main charge-
discharge plateaus corresponding to three reversible phase
transitions of LizV,(PO,); < LiV,(PO,); and an extra tiny
plateau for the LiFePO, impurity are observed. It's worth noting
that these plateaus, compared with the plateaus of the battery
with the liquid electrolyte,* are tilted, owing to the more slug-
gish diffusion kinetics at the interfaces as well as the relatively
higher overall electrolyte resistance in the all solid-state battery
than that with the liquid electrolyte.

The rate capability and the corresponding charge-discharge
profiles of the Li|LHSE|Li;V,(PO,);/CNT solid-state lithium
battery, cycled between 3.0 and 4.3 V with current rates from
0.1C up to 0.5C at 50 °C, are shown in Fig. 7b and S7,f
respectively. The Li|LHSE|Li;V,(PO,);/CNT battery demon-
strates low polarization, a high coulombic efficiency and
reasonable charge/discharge capacity when the current rate is
below 0.2C, which is attributed to the sufficient ionic conduc-
tivity of LHSE and the favorable interfacial properties between
the electrodes and the electrolyte. When the current rate is
above 0.2C, the obtained discharge capacities drop very quickly,
which indicates the kinetic limitation of Li* in LHSE impeding
the cycling capability of the battery. Moreover, as shown in
Fig. S7,7 overpotential increases dramatically and capacity
decreases sharply with the current rate increasing, meaning the
polarization significantly influences the electrochemical
behavior of the battery. However, the electrochemical perfor-
mance can be recovered to the initial values when the current
rate was returned back to 0.1C after cycling at higher rates,
which suggests the good durability of the LHSE at high
overpotential.

To explore the cycling stability of the Li|LHSE|LizV,(PO,)s/
CNT battery, a charge-discharge test was performed at 0.2C and
the results are shown in Fig. 7c. The discharge capacity of the
battery after 500 cycles is 107.6 mA h g~ ', corresponding to
88.2% of its initial discharge capacity and 81.8% of the theo-
retical capacity of the LizV,(PO,); cathode. Thus, the battery is
at least able to be cycled for up to 500 times with minor capacity
fading. The impedance measurement was performed on the
battery in the pristine state, after 100 cycles and after 500 cycles,
respectively, and the obtained Nyquist plots are shown in
Fig. S8.7 The overall battery resistance slightly decreased after
the first hundred cycles and kept basically constant until the
end of long-term cycling, indicating the high electrochemical
stability of the prepared battery. Moreover, post-test character-
ization was carried out on the lithium anode, the SPE layer and
LATP in LHSE after disassembling this long-term cycling
battery. The results and detailed discussion are shown in the
ESI (¢f. Fig. S91), representing the success in achieving the high
electrochemical stability and compatibility of the prepared
LHSE electrolyte with the metallic lithium anode in the relevant
potential range.
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Fig. 7 Electrochemical performance of the Lillayered hybrid solid electrolyte|LizV,(PO4)z/CNT all-solid-state lithium battery at 50 °C in the
voltage range of 3.0-4.3 V vs. Li/Li*: (a) charge—discharge curve of the initial five cycles at a current rate of 0.05C, (b) rate capability at current
rates from 0.1C to 0.5C, respectively, and (c) long-term cycling measurement at a current rate of 0.2C.

The prepared Li|LHSE|LizV,(PO,);/CNT cell exhibits a gravi-
metric energy density of ~460 W h kg™ based on the weight of
two electrodes, which is highly comparable with that of the
conventional lithium-ion batteries with the liquid electrolyte. In
addition to the advantages of using lithium anode and high-
voltage LizV,(PO,); cathode, the structural features of the free-
standing LizV,(PO,)s/CNT electrode also play an important role
in the improvement of the gravimetric energy density. Unlike
the recently used composite electrode for bulk-type solid-state
batteries,® this free-standing Li;V,(PO,);/CNT electrode requires
no binder, additive carbon, pre-added electrolyte or metal
current collector. The Li;V,(PO,); mass loading reaches 71 wt%
of the complete cathode. Finally, for the free-standing cathode,
high electronic conductivity and sufficient ionic conductivity
are ensured respectively by the CNT framework® and the
penetration of the polymer electrolyte into the cathode pores
during battery assembly. The rate capability and cycling
performance of the Li|LHSE|Li3V,(PO,);/CNT cells are worse
than those with the liquid electrolyte, owing to the intrinsic
limitation of ionic conductivity in LHSE and the small contact
areas between the electrolyte and electrode in the solid-state
battery. When comparing the Li|LHSE|LizV,(PO,)3/CNT battery
with a previously reported solid-state battery using LATP

3892 | J Mater. Chem. A, 2019, 7, 3882-3894

electrolyte with LiTi,(PO,); anode and LizV,(PO,); cathode,® the
Li|LHSE|Li;V,(PO,4);/CNT battery (i) can be operated without
high external pressure, which was used to maintain the
mechanical contacts between ceramic electrodes and the
ceramic electrolyte, (ii) is no longer limited in a narrow voltage
window, and (iii) exhibited higher energy density using the
metallic lithium anode while the LATP is protected by the
polymer layer from chemical and electrochemical decomposi-
tion with the lithium metal. In addition, the polymer protection
layer for solid-state batteries, as well as the high mass loading of
the LizV,(PO,)3/CNT electrode, which can be directly formed
with the crystallization of active materials, are easily scalable
and relatively cheap in terms of energy per gram.

Conclusions

In this work, for lithium batteries, a layered hybrid solid elec-
trolyte (LHSE) with LATP ceramic and polymer coating layers
was prepared and its structural, thermal, chemical and elec-
trochemical properties were systematically investigated. The
advantages of coating the polymer electrolyte on the LATP pellet
are (i) the increased contact area between the electrode and
electrolyte, (ii) protection of LATP ceramic, resulting in a wide

This journal is © The Royal Society of Chemistry 2019
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electrochemical stability window, (iii) the improved (electro-)
chemical compatibility of LATP with metallic lithium and (iv)
the simplified interface fabrication process for all-solid-state
batteries. We demonstrated an all-solid-state lithium battery,
Li|LHSE|Li;V,(PO,4)3/CNT, which can be cycled for at least 500
times at 50 °C with slight capacity fading. Post-test character-
ization of the lithium surface, polymer coating layer and LATP
pellet after long term cycling indicated the high mechanical,
chemical and electrochemical stability of the Li|LHSE|LizV,(-
PO,);/CNT battery. This design opened the possibility for
manufacturing all-solid-state lithium batteries with a high-
voltage cathode and metallic lithium anode to enhance their
energy density. Further tuning the LHSE to improve the rate
capability of all-solid-state batteries is still under investigation
to pave the way for its large-scale practical applications.
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