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Abstract: Hybrid solid-state batteries using a bilayer of ceramic and solid polymer electrolytes may
offer advantages over using a single type of solid electrolyte alone. However, the impedance to Li*
transport across interfaces between different electrolytes can be high. It is important to determine the
resistance to Li* transport across these heteroionic interfaces, as well as to understand the underlying
causes of these resistances; in particular, whether chemical interphase formation contributes to giving
high resistances, as in the case of ceramic/liquid electrolyte interfaces. In this work, two ceramic
electrolytes, Li3PS,; (LPS) and Lig 5LazZr; 5Tag 5012 (LLZTO), were interfaced with the solid polymer
electrolyte PEO;(:LiTFSI and the interfacial resistances were determined by impedance spectroscopy.
The LLZTO/polymer interfacial resistance was found to be prohibitively high but, in contrast, a
low resistance was observed at the LPS/polymer interface that became negligible at a moderately
elevated temperature of 50 °C. Chemical characterization of the two interfaces was carried out, using
depth-profiled X-ray photoelectron spectroscopy and time-of-flight secondary ion mass spectrometry,
to determine whether the interfacial resistance was correlated with the formation of an interphase.
Interestingly, no interphase was observed at the higher resistance LLZTO/polymer interface, whereas
LPS was observed to react with the polymer electrolyte to form an interphase.

Keywords: solid-state battery; hybrid battery; interfaces; polymer electrolyte; solid electrolyte;
solid-polymer electrolyte interphase

1. Introduction

Solid-state batteries (SSBs) with a lithium metal anode and a solid electrolyte promise
to deliver a step-change in the energy density and safety of batteries [1]. However, no single
solid electrolyte has shown all the properties required [2]. A dense ceramic electrolyte
with good stability against Li metal is necessary, one that also prevents the penetration
of dendrites (filaments of Li metal) across the electrolyte which short-circuit the cell [3-5].
However, these highly dense ceramic solid electrolytes often interface poorly with cathode
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active material in the composite cathode [6], showing chemomechanical instability due to
the cathode volume change, with sulfide electrolytes degrading to form resistive interphases
at the requisite high potentials [7-10] and oxide electrolytes requiring sintering at high
temperatures to achieve sufficient ionic conductivity [11-13].

Hybrid approaches utilizing a bilayer of two different electrolytes can be used to
overcome this problem [14]. A common approach is to use an inorganic solid electrolyte
to protect the Li anode and to interface this with a separate electrolyte such as a liquid
electrolyte, a gel polymer electrolyte or a solid polymer electrolyte (SPE), as these can
better interface with the cathode active material. Several studies have investigated the
interface between common liquid electrolytes and oxide ceramic electrolytes, such as
LiyLa3zZr,O1, (LLZO), finding that the resistance of the whole cell is dominated by the high
interfacial resistance at the heteroionic interface between the two electrolytes [15-20].

Bilayers of ceramic electrolyte and SPE have also been explored elsewhere, with research
having focused principally on PEO-based SPEs interfacing with oxide ceramic electrolytes,
such as the LLZO-type, LLTO-type and NASICON-type electrolytes, Na-3'/-Alumina, LATP,
LiPON and Ohara glass (LICGC) [21-33]. More recently, however, work has extended
to investigating the interfaces between SPEs and sulfide electrolytes, with LigPS;Cl and
LijoSnP,S1, having been studied [34,35]. Although the interfacial impedance to Li* trans-
port is often studied via electrochemical techniques, there has been relatively little investiga-
tion as to the origin of these interfacial resistances—whether they are due to the formation
of an interphase between the ceramic electrolyte and the SPE, or whether they are inherent
in the heteroionic interface between the two phases.

In this work, the interface between the SPE PEO;o:LiTFSI and two different ceramic
electrolytes: the oxide Lig 5LasZr; 5Tag 5017 (LLZTO) and the sulfide Li3PS4 (LPS) are inves-
tigated using both electrochemical and chemical techniques. Potentiostatic electrochemical
impedance spectroscopy (PEIS) was used to probe the impedance of each interface, finding
a significantly higher resistance to Li* transport across the LLZTO/SPE interface than
across the LPS/SPE interface in the temperature range of 10-50 °C. Depth-profiled X-ray
photoelectron spectroscopy (XPS) and depth-profiled time-of-flight secondary ion mass
spectrometry (ToF-SIMS) were used to probe the chemistry of each interface. It was found
that whereas there was minimal or no chemical reactivity at the LLZTO/SPE interface, a
chemical reaction occurred at the LPS/SPE interface to form an interphase consisting of
numerous species including PS4Oy and polysulfides. That this interphase is a result of
a chemical reaction is supported by the time-resolved PEIS of the cell, which reveals an
increase in impedance over the first 24 h, before plateauing after the formation of the inter-
phase layer. These results show that chemical reactions do not necessarily limit transport
across a ceramic electrolyte/SPE interface and that interfaces such as LLZTO/SPE can have
very high resistances that are inherent to the heteroionic interface, rather than being present
as a result of interphase formation.

2. Results
2.1. The LPS/PEO1¢:LiTFSI Interface

The resistance to Li* transport across the LPS/SPE interface was determined using
a previously established method [28]. PEIS was carried out to measure the impedance of
three cells: (1) a Blocking/LPS/Blocking cell (Figure 1a); (2) a Blocking/SPE/Blocking cell
(Figure 1c); and (3) a Blocking/SPE/LPS/SPE/Blocking cell (LPS trilayer cell) (Figure 1d).
In the former two cases, the resistances of the LPS and SPE electrolytes were determined
using a least-squares fitting of the PEIS data to the equivalent circuit models shown. These
equivalent circuit models consist of a resistor and constant phase element in parallel that is
then in series with a constant phase element (modelling the double-layer capacitance at
the interface between the electrolyte and the blocking electrodes). In the case of the LPS
trilayer cell, the total resistance of the cell was determined by linear regression to the x-axis
of the low-frequency capacitive response of the blocking electrode interface. It should be
noted that the cell was held for 150 h prior to measurement as, after this time, no significant
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changes in cell resistance were observed, as is discussed later, indicating that any reactive
interphases between the LPS and SPE have already formed.
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Figure 1. Nyquist plots, equivalent circuit models and schematics corresponding to PEIS of (a) LPS
electrolyte with blocking electrodes; (b) LLZTO electrolyte with blocking electrodes; (¢) PEO;(:LiTFSI
with blocking electrodes; (d) PEO;:LiTFSI/LPS/PEO;:LiTFSI trilayer with blocking electrodes; and
(e) PEO;:LiTFSI/LLZTO/ PEO;(:LiTFSI trilayer with blocking electrodes. PEIS was carried out at
10 °C (red), 30 °C (yellow) and 50 °C (green), from an initial frequency of 1 MHz.
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The resistance across the LPS/SPE interface (Rp,:) can be determined by comparing
the total resistance of the LPS trilayer cell (Ryijayer) to the resistances of the LPS electrolyte
(Rpps) and the SPE (Rgpg), as described in Equation (1):

Rt = %(Rtrilayer - (RLPS + 2RSPE)> : @

It should be noted that this comparison is made possible by controlling the electrode
area and thickness of each electrolyte across the three cells, as described in Materials and
Methods in Section 4.

This method was carried out at three temperatures: 10, 30 and 50 °C. At 30 °C, the
measured conductivities of the LPS and SPE electrolytes were determined to be 0.2 mS/cm
and 0.006 mS/cm, which was in agreement with previously reported values in the litera-
ture [36-39]. While the resistance of the LPS/SPE interface was determined to be relatively
high at 10 °C with a value of 37 kQ-cm?, it falls significantly to 2 kQ-cm? at 30 °C, becoming
negligible at 50 °C (Table 1). These findings, regarding a relatively low interfacial resistance
between a sulfide ceramic electrolyte and an SPE electrolyte, are in good agreement with
previous work by Janek and co-workers, who reported a low interfacial resistance between
PEO;:LiTFSI and LigPSsCl [35].

Table 1. Table showing the interfacial resistances between PEO;o:LiTFSI and the ceramic electrolytes
LizPS4 (LPS) and Lig 5LazZry 5Tag 5012 (LLZTO), at temperatures of 10, 30 and 50 °C.

Interfacial Resistance/kQ)-cm?

Temperature/°C
LLZTO LPS
10 1540 37
30 496 2
50 79 negligible

While heteroionic interfaces have inherent resistances to Li* transfer, a further origin of
resistance can be the formation of a resistive interphase by a chemical reaction. To establish
whether interphase formation contributes to the resistance at the LPS/SPE interface, XPS
and ToF-SIMS analyses were carried out to study the chemistry of the interface. Samples
were prepared for XPS and ToF-SIMS, as described in Materials and Methods in Section 4,
leaving the two phases in contact under a stack-pressure for 150 h at 60 °C prior to the
experiments. After this time, the SPE had so closely adhered to the LPS surface that the
two phases could not be peeled apart, so the interface was accessed by argon sputtering
through the SPE layer.

The depth-profiled XPS of the LPS/SPE interface is presented in Figure 2a, showing
binding energies corresponding to the C 1s (i), S 2p (ii) and P 2p (iii) regions of the spectrum.
As the polymer film was etched away, the peaks in the C 1s and S 2p spectra corresponding
to the polymer and to the LiTFSI salt decreased in intensity ((OCH,-CH;-), orange, (-CH;-),
red, and S5=0O, dark green), while peaks in the S 2p and P 2p spectra corresponding to the
LPS electrolyte increased in intensity (P-S-P, yellow doublet, PS,3-, pink doublet) [35,40].
Of most significance is the increase in intensity of a second doublet in the P 2p region of the
spectrum at a binding energy of approximately 133.8 eV (purple doublet). Since this doublet
is at a higher binding energy, this suggests that P is bonded to a more electronegative atom
than sulfur, which is consistent with the formation of an interphase containing PScOy, [35]. A
second doublet was also observed to increase in intensity in the S 2p region of the spectrum,
at approximately 162.6 eV (light green). This doublet has previously been assigned to the
formation of polysulfides [35,41]. Further details on XPS assignments are given in Table S1.



Inorganics 2022, 10, 60

50f13

(a) PEO,,:LiTFSI | LisPS,

() Cis (i) S2p
(OCH,-CH,-)| [-(CH,) s=0 -S,- P/\.,"P-S-Li

: ' L

Intensity (a.u.)
Etch Time (s)

L L L L L T T T T T T T T T T T T T SPE
294 292 290 288 286 284 282 280 170 168 166 164 162 160 158 138 136 134 132 130 128

Binding Energy (eV) interface
(b) PEO,,:LiTFSI | Lig sLasZr, sTag 5015
(i) Ci1s (i) O1s (iii) Zr 3d
(OCH,-CH - @ OLates Zrianis) LLiTO
MMW‘W ﬂ\“\ __.__A&_‘ 1200

WWW I, \; \. J\\/Ek 600

R _ﬁ\_ 120
M_Mwﬁ% 77: ‘\:\;;L\»_w .—ML__ 15

ol AN o

T T Tt T T T t T T T T T T T
204 202 200 288 286 284 282 280 53 534 532 530 528 526 190 188 186 184 182 180 178 SPE

Binding Energy (eV) interface

Intensity (a.u.)
Etch Time (s)

Figure 2. The depth-profiled XPS of (a) the PEO:LiTFSI/LPS interface showing the (i) C 1s; (ii) S 1s
and (iii) P 2p regions of the spectra; and (b) the PEO;o:LiTFSI/LLZTO interface showing the (i) C 1s;
(ii) O 1s and (iii) Zr 3d regions of the spectra.

ToF-SIMS was carried out to further investigate the interfacial chemical reactivity; a
depth profile of the interface is shown in Figure 3a. In the left-hand region of the spectrum,
the counts of fragments from the polymer and the LiTFSI salt are high, such as for CoH3z0~
(orange) and NS,O4CyF¢~ (light blue). In the right-hand region of the spectrum, there
are high counts of fragments from the LPS electrolyte, such as PS™ (green). However, in
the mid-region of the spectrum, several other fragments pass through maxima, including
PO, ™ (dark blue), PO~ (yellow), C;H30O~ (orange) and CHO™ (black). These maxima
indicate that between the SPE and the LPS, a chemically distinct interphase is formed,
consisting of P-O bonded species and degraded polymer. Fragments were assigned based
on their characteristic m/z ratios, with those present in the pristine materials being shown
in Figure S2, and those that are characteristic of the interphase are assigned based on the
likely decomposition products, informed by related studies in the literature [35].
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Figure 3. Depth-profiled ToF-SIMS of: (a) the PEOo:LiTFSI/LPS interface; and (b) the
PEO;(:LiTFSI/LLZTO interface.

It is possible to spatially reconstruct these data for the region of the interface under
investigation; this is shown in Figure 4a. Fragments indicative of the LPS electrolyte
(PS™, blue), the interphase (PO, ™, orange) and the SPE (NS,04C,F¢ ™, green) were chosen
for reconstruction. The data showed a clear transition from each phase to the next as the
sample was sputtered away. The reconstruction also gives an indication of the relative
thickness and uniformity of the interphase, with the orange PO, ™ fragments covering the
whole area of the interface under investigation (Figure 4a(iii)).

(@) (i) Total (i) PS- (i) PO, (iv) NS,0,C,F,

Sputter

Sulfide
electrolyte|

55 um x 60 jim 8

(b) (i) Total

(111) S O.C
Sputter ’,t\ H‘; N\)@:\,/Qkxﬂ‘g(j

direction

Oxide

Figure 4. ToF-SIMS reconstructions of (a) the PEO;(:LiTFSI/LPS interface, showing: (i) the total
reconstruction, (ii) PS™ fragments (blue), (iii) PO, ~ fragments (orange) and (iv) NS;04C,F4 ™ frag-
ments (green); and (b) the PEO;(:LiTFSI/LLZTO interface: (i) the total reconstruction, (ii) LaO~
fragments (blue) and (iii) NS,O4CyFs~ fragments (green).

It can, therefore, be concluded that a relatively uniform interphase, consisting of PS«Oy
species, polysulfides and degraded polymer, forms when SPE interfaces with LPS. This
finding is in good agreement with the work of Simon et al., who found that interfacial
contact between the same SPE and a similar sulfide solid electrolyte, LisPS5Cl, reacted to
form an interphase composed predominantly of polysulfides, PSxOy and LiF [35]. They
also observed a negligible resistance to Li* transport across this interphase at higher
temperatures, despite the chemical degradation.
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To further investigate the chemical reaction between the SPE and LPS, a trilayer cell
was constructed and PEIS was carried out periodically over 120 h. Over the course of the
measurement, the cell was held under a controlled stack-pressure at 20 °C. Figure 5a shows
selected Nyquist plots revealing the growth in the total cell impedance from the pristine
state (red) to 12 h (blue), to 24 h (yellow) and, finally, to 120 h (green). Figure 5b shows
these data in greater detail, revealing that the growth in the cell resistance is relatively
linear over the initial 12 h, increasing from approximately 225 k() to 750 k(), and continues
to increase to approximately 1125 k(2 after 24 h. However, after 24 h, it is clear that the total
cell resistance plateaus, only increasing to approximately 1200 k() after 120 h, suggesting
that after approximately 24 h, the interphase stops growing. This is key to the potential use
of LPS interfaced with SPE in next-generation batteries, as it prevents the resistance and
associated cell overpotential from increasing to unusably high values.

(a)

750—_ R o
| ° o ‘ o 12h
g 500 °0 , 24 h
500- , . _
£ 5 %0 Lo , . 120 h
:N N vo o § ° o, OO C -
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Figure 5. PEIS as a function of time for the PEO;:LiTFSI/LPS/ PEO;o:LiTFSI trilayer. Here, (a) shows
Nyquist plots after 0 h (red), 12 h (blue), 24 h (yellow) and 120 h (green); (b) shows the total resistance

of the trilayer as a function of time.

o

2.2. The LLZTO/PEO;¢:LiTFSI Interface

Unlike the interface between SPEs and sulfide electrolytes, the interface between SPEs
and oxide ceramic electrolytes has been explored relatively thoroughly via electrochemical
methods, but it has been the subject of very little chemical analysis. LLZTO was chosen as
the oxide solid electrolyte for this study as it has attracted a great deal of research interest
in terms of next-generation solid-state batteries, due to its relatively high ionic conductivity
and its kinetic stability against the Li metal [42].

The resistance of the LLZTO/SPE interface was examined, just as for the LPS/SPE
interface, by comparing the total resistance of a Blocking/SPE/LLZTO/SPE/Blocking
cell (LLZTO trilayer cell) (Figure le) to the resistances of the LLZTO electrolyte and SPE,
which were determined by fitting PEIS data to equivalent circuit models (Figure 1b,c).
Again, the impedance spectra were collected at 10, 30 and 50 °C, after the LLZTO and
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SPE had been contacted for 150 h at room temperature, under a controlled stack-pressure.
At 30 °C, the conductivity of the LLZTO disk was determined to be 0.5 mS/cm, which is
consistent with the reported literature values [43]. However, unlike the LPS/SPE inter-
face, the resistance of the LLZTO/SPE interface was determined to be very high across
the temperature range of measurement, with a value of 1.6 MQ-cm? at 10 °C, falling to
497 kQ-cm? at 30 °C, and reaching 79 kQ-cm? at 50 °C (Table 1). This is in good agreement
with previous electrochemical studies on the LLZ(T)O interface with PEO-based polymers
using various salts, which have reported interfacial resistances to Li* transport in the order
of 100 kQ-cm?-1 MQ-cm? [25,44].

So, what is the origin of the high interfacial impedance between LLZTO and SPE? To
understand whether this impedance to Li* transport is inherent to the charge transfer across
the interface, e.g., from poor wetting, or whether it is the result of chemical reactivity, XPS
and ToF-SIMS were carried out on the interface to analyze any chemical changes occurring
after contact. Unlike in the case of LPS, the polymer layer was readily peeled from the
surface of the LLZTO disk, and so XPS was carried out on the LLZTO disk, depth-profiling
from the surface of contact. Figure 2b shows the depth-profiled XPS into the LLZTO disk.
The C 1s region of the spectrum (Figure 2b(i)) shows a decrease in intensity in C-F (brown)
and (OCH,-CHj;-) (orange), corresponding to the residual polymer and salt on the LLZTO
surface [35,45]. The Zr 3d region of the spectrum (Figure 2b(iii)) shows no change in the
5:3 intensity ratio doublet corresponding to the Zr in the LLZTO lattice with increasing
etch time [46]. Similarly, the O 1s region of the spectrum (Figure 2b(ii)) shows little change
in chemistry with depth. The lowest binding energy peak corresponding to the O in the
LLZTO lattice (light blue) and the middle peak corresponding to OH™ impurities (mid-
blue) remain relatively unchanged in intensity with increasing depth. Only the highest
binding energy peak at approximately 532 eV, corresponding to CO32~ impurities (dark
blue), undergoes a change, decreasing slightly in intensity with the increasing etch time [46].
However, the presence of hydroxide or carbonate at the surface of LLZTO is determined
not to be a result of chemical reactivity between the LLZTO and SPE electrolyte, but is
rather due to the expected impurities on the surface of oxide solid electrolytes, as both
species are also observed to be present on the surface and near-surface of LLZTO samples
that had not been in contact with SPE (Figure S3) [46,47]. These surface contaminants can
form as a result of degradation in moist air or may form during heat-treatment in certain
atmospheric conditions [48,49]. There is, therefore, no evidence of any interfacial reactivity
from the depth-profiled XPS.

The depth-profiled ToF-SIMS shown in Figure 3b corroborates this result. Whereas
in the LPS/SPE interface there was clear evidence of an interphase formed between the
ceramic and polymer electrolytes, in the case of LLZTO, there is a clear transition directly
from the polymer, indicated by the presence of salt fragments such as NS,04CyF¢ ™ (blue),
to fragments representative of the LLZTO solid electrolyte, such as ZrO~ and LaO~ (green
and orange, respectively. This is borne out in the spatial reconstruction of the interface
shown in Figure 4b, which shows a clear transition from the SPE (represented by the
presence of the NS,O4C,F¢ ™ in green) to the LLZTO ceramic electrolyte (represented by
the presence of the LaO~ fragment in blue). The only fragments that were observed to
show an increase in counts at the interface between the SPE and LLZTO were fragments of
short-chain polymer, such as CHO™ (black, Figure 3b). While this could be an indication of
some degradation of the PEO polymer at the interface, no other degradation products are
observed, suggesting that any polymer degradation is not accompanied by the degradation
of the LLZTO electrolyte or the LiTFSI salt. It should also be noted that short-chain polymer
fragments were also observed in the ToF-SIMS analysis at the LPS/SPE interface; therefore,
it is highly unlikely that its presence is the cause of the extremely high resistance to Li*
transport that is apparent across the LLZTO/SPE interface. It can, therefore, be concluded
that this high interfacial impedance is not due to any interfacial reactivity but is, rather,
because the impedance to Li* transport from the SPE to the oxide ceramic electrolyte
LLZTO is inherently high.
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3. Discussion

It has previously been established that interfacing a ceramic electrolyte with a liquid
electrolyte leads to the formation of an interphase that dominates the Li" impedance
across the interface [15-20]. However, in this work, we demonstrate that for ceramic
electrolyte/SPE interfaces, not all interphases result in high interfacial resistances and not
all high interfacial resistances are the result of a resistive interphase. In the case of LPS/SPE
interfaces, interfacial resistances are both initially low and plateau to low values, even after
interphase growth, indicating that neither the sulfide electrolyte nor its reacted interphase
components suffer from severe Li* charge-transfer limitations. By contrast, PEIS studies on
oxide ceramic/SPE interfaces have demonstrated a considerable interfacial impedance to
Li* transport, despite depth-profiled ToF-SIMS and XPS analyses showing that there is no
interphase formed at the LLZTO/SPE interface.

Therefore, given that the high interfacial resistance between LLZTO and SPE is not
due to the presence of a resistive interlayer, what is the underlying cause? High resistances
are likely due to a combination of inherent Li* charge transfer limitations and the presence
of common surface impurities on the oxide ceramic. Weak bonding, as well as the high
surface polarity of LLZTO, have been suggested to cause poor wettability between the
two electrolytes, inherently limiting Li* charge transfer across the interface, and this has
been supported by the considerable reduction in interfacial resistance seen when func-
tionalizing the surface of LLZTO with large molecules that covalently bond with the PEO
chains [44,50]. As well as wettability, Li* salt concentration within the SPE, as well as the
presence of LLZTO surface impurities, have been shown to significantly affect interfacial
resistance [25,29]. Surface lithium carbonate and lithium hydroxide are known to cause
high interfacial resistances and have previously been shown to impact Li* transport across
the LLZTO/SPE interface [25,47,49]. To achieve the low interfacial resistances needed for
commercial applications, future work concerning oxide ceramic/SPE hybrid electrolytes
should aim to: maximize the wettability between the oxide and SPE; control Li* salt concen-
tration in the SPE to match Li* electrochemical potentials, avoiding interfacial space-charge
effects; and minimize resistive surface impurities on the oxide electrolyte by improved
surface preparation, for example, by the use of higher heat-treatment temperatures [48].

4. Materials and Methods
4.1. Materials

To prepare the disks of LLZTO, a commercial powder was purchased from MTI
Corporation and was loaded within a graphite die-set, where it was spark-plasma sintered
under a 50 MPa stack-pressure for 15 min at a temperature of 1150 °C. This process yielded
ceramic disks of high density (>97%). To finally prepare the samples for experimentation,
the disks were polished to remove the surface carbon created in the spark-plasma sintering
procedure and were then heat-treated in argon at 600 °C, as described in the previous
literature, to minimize the concentration of common surface contaminants [46]. XRD was
carried out to confirm the phase purity of the electrolyte, as shown in Figure S1.

To synthesize LPS, a stoichiometric ratio of Li;S and P,Ss precursors were ball-milled
at 550 rpm for 7 h, in cycles comprising 5 min of milling and 10 min of rest. The resultant
powder was uniaxially pressed into disks, which were transferred to a furnace where they
were heated in an argon atmosphere to 400 °C at a rate of 10 °C/min and were then held
for 15 min. The disks were then removed directly from the furnace to be quenched in
argon, after which they were ground into a powder using an agate mortar and pestle. X-ray
diffraction (XRD) was then carried out to determine the phase purity of the resultant LPS
powder; these data are shown in Figure S1. Upon establishing the phase purity of the
product, the LPS powder was re-pressed under 400 MPa to form disks for testing.

The PEO;o:LiTFSI (SPE) films were prepared using a dry processing method to prevent
the possibility of trace solvents contributing to any interfacial reactivity, as described in pre-
vious literature [28]. Poly(ethylene oxide) (PEO) with a molecular weight of 1,000,000 g/mol
and LiTFSI salt were purchased from Sigma Aldrich (UK) and were dried under a vacuum
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in a Buchi oven. The salt and polymer were then ground with an agate mortar and pestle
and loaded into a stainless-steel die set. The polymer film was prepared by hot-pressing
the reactants at 100 °C for 30 min under a stack-pressure of 250 MPa, then allowing them
to cool under pressure for 1 h. Using the same mass of reactants led to polymer films with
highly repeatable thicknesses of 120 pm. All processes were carried out in argon-filled
gloveboxes, except for XRD, which was conducted in a nitrogen atmosphere.

4.2. Electrochemical Characterisation

Cells were prepared for electrochemical testing within an argon-filled glovebox. Each
solid electrolyte material was built into a symmetric cell with blocking electrodes, con-
trolling the area of contact using a polypropylene mask. Blocking electrodes, rather than
Li metal electrodes, were used throughout this study as they enable easy differentiation
between the SPE/ceramic electrolyte interface and the blocking electrode interface. This
is because blocking electrodes give a distinct capacitive response in the low-frequency
region of the PEIS spectrum. Trilayer cells were prepared by sandwiching the ceramic
electrolyte between two films of SPE, which, in turn, were in contact with stainless steel
blocking electrodes, with masks controlling the contact areas. Cells with the LPS elec-
trolyte had 3-millimeter diameter contact areas, whereas cells with the LLZTO electrolyte
had 8-millimeter diameter contact areas. This areal difference was accounted for in the
normalized area-specific resistances reported in the Results in Section 2. All cells were
sealed within pouch cells under a vacuum for testing. Cells were maintained at a constant
temperature using an oil bath (Julabo, Seelbach, Germany), while constant stack-pressures
were set using spring clamps and a piezoelectric load cell (OMEGA, London, UK).

PEIS was carried out with a Gamry (USA) 1010 E potentiostat, using a voltage pertur-
bation of 10 mV in a frequency range of 1 MHz-1 Hz, collecting 10 points per decade. These
data were fitted to the equivalent circuit model in the ZView software package (Scribner,
New York, NY, USA).

4.3. X-ray Photoelectron Spectroscopy

In preparation for XPS, the SPE and ceramic electrolytes were contacted under a
controlled stack-pressure for 150 h at 60 °C to promote any interfacial reactivity. In the
case of the LLZTO/SPE interface, the polymer was readily peeled from the LLZTO and
the surfaces of both the LLZTO and the SPE were investigated. In the case of the LPS/SPE
interface, the SPE could not be peeled from the sulfide electrolyte, and so it was necessary
to sputter through the SPE to investigate the chemistry of the buried interface.

Samples were transferred into the XPS chamber via an air-tight argon-filled transfer
module to avoid contamination from the air. XPS measurements were conducted using a
PHI5000 Versa Probe III instrument (Ulvac-PHI, Inc., Chigasaki, Japan). An Al monochro-
matic source was used to generate an X-ray with a power of 25 W, a voltage of 15 kV and a
beam diameter of 100 microns. A pass energy of 55 eV was set for the analyzer.

In total, 9 sputtering steps were used with an Ar + ion source of 2 kV, 1.8 pA and a
raster size of 3 x 3 mm?. An electron neutralizer gun was used to prevent any surface
charge build-up. Each spectrum was calibrated to the signal of adventitious and aliphatic
carbon, using MultiPak 9.8 (Ulvac-PHI, Inc., Japan). The analysis and fitting were carried
out using the CasaXPS software package (Casa Software Ltd., Devon, UK).

4.4. Time-of-Flight Secondary lon Mass Spectrometry

ToF-SIMS analysis was performed on the samples using a ToF-SIMS V system (ION-
TOF GmbH, Miinster, Germany), using a 25 keV primary beam for analysis and a 10 keV
Arn* gas cluster ion beam with a dual-source column for sputtering. Samples were mounted
in an argon-filled glovebox and were transferred in a vacuum suitcase to the SIMS instru-
ment, before opening under a high vacuum (>10~7 mbar) once inside the SIMS load lock
pre-chamber.
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The analyses were carried out with Biz* primary ions in negative ion mode and with a
cycle time of 100 us. The Arjs40* sputter beam was applied over an area of 250 x 250 um
(crater size) and an analysis field of 100 x 100 um was used. In some cases, a smaller subset
of this area was used as a region of interest to avoid those areas where the edge of the crater
was visible in the analysis field, due to beam misalignment. A non-interlaced high-current
bunched mode was used for high mass resolution, using a 5 s: 0.5 s: 1 s sputter: wait:
analysis cycle, with 3 shots/pixel at 128 x 128 pixels. Charge compensation during ion
bombardment of the samples was achieved by flooding the sample surface with ~20 eV
electrons and adjusting the surface potential.

Samples were prepared following the same procedure as for XPS; however, rather
than peeling the polymer from the ceramic electrolyte, both interfaces were investigated by
sputtering through the SPE layer.

5. Conclusions

In this study, PEIS, XPS and ToF-SIMS analyses were used to quantify the resistance to
Li* transport across, and the chemical reactivity at, the interface between the solid polymer
electrolyte, PEO1o:LiTFSI, and two inorganic solid electrolytes, LPS and LLZTO. This was
motivated by the concept of a hybrid cell, in which the ceramic electrolyte protects the
cell from Li dendrite penetration and the SPE offers an excellent interfacial contact at the
cathode interface.

It was found that the interface between the SPE and LLZTO had an extremely high
interfacial resistance to Li* transport (79 kQ-cm? at 50 °C), despite evidence that there is no
chemical reactivity or interphase formation between the two phases. It can, therefore, be
concluded that this high interfacial resistance is inherent to the SPE/LLZTO interface. By
contrast, investigation of the SPE/LPS interface reveals that the resistance to Li* transport
across the interface increases with time as an interphase composed of PSxOy, species, poly-
sulfides and degraded polymer is formed. However, after a period of 24 h, the cell resistance
plateaus, indicating that the interphase has self-passivated. Interestingly, the magnitude of
the interfacial resistance remains orders of magnitude lower than that of the SPE/LLZTO
interface and becomes negligible at an elevated temperature of 50 °C. Therefore, the combi-
nation of an LPS and SPE electrolyte shows promise for hybrid cells operating at elevated
temperature in Li anode solid-state batteries, whereas cells combining LLZTO and an SPE
are unlikely to be practical without additional surface chemistry modification, due to the
high interfacial resistances leading to unusably high cell overpotentials.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/inorganics10050060/s1, Figure S1: XRD of ceramic elec-
trolytes; Figure S2: ToF-SIMS mass spectra; Figure S3: XPS of LLZTO reference; Table S1: XPS
assignments.
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