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Lithium batteries with increased energy density are required for the fast growing markets of
mobile electronic devices, electric vehicles, and smart grids. Lithium batteries with high
energy density can be realized by utilizing cathodes with either high capacity or high voltage.
While inventing high-capacity cathodes usually requires exploring new compound and phases,
high-voltage cathodes can be designed relatively easily by cation substitution in existing
compounds, without altering much the crystal structures or the intercalation chemistry. 2
For example, by partial substituting the Mn cations in LiMn,0,4 with other transition metals,
the operating potential of the spinel-type cathodes can be increased from 4.0 V for the

Mn®**** couple to 4.7 V, 4.8 V, and 5.1 V for the Ni****, cr*** and Fe**** couples,

respectively. !
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Although these high-voltage cathodes could potentially increase the energy density of Lithium
batteries by 20~50%, the practical use of high-voltage Lithium batteries is hampered by the
intrinsic problems of the conventional batteries: narrow electrochemical window of the liquid
electrolyte, dissolution of transition metals from the cathode, and poor safety of the liquid
electrolyte and Li anode. The high operating voltages of the aforementioned cathode
compounds are beyond the voltage window of the carbonate-based electrolyte, ~4.5 V; thus,
the electrolyte undergoes apparently continuous oxidative decomposition during cycling and
forms non-passivating solid electrolyte interphases (SEI) films on cathodes. As a result, low
coulombic efficiency is usually observed for high-voltage cathode based half cells (where Li
supply is abundant), % ™ and the cycle life of high-voltage full cells (where the amount of Li
ions is limited) is dramatically limited. 8 °! Also, the non-passivating athode SEI films result
in chemical etching of the cathodes by electrolytes and dissolution of transition metal ions. *
191 These dissolved transition metals decrease the available capacity in cathodes and increase
the thickness of anode SEI films. ! Furthermore, safety is a great concern for high-voltage
LIBs, where the electrolytes, containing flammable esters and ethers, are operated beyond
their stable voltage limits. Lastly, lithium batteries with Li metal anodes are abandoned
because of the notorious problem of Li dendrite growth ™ and lithium-ion batteries with
graphitic anodes are commercially used at the cost of much lowered capacity and operating
voltage. Although tremendous research efforts have been devoted to developing new
electrolytes with expanded safety window 2! as well as modifying the surface of anodes [**!
and cathodes 2% for improved stability, it is not easy to address the above four problems
simultaneously. High-voltage lithium batteries can be successfully utilized only if all these
problems associated with the cathode, the electrolyte, and the anode are solved fully.

It is well known that many solid electrolytes have a voltage window beyond 5 V and thus do

not decompose under cathodic current, such as LiigGeP,S1p, ™ LisPSs, ™ LisSnS,, B
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Li;LasZr,01, M8 and lithium phosphorus oxynitride (Lipon). ! Furthermore, with a solid
electrolyte, the concern of transition metal dissolution into the electrolyte is minimal.
Compared with carbonate electrolytes, most ceramic solid electrolytes are intrinsically non-
flammable. Lastly, lithium metal is compatible with many solid electrolytes and is less likely
to form dendrites during cycling because of the mechanical robustness of the solid electrolyte.
(201 The prominent problem of solid-state batteries is their low power densities compared with
liquid-electrolyte lithium batteries, resulting from the low ionic conductivity of the solid
electrolyte, the electrode/electrolyte interfacial compatibility, and limited kinetics of the
electrodes. 22 The recently discovered solid electrolytes with high ionic conductivity
enable the possibility of fabricating solid-state lithium batteries with a power performance
comparable to that of liquid-electrolyte batteries. > %! On the other hand, interfacial
instability between the electrode and electrolyte is a great challenge for solid-state batteries.
[15.17. 24 28] proper engineering at the interfaces of electrode/electrolyte is required for good
cycling performance of most solid-state lithium batteries. > 242821 Can solid-state batteries
fundamentally tackle all the problems in high-voltage lithium batteries, the unstable cathodes,
electrolytes, and anodes?

In this work, we demonstrate the possibility to realize high-voltage cycling in solid-state
systems using an example of LiNigsMn;s0,4 cathode, Lipon solid electrolyte, and Li metal
anode. Disordered spinel phase LiNigsMnysO. (theoretical capacity 147 mAh g™?) is one of
the most attractive high-voltage cathodes because of its high operating voltage of ~4.7 V,
stable structure, and superior kinetics over ordered LiNigsMn;504. [2, 28] Lipon is used as the
model solid electrolyte mainly because of its wide voltage window (0~5.5 V) % and
excellent interfacial compatibility with both cathodes and anodes. 1*° 2 Fabrication of thin-
film battery with LiNiysMn; 504 cathode has been challenging, [ and this work demonstrate

the first successful application of LiNigsMn;s0,4 cathode in solid-state battery. Our results
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show that the solid-state high-voltage lithium battery delivers an outstanding cycling
performance with 90% capacity retention after 10,000 cycles while the amount of electrolyte
is thousands of times less than that in liquid-electrolyte batteries. Compared with liquid-
electrolyte batteries, the electrolyte decomposition in solid-state lithium battery is minimum,
resulting in high coulombic efficiency of 99.98% and a fraction of 1/125 cumulative charge

loss.

A solid electrolyte with a sufficiently wide electrochemical window does not decompose
when cycled to high voltage. Figure la shows the capacity retention of LiNigsMn;s04
cathode in a solid-state battery with Lipon electrolyte and Li metal anode cycled between 5.1
V and 3.5 V at 5C. The high coulombic efficiency of the solid-state battery exceeds 99.98%,
as shown in Figure 1b, indicating that the decomposition of solid electrolyte is minimum. In
sharp contrast, the coulombic efficiency of a lithium battery with identical cathode and a
common liquid electrolyte (1.2 M LiPFg in EC/DMC, 1:2 by vol.), also cycled at 5C, is below
99.5% (Figure 1b), resulting from the fact that more than 0.5% of the charge is consumed by
electrochemical decomposition of the electrolyte in each cycle. The impact of the different
electrolyte decomposition is more obvious when we consider the cumulative irreversible
charge loss (Figure 1c): the charge loss accumulated for 1,000 cycles for the solid-state
battery is 7.9 mAh g™ (per gram of LiNigsMn1504), 125 times smaller than that in the liquid-
electrolyte battery (985 mAh g*). The actual time used for cycling of the solid-state lithium
batteries is about 70% of the times for cycling liquid-electrolyte batteries. Charge loss should
obviously be minimized for batteries; the huge irreversible charge loss in liquid-electrolyte
batteries consumes the solvent and/or lithium salt in the electrolyte, and is particularly

detrimental to the life of full cells with limited amount of lithium ions. Furthermore, energy
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storage devices with low coulombic efficiency consume extra charge and energy, and are
unwanted for long-life applications, such as stationary energy storage.

With a solid electrolyte of wide voltage window, high-voltage lithium batteries can deliver
stable capacity for a long life. As shown in Figure 1a, the reversible capacity delivered by the
solid-state lithium battery with LiNigsMn; 504 cathode is stable for 10,000 cycles, and the
capacity retention is 90.6% after 10,000 cycles, corresponding to a decay of less than 0.001%
per cycle. Exact cause of this decay is not identified here, but from comparison to 96%
retention at lower current (fig.1d) the loss is due to slowly increasing resistance in the cell.
The reversible capacity of the solid-state batteries under C/10 is about 120 mAh g*,
corresponding to ~82% of its theoretical capacity. The round trip energy efficiency is greater
than 97%. For most applications, such a battery has a cycle life longer than most devices, and
can be used for a lifetime without maintenance. The solid electrolyte does not alter the
intercalation chemistry of LiNiypsMn;50,, indicated by the voltage profile in Figure 1d and
differential voltage-capacity profiles in Figure S1, similar as that of conventional liquid-
electrolyte batteries. The first cycle irreversible capacity is mostly caused by the redox couple
Mn**/Mn*" instead of electrolyte decomposition, evidenced by the fact that the capacity of the
4 V plateau (~40 mAh g) equals to the 1% cycle irreversible capacity. The as-deposited
cathode material contains excess Li, which is removed during the first charging process and
does not intercalate above the cutoff voltage of 3 V. After the first cycle, the voltage-capacity
profiles are almost identical for the subsequent cycles through at least 10,000 cycles. On the
other hand, decomposition of liquid electrolyte is the limit for high-voltage lithium batteries,
and the cycle life of a high-voltage liquid-electrolyte battery directly depends on the amount
of electrolyte, as shown in Figure la. When charged to high voltage, the oxidative
decomposition of electrolyte leads to reduced amount of mobile Li ions. Furthermore, EC

undergoes polymerization and increases the viscosity of the electrolyte gradually. B These
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two facts lead to gradual decrease in the conductivity of the electrolyte, and eventually the
death of a battery. Note that the cycling performance of liquid-electrolyte batteries in Figure
la are obtained using half cells; full cells (lithium-ion batteries) with LiNigsMn;s0,4 high-
voltage cathode and liquid electrolyte will die even faster due to the limited supply of lithium.
Furthermore, as shown in Table 1, in the example of Liquid-electrolyte Battery 3, the
extended cycle life is achieved at the cost of additional electrolyte, occupying 4,100 times the
volume of the cathode. Using large amount of liquid electrolyte could greatly lower the total
energy density and is not a solution for high-voltage lithium batteries. In solid-state lithium
batteries, the amount solid electrolyte can be greatly reduced while maintaining outstanding
cycle life, as shown in Table 1.

The issue of transition metal dissolution is naturally eliminated in solid-state lithium batteries
where there is no mobile solvent molecule. The identical voltage capacity profiles in Figure
1d supports our assumption that there is little or no transition metal dissolution from the
cathode, as this would likely alter the voltage profile or decrease the reversible capacity. A
FIB machined SEM cross section is shown in Figure 2 for the of the LiNigsMn; sO4/Lipon/Li
solid-state battery after 1,000 cycles. The electrode-Lipon interfaces in the image are clearly
smooth and adherant. Although the elemental mapping lacks sufficient resolution for good
concentration profiles, it is clear that Mn is confined to the cathode side and the Li anode
remains dense and smooth with no roughening of the interface. On the other hand, with liquid
electrolytes, Mn dissolution is a well-known problem for LiNiypsMn; 50, cathode and it has
been confirmed experimentally that Mn metal migrates to the surface of anodes and
participates in the formation of anode SEI. [* %32

Smooth Li/Lipon interface can be seen from SEM morphology in Figure 2. Li metal cannot be
used in liquid-electrolyte lithium batteries for extended cycling because of the widely known

phenomenon of Li dendrite growth, which could cause short circuit of the cell. %3 In our
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solid-state lithium battery, Lipon is mechanically robust, and acts as a rigid barrier against the
possible growth of Li dendrite. Furthermore, as the top layer of the battery, Li metal can
expand freely during cycling and tolerate the volume expansion which is over 200 nm in
thickness. **! The interface between Lipon and Li anode remain smooth, confirming that Li
anode can be safely used in solid-state batteries.

The interfacial compatibility between electrode/electrolyte directly determines the
performance of solid-state batteries. For many solid electrolytes such as Li;oGeP,S;, and
Li,S-P,Ss, a highly resistive layer forms at the electrode/electrolyte interfaces as a result of
interfacial heterojunctions of two ionic conductors. ®* *1. An “interfacial buffer layer” is
usually needed for good performance of such solid-state batteries. > 2421 |n this work, the
electrode/electrolyte interfacial compatibility is quantitatively investigated using
electrochemical impedance spectroscopy (EIS) at different cycles, as shown in Figure 3. The
Nyquist plot mainly consists of a semicircle at high frequency representing the interfacial
resistance and capacitance as well as ionic resistance of the Lipon electrolyte, and a ~45° line
at medium and low frequency representing diffusion-related behaviors. We use the equivalent
circuit in Figure S2 to fit the EIS data, and the area specific impedance (ASI) resulting from
the high-frequency semicircle is shown in Figure 2b. The ASI of the solid-state battery is 203
Q-cm? after the first cycle, and increased to 229 Q-cm? after 4000 cycles, corresponds to an
average increase of a 0.003% per cycle. Noticing that the ASI here is a combined result of the
cathode/electrolyte and anode/electrolyte interfaces as well ionic resistance from Lipon
electrolyte, the actual electrode/electrolyte interfacial resistance is estimated to be about half
of values reported in Figure 2b. Contradictory to a previous report, % our results indicate that
both the interfaces are stable and Lipon enables the cycling of both LiNigsMn; 50, cathode
and Li anode. Furthermore, Lipon can be used to build the “interfacial buffer layer” for other

solid-state systems.
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The bottleneck of solid-state lithium batteries, compared with liquid-electrolyte batteries, is
their low power density, % *® resulting from low ionic conductivity of solid electrolytes,
limited diffusion Kkinetics in the electrodes, as well as high interfacial resistance. The problem
of low conductivity for the solid electrolytes can be partially solved by reducing the thickness
of electrolyte. In our example, the ionic conductivity of the Lipon solid electrolyte is 2x10° S
cm™®, much lower than that of the carbonate liquid electrolyte. However, the electrolyte ionic
resistance is compensated by reducing the thickness of the electrolyte to 1 um. Beyond the
ionic conduction, reducing the electrolyte thickness is also beneficial for the overall energy
density of the battery. The discharge capacity of the solid-state lithium battery was tested
under different rates, as shown in Figure 4. Before each measurement, the cell was charged at
a slow rate of C/10. The reversible capacity under C/10 rate is 122 mAh g™. With increased
current density, the utilization of active materials decreases slowly because of polarization.
Under a relatively fast rate of 10C (1470 mA g™), a reversible capacity of 90 mAh g™ can be
delivered, 74% capacity with respect to that at C/10 (122 mAh g). The good rate
performance of the solid-state lithium battery in this work is a result of reduced thickness of
the electrolyte, good interfacial compatibility, as well as fast kinetics of the disordered
LiNipsMn; 50,4 cathode. Lipon allows the investigation of proof-of-principle for solid-state
high-voltage lithium batteries. With the emerging of solid electrolytes with both higher ionic
conductivity and higher throughput manufacturing than achievable with Lipon, the high

power performance of solid-state lithium batteries will be further improved.

In summary, we propose reexamination of high energy density lithium batteries coupling
high-voltage cathode with a metallic Li anode via a solid electrolyte. We demonstrate that
solid-state system enables the full utilization of high-voltage lithium batteries by solving all

the problems with conventional batteries using liquid electrolyte: unstable electrolyte,
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dissolution of transition metals from the cathode, and serious safety issues associated with the
flammability of the electrolyte and the roughening of the Li metal anode. In our example, the
solid-state high-voltage battery consists of LiNiygsMn;50,4 cathode, Lipon electrolyte, and Li
metal anode. This solid-state lithium battery delivers remarkable capacity retention of 90%
over 10,000 cycles, a round trip energy efficiency of 97% and a high coulombic efficiency of
99.98%, indicating that such batteries can be used for lifetime of most devices without
maintenance. This work infuses a new life into existing chemistry of high-voltage lithium
batteries.

Compared with liquid-electrolyte lithium batteries, the bottleneck of solid-state batteries is
their poor performance under high power and high current. The solid-state lithium battery in
this work delivers a good rate-performance because of reduced thickness of the electrolyte,
good interfacial stability, and fast kinetics of the electrodes. However, the active loading of
cathode is about 0.5 mg cm™, about 10 times smaller than that in commercial liquid-
electrolyte lithium-ion batteries. Future research should be focused on increasing the loading
of active materials, utilizing solid electrolyte with high conductivity, engineering composite
electrodes for improved kinetics, and reducing the amount of electrolyte for increased energy

density of the whole batteries.
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Experimental Section

Materials Fabrication: Pt current collector (100 nm thick) and LiNigsMny 50, thin-film
cathodes (1 pm thick) were deposited onto alumina plates by DC and RF-magnetron
sputtering, repsctively. The active loading of cathodes is 0.45 mg cm™. The LiNigsMn; 504
films were annealed at 700 °C in air for 1 hour to form the disordered spinel phase. Lipon
electrolyte was deposited by RF-magnetron sputtering of a home-made Li3PO, target in
reactive N, atmosphere (99.9995%). Pure Li metal of 500 nm was deposited as the anode and
current collector by thermal evaporation forming a contact to Cu films of 100 nm which were
used as the leads. Note that this thickness of Li provides only ~140% excess capacity
compare to that of LiNigsMn;s04. Cells were sealed in pure Ar during cycling, with no
additional Li protection. For the liquid-electrolyte batteries, LiNigsMn;s0,4 electrodes with
the same thickness (1 pum) on Pt coated alumina discs were used as working electrodes and
pure Li foils (380 um) were used as the counter electrodes in CR-2032 coin cells. One piece
of a polypropylene separator (Celgard 2325) was used in each cell. The electrolyte was 1.2 M
LiPF¢ dissolved in a solution of ethylene carbonate/dimethyl carbonate (EC/DMC, 1:2 by vol.,
Novolyte).

Electrochemical Measurement: Solid-state lithium batteries were cycled under constant
current of 5C between 3.5 V and 5.1 V using a Bio-Logic VMP3 potentiostat. The battery was
slowly cycled under C/10 at every 1000th cycle. Liquid-electrolyte batteries were cycled
between 3.5 V and 5 V under a rate of 5C using a Maccor 4000 Series battery cycler . All
measurements were carried out at room temperature (23°C), and the capacity is reported
based on the mass of LiNigsMny 50,4 for both solid and liquid lithium batteries. The cycling
rate is calculated based on the mass of cathodes, and 1 C corresponds to a current density of
148 mA g*. EIS measurement was carried out using a VMP3 potentiostat, and the frequency

was ramped from 1 MHz to 0.1 mHz with a voltage amplitude of 10 mV. Impedance was

10



ADVANCED
ENERGY
Submitted toMATERlALs

collected at the discharged state (3.5 V). Cells were discharged slowly under a rate of C/20
and before the EIS measurement.

Materials Characterization: After cycling, the cross section of the solid-state lithium battery
was examined using a Hitachi NB-5000 dual (Focused lon/Electron) beam microscope. The
specimen was prepared by a standard focused-ion-beam (FIB) lift-out technique with a final
thinning voltage of 5 kV. The scanning electron microscopy (SEM) imaging and the
associated energy-dispersive X-ray spectroscopy (EDX) measurement were performed at an

acceleration voltage of 20 kV.
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Table 1. Capacity retention vs. the amount of electrolyte for liquid-electrolyte and solid-state
batteries. The volume of electrolyte is mormalized to the volume of LiNiysMn; 50,4 cathode.

Cell Number | Volume of electrolyte | Cycle number for 90% Cycle number for 70%
retention retention
Liquid 1 309 148 234
Liquid 2 1340 673 1,423
Liquid 3 1649 1,030 2,029
Liquid 4 4124 3,044 6,085
Solid-state 1 >10,000 >10,000
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Figure 1. (a) Capacity retention, (b) coulombic efficiency, and (c) cumulative irreversible
charge of high-voltage solid-state and liquid-electrolyte lithium batteries. The cathode is
LiNigsMny 50,4 cathode, and the anode is Li metal. Volume of electrolyte is normalized to the
volume of the cathode. All cells were cycled under a rate of 5C. (d) Voltage profile of the

solid-state battery under C/10.
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Figure 2. SEM image and EDX elemental mapping of the cross section of the solid-state
lithium battery after 1,000 cycles. The de-bonding between the Pt current collector and the

alumina substrate is caused by sample preparation using focused ion beam (FIB).
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Figure 3. (a) EIS Nyquist plots of the solid-state battery at 3.5 V at different cycles. (b) Area

specific impedance (ASI) at different cycles.
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Figure 4. Discharge rate performance of the solid-state battery. Before each measurement,

the cell was charged at a slow rate of C/10.
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Figure S1. Differential capacity voltage profile of LiNigsMn; 504 in solid-state batteries.
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Figure S2. Equivalent circuit for EIS fitting. Ry represents the resistance of the external
circuit and wires. The resistance and capacitance high high frequency (Rur and Cue) is a
combined result of interfacial resistance/capacitance and the ionic resistance of Lipon
electrolyte and dielectric polarization capacitance. R r and Cyr represents the charge transfer
resistance and double layer capacitance, respectively. Zyy is the Warburg elements.
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Figure S3. Voltage profiles of the solid-state lithium battery discharged at different rates. The
battery was charged at C/10 before each discharge measurement.
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