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loadings without proper engineering of interfaces and solidstate ionic transport.
In this Viewpoint, we comprehensively assess gravimetric
and volumetric energy densities of Li-garnet SSBs, with the aim
to aid further development and commercialization of this
technology. In the analysis, we employ a battery conﬁguration
consisting of a metallic lithium anode, LLZO solid electrolyte,
and LLZO composite cathode, as shown in Figure 1. The
cathodic areal capacity and the thickness of the LLZO solid
electrolyte are selected as two major variables of importance
for the practical development of Li-garnet SSBs, for which the
respective minimal and maximal values (break-even points)
required to reach the energy density of conventional Li-ion
batteries (ca. 250 and 700 Wh kg−1) were determined. Another
factor that hinders the commercial deployment of Li-garnet
SSBs is ﬁnding a minimal yet suﬃcient LLZO content in the
composite cathodes, and we outline these practical limits for
LiCoO2 (LCO), LiNi0.33Mn0.33Co0.33O2 (NMC111), LiFePO4
(LFP), LiNi0.5Mn1.5O4 (LMNO), FeF3, and sulfur composite
cathodes.
Figure 2 shows the energy density of an LLZO battery
comprising a LCO cathode and Li anode vs the two key
parameters identiﬁed as most relevant for maximizing the
energy density: (i) the thickness of the LLZO dense layer
separating the cathode and Li anode layers and (ii) the areal
capacity of the cathode layer. The impact of varying the
thickness of the Li metal anode is discussed later; for now, it is
ﬁxed that the Li anode areal capacity in the discharge state
corresponds to 20% of the cathode’s areal capacity. Hence, for
cathodic areal capacities of 1, 3, and 5 mAh cm−2, Li anode
thickness equals 1, 3, and 5 μm, accordingly. In this
conﬁguration, ca. 83% of the total lithium amount (in both
electrodes) should pass through the LLZO electrolyte upon
the ﬁrst charge of the battery. Aiming to assess the energy
density of Li-garnet SSBs as realistically as possible, we
considered the conventional composition of cathodes based on
95 wt% of cathode active material, 3 wt% of carbon black, and
2 wt% of the PVDF binder. Additional parameters that are not

resently, replacement of liquid electrolytes by their
solid-state counterparts is pursued as a compelling way
to improve energy densities, safety, and the cycle life of
conventional Li-ion batteries (LIBs).1 Toward this goal,
rechargeable battery technologies based on solid-state electrolytes (SSEs), such as Li garnets,2−8 LISICON (Li14ZnGe4O16),
thio-LISICON (Li 4 − x M 1 − x P x S 4 (M = Ge, Si), 9 , 1 0
Li10GeP2S12),11 Li2S−P2S5 glass,12 Li7P3S11 glass-ceramic,13
argyrodites Li6PS5X (X = Cl, Br, I),14,15 perovskites,16,17 and
antiperovskites,18 have come into the research spotlight. In
particular, batteries that employ the garnet-type Li7La3Zr2O12
(LLZO) SSE harness numerous advantages, such as high ionic
conductivity of up to 1 mS cm−1 at room temperature
(RT),2,3,19−21 chemical stability with metallic lithium,22,23 and
low electronic conductivities of ca. 10−8 S cm−1 (RT).24
Besides, LLZO has a wide electrochemical window (>6 V vs
Li/Li+ obtained in the experimental operation25,26 and ∼3 V
from computational analyses27), allowing for employment of
high-voltage cathode materials, unlike other Li-ion solid-state
conductors, such as those based on sulﬁdes.28,29
Despite numerous studies on LLZO-based cells,26,29−36
there is a lack of research on designing cells that possess
practically relevant gravimetric and volumetric energy densities
of >250 Wh kg−1 and 700 Wh L−1, respectively. The vast
majority of laboratory research in this area is conducted on
millimeter-thick LLZO pellets, as they are readily produced by
well-established high-temperature solid-state synthesis and are
convenient for assembling symmetric and full cells for studying
the performance of the SSE itself, as well its combinations with
various electrode materials. Notwithstanding the rapidly
improving performance of these cells, such thick pellets of
SSEs (see Table S1) cannot be used in commercial solid-state
batteries (SSBs) due to their high mass and hence the reduced
and impractical overall energy density of the battery.
Furthermore, tests with mm-thick pellets may lead to incorrect
conclusions about the achievable performance of much thinner
SSE membranes (20−50 μm), eventually required for
commercial batteries, namely with regard to cycling stability
and critical current density of the SSE. LLZO membranes are
very brittle37−40 and prone to the formation of cracks, which in
turn results in the formation of Li-metal dendrites upon battery
operation.41−43 The other disparity with practical requirements
stems from the common practice of using small areal capacities
of cathodes in laboratory cells.44−52 The typical performance of
such thin electrodes (<1 mAh cm−2) may not reach required
areal capacities (>3.5 mAh cm−2) at higher cathode mass
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Figure 1. Schematics of the cell (a) and a battery (b) considered in this work for assessing the energy densities of Li-garnet SSBs. CathodeAM is cathode active material. CB is carbon black. PVDF is polyvinylidene ﬂuoride binder.

(monopolar) battery conﬁguration that is employed in the
current design of liquid LIBs is considered.
We ﬁrst consider the LCO cathode with a porosity of 30%,
assuming that the pores of the electrolyte are ﬁlled by three
diﬀerent electrolytes: 1 M LiPF6 in ethylene carbonate/
dimethyl carbonate (EC/DMC) conventional electrolyte, 0.3
M LiTFSI (lithium bis(triﬂuoromethanesulfonyl)imide) in
PY14TFSI (N-butyl-N-methyl-pyrrolidiniumbis(triﬂuoromethanesulfonyl)imide) ionic liquid electrolyte, or LLZO
SSE. In all cases, no unoccupied pore volume is assumed to
exist. In Figure 2, the energy density of the battery is plotted vs
cathode capacity and LLZO thickness. The LLZO thicknesses
that allow the cell to attain the energy density of a
conventional LIB (250 Wh kg−1 and 700 Wh L−1) at a given
cathode areal capacity are identiﬁed. Such a value is referred to
as the break-even thickness, in analogy to the break-even point
in economics, i.e., the point at which total cost and total
revenue are equal.
The break-even thicknesses of the LLZO electrolyte for
three diﬀerent scenarios with respect to the gravimetric energy
density are summarized in Figure 3a as a function of cathode
areal capacity. As follows from Figure 3a, in the case of
conventional liquid electrolyte in the cathode pores, the breakeven LLZO thickness ranges from 31 to 51 μm for 3.5 mAh
cm−2 and 5 mA cm−2, accordingly. A similar break-even
thickness range of 30−50 μm is obtained with ionic liquid

shown in Figure 2 include the thickness of Cu and Al foils and
the thickness of pouch Al foil, and they were kept constant (see
Table S2 for details).
The achievable gravimetric and volumetric energy densities
were calculated from active material loading, active material
utilization, assumed average cell voltage of 3.9 V, and total
weight or volume of all cell components. The cell volume is
calculated in the fully discharged state, which is the state in
which the battery would be assembled. No kinetic or transport
limitations are used in these calculations. Additionally, 100% of
active material cathode utilization is assumed. A total of 40
cathode/electrolyte/anode layers was assumed (Figure 1). It
should also be emphasized that employment of high areal
capacities of >1 mAh cm−2 can be practically achieved only at
pressures suitable to prevent the formation of voids/cavities at
the LLZO/Li interface.53−56 Utilization of pressure unavoidably results in added non-active components and hence
decreases the energy density. Owing to the uncertainties as to
the required and optimal pressures and thus the practical
embodiment of this requirement, we omitted this parameter
from the calculation of the energy density. Additionally, we
note that, although the employment of the LLZO SSE allows
for the design of high-voltage bipolar stacked batteries and thus
further increasing their energy density,57−59 the stacking of
multiple cells within a single package has thus far been proven
challenging.60 Consequently, in this work, a conventional
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Figure 2. (a−c) Calculated gravimetric energy density of Li/LCO batteries vs cathode areal capacity and LLZO thickness. Batteries comprise
1 M LiPF6 in EC/DMC (a), 0.3 M LiTFSI in PY14TFSI (b), and LLZO (c) electrolytes in the LCO cathode. (d) Volumetric energy density
of Li/LCO batteries vs cathode areal capacity and LLZO thickness.

Figure 3. (a) Gravimetric and volumetric break-even thicknesses of LLZO electrolyte vs cathode area capacity for garnet-type Li metal
batteries comprising LCO cathode impregnated with 1 M LiPF6 in EC/DMC, 0.3 M LiTFSI in PY14TFSI, and LLZO electrolytes. (b)
Change of gravimetric and volumetric energy densities of LCO-based Li-garnet SSBs vs Li anode thickness at ﬁxed cathode areal capacity of
5 mAh cm−2 and LLZO thickness of 20 μm.

and equal 90−136 μm for 3.5 mAh cm−2 and 5 mA cm−2,
accordingly.
Interestingly, assuming that one can apply an inﬁnitely thin
LLZO layer, the break-even cathode areal capacity was found
to be 1.16, 1.18, and 1.89 mAh cm−2 for the cells comprising
carbonate-based, ionic liquid, and LLZO electrolytes in
cathode pores. When comparing the same calculations for
volumetric energy density, an areal capacity of 0.49 mAh cm−2
was found to be the break-even value. Of note, higher Li excess

electrolyte as pore-ﬁller. However, in the case of an all-solidstate system comprising LLZO electrolyte only, much lower
thicknesses of 13−25 μm must be used in order to reach the
same energy density of 250 Wh kg−1. The volumetric energy
density values are identical for batteries composed of either
liquid or solid electrolytes, as the volume of batteries remains
unchanged for all used electrolytes. Consequently, break-even
LLZO thicknesses are identical for all three considered cases
2204
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reaching high gravimetric and volumetric energy densities of
250 Wh kg−1 and 700 Wh L−1. Thus far, the laboratory LLZObased cells utilized electrodes that have a very low areal
capacity (on average 0.5−1 mAh cm−2). As with the LLZO
thickness, we recommend using thicker electrodes for early
identiﬁcation of the most relevant factors hampering the
achievable energy and power densities and to outline cathodematerial-speciﬁc research eﬀorts.
We showed the maximal content of LLZO within the pores
of a composite cathode that still permits matching the energy
densities of the state-of-the-art Li-ion batteries (250 Wh kg−1),
as discussed for LCO, NMC111, LFP, LMNO, FeF3, and
sulfur composite cathodes. We also emphasize that minimization of the Li metal anode thickness in the Li-garnet
batteries is not critical for their gravimetric energy density. The
employment of thick commercial Li/Cu foils with a Li
thickness of ca. 50 μm appears to be a practically viable
approach. For instance, upon increasing the Li thickness from
5 to 50 μm, the gravimetric energy density decreases only
slightly, from 259 to 250 Wh kg−1 (at a ﬁxed cathode areal
capacity of 5 mAh cm−2 and LLZO thickness of 20 μm). At the
same time, the volumetric energy density is signiﬁcantly
reduced by ca. 306 Wh L−1 (from 1220 to 953 Wh L−1).
Kostiantyn V. Kravchyk orcid.org/0000-0001-6149-193X
Faruk Okur
Maksym V. Kovalenko orcid.org/0000-0002-6396-8938

has only a modest eﬀect on gravimetric energy densities. For
example, when the Li anode thickness was multiplied by 10,
the gravimetric break-even LLZO thickness at a cathode areal
capacity of 5 mAh cm−2 shifted from 24.6 to 20.0 μm, while
the volumetric break-even thickness changed signiﬁcantly from
135.7 to 92.1 μm (Figure S1). At the same time, at a ﬁxed
cathode areal capacity of 5 mAh cm−2 and LLZO thickness of
20 μm, the gravimetric energy density decreased from 258 Wh
kg−1 to only 250 Wh kg−1 (Figure 3b). On the contrary, a
signiﬁcant reduction of the volumetric energy density (from
1220 to 953 Wh L−1) was found for a 10-times thicker Li
anode (50 μm instead of 5 μm).
Next, we analyzed the dependence of volumetric and
gravimetric energy densities of solid-state LLZO cells on the
porosity of the cathodes (LLZO electrolyte content) based on
LCO, NMC111, LFP, LMNO, FeF3, and S cathode active
materials. Figures S2−S7 evidence that, upon an increase of
LLZO content in a composite cathode, a higher areal capacity
and a lower LLZO membrane thickness should be used to
attain the same energy density values (250 Wh kg−1 and 700
Wh L−1). Interestingly, assuming that the battery can be
fabricated with a LLZO thickness as low as 10 μm and a high
areal capacity of 5 mAh cm−2, solid composite cathodes cannot
have more than 40%, 46%, 40%, 56%, 79%, and 89% LLZO
(by weight) to result in gravimetric energy densities that at
least match those of conventional Li-ion batteries for LCO,
NMC111, LFP, LMNO, FeF3, and S cathodes, respectively.
With regard to the volumetric energy density of 700 Wh kg−1,
the maximum permitted LLZO volume content lies at 66%,
68%, 45%, 71%, 83%, and 84% for LCO, NMC, LFP, LMNP,
FeF3, and S cathodes, respectively. It should be noted that the
higher the thickness of LLZO, the lower should be the content
of LLZO in the composite electrode. For example, Table S3
presents the recommended maximum LLZO content for
various cathode active materials to achieve an energy density of
250 Wh kg−1 for 10- and 20-μm-thick LLZO layers.
Importantly, the data on high-capacity conversion-type
cathodes such as FeF3 and S point to the fact that,
hypothetically, up to 75−89% of LLZO weight content can
be used in their electrodes. In the case of high-voltage
intercalation-type LMNO cathodes, the maximum allowable
LLZO volume content ranges from 53% to 56%. On the
contrary, the LLZO content in conventional intercalation-type
cathodes such as LCO, NMC, and LFP should not exceed 33−
46%.
Summary and Outlook. While the literature on Li-garnet
solid-state batteries has been ﬂourishing in recent years, the
development of their commercially competitive prototypes lags
far behind. We reiterate that commonly reported tests on
LLZO-based batteries as well as symmetrical cells employ mmthick pellets and therefore do not provide practically relevant
information on the achievable cycling stability and critical
current density of μm-thin LLZO solid-state electrolytes
required in commercially viable solid-state battery architectures. In this context, we encourage researchers working on Ligarnet solid-state batteries to focus investigations on LLZO
membranes with a small thickness of 20−50 μm, which will
allow discerning the entirety of truly relevant technical
challenges at early stages, be it the membrane itself (synthesis,
properties, interface engineering) or a suitable battery design
and manufacturing process.
We further note that the employment of cathodes with a
high areal capacity of >3.5 mAh cm−2 is imperative for
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