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Das Institut

Das Institut für Experimentelle Physik arbeitet an 
der Schnittstelle von Kristallographie und Festkör-
perphysik zur Entwicklung neuer und innovativer 
Funktionsmaterialien vorwiegend im Bereich der 
Energie- und Datenspeicher sowie der Bioanwen-
dungen. Mehrere interdisziplinäre Arbeitsgruppen 
befassen sich für diese Substanzklassen mit der Syn-
these und der Aufklärung von Struktur-Eigenschafts-
Beziehungen. Dazu beteiligt sich das Institut für Ex-
perimentelle Physik aktiv am Ausbau und Unterhalt 
des Zentralen Reinraumlabors der TU Bergakade-
mie Freiberg und betreibt die Strukturaufklärung 
mittels Röntgenstrahlung mit besonderem methodi-
schen Anspruch. Darüber hinaus ist das Institut in 
ein aktives Kooperationsumfeld eingebunden und 
hat enge Verbindungen zu internationalen Groß-
forschungseinrichtungen (in Deutschland sind dies 
u. a. European XFEL, DESY und BESSY).

In der Geschichte der TU Bergakademie Freiberg 
spielte die Physik als solche zunächst eine unter-
geordnete Rolle. In den ersten Jahrzehnten wurde 
die physikalische Ausbildung von Mathematikern, 
Chemikern und Kristallographen mit abgedeckt. 
Erst im Jahre 1826 wurde eine von der Mathematik 
getrennte ordentliche Professur für Physik eingerich-
tet, auf die Ferdinand Reich berufen wurde. Berühmt 
wurde er durch seine Fallversuche im Drei-Brüder-
Schacht bei Brand-Erbisdorf und, zusammen mit 
Hieronymus Theodor Richter, durch die Entdeckung 

des chemischen Elements Indium. Außerdem sorgte 
er durch Beschaffung einer Kopie des Urmeters aus 
Paris für die Einführung des metrischen Systems in 
Sachsen.

Heimstätte der Physik in Freiberg war zunächst das 
Gebäude in der Silbermannstraße. Im Jahre 1956 
wurde ein zweites Physikalisches Institut eingerich-
tet, das mit den Vorlesungen zur Experimentalphysik 
und den seinerzeit „modernen“ Fachrichtungen wie 
Atom-, Kern- und Festkörperphysik betraut wurde. 
Es setzte damit die Tradition des im Jahr 1948 auf-
gelösten Radiuminstituts fort. Zusammen mit dem  
im Jahr 1940 geschaffenen Institut für Geophysik 
und dem im Jahr 1951 gegründeten Institut für The-
oretische Physik gab es seitdem vier physikalische 
Institute an der Bergakademie. Im Jahr 2005 bezo-
gen schließlich die drei in der Fakultät für Chemie 
und Physik angesiedelten Institute für Angewandte, 
Experimentelle und Theoretische Physik gemeinsam 
den sanierten Gellertbau in der Leipziger Straße 23 
(siehe Bild).

*tilmann.leisegang@physik.tu-freiberg.de

Blitzlab



2

‣Energy Materials Team

Tilmann 

Leisegang


Team leader

Mohammadjafar 

Momeni

Postdoc

Yen-Ming Li


PhD student

Manuel 

Rothenberger

Master student

Huy Nguyen 

Dang Duc


Student assistant

Anamika

Anand


Student assistant 

Samara Center for   
Theoretical Materials  
Science

https://tu-freiberg.de/exphys/energiematerialien



v

v

v

v

Samara Center for Theoretical
Materials Science

Anode Material Identification

into three groups: physical, health and environmental hazards. Due to the increasing
seriousness in this order, the materials were rated correspondingly worse.

1.2.2.2 Assessment results

Using the above-listed variables for an evaluation algorithm created on this basis, it
was possible to rate the elements corresponding to the objectives of the project by
means of evaluation and weighting of the individual parameters. For this, each
parameter has been evaluated with a score. Adding up all scores, the element with
the highest number is the most promising for future uses according to the algo-
rithm. The rating can be adjusted for the task at hand and further meaningful
parameters could be generated by combination. Accordingly, aluminium, magne-
sium, titanium, manganese, iron, sodium and silicon (Figure 1.5) are potential
candidates for material concepts for novel storage concepts with preferably
metal-electrode systems.

On the basis of the evaluated elements, new sustainable concepts of electroche-
mical energy storage systems can be developed. In doing so, cathode and solid-
electrolyte materials have to be identified. Chapter 4.1 of this book describes a
theoretical approach for finding certain materials.

In order to describe and evaluate a final system or concept, the next step would be
the ongoing elaboration and collation of relevant criteria. This is characterized by a
comprehensive approach, taking into account the entire life cycle from rawmaterial
to end-of-life recycling, without specific focus. Criteria have been collected in order
to meet the requirements of as many relevant stakeholders as possible. There exist
more than 60 criteria or parameters that are suitable for the characterization of a
storage system. Among these, there are numerous dependencies, some of which are
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Figure 1.5: Result of assessment of elements. The highest possible value is 22.
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The existing theoretical background on pyroelectricity (based
on eqn (2)) is straightforward and effective in describing energy
harvesting. However, it has major boundaries when it comes to
describing chemical reactions. According to eqn (2) even the
smallest temperature stimulus would displace charge and enable
chemical conversions. Kakekhani and Ismail-Beigi18 already
pointed out the necessity of a minimum variation of chemical
potential and thus critical temperature window in order to realise
pyroelectrocatalysis.

1.4 Thermodynamic pyroelectric cycles

For the pyroelectric effect to occur, at least one heat source and
one heat sink are required for temperature cycling. The pyro-
electric process thus resembles a heat engine and is as such
subject to the second law of thermodynamics.

The thermodynamic cycle for pyroelectrics bearing the high-
est energy density was developed by Olsen et al.21 (also refer to
Bowen et al.22). It is a four-step process which, in electric analogy
to the heat engine, produces work from variations of polarisation
(charge) in an external electric field (voltage). A schematic of the
cycle can be found in Fig. S1a (ESI†). Lefeuvre et al.23 and Sebald
et al.24 described the synchronised electric charge extraction,
short SECE, consisting of four partial processes of varying the
temperature to charge the pyroelectric and subsequently releasing
the charge.

Although these cycles are veracious descriptions of the
pyroelectric process, they do not represent the situation of
chemical energy harvesting i.e. pyroelectrocatalysis well. When
e.g. very small pyroelectric particles should harvest chemical
energy, connecting the pyroelectric to a resistor is impossible or
undesired. The reactive medium would close the circuit through
ion migration. In the simplest setup, no external field would be
applied, leaving us with the resistor cycle (Fig. S1b, ESI†). Since
the work performed in a charge-voltage diagram depends on the
actual path taken, a new cycle describing the exact path must

be defined. Most recently, Schlechtweg et al.25 proposed a time-
dependent model to predict hydrogen yields from pyroelectro-
catalysis. They describe the dynamics of pyroelectrocatalysis by
modelling the process electrically as an RC-circuit with faradaic
processes. Up to now it appears to be the best model describing
pyroelectrocatalysis, albeit it neither accounts for material specifics
nor does it regard interface properties in detail. Thus, the accuracy
of their predictions is limited.

The present paper deals with formal aspects of pyroelectro-
catalytic energy harvesting. We develop a physical model to
explain the occurrence of chemical reactions on pyroelectric
surfaces. Furthermore we propose an appropriate thermo-
dynamic cycle, i.e. one that does not require external electric
fields and where work is a function of the real pyroelectric
potential in a chemically labile medium. Estimations of the
efficiency of the cycle are presented. In addition we study the
influence of various operational and material parameters on
the chemical output and compare simulation results to real
experiments reported in literature.

2 The pyroelectrocatalytic threshold
cycle (PTC)
2.1 General characteristics

The main discordance between existing thermodynamic cycles
for electric energy harvesting and the process for the harvesting
of chemical energy is that the potential of a pyroelectric particle
in a reactive medium (e.g. water) can be raised only up to a
certain limit or threshold. The varying temperature induces
polarisation changes which again induce surface-bound charges.
These charges increase the electrostatic potential and can
become operative at the interface to the surrounding fluid after
a certain energetic barrier – the activation energy – is overcome.

Let us call the voltage difference required for chemical
reactions to take place the threshold voltage, Vth. Charge
build-up from zero to this threshold reaction potential is not
available for chemical reactions (high electric resistance of the
medium, capacitive regime). Once Vth has been reached, the
next unit charge activated by an infinitesimal temperature
increase (Tn!1 o Tn) will not increment the surface potential
further, because it will have the appropriate energy for becoming
operative within the fluid causing a chemical reaction (drop of the
ohmic resistance of the medium, selective faradaic regime).

In particular, the cycle describes the electrochemical energy
exchange for pyroelectrics with surfaces that are stable within
the parameter regime of operation. From an electronic point of
view, the density of states of the pyroelectric is inert with respect
to the accumulated threshold voltage, so that apart from physi-
sorption effects redox reactions will take place at the surface. In
that way, this model is more general than that presented by
Kakekhani and Ismail-Beigi18 for catalytic surfaces.

2.2 Cycle description

We postulate the thermodynamic cycle shown in Fig. 3, in
which the pyroelectrocatalytic work is displayed as an area in a

Fig. 2 Simplified model of the pyroelectrocatalytic effect based on externally
compensating free (surface) charges (green). (a and c) The charge-balanced
pyroelectric at thermal equilibrium in a chemically labile medium. The
temperature-induced polarisation change upon (b) heating and (d) cooling
generates an electric potential (excess charges are shaded red and blue)
able to trigger redox reactions within the medium. ox: oxidised chemical
species, red: reduced chemical species. Not included are further screening
layers on the surface (e.g. electrical double layer).
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comparison only, this ratio exceeds the value of the LLNL chart,
however it must be noted that different regions are evaluated. A
Sankey diagram based on the segmentation of Table 1 and the
presented approach has been created demonstrating the esti-
mated world energy use in Fig. 3. As one can see, the highest
amount of waste heat derives from electricity generation (39% of
globally rejected energy), followed by the sectors in the
displayed order.

It can also be recognized that industry and transport have the
same scale but a totally different input composition and the resi-
dential sector has twice the energy demand of the commercial
sector. So, a closer look at the rejected energy is of interest.

This investigation provides insight into the waste heat dis-
tribution and reveals the following sectoral shares (Fig. 4). The
respective shares only refer to the exhausts/effluents fraction (cf.
Fig. 2) and the waste heat temperatures for exhausts and effluents
are divided into ranges below 100 °C, within 100 to 299 °C and
300 °C or more.

All sectors, especially the commercial sector, show a relatively
high amount of low temperature waste heat (o100 °C). The huge
fraction of electricity generation was to be expected for thermo-
dynamic reasons. As for the residential sector and electricity
generation, there is no high temperature waste heat (Z300 °C).
According to the theoretical approach of this investigation, no

medium temperature waste heat (100–299 °C) occurs in the
transportation sector.

Speaking of the industrial sector in detail, a comparisonwith other
approaches is possible. Table 3 shows different industrial waste heat
distributions of one top-down estimation (see [11]) and three
bottom-up surveys (see [7,8,38]). The deviation of the shares of these
temperature ranges is significant, bearing in mind that the listed
approaches cover specific countries of different industrial structure
and magnitude at earlier date. Though, we can see a shift towards
higher waste heat temperatures according to the global approach.

The Sankey diagram in Fig. 5 visualizes all results of the theo-
retical approach of this work. In addition, the diagrams in Fig. 6
provide the respective ratios with focus on the sectoral shares
within the low temperature waste heat fraction.

This fraction itself is the biggest share (63%) among all
exhausts/effluents (52% of inputs). Electricity generation herein

Table 3
Comparison of waste heat distributions.

Temperature ranges

Studies r60 °C 60–140 °C 4140 °C

Industry (global) 15% 4.679 PJ 28% 8.981 PJ 57% 18.016 PJ
Enova [8] 47% 16% 37%
Pehnt et al. [11] 82% 6% 12%

r120 °C 4120 °C –

Industry (global) 43% 13.660 PJ 57% 18.016 PJ –

Bonilla et al. [38] 36% 64% –

o230 °C Z230 °C –

Industry (global) 38% 12.144 PJ 62% 19.532 PJ –

DOE [7] 60% 40% –

Fig. 5. Estimated global waste heat distribution of 2012 in PJ (according to theoretical approach).

Fig. 6. Global ratios of theoretical approach results.

C. Forman et al. / Renewable and Sustainable Energy Reviews 57 (2016) 1568–1579 1573
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Lang, Phys. Today 58, 31 (2005).

The change of the spontaneous polarization DPs
– that is the change of surface charges DQ per
area A –– due to a change of temperature DT is
known as the pyroelectric effect and is restricted
to crystalline, non-centrosymmetric and polar
matter. The coupling parameter is the
pyroelectric coefficient p [1]:

The main application of pyroelectrics is in
infrared radiation sensors, but they can also be
used for waste heat energy harvesting or
chemical catalysis [2].

Vivanco, et al., Phys. Chem. Chem. Phys. 22, 17781 (2020).
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An all-solid-sate battery (ASSB) can deliver an
energy density that is 2 to 6 times higher
compared to commercial lithium-ion batteries.
Especially when higher-valent mobile ions, i.e.
anode ions, such as Zn2+ or Al3+ are used. The
anode accounts for the highest proportion of
metal elements in an ASSB. Therefore, the
selection of the anode must be made with
consideration of material abundances, supply
risks, production and recycling infrastructures,
and toxicity. Once the mobile ion is selected,
solid electrolyte and intercalation electrode
materials must be identified [3] and synthesized.

Anode CathodeElectrolyte

X+n

Electrochemical Storage Materials, Eds. T. Leisegang, et al., De Gruyter, Berlin/Boston (2016).

• Electrochemical (dark) and resource-economic 
characteristics (light). 

• Orange: Benchmark systems.
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• Results are available @ batterymaterials.info (database).
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does decrease with X-atomic number. The absolute value of the 
charges on the Al-, M-, and X-ions globally decrease from O to 
Se: the anions become less negative, the cations less positive. 

 According to Refs. [26,27,28], a relatively high ȡ(BCP)  and 
negative �2ȡ(BCP) are a sign for a predominantly covalent or 
shared interaction. Relatively low ȡ(BCP)  and positive 
�2ȡ(BCP), however point towards ionic or closed-shell 
interactions. Signs of increasing covalency of the bond were 
described as increasing ȡ collected in the BCP, decreasing 
Laplacian, decreasing bond-lengths and increasing amount of 
negative Laplacian area in the bond path. Throughout all 

compounds, �2ȡ in the BCP is positive and the corresponding 
ߩ ڄ ୡܸୣ୪୪-values are relatively low, ranging from approx. 0.03 (Sr) 
to approx. 0.24 (Mo); see supporting material. Hence, the bond 
character of Al-X and M-X seems ionic for all 15 combinations 
(see supplementary material). The increased Coulomb attraction 
and the resulting shorter bond-lengths of X to M with increasing 
M-valence is the reason why electron density between M and X 
is steadily increasing. This increase is especially strong for O. 
As can be seen in Fig. 1d, there is increasing negative Laplacian, 
especially between Al and X, but the distances between M and 
X decrease stronger than for Al and X, suggesting also an 
increasing, yet slight covalent character of the bonding. 

 
Figure 3: Graphical summary of the four most-promising Al3+-conducting S-containing candidates. Blue spheres: Al, orange spheres: S, grey polyhedra: Tl-S (a), P-S 
(b), Al-S (c), La-S, Si-S (darker) (d), black rods: conduction path identified by VDP, blue isosurface: percolating Al3+-migration energy structure from BVSE.  
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ABSTRACT: We present the stepwise computer screening results to identify
solids prone to Zn2+-ion conductivity. The rapid geometrical−topological (GT)
screening based on Voronoi partition was utilized as the first step for high-
throughput analysis of the ICSD. We found that 334 of 782 Zn-/O-containing
compounds possess one-dimensional (1D)-, two-dimensional (2D)-, or three-
dimensional (3D)-periodic Zn2+-ion migration maps. Among them, 83
compounds were previously unknown as possible Zn2+-ion conductors. We
applied bond valence site energy (BVSE) calculations to evaluate the migration
energies for the Zn2+-ion conduction and to ensure that this migration barrier
was the lowest of all ions in the respective structure. Of the 83 compounds, 27
fulfilled the condition of being solely Zn2+ conductors. For the nine most
promising compounds, we used the Nudged Elastic Band (NEB) method within
the density functional theory (DFT) approach to verify Zn2+-ion conductivity.
This yielded the most interesting candidates (ZnM2O4, M = Fe, Cr, V; ZnP2O6) with migration energies of less than 0.7 eV/ion.
Finally, we simulated ionic conductivities within the kinetic Monte Carlo approach, compared the results of different approaches,
and commented on the complexity of the promising structures. We conclude with the proposal of Zn-ion all-solid-state battery
variants. The list of the novel prospective Zn2+-ion conductors with characteristics was uploaded to our database
batterymaterials.info.

1. INTRODUCTION
The current trends in battery materials science are related to the
search for prospective resource-efficient, high-energy-density,
and safe post- or beyond-lithium battery chemistries.1−3 This is
due to the challenging demand−supply ratios as a result of the
rapid growth of renewable energies and electric vehicles. The
depleting metal sources, ecological and political issues in the
mining of raw materials, as well as the performance limits and
safety issues of the current lithium-ion battery technology have
also heated up the topic.4 A promising approach that proposes
highest energy densities, cyclabilities, and safety is the high-
valent ion all-solid-state battery.5 In this regard, the urgent task
of materials science is to find compounds with the highest ionic
conductivities that can be used as active materials (solid
electrolytes and intercalation electrodes) for high-valent metal-
ion batteries, but also for fuel cells, gas sensors, and
neuromorphic computing.6−8 Such compounds, in which a
high ionic conductivity coincides with a negligibly small
electronic conductivity, are called solid electrolytes (SE).
Furthermore, mixed ionic and electronic conductors, which
besides some ionic conductivity also show electronic con-
ductivity and are susceptible to undergo a reversible redox
reaction, will be of interest as potential cathode materials. Our
study aims to cover both classes of materials.

Traditionally, alkali metal-ion (e.g., Na+, K+) batteries are
considered as the most viable alternatives or complements to
lithium-ion batteries. However, high-valent metal-ion (e.g.,
Mg2+, Ca2+, Zn2+, Al3+) batteries also appear very promising due
to the availability and low cost of raw materials and the higher
charge of working ions, which in turn leads to higher energy
densities.2 A recent assessment of elements of the periodic table
classifies Zn on position 13 as promising for metal electrode
batteries.2 Zinc as a negative electrode also has a long history,3,9

starting with the voltaic pile, alkaline batteries, and especially
Zn−air batteries. While Zn−air batteries use oxygen as cathode,
the zinc−carbon battery10 is not rechargeable. The fact that the
use of Zn in batteries has an intensive and more-than-200-year
history is based on its following advantages:9 low equilibrium
potential, electrochemical reversibility, stability in aqueous
electrolytes, good electronic conductivity, low equivalent
weight, high specific energy, high energy density, comparably
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Ionic conductors: Na+/Zn2+/Al3+

Current collectors: LIB, NIB

Batteries: coin/pouch cells, solid state
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new emerging approaches are conducted, and exclude those that are already commercially available 
e.g. for mobile devices. 

Figure 1: Roadmap for High Energy Batteries 2030+ 

 
Source: Thielmann & Neef, 2019 
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greater safety and cost reduction, which in sum create the potential for greater added-value 
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This may be why SSBs are on the roadmap of many battery producers and OEMs. Their theoretical key 
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batteries with lithium-polymer materials (LMP-technology) are on the market since 2011 and used in 
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6 Thielmann & Neef, 2019 
7 Thielmann & Neef, 2019 
8 IDTechEx, 2019 
9 European Commission, 2020 
10 volumentric and gravimetric energy densitiy above 300WH/kg and 500 Wh/l and respective power densitiy 
11 Neef & Thielmann, 2019 
12 YOLE, 2018 

Advanced technologies for industry – Product watch, Solid-state-lithium-ion-batteries 
for electric vehicles, European Commission, European Union, Brussels, 2021.
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6 Thielmann & Neef, 2019 
7 Thielmann & Neef, 2019 
8 IDTechEx, 2019 
9 European Commission, 2020 
10 volumentric and gravimetric energy densitiy above 300WH/kg and 500 Wh/l and respective power densitiy 
11 Neef & Thielmann, 2019 
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Advanced technologies for industry – Product watch, Solid-state-lithium-ion-batteries 
for electric vehicles, European Commission, European Union, Brussels, 2021.

Lithium all solid sate battery (ASSB) roadmap:

“The development of all-solid-state batteries is one of the most promising and important steps 
towards more efficient, sustainable, and safer electric vehicles.” 

(Frank Weber, BMW board member for development, May 2021)
(https://www.electrive.com/2021/05/04/bmw-ford-invest-in-solid-state-battery-specialist-solid-power/)
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current collector, which consist of the active material, conductive
agents, and binder [1]. The ion transfer requires a liquid electrolyte
which is mainly composed of aprotic organic solvents and a conductive
salt. Many of the issues that current LIBs are facing can be traced back
to this liquid electrolyte. Safety concerns, in fact, arise from the
flammability of the solvents [2]. Side reactions of the solvents and the
conductive salt lead to capacity fading and aging [3]. During cell pro-
duction, the cumbersome electrolyte filling and wetting process [4] as
well as the extensive formation procedure contribute to high costs [5].

All solid-state batteries (ASSB), in contrast, are not only inherently
safer due to the lack of flammable organic components, but also offer
the potential for a dramatic improvement of energy density. Instead of a
porous separator soaked with liquid electrolyte, ASSBs use a solid
electrolyte, which acts as electrical insulator and ionic conductor at
once (Fig. 1, image b). The use of a compact solid electrolyte acting as a
physical barrier for lithium dendrites also enables the use of lithium
metal as the anode material [6]. Therefore, an increase in volumetric
energy density of up to 70% can be achieved compared to LIBs with
conventional anode materials (e.g., graphite) [7]. Additionally, the
electrochemical stability of some solid electrolytes facilitates the use of
high-capacity (e.g., sulfur) or high-voltage (e.g., LiNi0.5Mn1.5O4,
LNMO) cathodes, which also leads to increased energy densities at the
cell level [8–10]. In contrast to a liquid soaked LIB, a composite cathode
is required for ASSBs, containing also solid electrolyte to create ionic
pathways. In a conventional LIB, the liquid electrolyte interconnects all
components of the battery cell. This leads to a parallel connection in-
side the cell stack (Fig. 1, image c). In contrast, in an ASSB the elec-
trolyte is confined inside the galvanic cells. Thus, a bipolar stacking is
facilitated, with the single cells connected in series by a lithium-ion
isolating layer [11]. This can be used to increase the voltage of a battery

cell and to reduce the amount of current collectors in the cell stack, as
well as to optimize the packaging design (Fig. 1, image d). Finally, no
cooling system is required for ASSBs due to the lack of flammable or-
ganic components, as depicted in Fig. 1 (image e) and Fig. 1 (image f).
In fact, higher temperatures rather lead to an increased functionality
due to increased conductivity [12].

The aforementioned advantages compared to conventional LIBs
make ASSBs highly promising candidates for the application in electric
vehicles and stationary applications. The implementation of ASSBs on
the market will have to be accompanied by a scale up from laboratory
research to industrial mass production. Currently, the powder pressing
method is widely used to obtain dense solid electrolyte pellets. These,
up to 1mm thick, pellets are joined with cathode and anode layers and
compressed to ensure mechanical contact [13]. However, a direct
transfer of laboratory preparation methods to high volume fabrication
processes on industrial scale is in many cases not possible. In contrast to
polymer-based cells, where large-scale production has been successfully
implemented in a similar fashion to conventional LIB production [14],
only few publications actually describe attempts to fabricate large-
format ASSBs with scalable production processes, such as wet coating
[15,16], screen printing [17], and tape casting [18]. Theoretical con-
siderations concerning large-scale manufacturing were presented by Hu
[13] and Troy et al. [19]. An overview of current issues can be found in
Kerman et al. [20], giving a detailed investigation on challenges from a
product development perspective. The up-scaling of the materials, vo-
lume and mass reduction of inactive components for satisfactory energy
densities, and implementation of scalable production processes will
become the next big steps towards industrial fabrication of ASSBs
[7,13]. Hence, this perspective manuscript contributes to paving the
way to mass commercialization of ASSBs by investigating the multiple

Fig. 1. Comparison of conventional lithium-ion battery and all-solid-state lithium battery at the cell, stack, and pack levels with potentials for increased energy density.

J. Schnell et al. Journal of Power Sources 382 (2018) 160–175

161

Schnell, et al., J. Power Sources 382, 160 (2018).

—> increase in energy density/specific energy
—> more charge/discharge cycles
—> higher safety
—> wider temperature range
—> absence of leakage and corrosion
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into three groups: physical, health and environmental hazards. Due to the increasing
seriousness in this order, the materials were rated correspondingly worse.

1.2.2.2 Assessment results

Using the above-listed variables for an evaluation algorithm created on this basis, it
was possible to rate the elements corresponding to the objectives of the project by
means of evaluation and weighting of the individual parameters. For this, each
parameter has been evaluated with a score. Adding up all scores, the element with
the highest number is the most promising for future uses according to the algo-
rithm. The rating can be adjusted for the task at hand and further meaningful
parameters could be generated by combination. Accordingly, aluminium, magne-
sium, titanium, manganese, iron, sodium and silicon (Figure 1.5) are potential
candidates for material concepts for novel storage concepts with preferably
metal-electrode systems.

On the basis of the evaluated elements, new sustainable concepts of electroche-
mical energy storage systems can be developed. In doing so, cathode and solid-
electrolyte materials have to be identified. Chapter 4.1 of this book describes a
theoretical approach for finding certain materials.

In order to describe and evaluate a final system or concept, the next step would be
the ongoing elaboration and collation of relevant criteria. This is characterized by a
comprehensive approach, taking into account the entire life cycle from rawmaterial
to end-of-life recycling, without specific focus. Criteria have been collected in order
to meet the requirements of as many relevant stakeholders as possible. There exist
more than 60 criteria or parameters that are suitable for the characterization of a
storage system. Among these, there are numerous dependencies, some of which are
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Figure 1.5: Result of assessment of elements. The highest possible value is 22.
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The existing theoretical background on pyroelectricity (based
on eqn (2)) is straightforward and effective in describing energy
harvesting. However, it has major boundaries when it comes to
describing chemical reactions. According to eqn (2) even the
smallest temperature stimulus would displace charge and enable
chemical conversions. Kakekhani and Ismail-Beigi18 already
pointed out the necessity of a minimum variation of chemical
potential and thus critical temperature window in order to realise
pyroelectrocatalysis.

1.4 Thermodynamic pyroelectric cycles

For the pyroelectric effect to occur, at least one heat source and
one heat sink are required for temperature cycling. The pyro-
electric process thus resembles a heat engine and is as such
subject to the second law of thermodynamics.

The thermodynamic cycle for pyroelectrics bearing the high-
est energy density was developed by Olsen et al.21 (also refer to
Bowen et al.22). It is a four-step process which, in electric analogy
to the heat engine, produces work from variations of polarisation
(charge) in an external electric field (voltage). A schematic of the
cycle can be found in Fig. S1a (ESI†). Lefeuvre et al.23 and Sebald
et al.24 described the synchronised electric charge extraction,
short SECE, consisting of four partial processes of varying the
temperature to charge the pyroelectric and subsequently releasing
the charge.

Although these cycles are veracious descriptions of the
pyroelectric process, they do not represent the situation of
chemical energy harvesting i.e. pyroelectrocatalysis well. When
e.g. very small pyroelectric particles should harvest chemical
energy, connecting the pyroelectric to a resistor is impossible or
undesired. The reactive medium would close the circuit through
ion migration. In the simplest setup, no external field would be
applied, leaving us with the resistor cycle (Fig. S1b, ESI†). Since
the work performed in a charge-voltage diagram depends on the
actual path taken, a new cycle describing the exact path must

be defined. Most recently, Schlechtweg et al.25 proposed a time-
dependent model to predict hydrogen yields from pyroelectro-
catalysis. They describe the dynamics of pyroelectrocatalysis by
modelling the process electrically as an RC-circuit with faradaic
processes. Up to now it appears to be the best model describing
pyroelectrocatalysis, albeit it neither accounts for material specifics
nor does it regard interface properties in detail. Thus, the accuracy
of their predictions is limited.

The present paper deals with formal aspects of pyroelectro-
catalytic energy harvesting. We develop a physical model to
explain the occurrence of chemical reactions on pyroelectric
surfaces. Furthermore we propose an appropriate thermo-
dynamic cycle, i.e. one that does not require external electric
fields and where work is a function of the real pyroelectric
potential in a chemically labile medium. Estimations of the
efficiency of the cycle are presented. In addition we study the
influence of various operational and material parameters on
the chemical output and compare simulation results to real
experiments reported in literature.

2 The pyroelectrocatalytic threshold
cycle (PTC)
2.1 General characteristics

The main discordance between existing thermodynamic cycles
for electric energy harvesting and the process for the harvesting
of chemical energy is that the potential of a pyroelectric particle
in a reactive medium (e.g. water) can be raised only up to a
certain limit or threshold. The varying temperature induces
polarisation changes which again induce surface-bound charges.
These charges increase the electrostatic potential and can
become operative at the interface to the surrounding fluid after
a certain energetic barrier – the activation energy – is overcome.

Let us call the voltage difference required for chemical
reactions to take place the threshold voltage, Vth. Charge
build-up from zero to this threshold reaction potential is not
available for chemical reactions (high electric resistance of the
medium, capacitive regime). Once Vth has been reached, the
next unit charge activated by an infinitesimal temperature
increase (Tn!1 o Tn) will not increment the surface potential
further, because it will have the appropriate energy for becoming
operative within the fluid causing a chemical reaction (drop of the
ohmic resistance of the medium, selective faradaic regime).

In particular, the cycle describes the electrochemical energy
exchange for pyroelectrics with surfaces that are stable within
the parameter regime of operation. From an electronic point of
view, the density of states of the pyroelectric is inert with respect
to the accumulated threshold voltage, so that apart from physi-
sorption effects redox reactions will take place at the surface. In
that way, this model is more general than that presented by
Kakekhani and Ismail-Beigi18 for catalytic surfaces.

2.2 Cycle description

We postulate the thermodynamic cycle shown in Fig. 3, in
which the pyroelectrocatalytic work is displayed as an area in a

Fig. 2 Simplified model of the pyroelectrocatalytic effect based on externally
compensating free (surface) charges (green). (a and c) The charge-balanced
pyroelectric at thermal equilibrium in a chemically labile medium. The
temperature-induced polarisation change upon (b) heating and (d) cooling
generates an electric potential (excess charges are shaded red and blue)
able to trigger redox reactions within the medium. ox: oxidised chemical
species, red: reduced chemical species. Not included are further screening
layers on the surface (e.g. electrical double layer).
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comparison only, this ratio exceeds the value of the LLNL chart,
however it must be noted that different regions are evaluated. A
Sankey diagram based on the segmentation of Table 1 and the
presented approach has been created demonstrating the esti-
mated world energy use in Fig. 3. As one can see, the highest
amount of waste heat derives from electricity generation (39% of
globally rejected energy), followed by the sectors in the
displayed order.

It can also be recognized that industry and transport have the
same scale but a totally different input composition and the resi-
dential sector has twice the energy demand of the commercial
sector. So, a closer look at the rejected energy is of interest.

This investigation provides insight into the waste heat dis-
tribution and reveals the following sectoral shares (Fig. 4). The
respective shares only refer to the exhausts/effluents fraction (cf.
Fig. 2) and the waste heat temperatures for exhausts and effluents
are divided into ranges below 100 °C, within 100 to 299 °C and
300 °C or more.

All sectors, especially the commercial sector, show a relatively
high amount of low temperature waste heat (o100 °C). The huge
fraction of electricity generation was to be expected for thermo-
dynamic reasons. As for the residential sector and electricity
generation, there is no high temperature waste heat (Z300 °C).
According to the theoretical approach of this investigation, no

medium temperature waste heat (100–299 °C) occurs in the
transportation sector.

Speaking of the industrial sector in detail, a comparisonwith other
approaches is possible. Table 3 shows different industrial waste heat
distributions of one top-down estimation (see [11]) and three
bottom-up surveys (see [7,8,38]). The deviation of the shares of these
temperature ranges is significant, bearing in mind that the listed
approaches cover specific countries of different industrial structure
and magnitude at earlier date. Though, we can see a shift towards
higher waste heat temperatures according to the global approach.

The Sankey diagram in Fig. 5 visualizes all results of the theo-
retical approach of this work. In addition, the diagrams in Fig. 6
provide the respective ratios with focus on the sectoral shares
within the low temperature waste heat fraction.

This fraction itself is the biggest share (63%) among all
exhausts/effluents (52% of inputs). Electricity generation herein

Table 3
Comparison of waste heat distributions.

Temperature ranges

Studies r60 °C 60–140 °C 4140 °C

Industry (global) 15% 4.679 PJ 28% 8.981 PJ 57% 18.016 PJ
Enova [8] 47% 16% 37%
Pehnt et al. [11] 82% 6% 12%

r120 °C 4120 °C –

Industry (global) 43% 13.660 PJ 57% 18.016 PJ –

Bonilla et al. [38] 36% 64% –

o230 °C Z230 °C –

Industry (global) 38% 12.144 PJ 62% 19.532 PJ –

DOE [7] 60% 40% –

Fig. 5. Estimated global waste heat distribution of 2012 in PJ (according to theoretical approach).

Fig. 6. Global ratios of theoretical approach results.

C. Forman et al. / Renewable and Sustainable Energy Reviews 57 (2016) 1568–1579 1573

52%

Lang, Phys. Today 58, 31 (2005).

The change of the spontaneous polarization DPs
– that is the change of surface charges DQ per
area A –– due to a change of temperature DT is
known as the pyroelectric effect and is restricted
to crystalline, non-centrosymmetric and polar
matter. The coupling parameter is the
pyroelectric coefficient p [1]:

The main application of pyroelectrics is in
infrared radiation sensors, but they can also be
used for waste heat energy harvesting or
chemical catalysis [2].

Vivanco, et al., Phys. Chem. Chem. Phys. 22, 17781 (2020).
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An all-solid-sate battery (ASSB) can deliver an
energy density that is 2 to 6 times higher
compared to commercial lithium-ion batteries.
Especially when higher-valent mobile ions, i.e.
anode ions, such as Zn2+ or Al3+ are used. The
anode accounts for the highest proportion of
metal elements in an ASSB. Therefore, the
selection of the anode must be made with
consideration of material abundances, supply
risks, production and recycling infrastructures,
and toxicity. Once the mobile ion is selected,
solid electrolyte and intercalation electrode
materials must be identified [3] and synthesized.

Anode CathodeElectrolyte

X+n

Electrochemical Storage Materials, Eds. T. Leisegang, et al., De Gruyter, Berlin/Boston (2016).

• Electrochemical (dark) and resource-economic 
characteristics (light). 

• Orange: Benchmark systems.

Nestler, et al., Chem. Mater. 31, 737 (2019). 

à Zn2+ solid electrolytes

Morkhova, et al., submitted (2021).

• Results are available @ batterymaterials.info (database).

Eremin, et al., J. Phys. Chem. C123, 29533 (2019).
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does decrease with X-atomic number. The absolute value of the 
charges on the Al-, M-, and X-ions globally decrease from O to 
Se: the anions become less negative, the cations less positive. 

 According to Refs. [26,27,28], a relatively high ȡ(BCP)  and 
negative �2ȡ(BCP) are a sign for a predominantly covalent or 
shared interaction. Relatively low ȡ(BCP)  and positive 
�2ȡ(BCP), however point towards ionic or closed-shell 
interactions. Signs of increasing covalency of the bond were 
described as increasing ȡ collected in the BCP, decreasing 
Laplacian, decreasing bond-lengths and increasing amount of 
negative Laplacian area in the bond path. Throughout all 

compounds, �2ȡ in the BCP is positive and the corresponding 
ߩ ڄ ୡܸୣ୪୪-values are relatively low, ranging from approx. 0.03 (Sr) 
to approx. 0.24 (Mo); see supporting material. Hence, the bond 
character of Al-X and M-X seems ionic for all 15 combinations 
(see supplementary material). The increased Coulomb attraction 
and the resulting shorter bond-lengths of X to M with increasing 
M-valence is the reason why electron density between M and X 
is steadily increasing. This increase is especially strong for O. 
As can be seen in Fig. 1d, there is increasing negative Laplacian, 
especially between Al and X, but the distances between M and 
X decrease stronger than for Al and X, suggesting also an 
increasing, yet slight covalent character of the bonding. 

 
Figure 3: Graphical summary of the four most-promising Al3+-conducting S-containing candidates. Blue spheres: Al, orange spheres: S, grey polyhedra: Tl-S (a), P-S 
(b), Al-S (c), La-S, Si-S (darker) (d), black rods: conduction path identified by VDP, blue isosurface: percolating Al3+-migration energy structure from BVSE.  
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mechanism. D is typically accessible by nuclear magnetic resonance 
(NMR) spectroscopy37 and molecular dynamics simulations, from 
which equation (3) has been routinely applied to derive values of 
ionic conductivity24,38. Despite reasonable agreement between the 
different techniques (for example, ref. 24), we note that (1) the dif-
ferent techniques probe ion transport at different scales (Fig. 2) and 
(2) there is recent debate about the validity of equation (3) in the 
case of solid electrolytes where the migration of multiple defects is 
highly correlated, the precise concentration of mobile charge car-
riers is unclear and/or in solid electrolytes that exhibit anisotropic 
migration pathways39.

While crystalline materials have provided an excellent platform 
to develop our understanding of ion conduction, some of the most 
relevant solid electrolytes show partial or complete amorphous 
character. The lack of long-range periodicity in these materials 

implies the absence of regular coordination sites and symmetric 
long-range migration pathways. Despite diligent efforts, a unified 
theory for conduction in the amorphous state is not fully estab-
lished40,41. Nevertheless, elements of the hopping theory can still 
be utilized, but require a statistical treatment, such as considering 
a distribution of activation energies for hops instead of a discreet 
one. Pair distribution function analysis of total scattering data42 in 
combination with reverse Monte Carlo approaches, can provide 
direct visualization of the atomic arrangements and diffusion path-
ways in amorphous samples43,44. Such analyses, corroborated by 
NMR, vibrational and X-ray photoelectron (XPS) spectroscopies, 
may serve to establish the link between structural units (for exam-
ple, the anion framework) and conductivity in glasses45,46. Due to 
the large system sizes required for satisfactory statistical analysis, 
direct probing of ion dynamics at the atomic scale by ab initio 
molecular dynamics calculations can be difficult38. Nevertheless, 
promising alternatives are being developed, including classical 
interatomic potentials derived from machine learning for amor-
phous Li3PO4 (ref. 47).

Micro- and mesoscopic scales. Compositional or structural inho-
mogeneities manifesting at the nanometre to micrometre scales 
can often dominate the macroscopic ionic conductivity, either 
beneficially48–50 or detrimentally51,52. The prime example of micro-
structural features are grain boundaries, surfaces of contact between 
crystallites of different orientation in polycrystalline samples, which 
can differ extensively from the bulk crystal in terms of structure 
and composition. Grain boundaries have been shown to increase 
the resistance for ion migration in most cases, making them unde-
sirable in macroscopic samples. It has been proposed that positive 
space charging (anionic vacancies) can render grain boundaries 
repulsive for mobile cations51 and that grain boundaries can act as 
sinks of ionically blocking impurities53. From an atomistic point of 
view, it has been shown that the percolation of mobile cations can 
be severely blocked by the distortions imposed by the misalignment 
of grains52. The magnitude of the effect depends on the material and 
seems to be negligible for sulfide solid electrolytes54. It is also con-
ceivable that grain boundaries in certain materials could also aid 
conduction parallel to their surface by forming pathways of under-
coordinated sites. In general, control over the concentration and 
atomistic nature of grain boundaries can lead to tuning of ionic con-
ductivity52,55 and, although sometimes tedious, the development of 
inventive techniques for their characterization (for example, ref. 54)  
will be insightful.

There is growing interest in glass-ceramic ion conductors, which 
are materials that result from a controlled crystallization of an 
amorphous phase56. This is because in some materials, the glass-
ceramic microstructure can result in stabilization of metastable 
crystal structures, such as Li7P3S11 (refs. 45,57) with an increase of 
ionic conductivity by several orders of magnitude. It has recently 
been shown that highly performing ionic conductors, previously 
thought to be completely amorphous, as determined by X-ray dif-
fraction, might be composed of nanocrystallites embedded in an 
amorphous matrix, as demonstrated for ‘glassy’ Li3PS4 with high-
resolution transmission electron microscopy49. Such nanocrystal-
line microstructures have been proposed to enchance conductivity 
by activation of surface conduction mechanisms in multiple mate-
rials, such as Li3PS4 (ref. 48), and LiBH4 (ref. 50). Understanding of 
these synergistic effects of amorphous and crystalline phases con-
stitutes an exciting avenue for further development.

Another source of resistance to ion transport for solid elec-
trolytes and solid-state batteries is inadequate physical contact 
between solid particles. In polycrystalline materials and composite 
electrodes, the contact between solid particles must be maximized 
and maintained for efficient ionic conduction to take place. In con-
trast, the existence of porosity implies the occurrence of tortuous 
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mechanism. D is typically accessible by nuclear magnetic resonance 
(NMR) spectroscopy37 and molecular dynamics simulations, from 
which equation (3) has been routinely applied to derive values of 
ionic conductivity24,38. Despite reasonable agreement between the 
different techniques (for example, ref. 24), we note that (1) the dif-
ferent techniques probe ion transport at different scales (Fig. 2) and 
(2) there is recent debate about the validity of equation (3) in the 
case of solid electrolytes where the migration of multiple defects is 
highly correlated, the precise concentration of mobile charge car-
riers is unclear and/or in solid electrolytes that exhibit anisotropic 
migration pathways39.

While crystalline materials have provided an excellent platform 
to develop our understanding of ion conduction, some of the most 
relevant solid electrolytes show partial or complete amorphous 
character. The lack of long-range periodicity in these materials 

implies the absence of regular coordination sites and symmetric 
long-range migration pathways. Despite diligent efforts, a unified 
theory for conduction in the amorphous state is not fully estab-
lished40,41. Nevertheless, elements of the hopping theory can still 
be utilized, but require a statistical treatment, such as considering 
a distribution of activation energies for hops instead of a discreet 
one. Pair distribution function analysis of total scattering data42 in 
combination with reverse Monte Carlo approaches, can provide 
direct visualization of the atomic arrangements and diffusion path-
ways in amorphous samples43,44. Such analyses, corroborated by 
NMR, vibrational and X-ray photoelectron (XPS) spectroscopies, 
may serve to establish the link between structural units (for exam-
ple, the anion framework) and conductivity in glasses45,46. Due to 
the large system sizes required for satisfactory statistical analysis, 
direct probing of ion dynamics at the atomic scale by ab initio 
molecular dynamics calculations can be difficult38. Nevertheless, 
promising alternatives are being developed, including classical 
interatomic potentials derived from machine learning for amor-
phous Li3PO4 (ref. 47).

Micro- and mesoscopic scales. Compositional or structural inho-
mogeneities manifesting at the nanometre to micrometre scales 
can often dominate the macroscopic ionic conductivity, either 
beneficially48–50 or detrimentally51,52. The prime example of micro-
structural features are grain boundaries, surfaces of contact between 
crystallites of different orientation in polycrystalline samples, which 
can differ extensively from the bulk crystal in terms of structure 
and composition. Grain boundaries have been shown to increase 
the resistance for ion migration in most cases, making them unde-
sirable in macroscopic samples. It has been proposed that positive 
space charging (anionic vacancies) can render grain boundaries 
repulsive for mobile cations51 and that grain boundaries can act as 
sinks of ionically blocking impurities53. From an atomistic point of 
view, it has been shown that the percolation of mobile cations can 
be severely blocked by the distortions imposed by the misalignment 
of grains52. The magnitude of the effect depends on the material and 
seems to be negligible for sulfide solid electrolytes54. It is also con-
ceivable that grain boundaries in certain materials could also aid 
conduction parallel to their surface by forming pathways of under-
coordinated sites. In general, control over the concentration and 
atomistic nature of grain boundaries can lead to tuning of ionic con-
ductivity52,55 and, although sometimes tedious, the development of 
inventive techniques for their characterization (for example, ref. 54)  
will be insightful.

There is growing interest in glass-ceramic ion conductors, which 
are materials that result from a controlled crystallization of an 
amorphous phase56. This is because in some materials, the glass-
ceramic microstructure can result in stabilization of metastable 
crystal structures, such as Li7P3S11 (refs. 45,57) with an increase of 
ionic conductivity by several orders of magnitude. It has recently 
been shown that highly performing ionic conductors, previously 
thought to be completely amorphous, as determined by X-ray dif-
fraction, might be composed of nanocrystallites embedded in an 
amorphous matrix, as demonstrated for ‘glassy’ Li3PS4 with high-
resolution transmission electron microscopy49. Such nanocrystal-
line microstructures have been proposed to enchance conductivity 
by activation of surface conduction mechanisms in multiple mate-
rials, such as Li3PS4 (ref. 48), and LiBH4 (ref. 50). Understanding of 
these synergistic effects of amorphous and crystalline phases con-
stitutes an exciting avenue for further development.

Another source of resistance to ion transport for solid elec-
trolytes and solid-state batteries is inadequate physical contact 
between solid particles. In polycrystalline materials and composite 
electrodes, the contact between solid particles must be maximized 
and maintained for efficient ionic conduction to take place. In con-
trast, the existence of porosity implies the occurrence of tortuous 
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a, The arrows indicate three typical migration mechanisms: vacancy, direct 
interstitial and correlated (interstitialcy) involving a single or multiple sites 
(blue and red, respectively). Circles represent cations in stable (green) 
and metastable (orange) sites of a model crystal lattice. Dotted lines 
represent the transition state for cation hopping as imposed by the anionic 
framework (not shown explicitly). b,c, The energy profiles associated 
with cation migration via direct vacancy or interstitial hopping (b) and 
correlated hopping (c) are shown with their associated hopping energies, 
Em, hopping distances α0 and hopping frequencies, ν0.
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into three groups: physical, health and environmental hazards. Due to the increasing
seriousness in this order, the materials were rated correspondingly worse.

1.2.2.2 Assessment results

Using the above-listed variables for an evaluation algorithm created on this basis, it
was possible to rate the elements corresponding to the objectives of the project by
means of evaluation and weighting of the individual parameters. For this, each
parameter has been evaluated with a score. Adding up all scores, the element with
the highest number is the most promising for future uses according to the algo-
rithm. The rating can be adjusted for the task at hand and further meaningful
parameters could be generated by combination. Accordingly, aluminium, magne-
sium, titanium, manganese, iron, sodium and silicon (Figure 1.5) are potential
candidates for material concepts for novel storage concepts with preferably
metal-electrode systems.

On the basis of the evaluated elements, new sustainable concepts of electroche-
mical energy storage systems can be developed. In doing so, cathode and solid-
electrolyte materials have to be identified. Chapter 4.1 of this book describes a
theoretical approach for finding certain materials.

In order to describe and evaluate a final system or concept, the next step would be
the ongoing elaboration and collation of relevant criteria. This is characterized by a
comprehensive approach, taking into account the entire life cycle from rawmaterial
to end-of-life recycling, without specific focus. Criteria have been collected in order
to meet the requirements of as many relevant stakeholders as possible. There exist
more than 60 criteria or parameters that are suitable for the characterization of a
storage system. Among these, there are numerous dependencies, some of which are
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Figure 1.5: Result of assessment of elements. The highest possible value is 22.
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The existing theoretical background on pyroelectricity (based
on eqn (2)) is straightforward and effective in describing energy
harvesting. However, it has major boundaries when it comes to
describing chemical reactions. According to eqn (2) even the
smallest temperature stimulus would displace charge and enable
chemical conversions. Kakekhani and Ismail-Beigi18 already
pointed out the necessity of a minimum variation of chemical
potential and thus critical temperature window in order to realise
pyroelectrocatalysis.

1.4 Thermodynamic pyroelectric cycles

For the pyroelectric effect to occur, at least one heat source and
one heat sink are required for temperature cycling. The pyro-
electric process thus resembles a heat engine and is as such
subject to the second law of thermodynamics.

The thermodynamic cycle for pyroelectrics bearing the high-
est energy density was developed by Olsen et al.21 (also refer to
Bowen et al.22). It is a four-step process which, in electric analogy
to the heat engine, produces work from variations of polarisation
(charge) in an external electric field (voltage). A schematic of the
cycle can be found in Fig. S1a (ESI†). Lefeuvre et al.23 and Sebald
et al.24 described the synchronised electric charge extraction,
short SECE, consisting of four partial processes of varying the
temperature to charge the pyroelectric and subsequently releasing
the charge.

Although these cycles are veracious descriptions of the
pyroelectric process, they do not represent the situation of
chemical energy harvesting i.e. pyroelectrocatalysis well. When
e.g. very small pyroelectric particles should harvest chemical
energy, connecting the pyroelectric to a resistor is impossible or
undesired. The reactive medium would close the circuit through
ion migration. In the simplest setup, no external field would be
applied, leaving us with the resistor cycle (Fig. S1b, ESI†). Since
the work performed in a charge-voltage diagram depends on the
actual path taken, a new cycle describing the exact path must

be defined. Most recently, Schlechtweg et al.25 proposed a time-
dependent model to predict hydrogen yields from pyroelectro-
catalysis. They describe the dynamics of pyroelectrocatalysis by
modelling the process electrically as an RC-circuit with faradaic
processes. Up to now it appears to be the best model describing
pyroelectrocatalysis, albeit it neither accounts for material specifics
nor does it regard interface properties in detail. Thus, the accuracy
of their predictions is limited.

The present paper deals with formal aspects of pyroelectro-
catalytic energy harvesting. We develop a physical model to
explain the occurrence of chemical reactions on pyroelectric
surfaces. Furthermore we propose an appropriate thermo-
dynamic cycle, i.e. one that does not require external electric
fields and where work is a function of the real pyroelectric
potential in a chemically labile medium. Estimations of the
efficiency of the cycle are presented. In addition we study the
influence of various operational and material parameters on
the chemical output and compare simulation results to real
experiments reported in literature.

2 The pyroelectrocatalytic threshold
cycle (PTC)
2.1 General characteristics

The main discordance between existing thermodynamic cycles
for electric energy harvesting and the process for the harvesting
of chemical energy is that the potential of a pyroelectric particle
in a reactive medium (e.g. water) can be raised only up to a
certain limit or threshold. The varying temperature induces
polarisation changes which again induce surface-bound charges.
These charges increase the electrostatic potential and can
become operative at the interface to the surrounding fluid after
a certain energetic barrier – the activation energy – is overcome.

Let us call the voltage difference required for chemical
reactions to take place the threshold voltage, Vth. Charge
build-up from zero to this threshold reaction potential is not
available for chemical reactions (high electric resistance of the
medium, capacitive regime). Once Vth has been reached, the
next unit charge activated by an infinitesimal temperature
increase (Tn!1 o Tn) will not increment the surface potential
further, because it will have the appropriate energy for becoming
operative within the fluid causing a chemical reaction (drop of the
ohmic resistance of the medium, selective faradaic regime).

In particular, the cycle describes the electrochemical energy
exchange for pyroelectrics with surfaces that are stable within
the parameter regime of operation. From an electronic point of
view, the density of states of the pyroelectric is inert with respect
to the accumulated threshold voltage, so that apart from physi-
sorption effects redox reactions will take place at the surface. In
that way, this model is more general than that presented by
Kakekhani and Ismail-Beigi18 for catalytic surfaces.

2.2 Cycle description

We postulate the thermodynamic cycle shown in Fig. 3, in
which the pyroelectrocatalytic work is displayed as an area in a

Fig. 2 Simplified model of the pyroelectrocatalytic effect based on externally
compensating free (surface) charges (green). (a and c) The charge-balanced
pyroelectric at thermal equilibrium in a chemically labile medium. The
temperature-induced polarisation change upon (b) heating and (d) cooling
generates an electric potential (excess charges are shaded red and blue)
able to trigger redox reactions within the medium. ox: oxidised chemical
species, red: reduced chemical species. Not included are further screening
layers on the surface (e.g. electrical double layer).
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comparison only, this ratio exceeds the value of the LLNL chart,
however it must be noted that different regions are evaluated. A
Sankey diagram based on the segmentation of Table 1 and the
presented approach has been created demonstrating the esti-
mated world energy use in Fig. 3. As one can see, the highest
amount of waste heat derives from electricity generation (39% of
globally rejected energy), followed by the sectors in the
displayed order.

It can also be recognized that industry and transport have the
same scale but a totally different input composition and the resi-
dential sector has twice the energy demand of the commercial
sector. So, a closer look at the rejected energy is of interest.

This investigation provides insight into the waste heat dis-
tribution and reveals the following sectoral shares (Fig. 4). The
respective shares only refer to the exhausts/effluents fraction (cf.
Fig. 2) and the waste heat temperatures for exhausts and effluents
are divided into ranges below 100 °C, within 100 to 299 °C and
300 °C or more.

All sectors, especially the commercial sector, show a relatively
high amount of low temperature waste heat (o100 °C). The huge
fraction of electricity generation was to be expected for thermo-
dynamic reasons. As for the residential sector and electricity
generation, there is no high temperature waste heat (Z300 °C).
According to the theoretical approach of this investigation, no

medium temperature waste heat (100–299 °C) occurs in the
transportation sector.

Speaking of the industrial sector in detail, a comparisonwith other
approaches is possible. Table 3 shows different industrial waste heat
distributions of one top-down estimation (see [11]) and three
bottom-up surveys (see [7,8,38]). The deviation of the shares of these
temperature ranges is significant, bearing in mind that the listed
approaches cover specific countries of different industrial structure
and magnitude at earlier date. Though, we can see a shift towards
higher waste heat temperatures according to the global approach.

The Sankey diagram in Fig. 5 visualizes all results of the theo-
retical approach of this work. In addition, the diagrams in Fig. 6
provide the respective ratios with focus on the sectoral shares
within the low temperature waste heat fraction.

This fraction itself is the biggest share (63%) among all
exhausts/effluents (52% of inputs). Electricity generation herein

Table 3
Comparison of waste heat distributions.

Temperature ranges

Studies r60 °C 60–140 °C 4140 °C

Industry (global) 15% 4.679 PJ 28% 8.981 PJ 57% 18.016 PJ
Enova [8] 47% 16% 37%
Pehnt et al. [11] 82% 6% 12%

r120 °C 4120 °C –

Industry (global) 43% 13.660 PJ 57% 18.016 PJ –

Bonilla et al. [38] 36% 64% –

o230 °C Z230 °C –

Industry (global) 38% 12.144 PJ 62% 19.532 PJ –

DOE [7] 60% 40% –

Fig. 5. Estimated global waste heat distribution of 2012 in PJ (according to theoretical approach).

Fig. 6. Global ratios of theoretical approach results.
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The change of the spontaneous polarization DPs
– that is the change of surface charges DQ per
area A –– due to a change of temperature DT is
known as the pyroelectric effect and is restricted
to crystalline, non-centrosymmetric and polar
matter. The coupling parameter is the
pyroelectric coefficient p [1]:

The main application of pyroelectrics is in
infrared radiation sensors, but they can also be
used for waste heat energy harvesting or
chemical catalysis [2].

Vivanco, et al., Phys. Chem. Chem. Phys. 22, 17781 (2020).
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An all-solid-sate battery (ASSB) can deliver an
energy density that is 2 to 6 times higher
compared to commercial lithium-ion batteries.
Especially when higher-valent mobile ions, i.e.
anode ions, such as Zn2+ or Al3+ are used. The
anode accounts for the highest proportion of
metal elements in an ASSB. Therefore, the
selection of the anode must be made with
consideration of material abundances, supply
risks, production and recycling infrastructures,
and toxicity. Once the mobile ion is selected,
solid electrolyte and intercalation electrode
materials must be identified [3] and synthesized.
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does decrease with X-atomic number. The absolute value of the 
charges on the Al-, M-, and X-ions globally decrease from O to 
Se: the anions become less negative, the cations less positive. 

 According to Refs. [26,27,28], a relatively high ȡ(BCP)  and 
negative �2ȡ(BCP) are a sign for a predominantly covalent or 
shared interaction. Relatively low ȡ(BCP)  and positive 
�2ȡ(BCP), however point towards ionic or closed-shell 
interactions. Signs of increasing covalency of the bond were 
described as increasing ȡ collected in the BCP, decreasing 
Laplacian, decreasing bond-lengths and increasing amount of 
negative Laplacian area in the bond path. Throughout all 

compounds, �2ȡ in the BCP is positive and the corresponding 
ߩ ڄ ୡܸୣ୪୪-values are relatively low, ranging from approx. 0.03 (Sr) 
to approx. 0.24 (Mo); see supporting material. Hence, the bond 
character of Al-X and M-X seems ionic for all 15 combinations 
(see supplementary material). The increased Coulomb attraction 
and the resulting shorter bond-lengths of X to M with increasing 
M-valence is the reason why electron density between M and X 
is steadily increasing. This increase is especially strong for O. 
As can be seen in Fig. 1d, there is increasing negative Laplacian, 
especially between Al and X, but the distances between M and 
X decrease stronger than for Al and X, suggesting also an 
increasing, yet slight covalent character of the bonding. 

 
Figure 3: Graphical summary of the four most-promising Al3+-conducting S-containing candidates. Blue spheres: Al, orange spheres: S, grey polyhedra: Tl-S (a), P-S 
(b), Al-S (c), La-S, Si-S (darker) (d), black rods: conduction path identified by VDP, blue isosurface: percolating Al3+-migration energy structure from BVSE.  
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into three groups: physical, health and environmental hazards. Due to the increasing
seriousness in this order, the materials were rated correspondingly worse.

1.2.2.2 Assessment results

Using the above-listed variables for an evaluation algorithm created on this basis, it
was possible to rate the elements corresponding to the objectives of the project by
means of evaluation and weighting of the individual parameters. For this, each
parameter has been evaluated with a score. Adding up all scores, the element with
the highest number is the most promising for future uses according to the algo-
rithm. The rating can be adjusted for the task at hand and further meaningful
parameters could be generated by combination. Accordingly, aluminium, magne-
sium, titanium, manganese, iron, sodium and silicon (Figure 1.5) are potential
candidates for material concepts for novel storage concepts with preferably
metal-electrode systems.

On the basis of the evaluated elements, new sustainable concepts of electroche-
mical energy storage systems can be developed. In doing so, cathode and solid-
electrolyte materials have to be identified. Chapter 4.1 of this book describes a
theoretical approach for finding certain materials.

In order to describe and evaluate a final system or concept, the next step would be
the ongoing elaboration and collation of relevant criteria. This is characterized by a
comprehensive approach, taking into account the entire life cycle from rawmaterial
to end-of-life recycling, without specific focus. Criteria have been collected in order
to meet the requirements of as many relevant stakeholders as possible. There exist
more than 60 criteria or parameters that are suitable for the characterization of a
storage system. Among these, there are numerous dependencies, some of which are
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Figure 1.5: Result of assessment of elements. The highest possible value is 22.
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The existing theoretical background on pyroelectricity (based
on eqn (2)) is straightforward and effective in describing energy
harvesting. However, it has major boundaries when it comes to
describing chemical reactions. According to eqn (2) even the
smallest temperature stimulus would displace charge and enable
chemical conversions. Kakekhani and Ismail-Beigi18 already
pointed out the necessity of a minimum variation of chemical
potential and thus critical temperature window in order to realise
pyroelectrocatalysis.

1.4 Thermodynamic pyroelectric cycles

For the pyroelectric effect to occur, at least one heat source and
one heat sink are required for temperature cycling. The pyro-
electric process thus resembles a heat engine and is as such
subject to the second law of thermodynamics.

The thermodynamic cycle for pyroelectrics bearing the high-
est energy density was developed by Olsen et al.21 (also refer to
Bowen et al.22). It is a four-step process which, in electric analogy
to the heat engine, produces work from variations of polarisation
(charge) in an external electric field (voltage). A schematic of the
cycle can be found in Fig. S1a (ESI†). Lefeuvre et al.23 and Sebald
et al.24 described the synchronised electric charge extraction,
short SECE, consisting of four partial processes of varying the
temperature to charge the pyroelectric and subsequently releasing
the charge.

Although these cycles are veracious descriptions of the
pyroelectric process, they do not represent the situation of
chemical energy harvesting i.e. pyroelectrocatalysis well. When
e.g. very small pyroelectric particles should harvest chemical
energy, connecting the pyroelectric to a resistor is impossible or
undesired. The reactive medium would close the circuit through
ion migration. In the simplest setup, no external field would be
applied, leaving us with the resistor cycle (Fig. S1b, ESI†). Since
the work performed in a charge-voltage diagram depends on the
actual path taken, a new cycle describing the exact path must

be defined. Most recently, Schlechtweg et al.25 proposed a time-
dependent model to predict hydrogen yields from pyroelectro-
catalysis. They describe the dynamics of pyroelectrocatalysis by
modelling the process electrically as an RC-circuit with faradaic
processes. Up to now it appears to be the best model describing
pyroelectrocatalysis, albeit it neither accounts for material specifics
nor does it regard interface properties in detail. Thus, the accuracy
of their predictions is limited.

The present paper deals with formal aspects of pyroelectro-
catalytic energy harvesting. We develop a physical model to
explain the occurrence of chemical reactions on pyroelectric
surfaces. Furthermore we propose an appropriate thermo-
dynamic cycle, i.e. one that does not require external electric
fields and where work is a function of the real pyroelectric
potential in a chemically labile medium. Estimations of the
efficiency of the cycle are presented. In addition we study the
influence of various operational and material parameters on
the chemical output and compare simulation results to real
experiments reported in literature.

2 The pyroelectrocatalytic threshold
cycle (PTC)
2.1 General characteristics

The main discordance between existing thermodynamic cycles
for electric energy harvesting and the process for the harvesting
of chemical energy is that the potential of a pyroelectric particle
in a reactive medium (e.g. water) can be raised only up to a
certain limit or threshold. The varying temperature induces
polarisation changes which again induce surface-bound charges.
These charges increase the electrostatic potential and can
become operative at the interface to the surrounding fluid after
a certain energetic barrier – the activation energy – is overcome.

Let us call the voltage difference required for chemical
reactions to take place the threshold voltage, Vth. Charge
build-up from zero to this threshold reaction potential is not
available for chemical reactions (high electric resistance of the
medium, capacitive regime). Once Vth has been reached, the
next unit charge activated by an infinitesimal temperature
increase (Tn!1 o Tn) will not increment the surface potential
further, because it will have the appropriate energy for becoming
operative within the fluid causing a chemical reaction (drop of the
ohmic resistance of the medium, selective faradaic regime).

In particular, the cycle describes the electrochemical energy
exchange for pyroelectrics with surfaces that are stable within
the parameter regime of operation. From an electronic point of
view, the density of states of the pyroelectric is inert with respect
to the accumulated threshold voltage, so that apart from physi-
sorption effects redox reactions will take place at the surface. In
that way, this model is more general than that presented by
Kakekhani and Ismail-Beigi18 for catalytic surfaces.

2.2 Cycle description

We postulate the thermodynamic cycle shown in Fig. 3, in
which the pyroelectrocatalytic work is displayed as an area in a

Fig. 2 Simplified model of the pyroelectrocatalytic effect based on externally
compensating free (surface) charges (green). (a and c) The charge-balanced
pyroelectric at thermal equilibrium in a chemically labile medium. The
temperature-induced polarisation change upon (b) heating and (d) cooling
generates an electric potential (excess charges are shaded red and blue)
able to trigger redox reactions within the medium. ox: oxidised chemical
species, red: reduced chemical species. Not included are further screening
layers on the surface (e.g. electrical double layer).
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comparison only, this ratio exceeds the value of the LLNL chart,
however it must be noted that different regions are evaluated. A
Sankey diagram based on the segmentation of Table 1 and the
presented approach has been created demonstrating the esti-
mated world energy use in Fig. 3. As one can see, the highest
amount of waste heat derives from electricity generation (39% of
globally rejected energy), followed by the sectors in the
displayed order.

It can also be recognized that industry and transport have the
same scale but a totally different input composition and the resi-
dential sector has twice the energy demand of the commercial
sector. So, a closer look at the rejected energy is of interest.

This investigation provides insight into the waste heat dis-
tribution and reveals the following sectoral shares (Fig. 4). The
respective shares only refer to the exhausts/effluents fraction (cf.
Fig. 2) and the waste heat temperatures for exhausts and effluents
are divided into ranges below 100 °C, within 100 to 299 °C and
300 °C or more.

All sectors, especially the commercial sector, show a relatively
high amount of low temperature waste heat (o100 °C). The huge
fraction of electricity generation was to be expected for thermo-
dynamic reasons. As for the residential sector and electricity
generation, there is no high temperature waste heat (Z300 °C).
According to the theoretical approach of this investigation, no

medium temperature waste heat (100–299 °C) occurs in the
transportation sector.

Speaking of the industrial sector in detail, a comparisonwith other
approaches is possible. Table 3 shows different industrial waste heat
distributions of one top-down estimation (see [11]) and three
bottom-up surveys (see [7,8,38]). The deviation of the shares of these
temperature ranges is significant, bearing in mind that the listed
approaches cover specific countries of different industrial structure
and magnitude at earlier date. Though, we can see a shift towards
higher waste heat temperatures according to the global approach.

The Sankey diagram in Fig. 5 visualizes all results of the theo-
retical approach of this work. In addition, the diagrams in Fig. 6
provide the respective ratios with focus on the sectoral shares
within the low temperature waste heat fraction.

This fraction itself is the biggest share (63%) among all
exhausts/effluents (52% of inputs). Electricity generation herein

Table 3
Comparison of waste heat distributions.

Temperature ranges

Studies r60 °C 60–140 °C 4140 °C

Industry (global) 15% 4.679 PJ 28% 8.981 PJ 57% 18.016 PJ
Enova [8] 47% 16% 37%
Pehnt et al. [11] 82% 6% 12%

r120 °C 4120 °C –

Industry (global) 43% 13.660 PJ 57% 18.016 PJ –

Bonilla et al. [38] 36% 64% –

o230 °C Z230 °C –

Industry (global) 38% 12.144 PJ 62% 19.532 PJ –

DOE [7] 60% 40% –

Fig. 5. Estimated global waste heat distribution of 2012 in PJ (according to theoretical approach).

Fig. 6. Global ratios of theoretical approach results.

C. Forman et al. / Renewable and Sustainable Energy Reviews 57 (2016) 1568–1579 1573

52%

Lang, Phys. Today 58, 31 (2005).

The change of the spontaneous polarization DPs
– that is the change of surface charges DQ per
area A –– due to a change of temperature DT is
known as the pyroelectric effect and is restricted
to crystalline, non-centrosymmetric and polar
matter. The coupling parameter is the
pyroelectric coefficient p [1]:

The main application of pyroelectrics is in
infrared radiation sensors, but they can also be
used for waste heat energy harvesting or
chemical catalysis [2].

Vivanco, et al., Phys. Chem. Chem. Phys. 22, 17781 (2020).
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An all-solid-sate battery (ASSB) can deliver an
energy density that is 2 to 6 times higher
compared to commercial lithium-ion batteries.
Especially when higher-valent mobile ions, i.e.
anode ions, such as Zn2+ or Al3+ are used. The
anode accounts for the highest proportion of
metal elements in an ASSB. Therefore, the
selection of the anode must be made with
consideration of material abundances, supply
risks, production and recycling infrastructures,
and toxicity. Once the mobile ion is selected,
solid electrolyte and intercalation electrode
materials must be identified [3] and synthesized.

Anode CathodeElectrolyte

X+n
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does decrease with X-atomic number. The absolute value of the 
charges on the Al-, M-, and X-ions globally decrease from O to 
Se: the anions become less negative, the cations less positive. 

 According to Refs. [26,27,28], a relatively high ȡ(BCP)  and 
negative �2ȡ(BCP) are a sign for a predominantly covalent or 
shared interaction. Relatively low ȡ(BCP)  and positive 
�2ȡ(BCP), however point towards ionic or closed-shell 
interactions. Signs of increasing covalency of the bond were 
described as increasing ȡ collected in the BCP, decreasing 
Laplacian, decreasing bond-lengths and increasing amount of 
negative Laplacian area in the bond path. Throughout all 

compounds, �2ȡ in the BCP is positive and the corresponding 
ߩ ڄ ୡܸୣ୪୪-values are relatively low, ranging from approx. 0.03 (Sr) 
to approx. 0.24 (Mo); see supporting material. Hence, the bond 
character of Al-X and M-X seems ionic for all 15 combinations 
(see supplementary material). The increased Coulomb attraction 
and the resulting shorter bond-lengths of X to M with increasing 
M-valence is the reason why electron density between M and X 
is steadily increasing. This increase is especially strong for O. 
As can be seen in Fig. 1d, there is increasing negative Laplacian, 
especially between Al and X, but the distances between M and 
X decrease stronger than for Al and X, suggesting also an 
increasing, yet slight covalent character of the bonding. 

 
Figure 3: Graphical summary of the four most-promising Al3+-conducting S-containing candidates. Blue spheres: Al, orange spheres: S, grey polyhedra: Tl-S (a), P-S 
(b), Al-S (c), La-S, Si-S (darker) (d), black rods: conduction path identified by VDP, blue isosurface: percolating Al3+-migration energy structure from BVSE.  
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challenges from the perspective of production engineering and devel-
oping possible production scenarios for the fabrication of ASSBs.

After an investigation of the requirements and properties of ASSBs
with regards to industrial mass production, a brief overview of the
methodological approach, based on expert workshops, is given.
Consequently, different production scenarios and process chains for the
fabrication of sulfide and oxide based ASSBs are presented. A detailed
investigation of the required changes from conventional battery pro-
duction are given for the fabrication of a sulfide based ASSB. Finally,
this manuscript concludes with recommendations for the respective
stakeholders, such as chemical industry, component suppliers, machine
engineering, cell producers, and original equipment manufacturers
(OEMs).

2. Requirements and challenges for large-scale production of all-
solid-state batteries

With steadily sinking costs for electric vehicle battery packs [21],
soon approaching target values of 150 $/kWh, the main challenge for
the implementation of ASSBs will be the manufacturing of high-quality
cells at costs comparable to conventional LIBs. Hence, highly auto-
mated scalable production processes are required. During production,
robust processes and quality monitoring are necessary to ensure a low
error rate and reduce scrap rates to a minimum [22]. This means,
possible challenges for automated manufacturing and quality control
need to be addressed already during the design stage by following a
Simultaneous Engineering approach. A suitable methodological fra-
mework was presented by Schnell et al. [23].

At first, product requirements and properties need to be identified
with regards to large-scale production. This includes the physical and
chemical properties of the materials used, such as mechanical proper-
ties of the particles, reactivity with humid air and oxygen, toxicity, etc.
Also the shape and tolerances of the components are of major im-
portance for manufacturing, i.e., layer thicknesses, coating densities, or
thickness variations. For high throughput, continuous processes, such
as roll-to-roll processes, should be targeted if possible. Hence, adhe-
siveness, bending stiffness, and elastic and plastic properties play an
important role for the manufacturing and processing of the compo-
nents. The production environment needs to be taken into account due
to its high impact on the manufacturing costs. Last, but not least, en-
vironmental requirements need to be considered because of legal reg-
ulations and ecological footprint.

2.1. Product requirements

To meet the demands for automotive applications in 2025, energy
densities of 800Wh l−1 and specific energies above 300Wh kg−1 will
be required [24]. Detailed calculations on the required layer thick-
nesses and composition for solid electrolyte, anode and cathode com-
posite to meet these targets were presented by Placke et al. [25].

With regards to energy and power densities, separator layers as thin
as possible would be beneficial. In contrast to most lab-scale applica-
tions, where thick (> 100 μm) solid electrolyte pellets are joined with
the active materials, for high-energy ASSBs, thin layers (< 30 μm) are
desirable to be competitive with conventional LIBs [19]. However,
cracks, defects, and even grain boundaries are subject to growth of li-
thium dendrites [26,27]. Hence, a certain thickness will be required to
ensure safety and long cycle life, also governed by the particle size [28].
Only when employing a lithium metal anode, an increase in energy
density and specific energy on the cell level is to be expected compared
to conventional LIB [7]. Typically, a lithium foil is suggested to enable
competitive volumetric and gravimetric energy densities, with desired
thicknesses [7,19,25] of 10 μm–30 μm. However, prices of lithium foils
tend to increase with decreasing thickness and, so far, only few man-
ufacturers are able to produce sheets below 50 μm thickness. If con-
ventional LIB anode materials, such as graphite or LTO (Li4Ti5O12) are
employed, composite anodes need to be employed. Regarding the
composite electrodes (anodes and cathodes), ionic and electric path-
ways are necessary to ensure high power for fast charging and dis-
charging. This means that elaborate design of composite electrodes
(active materials, solid electrolyte, binders, and conducting agents) is
required. Especially the gravimetric energy density is highly affected by
the choice and amount of solid electrolyte material in the composite
electrodes, considering that the density of solid electrolytes is much
higher than that of liquid electrolytes [25]. In contrast to conventional,
porous electrodes, a compaction to almost zero percent porosity is
beneficial to achieve high power and energy density. In terms of me-
chanical stability and lifetime during battery cycling, a certain elasticity
is required, which can be achieved by higher porosities or larger
amounts of binder.

Two major different cell concepts are thus conceivable, as depicted
in Fig. 2. The first scenario (a) is a cathode-supported ASSB, where the
mechanical stability is given by the cathode composite and the different
layers are joined on top of each other. The second scenario (b) is a solid
electrolyte three-layer structure similar to solid oxide fuel cells [29],
where the dense separator layer is sandwiched between two porous
solid electrolyte layers to form a matrix like scaffolding, which is

Fig. 2. Composition and possible design concepts of high
energy ASSBs with desired layer thicknesses. For example, a
100 μm thick NMC811 or NCA cathode containing 30 vol%
solid electrolyte, a 20 μm thick solid electrolyte layer, and a
30 μm thick lithium metal anode would result in an energy
density of 1177Wh l−1, and a specific energy of 426Wh
kg−1 for a sulfide-based and 324Wh kg−1 for a garnet-
based ASSB, respectively [25] (cell level). However, por-
osities in the electrodes and external pressing devices will
reduce the overall energy density.

J. Schnell et al. Journal of Power Sources 382 (2018) 160–175

162

Schnell, et al., J. Power Sources 382, 160 (2018).



16

REVIEW ARTICLENATURE MATERIALS

migration (ΔSm), the jump distance (α0) and the attempt frequency 
(ν0), are related as follows:

σ0 ¼ z
nq2

kB
eΔSm=kBα20ν0 ð2Þ

The geometric factor z (≤1) depends on the directionality of the 
conduction mechanism. ‘Energy landscape’ schematics are com-
monly used to visualize Em, v0 and α0, as well as the various conduc-
tion mechanisms, as shown in Fig. 3.

In the intrinsic regime, the concentration of mobile charged spe-
cies, n, is temperature dependent and relates to the defect formation 
energy of vacancies and/or interstitials (Ef). Ion doping by substitu-
tion of aliovalent ions (that is, dopants with a different valence from 
the host ions) can also create charge-compensating vacancies or 
interstitials. For example, Si4+ dopants on the P5+ site in Na3PS4 create 
Na+ interstitials20, while Cl– dopants on the S2– site in the same mate-
rial generate Na+ vacancies21. In this extrinsic regime, the defect pop-
ulation is determined by the dopant concentration and in the case 
of both Na3+xSixP1−xS4 (ref. 22) and Na3−xPS4−xClx (ref. 23) leads to sig-
nificantly increased conductivities, in accordance with equation (2).

However, the effect of elemental substitutions is not limited to 
the concentration of mobile defects. For example, extensive cation  
mixing in the lithium superionic conductor (LISICON)-type  
Li4±xSi1–xXxO4 (X = P, Al and/or Ge) was shown to promote the 
change of the atomistic conduction mechanism to a ‘superionic’ one, 
attributed to a flattening of the energy landscape, thus enabling low 
migration energies24,25. Other authors have argued that increasing 
the mobile ion concentration above the number of available ground-
state sites in materials, such as garnets and NASICONs (sodium 
superionic conductors), forces excess mobile ions into higher-
energy (metastable) sites and enables concerted ion migration, that 
is, collective migration of multiple cations, akin to the intersticialcy 
mechanism shown in Fig. 3a, with reduced migration energy26,27.

Anion frameworks that are mechanically softer, such as sulfides or 
selenides, have been thought to aid ion migration28. However, there 
are two competing effects arising from softer lattice phonons29: (1) 
the activation energy for conduction (Ea) decreases, aiding ion diffu-
sion, but (2) lower lattice vibration frequencies simultaneously lead 
to lower hopping attempt frequencies, ν0, and decreasing the migra-
tion entropy, ΔSm (ref. 30), thus promoting a decrease of the Arrhenius 
pre-factor (equation (2)). Recently, Kraft et al. demonstrated that the 
attempt frequency correlates closely to the Debye frequency derived 
from speed-of-sound measurements, which can act as a convenient 
descriptor for further investigations on ionic conductors29. Muy et al. 
also confirmed the correlation between the activation energy for 
conduction (Ea) and the phonon band centres using inelastic neutron 
scattering on a variety of oxide and sulfide LISICON materials31.

Rotations of polyanionic moieties (for example, SO4
2– and PO4

3–) 
have been proposed to aid ionic conduction and have been referred 
to as the paddle-wheel effect17. Such explanations have recently 
resurfaced in light of computational results suggesting correlation 
between ionic conductivity and the rotational freedom of polyanions 
(typically tetrahedra including PS4

3– (ref. 32) or BH4
– (ref. 33), but also 

OH– (ref. 34) dipoles). Quasi-elastic neutron scattering experiments 
have attempted to provide direct evidence of paddle-wheel effects, 
most recently in LiCB11H12 and NaCB11H12, demonstrating a link 
between CB11H12

– rotational mobility and Li+ or Na+ diffusivity35,36.
Since the charge transfer in solid electrolytes is directly linked to 

mass transfer of the charged defects, it is often insightful to consider 
their diffusivity, D, linked to the conductivity by the well-known 
Nernst–Einstein relationship

D ¼ u
q
kBT ¼ σ

nq2
HRkBT ð3Þ

where HR is the Haven ratio, which is related to the factor z in 
equation (2), and depends on the specific atomic-scale diffusion 
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Such reactions can be partially reversible79, as exemplified by a 
solid-state battery made from a single material, Li10GeP2S12, oxi-
dized and reduced reversibly82.

In contrast, chemical reactions involve the formation of new 
phases in the combined compositional space of the electrolyte and 
cathode materials. For example, at the interface of Na3PS4 and lay-
ered NaMO2 (M = Co, Ni, Mn or Cr), the O2−–S2− displacement 
reaction is predicted83,84:

Na3PS4 þ 2NaMO2 ! Na3PO4 þ 2NaMS2 ð6Þ

Redox and chemical reactions can happen in sequence or simul-
taneously, together dictating the electrochemical stability of the 
solid electrolyte. The extent of such reactions depends highly on the 
power applied and the state of charge of the battery. For example, 
at the interface of Li3PS4 and LiCoO2, the following reaction is pre-
dicted65:

2Li3PS4 þ 3LiCoIIIO2 ! CoII PO3ð Þ2þ2CoIVS2
þ4S; þ 9e$ þ 9Liþ

ð7Þ

In practice, rather than formation of distinct stoichiometric 
phases, intermixing might also occur at the interface. Such inter-
mixing is the case of equation (7), where the interphase was com-
posed of nanocrystals rich in Co and S as well as extensive P, Co, O 
and S interdiffusion between electrolyte and electrode, as character-
ized by transmission electron microscopy66.

The stability window of an electrolyte is the voltage range that 
it can sustain without redox decomposition, as indicated schemati-
cally in Fig. 4. Thermodynamically, the stability windows can be 
defined by considering the free energy of the decomposition reac-
tions as a function of the voltage. Richards et al. developed a meth-
odology to calculate the energies of such reactions for a multitude 
of Li solid electrolytes by utilizing μLi as a proxy for the voltage  

(equation (4))65, and other researchers have expanded this for 
Na (ref. 84) and Mg (ref. 85) creating effective libraries of stability 
windows. In practice, such computed stability windows may be 
extended due to stabilizing kinetic effects. A certain ‘overpoten-
tial’ beyond the thermodynamic stability limit is often required to 
drive the atomic rearrangements associated with decomposition, for 
example, about ±0.5 V in the case of Na3PS4 (ref. 83). The magni-
tude of this required overpotential could be linked to the mobility of 
charged species in the electrolyte86, which would explain the trend 
for the most conductive electrolytes to decompose most easily in 
contact with electrodes.

The high-voltage oxidation stability of solid electrolytes is largely 
set by the anion framework and specifically its propensity to give up 
electrons, typically limited by the anion with the lowest ionization 
potential following the order N3− < P3− < H− << S2− < I− < O2−  
< Br− < Cl− << F− (ref. 65). Inversely, the stability against reduction 
is set by the propensity of the solid electrolyte to accept electrons, 
accounted by the electron affinity of the (non-mobile) cations. We 
note that the electron affinity can be affected by the specific struc-
ture and bonding characteristics. For example, a phosphorus atom 
will be reduced more easily if weakly bonded to sulfur atoms com-
pared with when strongly bonded to oxygen species, as exemplified 
by the increased stability of Li3PO4 compared with Li3PS4 (ref. 65).  
Indeed, the stability against reduction has been experimentally 
correlated with bond stiffness of polyanion units31 for a variety of 
LISICON-type materials. The stability of solid electrolytes of analo-
gous composition against reduction might be better against Na 
metal compared with Li due to their difference in absolute poten-
tial, as suggested for example by the stability of NaBH4 versus Na0 in 
contrast to the instability of LiBH4 versus Li0 (ref. 87).

It is important to note that electrochemical reactions at the solid 
electrolyte/electrode interface do not necessarily preclude battery 
functionality. Given that reactivity is favoured, the kinetics and 
consequently the extent of reaction are governed by the interfacial 
transport properties. As evident from equations (5) and (7), the 
electrochemical reactions at the electrodes typically involve cation 
(Li+, Na+ or Mg2+) and electron mobility. If either is impeded, the 
reaction is blocked and the interface becomes kinetically stabilized. 
However, for the battery to function, mobile cations must transverse 
the interface. As such, the ideal interphase for a battery will be a 
good ionic conductor and an excellent electronic insulator. Such a 
scenario will lead to an interphase of finite thickness, stable against 
further electrochemical decomposition with a constant impedance 
contribution to the full cell. In the worst case, an interphase that is 
sufficiently conducting for electrons and mobile cations, denoted 
as a mixed-conducting interphase, can sustain extensive reactions, 
leading to an ever-growing thickness71, unmanageable resistance 
and short-circuit in the case of metallic anodes. Solid electrolytes 
containing metallic elements are especially prone to form such 
interphases at low voltages, due to their tendency to reduction, for 
example, Ti in NASICONs and perovskites80,88 or Ge in NASICONs, 
LISICONs and Li10GeP2S12 (refs. 69,89,90).

In Fig. 5b, we have identified three types of functional interfaces 
that can serve to operate solid-state batteries: (1) intrinsically stable, 
(2) kinetically stabilized and (3) artificially protected.

Intrinsic stability relates to the case of no reactivity between 
the two materials. This is an ideal case and almost no such inter-
faces are known with metallic electrodes with a notable exception 
of Na-β-Al2O3 versus Na metal91. A debated case is that of doped 
Li7La3Zr2O12 garnet, which becomes slightly lithiated on contact 
with Li metal. This lithiation causes a phase transition from the 
cubic to the tetragonal phase92,93. The macroscopic ionic conductiv-
ity of the tetragonal phase is lower, but it barely limits conduction 
as a nanometric film, constituting an ideal interphase92. It is worth 
noting that theoretical investigations reveal instead a slight ther-
modynamic instability of Li7La3Zr2O12, albeit at very low potentials  
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detrimental consequences, such as the formation of fractures and 
their propagation, delamination of interfaces and/or loss of contact 
between particles, as illustrated in Fig. 6. In such cases, voids are cre-
ated adding up to the inactive volume of the battery, with direct con-
sequences on performance. This phenomenon is in stark contrast to 
liquid-based systems where electrochemical strain results in hydro-
static pressure, which can be dissipated homogeneously, forcing the 
electrolyte to permeate any created voids and maintaining ionic con-
tact. Furthermore, the negative and positive electrodes typically pres-
ent unequal electrochemical strain, resulting in macroscopic pressure 
evolution on the device scale14. The magnitude of electrochemical 
strain depends largely on the electrode material used and can be 
negated by utilizing ‘zero strain’ electrodes, such as Li4Ti5O12 (ref. 13).

Material deformation under stress, including electrochemical 
shock, is generally described by the Young’s (E) and shear (G) elastic 
moduli. It has been proposed that soft materials with low moduli, 
such as sulfides, would be ideal as solid electrolytes, accommodat-
ing applied stresses imposed by the electrodes during reversible 
ion intercalation. However, it has been demonstrated that such soft 
materials (for example, lithium thiophosphate glasses), remain brit-
tle and prone to fracture on stress108.

The resistance of solid materials to crack propagation is quanti-
fied by fracture toughness, KIc, which is emerging as a determining 
factor for charting the performance of solid-state batteries. Bucci 
et  al. modelled the effects of cycling-induced fracture in a solid-
state battery, namely increased impedance and capacity loss109. They 
proposed that high fracture toughness, typically exhibited by dense 
oxides, is beneficial to avoid the creation and propagation of frac-
tures on electrochemical shock. Unlike the elastic moduli, fracture 
toughness is heavily dependent on microstructural parameters, 
such as densification, grain size, impurities and the occurrence of 
pre-existing cracks and porosity.

Despite the dependence of solid-state battery performance on 
mechanical properties, such characterization of solid electrolyte 
materials is not commonplace. Density functional theory calcu-
lations can provide estimations for the elastic moduli of pristine 
materials, whose atomic structures are known110. However, the frac-
ture toughness greatly depends on the microstructure and will need 
to be determined experimentally55. The microstructure is a function 
of the processing route used for the synthesis of the solid electrolyte 
material and its integration in a solid-state battery, which is the sub-
ject of the following section on processing.

Processing routes
The choice of processing route directly controls the electrical, chem-
ical and mechanical properties of materials and devices, and also 
determines their potential for scale-up. A solid electrolyte needs to 
be first synthesized from commercially available reagents, densified 
into a thin format to minimize ohmic resistance, and finally inte-
grated into a solid-state battery through intimate mixing with the 
electrode materials, as presented in Fig. 7.

Synthesis. The most direct route to synthesize solid inorganic mate-
rials has been solid-state synthesis, meaning the ‘shake and bake’ 
mixing and annealing of dry powders. Although this strategy has 
proven successful in laboratories, solid-state routes often require 
high temperature, and consequently large energy consumption. In 
addition, the evaporation of volatile components (for example, Li2O 
or Li2S/S) complicates the accurate control of composition and often 
necessitates the use of additional sacrificial reagents, for example, 
refs. 29,55. Furthermore, the increased temperature often leads to 
reactivity with the reaction vessel111,112.

Soft chemistry involves wet processing of reagents in the pres-
ence of a liquid solvent; initially utilized as a way to control the 
microstructure of oxide solid electrolytes in conjunction with 
consequent high-temperature annealing. Recently, soft chemical 
approaches have been emerging as a standalone way to produce sul-
fide solid electrolytes at lower temperatures48,56. The lower energy 
requirement is an advantage for scalability and, depending on the 
solvent, such routes can be safe and sustainable. Nevertheless, care-
ful manipulation and recycling of the solvent would be required. A 
high control over the purity and reproducibility can be ensured and 
soft chemistry methods have been employed to create completely 
new microstructures of known solid electrolytes with improved 
ionic transport48,56.

Another successful approach in producing amorphous and 
glass-ceramic materials with superior properties is mechanochemi-
cal synthesis (typically ball milling) that relies on the high energy 
impact between solid particles57. Mechanochemical routes can sus-
tain reactions at low temperatures, such as in the case of Li6PS5Cl 
(ref. 113) or cause nucleation of metastable phases, such as for the 
cubic-Na3PS4 (ref. 114). Although highly successful and practical on 
the lab scale, correlations between synthesis parameters and result-
ing products still remain empirical. Even though ball milling is 
already used industrially, its scalability with respect to safety and 
energy consumption remains debated. The main concerns originate 
from the sensitivity of resulting solid electrolytes to the mechano-
chemical parameters, such as weight ratios, media and speeds for 
ball milling and consequently limited reproducibility.

Overall, there is an empirical link between high ionic conductiv-
ity and metastability as quantified by positive calculated formation 
energies and challenging synthesis, for example, for Li10GeP2S12 and 
its silicon analogue Li11Si2PS12 (ref. 115). High Li mobility often seems 
to come at the expense of stability. Nevertheless, all three main syn-
thesis routes (solid-state, soft chemistry and mechanochemical) can 
potentially access such ‘metastable’ phases. In particular, solid-state 
routes can include a quenching step during which a high-temper-
ature atomic configuration is ‘frozen’. In mechanochemical routes, 
the high kinetic energy imparted on impact is quickly dissipated by 
the particles, which intrinsically mimics the conditions of quench-
ing. Finally, solution methods offer considerable control over the 
particle morphology in the form of solvent–product interactions 
and can bring surface effects into play to similarly produce meta-
stable phases48.

Densification. Solid electrolyte powders, regardless of the synthesis 
method, need to be further processed into high-aspect-ratio mem-
branes or pellets. High densification can be achieved through firing 
of green bodies (sintering) and cold or hot pressing of dry powders,  
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response of the system to the strain (εelectrochemical) during cycling. The 
adhesion of different solid phases in the composite can be quantified 
through the adhesion strength σadh and interfacial energy γxfc.
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‣Manufacturing of TF-SSB: SSB Meets FLA

Metallic substrates offer lower material cost, present
flexibility, and do not require an additional current collector
layer unlike polymer and ceramic substrates. Conventional Li-
ion batteries employ Cu and Al as substrates for anode and
cathode, respectively. Surface-passivated Al foil is electro-
chemically stable against high voltage cathodes and cost-
effective from an industrial perspective. However, the use of Al
foil as a substrate for TF-SSBs is impeded by its melting point
of 660 °C and the cross-diffusion of Al and cathode
components that degrade the electrode performance.
Novel photonic methods for cathode crystallization have

been reported as a way to circumvent the temperature
limitation. Our group recently published a comparison of
three different methods (flash lamp, UV excimer laser, and IR
laser annealing) for rapid crystallization of 150 nm LMO
cathode films.14 Yim et al.15 utilized a UV excimer laser to
crystallize 220 nm LiNi0.5Mn1.5O4 (LNMO) cathode films on
polyimide, but the TF-SSB could deliver only ∼20% of the
theoretical capacity at a discharge rate of 0.4 C (corresponding
to 70 μW h cm−2 at 35 μW cm−2).
In this study, we investigate the use of flash lamp annealing

(FLA)16 as a crystallization technique for fabrication of high-
performance TF-SSBs on Al foil. FLA, also known as intense
pulsed light (IPL) or photonic curing (PC), uses light pulses
with a duration of 0.1−10 ms from a xenon pulsed lamp, which
generates light with a broad spectral band ranging from the UV
to the IR (200 nm to 1.5 μm in this work) for a rapid, transient
heating of the illuminated surfaces. In FLA, only the upper
layers of the sample are heated while the substrate is kept
relatively cool, below the melting point, which is not possible
in the traditional thermal annealing methods.
Figure 1 illustrates the fabrication steps to manufacture TF-

SSBs on Al foil. LCO films with thicknesses of 0.7, 1.2, and 3.3
μm were sputtered directly on Al foil and subsequently
crystallized by FLA. Neither additional adhesion layer nor
interdiffusion barrier was required between the LCO film and
the Al foil, which simplifies the fabrication process compared
to those with polymer and ceramic substrates. Lithium
phosphorus oxynitride (LiPON) and Li were used as
electrolyte and anode, respectively, with an active device area
of 3 × 5 mm2.
The essential crystallization step of the LCO film was

performed by FLA through consequent light pulses, using 20
pulses for 0.7 μm LCO, with a total output exposure energy
density of 330 J cm−2, 43 pulses for 1.2 μm LCO with 830 J
cm−2, and 300 pulses for 3.3 μm LCO with 4950 J cm−2. These
parameters were optimized for attaining a desired crystalline

phase and electrochemical performance while avoiding damage
to the Al foil. To estimate the temperatures reached on the
surface of the LCO layer, the SimPulse software was used. The
simulation results are shown in Figure 2. On the surface of the
cathode, annealing temperatures ranging from 700 to 900 °C
were estimated. Thicker films demand a higher surface
temperature to ensure sufficient crystallization for good
electrochemical performance of the cathode. Simultaneously,
the Al substrate remained below the melting point of the Al foil
(660 °C) for most of the experiments. This simulation
confirms that the LCO films can be annealed without
thermally loading the underlying Al substrate, which is the
main advantage of the FLA method used in this study.
Figure 3a shows an optical picture of the bendable TF-SSBs

on Al foil. After the FLA processing, the LCO films exhibit
homogeneous microstructure, as seen in the secondary
electron microscopy (SEM) image of the TF-SSB in Figure
3b. The surface of the FLA processed LCO remains smooth
after FLA processing, and crystal grain-like features appear,
evidencing crystallization of the cathode film. LCO adheres
well to the Al foil, and no delamination is observed. The well-
defined boundary between LCO and Al indicates negligible
interdiffusion or cross reactions. The crystallization of LCO
films with thickness ranging from 0.7 to 3.3 μm was verified by
grazing-incidence X-ray diffraction (GI-XRD), comparing an
as-sputtered LCO film with the FLA-processed films (Figure
3c). The as-sputtered film shows only reflexes of the Al
substrate and a broad hump which can be attributed to the
amorphous LCO phase. The reflections that appear in the
FLA-processed LCO films can be indexed to a layered LCO
phase, the desired electrochemically active phase. No
secondary phases can be detected in the XRD patterns. The
remaining hump at lower diffraction angles indicates that some
amorphous phase is still present in the cathode film, likely at
the lower part of the film due to the temperature gradient. The
hump becomes larger for the thicker film, which is consistent
with the assumption that a higher crystallinity is achieved in
the surface layers. The higher background noise and broader
peaks at low angles in the diffractogram of the 3.3 μm LCO
film can also be caused by an increase of the surface roughness
observed in the samples with thicker LCO films. To further
investigate the interface between LCO and the Al foil, an
elemental profile of the Al/1.2 μm LCO stack after FLA was
acquired by time-of-flight secondary ion mass spectrometry
(ToF-SIMS), as shown in Figure 3d. The signals correspond-
ing to 6Li+, Co+, Al+, and Al− rapidly decay when transitioning
from one layer to the other, indicating low concentrations of Al

Figure 1. Processing steps for fabrication of TF-SSBs on Al foil.
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in the LCO layer and Co and Li in the Al foil. This evidence
that no major elemental interdiffusion occurs during the FLA
treatment.
The cyclovoltammetry measurement of a FLA-processed

LCO film seen in Figure 4a shows peaks at around 3.9 V,
which correspond to the characteristic lithiation and
delithiation processes of crystalline LCO. The galvanostatic
charge−discharge curves in Figure 4b also present the distinct
lithiation and delithiation plateaus at about 3.9 V. The voltage
profiles are similar for the three different thicknesses

investigated, with an areal capacity scaling as a function of
thickness. When charged/discharged at a rate of C/8,
corresponding to a current density of 32 μA cm−2, the 3.3
μm LCO electrode (3.3-LCO) is capable of delivering a
capacity of 212 μA h cm−2, corresponding to approximately
90% of the theoretical value. Normalized to the cathode
thickness, this corresponds to a value of 64 μA h cm−2 μm−1.
At about 1 C, corresponding respectively to 50 and 86 μA
cm−2 for the electrodes with a thickness of 0.7 μm (0.7-LCO)
and 1.2 μm (1.2-LCO), the TF-SSBs deliver almost full

Figure 2. Simulated temperature profiles of FLA microsecond processing for (a,b) 0.7, (c,d) 1.2, and (e,f) 3.3 μm LCO films on Al foil,
representing temperatures reached on the LCO surface, at the LCO/Al interface, and in the bulk of the Al foil. Left plots show three enlarged
pulses after 42 s processing, and right plots show the complete temperature profile during the processing.
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theoretical capacity of 49 and 85 μA h cm−2, respectively. That
is, 70 and 72 μA h cm−2 μm−1 when normalized to the cathode
thickness. In contrast, the 3.3-LCO device loses about half the
capacity at this rate as a result of the thicker cathode and a
higher polarization. At about 10 °C, the capacity of the 0.7-
LCO TF-SSB remains high at 30 μA h cm−2, thanks to the
shorter diffusion length through the thinner cathode film. At
this same rate, the 1.2-LCO and 3.3-LCO TF-SSBs suffer a
drop in capacity to 44 μA h cm−2 and 46 μA h cm−2,
respectively, evidencing a downward trend in rate performance
with the thickness of the electrode as a result of longer charge
carrier diffusion paths. Regarding the cycle life, as shown in
Figure 4c, the 1.7-LCO TF-SSBs exhibits almost no capacity
fading after 100 cycles at 10 C.
Figure 4d shows a Ragone plot comparing the energy and

power densities of the TF-SSBs fabricated in this work on Al
foil (blue symbols), conventional TF-SSBs on rigid substrates
(black symbols) and TF-SSBs fabricated on polymer and
flexible ceramic substrates (brown symbols). Table 1 shows a
detailed description of the architecture, processing conditions,
and performance of selected TF-SSBs. All of the TF-SSBs
presented in this plot employ LiPON as the electrolyte and
lithium metal as the anode. The large disparity in performance
between TF-SSBs fabricated on rigid sapphire or silicon
substrates with Pt as current collector and TF-SSBs on flexible
substrates becomes evident. The performance of the TF-SSBs
on a flexible substrate is severely compromised by a lower
thickness of the electrode and/or the use of amorphous
cathodes. The only flexible TF-SSB with comparable perform-

ance to conventional TF-SSBs is the one fabricated on a
thinned-down mica substrate. Thanks to the crystallized
cathode obtained with the FLA processing, the TF-SSBs on
bendable Al foil in this work show energy densities about 1
order of magnitude above those fabricated on polymers and,
most remarkably, in the same range of those on costly
sapphire/Pt substrates.
The TF-SSB with the thickest electrode can deliver an areal

energy density of 828 μW h cm−2 at a power of 123 μW cm−2

and retains 22% of the areal energy density at powers as high as
5727 μW cm−2. In contrast, the best reported TF-SSBs on
polymer substrates discharged at such power densities fail to
deliver energy densities above 15 μW h cm−2.
The reported performance is sufficient to power micro-

electronic devices such as sensors that require energies and
powers in the order of μW h and μW, respectively. To
demonstrate the functionality of our batteries, a demonstrator
with a 2 mA-rated light-emitting diode (LED) was built. As
shown in Figure 4d, the green LED can be powered by a TF-
SSB with a footprint of 0.15 cm2.
In summary, we demonstrate a fabrication process of thin-

film solid-state batteries with an LCO/LiPON/Li architecture
on aluminum foil. The critical fabrication step is the flash lamp
annealing of the LCO cathode films, enabling rapid surface
heating under pulsed visible light. LCO films with a thickness
up to 3.3 μm can be crystallized while the aluminum foil
remains below the melting point, and no interdiffusion
between LCO and Al takes place. The performance of the
TF-SSBs on aluminum foil greatly exceeds previously reported

Figure 3. (a) Picture of an array of TF-SSBs on a bendable Al foil. (b) Cross-sectional SEM image of the TF-SSB with FLA-processed LCO. (c)
GI-XRD diffractograms of an as-sputtered LCO film and FLA-crystallized LCO films with different thicknesses (0.7, 1.2, and 3.3 μm). (d) ToF-
SIMS depth profile of an Al/1.2 μm LCO stack after FLA.
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values for any flexible substrates. It is comparable to the state-
of-the-art devices fabricated on sapphire or silicon wafers with
a Pt current collector. Considering that the optical absorption
and the crystallization profile of LCO are similar to those for
other common cathode materials such as LFP, LNMO, and
NMC, the described approach could be extended to these
cathode materials as well. This approach presents an
opportunity to realize new thin-film battery designs, which
could be manufactured at a lower cost.

■ METHODS
TF-SSB Fabrication. Aluminum foil (99.0%) with thickness of 0.1

mm (Korff AG) was used as substrate. As a cathode, LiCoO2 films
were deposited at room temperature by RF magnetron sputtering
from a stoichiometric LiCoO2 target (Toshima Manufacturing Co.) in
an Orion sputtering system (AJA International Inc.) at a pressure of 3
Pa with a 24 sccm Ar + 1 sccm O2 gas flow. The target was sputtered
with a power of 5.9 W cm−2. FLA was carried out using a PulseForge
1300 photonic curing system (Novacentrix). The pulse duration and
frequency was set at 1.8 ms and 0.4 Hz, respectively. The 0.7 μm
LCO film (0.7-LCO) was annealed with a bank voltage of 850 V and
20 light pulses, the 1.2 μm film (LCO-1.2) was annealed with a bank
voltage of 900 V and 43 light pulses, and the 3.3 μm film (LCO-3.3)
was annealed with a bank voltage of 850 V and 300 light pulses. As a
solid electrolyte, LiPON films with a thickness of 1 μm were

deposited at room temperature by RF magnetron sputtering by
cosputtering a Li3PO4 target (Kurt J Lesker Co.) and a Li2O target
(Toshima Manufacturing Co.) in an Orion sputtering system (AJA
International Inc.) at a pressure of 0.4 Pa with a 50 sccm N2 gas flow.
The targets were sputtered with a power of 5 W cm−2. The
cosputtering of Li2O increases the lithiation of the LiPON film and
improves its ionic conductivity. The ionic conductivity of the LiPON
electrolyte is 2 × 10−6 S cm−1, as determined by EIS measurements
with blocking electrodes. As the anode, 2 μm-thick Li films were
thermally evaporated using a Nexdep evaporator (Angstrom
Engineering Inc.). The Li films were deposited through shadow
masks. Two device areas were used in this work: circles with a
diameter of 0.1 cm (area of 0.008 cm2) and rectangles with lateral
dimensions of 0.3 cm by 0.5 cm (area of 0.15 cm2).

Simulation. To estimate the temperatures reached on the surface
of the LCO layer, the SimPulse software was used. It couples a
transient 1-D heat conduction model to temperature-dependent
thermal and optical material properties. For the simulations, the FLA
pulses were treated as a volumetric source heat flux for the materials
stack as shown in Figure 2: 100 μm thick Al foil with 0.7 μm, 1.2 μm,
and 3.3 μm LCO layers. Thermal conductivity of 0.66 W m−1K−1,
specific heat of 740 J kg−1 K−1, melting temperature of 1100 °C were
used as input parameters for the LCO layer in the simulations.22

Thermal conductivity of 237 W m−1 K−1, specific heat of 904 J kg−1

K−1, and melting temperature of 660 °C were used as input
parameters for the aluminum substrate in the simulations.

Figure 4. (a) Cyclovoltammetry measurement of a FLA-processed LCO film. (b) Charge−discharge curves at different C-rates of TF-SSBs with
FLA-processed LCO films of different thicknesses. (c) Normalized discharge capacity over 100 cycles. (d) Ragone plot comparing the TF-SSBs on
Al foil investigated in this work to state-of-the-art TF-SSBs on flexible and rigid substrates. (e) Picture of an LED powered by a TF-SSB on Al foil.
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theoretical capacity of 49 and 85 μA h cm−2, respectively. That
is, 70 and 72 μA h cm−2 μm−1 when normalized to the cathode
thickness. In contrast, the 3.3-LCO device loses about half the
capacity at this rate as a result of the thicker cathode and a
higher polarization. At about 10 °C, the capacity of the 0.7-
LCO TF-SSB remains high at 30 μA h cm−2, thanks to the
shorter diffusion length through the thinner cathode film. At
this same rate, the 1.2-LCO and 3.3-LCO TF-SSBs suffer a
drop in capacity to 44 μA h cm−2 and 46 μA h cm−2,
respectively, evidencing a downward trend in rate performance
with the thickness of the electrode as a result of longer charge
carrier diffusion paths. Regarding the cycle life, as shown in
Figure 4c, the 1.7-LCO TF-SSBs exhibits almost no capacity
fading after 100 cycles at 10 C.
Figure 4d shows a Ragone plot comparing the energy and

power densities of the TF-SSBs fabricated in this work on Al
foil (blue symbols), conventional TF-SSBs on rigid substrates
(black symbols) and TF-SSBs fabricated on polymer and
flexible ceramic substrates (brown symbols). Table 1 shows a
detailed description of the architecture, processing conditions,
and performance of selected TF-SSBs. All of the TF-SSBs
presented in this plot employ LiPON as the electrolyte and
lithium metal as the anode. The large disparity in performance
between TF-SSBs fabricated on rigid sapphire or silicon
substrates with Pt as current collector and TF-SSBs on flexible
substrates becomes evident. The performance of the TF-SSBs
on a flexible substrate is severely compromised by a lower
thickness of the electrode and/or the use of amorphous
cathodes. The only flexible TF-SSB with comparable perform-

ance to conventional TF-SSBs is the one fabricated on a
thinned-down mica substrate. Thanks to the crystallized
cathode obtained with the FLA processing, the TF-SSBs on
bendable Al foil in this work show energy densities about 1
order of magnitude above those fabricated on polymers and,
most remarkably, in the same range of those on costly
sapphire/Pt substrates.
The TF-SSB with the thickest electrode can deliver an areal

energy density of 828 μW h cm−2 at a power of 123 μW cm−2

and retains 22% of the areal energy density at powers as high as
5727 μW cm−2. In contrast, the best reported TF-SSBs on
polymer substrates discharged at such power densities fail to
deliver energy densities above 15 μW h cm−2.
The reported performance is sufficient to power micro-

electronic devices such as sensors that require energies and
powers in the order of μW h and μW, respectively. To
demonstrate the functionality of our batteries, a demonstrator
with a 2 mA-rated light-emitting diode (LED) was built. As
shown in Figure 4d, the green LED can be powered by a TF-
SSB with a footprint of 0.15 cm2.
In summary, we demonstrate a fabrication process of thin-

film solid-state batteries with an LCO/LiPON/Li architecture
on aluminum foil. The critical fabrication step is the flash lamp
annealing of the LCO cathode films, enabling rapid surface
heating under pulsed visible light. LCO films with a thickness
up to 3.3 μm can be crystallized while the aluminum foil
remains below the melting point, and no interdiffusion
between LCO and Al takes place. The performance of the
TF-SSBs on aluminum foil greatly exceeds previously reported

Figure 3. (a) Picture of an array of TF-SSBs on a bendable Al foil. (b) Cross-sectional SEM image of the TF-SSB with FLA-processed LCO. (c)
GI-XRD diffractograms of an as-sputtered LCO film and FLA-crystallized LCO films with different thicknesses (0.7, 1.2, and 3.3 μm). (d) ToF-
SIMS depth profile of an Al/1.2 μm LCO stack after FLA.
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values for any flexible substrates. It is comparable to the state-
of-the-art devices fabricated on sapphire or silicon wafers with
a Pt current collector. Considering that the optical absorption
and the crystallization profile of LCO are similar to those for
other common cathode materials such as LFP, LNMO, and
NMC, the described approach could be extended to these
cathode materials as well. This approach presents an
opportunity to realize new thin-film battery designs, which
could be manufactured at a lower cost.

■ METHODS
TF-SSB Fabrication. Aluminum foil (99.0%) with thickness of 0.1

mm (Korff AG) was used as substrate. As a cathode, LiCoO2 films
were deposited at room temperature by RF magnetron sputtering
from a stoichiometric LiCoO2 target (Toshima Manufacturing Co.) in
an Orion sputtering system (AJA International Inc.) at a pressure of 3
Pa with a 24 sccm Ar + 1 sccm O2 gas flow. The target was sputtered
with a power of 5.9 W cm−2. FLA was carried out using a PulseForge
1300 photonic curing system (Novacentrix). The pulse duration and
frequency was set at 1.8 ms and 0.4 Hz, respectively. The 0.7 μm
LCO film (0.7-LCO) was annealed with a bank voltage of 850 V and
20 light pulses, the 1.2 μm film (LCO-1.2) was annealed with a bank
voltage of 900 V and 43 light pulses, and the 3.3 μm film (LCO-3.3)
was annealed with a bank voltage of 850 V and 300 light pulses. As a
solid electrolyte, LiPON films with a thickness of 1 μm were

deposited at room temperature by RF magnetron sputtering by
cosputtering a Li3PO4 target (Kurt J Lesker Co.) and a Li2O target
(Toshima Manufacturing Co.) in an Orion sputtering system (AJA
International Inc.) at a pressure of 0.4 Pa with a 50 sccm N2 gas flow.
The targets were sputtered with a power of 5 W cm−2. The
cosputtering of Li2O increases the lithiation of the LiPON film and
improves its ionic conductivity. The ionic conductivity of the LiPON
electrolyte is 2 × 10−6 S cm−1, as determined by EIS measurements
with blocking electrodes. As the anode, 2 μm-thick Li films were
thermally evaporated using a Nexdep evaporator (Angstrom
Engineering Inc.). The Li films were deposited through shadow
masks. Two device areas were used in this work: circles with a
diameter of 0.1 cm (area of 0.008 cm2) and rectangles with lateral
dimensions of 0.3 cm by 0.5 cm (area of 0.15 cm2).

Simulation. To estimate the temperatures reached on the surface
of the LCO layer, the SimPulse software was used. It couples a
transient 1-D heat conduction model to temperature-dependent
thermal and optical material properties. For the simulations, the FLA
pulses were treated as a volumetric source heat flux for the materials
stack as shown in Figure 2: 100 μm thick Al foil with 0.7 μm, 1.2 μm,
and 3.3 μm LCO layers. Thermal conductivity of 0.66 W m−1K−1,
specific heat of 740 J kg−1 K−1, melting temperature of 1100 °C were
used as input parameters for the LCO layer in the simulations.22

Thermal conductivity of 237 W m−1 K−1, specific heat of 904 J kg−1

K−1, and melting temperature of 660 °C were used as input
parameters for the aluminum substrate in the simulations.

Figure 4. (a) Cyclovoltammetry measurement of a FLA-processed LCO film. (b) Charge−discharge curves at different C-rates of TF-SSBs with
FLA-processed LCO films of different thicknesses. (c) Normalized discharge capacity over 100 cycles. (d) Ragone plot comparing the TF-SSBs on
Al foil investigated in this work to state-of-the-art TF-SSBs on flexible and rigid substrates. (e) Picture of an LED powered by a TF-SSB on Al foil.

ACS Applied Energy Materials www.acsaem.org Letter

https://doi.org/10.1021/acsaem.1c01283
ACS Appl. Energy Mater. 2021, 4, 5408−5414

5412

‣Manufacturing of TF-SSB: SSB Meets FLA



20L. Wolf, Bachelor Thesis, TU BA Freiberg (2019).

5 Ergebnisvorstellung 34

eine CuxSiy-Mischphase handelt. Bereich 2 besteht fast vollständig aus Si, weshalb von
einer Si-Phase ausgegangen werden kann. Der Nachweis von O kann auf die Proben-
handhabung zurückgeführt werden. Die Bereiche 1 und 2 unterscheiden sich bezüglich
des O-Anteils, wobei der höhere O-Gehalt im Bereich 2 ein Hinweis für einen höheren
SiO2-Gehalt ist.
Aus Abb. 15 (b) ist zu erkennen, dass die CuxSiy-Partikel im Vergleich zu den Si-

Partikeln eine deformierte Struktur aufzeigen. Das Erscheinungsbild der FLA-Proben-
oberfläche wird im Folgenden nur noch als

”
Blumenkohl-Struktur“ bezeichnet. Die

Mischphase kann anhand der deformierten Partikel identifiziert werden. Betrachtet
man Abb. 15 (b) etwas genauer so erkennt man, dass die Si-Bereiche von den CuxSiy-
Mischphasen umgeben bzw. begrenzt werden. Wird dieser Sachverhalt auf die noch
zu beantwortende Frage angewandt, so erho↵t man sich von dem FLA-Prozess, dass
die CuxSiy-Phase die Volumenexpansion des umgebenden Si während der Interkalation
abfedert.

(a) (b)

Abb. 15: Rasterelektronenmikroskopieaufnahme (REM) der Oberfläche einer F1-Probe mit 1000 fa-
cher Vergrößerung (a) und mit 6500 facher Vergrößerung (b). Die hervorgehobenen Bereiche 1 und
2 wurden mittels ortsaufgelöster, energiedispersiver Röntgenfluoreszenzspektroskopie (EDX) auf ihre
Zusammensetzung untersucht.

Die REM-Aufnahme der Probe F2 zeigt eine identische Blumenkohl-artige-Struktur
wie die F1-Probe (s. Abb. 27 im Anhang). Aus Abb. 27 sowie aus dem EDX geht hervor,
dass die F2-Probe ebenfalls Si- und CuxSiy-Bereiche aufweist, die sich in der Größe nicht
unterscheiden.
Die REM-Aufnahme sowie das EDX der F3-Probe sind in Abb. 28 im Anhang zu

sehen. Hier kann aus der REM-Aufnahme ein noch nicht vollständig ausgewachsener
CuxSiy-Bereich beobachtet werden. Die Partikel der Si-Bereiche sind kleiner im Ver-
gleich zur F1 und F2-Probe. Zudem besteht der Bereich 1 nur noch zu rund 48% aus
Cu. Das sind ungefähr 20% weniger Cu im Vergleich zu den F1 und F2-Proben.
Abb. 16 (a) zeigt die Oberfläche einer F4-Probe. Auf den ersten Blick können wieder

verschiedene strukturierte Bereiche festgestellt werden. Vergleicht man die Aufnahme
mit Abb. 15 (b), so fällt auf, dass die Partikel in Abb. 16 (a) kleiner sind. Die F4-Probe
zeigt im Bereich 1 einen au↵ällig niedrigen Cu-Gehalt von rund 12%. Charakteristisch
für den Bereich 2 sind ein im Vergleich zu den Proben F1 bis F3 verminderter Si-Anteil
von 79%.

L. Wolf: Untersuchung der Stabilität von Silizium-Metall-Anoden für Lithium-Ionen-Batterien

SiO2

Cu-Si5 Ergebnisvorstellung 37

sorgt dafür, dass nach 100 Zyklen alle Materialien aus der Si-FLA-Reihe einen Verlust
von > 91% zu verzeichnen haben.
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Abb. 17: Lebensdauertest der Si-FLA-Proben F1, F2, F3, F4 und Cu-F4. Als Elektrolyt wurde 1 M
LiClO4 in PC verwendet.

Oberflächenanalyse mittels XPS

Da die Oberfläche der Si-Anoden entscheidend für die Leistungsfähigkeit der Batterie
ist, hinsichtlich des Interkalationsverhaltens sowie der Stabilität gegenüber dem Elek-
trolyten, wird diese mittels XPS untersucht. In der XPS werden die Elemente Si und
Cu sowie O betrachtet, da diese entscheidend für das elektrochemische Verhalten sind.
In den Übersichtsspektren sind keine weiteren Elemente erkennbar, bis auf die aus der
geplanten Probenzusammensetzung erwarteten Si, Cu, O sowie der durch die Hand-
habung der Proben verursachte C-Anteil. Aus den Detailspektren der Si-2p-Linie sind
zwei chemische Zustände erkennbar, Si und SiO2 (s. Abb. 18 a). Hingegen kann aus der
Cu-2p-Linie nur metallisches Cu nachgewiesen werden (s. Abb. 18 b).
Die XPS-Si-2p-Spektren der Proben F1 bis Cu-F4 sind in Abb. 29 im Anhang ge-

zeigt. Die Energieverschiebung des Spektrums der Cu-F4-Probe kann als mögliche p-
Dotierung durch Cu gedeutet werden.37 Es wurden die Cu-Gehalte von 3,0%, 1,3%,
1,1%, 3,5% und 0,2% für die Proben F1 bis Cu-F4 gemessen. Die unterschiedlichen
Cu-Gehalte auf den ersten Nanometern der Oberfläche haben hinsichtlich der Batte-
rieperformance Auswirkungen auf die Volumenexpansion.
Das in Abb. 19 gezeichnete Balkendiagramm zeigt das Verhältnis von Si zu SiO2. Es

ist eine starke Schwankung der Si und SiO2-Anteile zu erkennen. Der exemplarische
Vergleich des Si-Anteils von Probe F1 mit F4 zeigt, dass die F4-Probe nicht einmal

L. Wolf: Untersuchung der Stabilität von Silizium-Metall-Anoden für Lithium-Ionen-Batterien
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• Batteries: High upcoming materials demand (resources & raw materials)

• SSBs: 
+ solid-electrolytes more tolerant to changes in temperature, physical 

damages, to overcharging, deep discharging
+ higher safety, more resource efficient 
– creating effective solid electrolyte/active material interfaces, overall 

reduction of the amount of solid electrolyte
– interfaces electrochemically (and chemically) stable at both anodic 

and cathodic limit to avoid formation of unfavorable passivation or 
reaction layers

– mass market processing techniques to achieve the internal resistance 
and current density requirements for high energy and high power 

• Flash Lamp Annealing: Formation of crystalline phases and dedicated 
microstructure, infiltration/mixing of materials, …
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separator. Whereas a current density exceeding 20 mA cm−2 has 
been demonstrated with graphite-type ASSBs3, applying a pro-
longed current density of 1 mA cm−2 and more with a lithium metal 
anode is usually accompanied by internal shorting of the cell, often 
referred to as lithium dendrite formation. Nonetheless, prolonged 
cycling of an ASSB with lithium metal anode at 1.27 mA cm−2, and 
up to 12.7 mA cm−2 in a rate test, has been demonstrated at ambient 
temperature. In another study, the critical current density at which 
the short-circuit occurs in LPS was increased from 0.7 mA cm−2 to 
2.0 mA cm−2 by introducing a LiF-rich solid electrolyte interphase 
between Li3PS4 and lithium49. The C-rate and specific current (cur-
rent per gram of CAM) are most important for studies investigat-
ing the CAM and cathode composite performance. However, this 
requires that CAM-related processes dominate the factors limiting 
cell performance.

The internal resistance R influences the overpotential, η, energy 
efficiency and power capability of the cell during cycling. It can be 
directly compared between cells, when noted as area-normalized  
resistance in Ω cm2, simply using the cross-section area of the 
cell. However, care needs to be taken as it is dependent on the 
state of charge. As little as 14 Ω cm2 internal resistance at ambient 
temperature was demonstrated for an ASSB with graphite AAM,  

thiophosphate solid electrolyte and LiCoO2
3. Via Ohm’s law, the 

overpotential of the cell is directly linked with the applied current 
density and the internal resistance. A substantial overvoltage in the 
cell leads to a large discrepancy between the energy required for 
charge and that released during discharge.

The energy efficiency of the charge–discharge sequence, ΦE(ch-dis) 
(energy of nth discharge divided by energy of nth charge), needs to 
be maximized in the interests of reducing energy loss during battery 
cycling. It is the product of the corresponding Coulomb efficiency, 
ΦQ(ch-dis) (capacity of nth discharge divided by capacity of nth charge), 
and voltage efficiency, ΦV(ch-dis) (average voltage of nth discharge 
divided by average voltage of nth charge). As the Coulomb efficiency 
must necessarily be high to allow long-term cycling of a secondary 
battery, the voltage efficiency is usually the critical factor that deter-
mines the energy efficiency of each cycle (Supplementary Fig. 12).

Estimating the energy efficiency of the surveyed literature was 
often only possible by extracting the average charge and discharge 
voltages from the voltage profiles presented. Cells with intercala-
tion-type CAM mostly exceed 90% energy efficiency from the 2nd 
cycle onwards, and so far surpass that of cells with conversion-type 
CAM (Table 2 and Supplementary Table 5). This is in part explained 
by the higher cell voltages of the intercalation-type CAMs, as any 
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indicate targets for specific energy and C-rate. The area in blue depicts the target region where both energy and rate performance excel. The specific 
energy shown here is the energy delivered by the cell during discharge, normalized to the cell mass. The specific power is the average power delivered by 
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and ASSBs with oxide/phosphate electrolyte (violet) and a commercial lithium-ion battery (black) are compared. Our own data for the Ragone plot were 
obtained from the discharge curves of cell type 1 and cell type 2 cycled at 25!°C (red). Large symbols indicate conditions under which prolonged cycling 
was demonstrated and correspond to data detailed in Table 1. Small symbols indicate data points of the corresponding rate test if available. Filled symbols 
indicate data of cells that were charged and discharged at equal current density. Empty symbols indicate cycling data in which the rate test was only 
applied to discharge, whereas charging was carried out at lower current.
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“…excluding cell casing, ASSBs with specific energy beyond 400 Whkg−1, energy density beyond 
1,000 Whl−1 and more than 90 % energy efficiency at a 1C rate are within reach…” 

(Randau, et al., Nat. Energy 5, 259 (2020))
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separator. Whereas a current density exceeding 20 mA cm−2 has 
been demonstrated with graphite-type ASSBs3, applying a pro-
longed current density of 1 mA cm−2 and more with a lithium metal 
anode is usually accompanied by internal shorting of the cell, often 
referred to as lithium dendrite formation. Nonetheless, prolonged 
cycling of an ASSB with lithium metal anode at 1.27 mA cm−2, and 
up to 12.7 mA cm−2 in a rate test, has been demonstrated at ambient 
temperature. In another study, the critical current density at which 
the short-circuit occurs in LPS was increased from 0.7 mA cm−2 to 
2.0 mA cm−2 by introducing a LiF-rich solid electrolyte interphase 
between Li3PS4 and lithium49. The C-rate and specific current (cur-
rent per gram of CAM) are most important for studies investigat-
ing the CAM and cathode composite performance. However, this 
requires that CAM-related processes dominate the factors limiting 
cell performance.

The internal resistance R influences the overpotential, η, energy 
efficiency and power capability of the cell during cycling. It can be 
directly compared between cells, when noted as area-normalized  
resistance in Ω cm2, simply using the cross-section area of the 
cell. However, care needs to be taken as it is dependent on the 
state of charge. As little as 14 Ω cm2 internal resistance at ambient 
temperature was demonstrated for an ASSB with graphite AAM,  

thiophosphate solid electrolyte and LiCoO2
3. Via Ohm’s law, the 

overpotential of the cell is directly linked with the applied current 
density and the internal resistance. A substantial overvoltage in the 
cell leads to a large discrepancy between the energy required for 
charge and that released during discharge.

The energy efficiency of the charge–discharge sequence, ΦE(ch-dis) 
(energy of nth discharge divided by energy of nth charge), needs to 
be maximized in the interests of reducing energy loss during battery 
cycling. It is the product of the corresponding Coulomb efficiency, 
ΦQ(ch-dis) (capacity of nth discharge divided by capacity of nth charge), 
and voltage efficiency, ΦV(ch-dis) (average voltage of nth discharge 
divided by average voltage of nth charge). As the Coulomb efficiency 
must necessarily be high to allow long-term cycling of a secondary 
battery, the voltage efficiency is usually the critical factor that deter-
mines the energy efficiency of each cycle (Supplementary Fig. 12).

Estimating the energy efficiency of the surveyed literature was 
often only possible by extracting the average charge and discharge 
voltages from the voltage profiles presented. Cells with intercala-
tion-type CAM mostly exceed 90% energy efficiency from the 2nd 
cycle onwards, and so far surpass that of cells with conversion-type 
CAM (Table 2 and Supplementary Table 5). This is in part explained 
by the higher cell voltages of the intercalation-type CAMs, as any 
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Fig. 1 | Ragone plots for cells cycled at different temperatures. a,b, Ambient (20–30!°C) (a) and elevated (50–100!°C) (b) temperature. Dashed lines 
indicate targets for specific energy and C-rate. The area in blue depicts the target region where both energy and rate performance excel. The specific 
energy shown here is the energy delivered by the cell during discharge, normalized to the cell mass. The specific power is the average power delivered by 
the cell during discharge, normalized to the cell mass. For ASSBs, the weight of the cell casing and current collectors is omitted here. Literature data for the 
performance comparison of cells were obtained as indicated in Table 1. ASSBs with thiophosphate solid electrolyte, intercalation-type CAM and lithium 
metal (orange); ASSBs with thiophosphate solid electrolyte, intercalation-type CAM and graphite (blue); ASSBs with thiophosphate solid electrolyte, 
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and ASSBs with oxide/phosphate electrolyte (violet) and a commercial lithium-ion battery (black) are compared. Our own data for the Ragone plot were 
obtained from the discharge curves of cell type 1 and cell type 2 cycled at 25!°C (red). Large symbols indicate conditions under which prolonged cycling 
was demonstrated and correspond to data detailed in Table 1. Small symbols indicate data points of the corresponding rate test if available. Filled symbols 
indicate data of cells that were charged and discharged at equal current density. Empty symbols indicate cycling data in which the rate test was only 
applied to discharge, whereas charging was carried out at lower current.
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