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The quest for next-generation sustainable (resource-wise, safe and eco-friendly), high performance (light-
weight and energy/power dense) and cost-efficient rechargeable energy storage devices has been
catalyzing the research on new battery chemistries. In this research rush, organic electrode materials
have ticked many of the wish-list boxes, but there are also a few obstacles to overcome, the two major
ones being their intrinsically poor electronic conductivity and instantaneous dissolution into liquid
electrolytes. In this critical review, we first provide the readers with a brief account of the various organic
material families considered for electrode materials, with their particular benefits and problems. Then,
using some basic concepts borrowed from the field of organic electronics we aim to gain a deeper
insight into the conductivity of organics in electrochemical systems — an issue little discussed so far. To
address the solubility issue we discuss — with some illustrative examples — the benefits and challenges
possibly emerging by combining the organic electrodes with a solid electrolyte instead of the

conventional liquid electrolyte. As one of the highlights we discuss thin-film microbatteries fabricated

iizzgtz% 22‘?;/32[; ggig using the atomic/molecular layer deposition (ALD/MLD) technique, where ultrathin layers of the LIPON
electrolyte are combined with lithium quinone and terephthalate electrodes. Such a thin-film

DOI: 10.1039/c5ta04328d configuration is intriguing in the sense that it does not contain any additives, thus serving as an ideal

rsc.li/materials-a

1 Introduction

Secondary batteries are already everyday commodities in
a diverse range of applications. Portable electronics, in partic-
ular, rely on secondary batteries but there is a strong aspiration
to integrate these batteries to stationary applications as well." In
this rush in developing new battery technologies for the
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model system for fundamental studies.

expanding market, one single new battery chemistry may not
turn out to be the winner in terms of all the demands such as the
high energy density, cyclability, sustainability, safety, and low
cost.>™ Therefore, numerous different technologies and strate-
gies have been actively promoted to move beyond the current
state-of-the-art Li-ion batteries (LIBs); these include but are not
limited to alternative electrode materials, alternative metal
chemistries (Na, Mg, etc.), as well as Li-air, Li-S, Li-organic,
redox-flow and solid-electrolyte batteries, the main aims being to
improve the energy density, answer to the sustainability issues,
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and decrease the cost per kW h™". All of these technologies still
have room for major breakthroughs, and in some cases, even the
fundamental understanding is yet limited.

Batteries based on organic electrode materials have been
considered as one of the most sustainable alternatives as they are
composed of abundant and light-weight elements, which also
puts their price tag lower than in the case of inorganic materials.®
Processing of inorganic materials is a very energy-intensive
process, and for example cobalt - one of the constituent
elements in current electrodes - is classified as a critical raw
material. Organic materials, on the other hand, could be ther-
mally recycled, since the precursors can be newly derived from the
biomass.” The actual electrochemical performance of the organics
is not inferior either. Their gravimetric capacity is high thanks to
the light elements, and they can be charged and discharged at
a very high rate. The organics are also non-ion-specific, which
means that the progress made with the Li™-ion battery chemistry
would benefit the Na'-ion battery chemistry, and vice versa; even
Mg>" works in a similar fashion with the organics.*”

For the last decade there has been a steady increase in
publications related to organic electrodes in battery applica-
tions, see Fig. 1. The scope of different organic molecules is
enormous, being evident from the numerous comprehensive
reviews summarizing the different organic compounds and
their electrochemical performances.**>" The different
approaches to improve electrochemical performance, such as
introducing heteroatoms, functional groups, or polymerization
effects, have been discussed in detail as well. While organics
offer clear advantages, they at the same time suffer from issues
such as low electronic conductivity and low redox stability.**'®
Most critically, the high solubility of the organic electrode
materials in conventional liquid electrolytes and the capacity
decay caused by it form a major challenge that needs to be
addressed to pave the way for the future commercialization.
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Fig. 1 Publications from 1996 to 2018 with the keyword “organic
electrode battery”; data acquired from Web of Science.

The recent progress in the solid-state electrolyte technology
has provided possible answers to the safety and stability prob-
lems present in conventional liquid electrolyte systems. The
hype around the most promising solid electrolyte systems has
been extensive creating positive expectations towards better
cycle life and enhanced volumetric and gravimetric energy
densities realized by minimizing the dead weight (e.g. separa-
tors) in the battery packing; an additional advantage would be
the ease of miniaturization.”** However, in spite of the massive
progress in developing new solid electrolyte materials with ionic
conductivity values even exceeding those of traditional liquid
electrolytes,” these materials still suffer from low redox stability
towards oxidation or reduction depending on the material.

Applying solid electrolytes to organic electrodes is not a truly
new concept;*® however, it has not been extensively elaborated
yet. The topic thus warrants increasing attention, in particular
owing to the rapidly growing variety of new solid electrolyte
materials. The most obvious benefit of combining the organic
electrode materials with a solid electrolyte is the possibility to
fully circumvent the solubility issue of the organics in conven-
tional liquid electrolytes. However, an equally important benefit
of this combination is that many promising solid electrolyte
materials that suffer from stability issues when combined with
the state-of-the-art inorganic electrode materials could be readily
used with organic electrodes due to their narrower operational
voltage window and beneficial mechanical properties.

In this focused review, one of the main goals is to discuss the
mutual advantages provided and the challenges met by using
the organic electrode materials in the combination with solid
electrolytes. We start by providing a brief general introduction
to the already extensive family of organic electrode materials
using selected representative organic materials and material
groups as examples to identify the main challenges and possi-
bilities in the field. The major problem of the organic elec-
trodes, that is, their poor electronic conductivity, is often
bypassed in literature just by acknowledging the inconvenience.

This journal is © The Royal Society of Chemistry 2019
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Conversely, in the related field of organic semiconductors, the
topic has been much more extensively studied. Here we aim to
bring some of the knowledge and basic principles from organic
semiconductors to the field of the organic batteries. Finally, we
will propose the emerging atomic/molecular layer deposition
(ALD/MLD) thin-film technique not only as a vital future fabri-
cation technology for such all-solid-state microbatteries but
also as a useful platform for investigating the underlining
interface interactions.

2 Redox reaction types of organics

The fundamental requirement for an active secondary battery
electrode material is its capability to undergo reversible redox
reactions. The present state-of-the-art inorganic positive elec-
trode materials such as Li,(Co,Ni,Mn)O, rely on the valence state
changes of the transition metal constituent upon the Li-ion
intercalation, e.g. between Co®" and Co*" in Li,(Co,Ni,Mn)0,,*
while the electrochemical activity of the negative electrode
graphite arises from its w-bonds being able to accept electrons.*®
In the case of the organic electrode materials, the electrochemical
activity derives from the charge state of their electroactive bonds,
functional groups or moieties typically connected to a conjugated
backbone structure to promote the electron transport and charge
stabilization.®

Organic electrode materials are commonly grouped based on
the role they perform in the redox reaction: P-type materials
contribute to the redox reaction by donating electrons, N-type
materials by accepting electrons, while B-type materials may
be either oxidized (P-type reaction) or reduced (N-type reaction)
depending on the applied voltage. Among the classical redox
active organics, nitrogen radicals, amines and thioethers are
usually of the P-type, carbonyls, quinoxalines, phenazines,
cyanides, azo compounds, and disulfides of the N-type, and
hydrocarbons and conjugated nitrogen systems can be classi-
fied as B-type materials. Representative example molecules of
each type are presented in Fig. 2.

An N-type organic molecule undergoes an insertion-type
redox reaction:

Organic(N) + xLi* + xe~ = Li*—organic(N)".

Upon reduction, an anion is formed when the molecule
accepts an electron to its lowest unoccupied molecular orbital
(LUMO). This extra negative charge is then typically stored in
the conjugated backbone of the organic moiety and balanced by
the cation, e.g. Li'. Usually, this reaction occurs during the
discharge when the N-type material is applied as a positive
electrode in an electrochemical cell. Some of the N-type
organics have relatively low redox potentials and can be there-
fore also applied as a negative electrode.”*** The charge-
balancing ion with the N-type organics is not limited to
lithium. This is a significantly different behavior compared to
the often ion-size-sensitive inorganic electrode materials and is
a highly beneficial feature for the organic electrode materials.
For the N-type organics, relevant examples are known where the

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Division between representative and model examples of
organic electrode materials.

cation is a proton,® Na*,® K*,*> and Mg>".” However, the kinetics
of the heavier metal ions are slower than for the light Li-ion.

The P-type organics usually possess higher redox potentials
compared to the N-type materials, as expected since the elec-
trons of P-type compounds are removed from the HOMO
(highest occupied molecular orbital) or SOMO (single occupied
molecular orbital). The charge balancing species in the P-type
organics is the negative counter ion from the electrolyte
rather than the positive metal ion as is the case with the N-type
materials. Hence, for the P-type organic electrode materials, the
metal ion is not playing the key role; this is why these batteries
are often called dual-ion batteries.*® During charging the P-type
material is oxidized at the positive electrode yielding cations.
The nonaqueous electrolyte (e.g. Li'PF, ) salt plays an impor-
tant role as it provides both the negative counter-ions (PF, ) for
the positive electrode and the positive Li-ions for the negative
electrode (Li metal). Opposite reactions occur during the
discharge and the electrolyte regenerates.

Charging (electrolyte provides Li* and PFq " ):

Positive electrode:

Organic(P) + PFs~ — organic(P)"PFs~ + e~

Negative electrode:

Lit+e  — Li

The B-type materials function according to the principles
described above such that the N-type mechanism works at the
lower potentials and the P-type mechanism at the higher
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potentials. Here it is important to distinguish the truly B-type
materials with separate N- and P-type reactions from the few
N-type organics which can undergo reversible redox reactions at
different organic moieties within the same molecule. A proto-
type example of the truly B-type organic material is poly-
paraphenylene (PPP). A battery based on PPP at both electrodes
undergoes N-type reactions at the negative electrode (~0.2 V)
where Li" is stored to the benzene backbone with delocalized
negative charge and P-type reactions at the positive electrode
(~4.1 V) where PPP is oxidized and negative anion from the
electrolyte functions as a charge balancing species (Fig. 3).
Accordingly, it could be utilized as an all-organic battery of an
average redox voltage of 3 V.>* On the other hand, tetralithium
salt of 2,5-dihydroxy terephthalate is an example of organics
undergoing two different N-type reactions: one on carboxyl at
~0.8 V and another on quinone at ~2.6 V, resulting in
a symmetrical cell with an operation potential of 1.8 V (Fig. 3).*

3 Electroactive organic moieties

The variety of plausible organic electrode materials with a wide
range of organic backbones and functional groups is immense.
Here our goal is - rather than summarize the extensive litera-
ture**?' — to discuss the basic electrochemical behaviors of
different functional groups with illustrative examples. In
particular, the most evident challenges of each material class
are underlined, since the problems faced are usually similar
within the same electroactive group. The electrochemical
performances of these materials are most commonly evaluated
on the basis of cyclic voltammetry and galvanostatic cycling
tests; for the basics of these characterization methods in the
context of organic battery, see e.g. ref. 20.

3.1 Carbonyl group

Organics based on the carbonyl group (C=0) have been widely
studied as promising electrode materials for actual energy
storage applications because of their many desirable charac-
teristics, such as high theoretical capacity and fast reaction
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kinetics.* The number of feasible carbonyl compounds is
enormous, as previously well documented in an extensive
review.® Carbonyl compounds are in general N-type materials
since upon reduction electron is added to the C=O group
LUMO resulting in a negative anion (Fig. 4) which is then
balanced by a cation provided by the electrolyte.

Carbonyls cover a wide potential area where the redox reac-
tions can take place, ranging even from 0.5 to 3.0 V. The major
criterion determining the redox potential is whether the organic
moiety gains (high potential) or loses (lower potential) aroma-
ticity. Hence, carbonyl compounds that lose aromaticity upon
lithiation are excellent anode candidates, while those gaining
conjugation or additional aromaticity could be considered as
cathode materials. Moreover, the size of the aromatic core
affects the reduction voltage; the more aromatic the molecule is
after the lithiation the higher is the discharge potential, when
the aromaticity is determined by calculating the amount of Clar
sextets.*® However, it should be noted that the position of the
carbonyl may also have a drastic effect on the resultant voltage.
The roles of aromaticity and carbonyl-group position in deter-
mining the reduction voltage have been discussed in detail in
ref. 37 and 38.

Prime examples of different types of carbonyl compounds
are dilithium terephthalate® and anthraquinone.** Both of
them undergo reversible redox reactions on their carbonyl
groups but in drastically different potential areas. The low
potential of dilithium terephthalate arises from loss of its
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Oxu?:tlon R)\ R
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Fig. 4 Redox scheme of the carbonyl group: R is a stabilizing species,
often connected to a larger conjugated system.®
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Fig. 3 Examples of a truly B-type bipolar battery (polyparaphenylene) and an N-type ambipolar battery (tetralithium salt of 2,5-dihydroxy

terephthalate) 34

18738 | J. Mater. Chem. A, 2019, 7, 18735-18758

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ta04328d

Open Access Article. Published on 25 July 2019. Downloaded on 10/19/2025 2:30:15 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

aromaticity, though still retaining the conjugation, and the
electron donating nature of the — OLi unit directly connected to
the carboxylate carbon. The electron donating effect is
explained later on. Conversely, the anthraquinone gains an
additional benzene ring, as demonstrated in Fig. 5.

Many of the carbonyl compounds exhibit a relatively flat
charge/discharge plateau, even though in reality many of them
undergo an intermediate process involving a radical formation,
see the case of anthraquinone in Fig. 5. This intermediate state
is observable in cyclic voltammetry if anthraquinone is dis-
solved in a liquid.*” The actual redox reaction is very fast in
carbonyls, and some of them have been reported to work at
temperatures as low as —70 °C.** The energy density of carbonyl
compounds typically depend on the number of stabilizing
groups in the molecular structure such that for the small
carbonyls the theoretical gravimetric capacity is appreciably
high, e.g. 496 mA h g~ " for p-benzoquinone; here the tradeoff is
the stability though. For the larger polymer structures with
multiple aromatic rings, the gravimetric capacity may drop far
below 100 mA h g%, but the larger aromatic backbone often
results in better cycling stability. Moreover, if the aromatic core
is not adequate compared to the number of carbonyl groups,
part of the carbonyls will simply remain inactive.*

The redox voltage can be tailored through so-called substi-
tution or functionalization processes, where for example
a carbon atom is substituted by e.g. nitrogen with more elec-
trons, or a hydrogen atom is replaced with a functional group
that shows either electron donating or electron withdrawing
character. These modifications tend to directly alter the HOMO
and/or LUMO energies and thereby the redox voltage, as these
orbitals are involved in the relevant redox reactions. They can
also cause charge reorganizations or structural modifications in
addition to the creation of the empty or filled states, often
observed as changes in the shape of the charge discharge
Curve.13,43,44

The solubility of the high energy density quinones in the
common liquid electrolytes is one of the most serious problems
they face in practice. To solve this problem many different
approaches such as polymerization, salt formation, and
anchoring has been investigated, as discussed in previous
reviews.>'”*®* Another enormous problem is the low electronic

a)

0, OLi 0.8V LiO, OLi
+eLit
Reduction
—_—
Oxidation
eLit
N-type

LiO o} LiO OLi

b)

O Qom0
+eeLit +eLi
Reduction . Reduction
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& =0 =G
Fig. 5 Redox schemes of (a) dilithium terephthalate, and (b)
anthraquinone.?°
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conductivity of these materials in the bulk form. It is important to
understand that electrical conductivity within the organic mole-
cule is usually very high and not the limiting factor, but the
challenge is the conductivity between the molecules and the
composite electrode. Electronic conductivity is essentially
controlled by the m-orbital overlap along the conjugated struc-
ture.* Therefore anchoring the organic electrodes along the
surface of carbon fibers or nanotubes is a promising technique to
improve the electrical conductivity. The general electron
conductivity of organics is discussed in more details in Chapter 4.

3.2 Conjugated nitrogen

Nitrogen-based aromatic systems such as pyrazines*® and
triazines®” (Fig. 6) have started to gain increasing attention in
recent years and a review solely focused on them is still lacking.
These systems can be either N-, P- or B-type depending on the
stabilizing aromatic backbone and the voltage applied.

The phenazine molecule consisting of two benzene rings
connected to the pyrazine can undergo normal N-type insertion
at moderate potentials. During the lithiation, the C=N bond is
broken and a new N-Li bond is formed, leading to the loss of
aromaticity. Both nitrogen atoms are electroactive and the redox
reaction is reversible (Fig. 7). The solvent used in the electrolyte
solution may have a huge effect on the electrochemical perfor-
mance and might even act as a steric hindrance for the redox
reactions.*® Interestingly, once the phenazine nitrogen atoms are
substituted the redox behavior changes to the P-type (Fig. 7).’ In
the N,N'-substituted phenazine nitrogen is oxidized during
charging to a positive cation forming one double and one single
bond to the carbon atoms next to it while retaining the single
bond to the N-substituent. The positive charge is stabilized by
increased conjugation and the anion provided by the electrolyte.
As usual with P-type compounds, this reaction occurs in rela-
tively high potentials (>3 Vvs. Li'/Li) and is very fast. However, as
with all dual-ion battery concepts, the counter-ion has a huge
effect on the electrochemical performance and the number of
groups participating in the redox reactions.

Triazine rings are usually polymerized together with
different linkers such as benzene, forming huge polymer
structures. These triazine polymers work in a similar fashion as
phenazine since both N- and P-type redox schemes have been
reported,*** but they are intrinsical of the B-type and with a very
smooth transition between the N- and P-types where the open
circuit voltage of the cell lies between the P- to N-type transition

Pyrazine Triazine
ANy NN
| I
N y/
N s N

Fig. 6 Prototype nitrogen based aromatic systems: pyrazine (left) and
triazine (right).
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Fig. 7 Redox schemes for (a) phenazine of N-type and (b) N,N'-
substituted phenazine of P-type.*®3°

point. The N- and P-type mechanisms work by stabilizing the
extra negative charge or extra positive charge to the aromatic
triazine ring, with a metal ion or negative ion from the elec-
trolyte working as a charge balancing species, respectively
(Fig. 8).

To be able to utilize triazine to its maximum theoretical
capacity a very broad voltage range has to be used, which is not
favorable for an electrode material, since the output voltage of
the battery would decrease over time when it is discharged. In
addition, the N-type redox reactions in triazine and phenazine
occur in a potential range (1-2 V) which is relatively hard to
utilize in practice since it is not high enough for cathodes and is
too high for anodes. On the other hand, the advantage of this
potential range is that the formation of the solid electrolyte
interphase (SEI) is largely suppressed.”> The efficient way to
utilize these materials is only limited to the P-type reaction
since it occurs at a relatively high potential with a high rate
capability.

The main challenge with the aromatic nitrogen compounds
is their super-high solubility in the liquid electrolytes, being
even more prominent than with the carbonyls. Moreover, not
only the N-type reaction occurs in a voltage area that is not
practical, but also the voltage profile shows undesirable sloping
behavior (typical for polymers).*

3.3 Cyanide group

The early reports on the cyanide group based Li-ion battery
cathode materials are already from 1984.> The first molecule

View Article Online
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reported, i.e. 7,7,8,8-tetracyanoquinodimethane (TCNQ), was
also highlighted and extensively studied as an organic metal
TTF-TCNQ.** The TCNQ molecule undergoes an N-type
lithium insertion reaction forming TCNQ and TCNQ®",
stabilized by lithium ions (Fig. 9). The two reaction steps of
TCNQ can be clearly seen in a liquid cell. If the cell is brought
to lower potentials (<1 V vs. Li*/Li) it is also possible that an
irreversible reaction occurs and LiCN is formed.®® The Li"
insertion potential into the cyanide group is among the
highest of N-type compounds, which makes this material
highly promising.

Another way of utilizing the cyanide is to connect the group
directly to the aromatic ring. This approach may, however, be
less interesting since the redox reactions occur in the 1-2 V
range, and also stability issues have been reported.*® Cycling in
aliquid cell reveals the most apparent problem with the cyanide
group. The liquid cell shows much lower initial capacity
compared to the solid-state cell since the dissolution of the
compound in the electrolyte is high.*® Some effort has been
made to anchor the molecule, but further efforts are needed to
fully solve the dissolution issue.”” Currently, the cyanide-based
organics are most feasible when being applied with solid-state
electrolytes due to the N-type behavior and high redox voltage.
However, reversibility of the electrochemical reaction has to be
confirmed.

3.4 Azo group

The discovery of electroactivity of the azo group in the context of
a rechargeable battery is relatively recent.”® The underlining
redox reaction is of the N-type where the N=N double bond
breaks, taking up two lithium or sodium ions (Fig. 10); this is
the unique feature of the azo group since usually only one
cation can be bound by a single functional group.

~3.0V
+2e” +2Li*
Reduction
—— +2Li*
Oxidation
-2¢" 2L

N-type

NC CN NC CN

Fig. 9 Schematic of the redox mechanism of TCNQ.>®

~4.0V ~2.0V
g ‘N Re:izaion r [\j R;;J;ion r‘.N.’
NaEIN o NN ommn NamiN
~ oA gl o -Li* 7
P-type N-type

Fig. 8 Redox scheme of triazine proposed by Sakaushi et al.>*
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The redox potential of the azo group between two benzene
rings is just below 2 V vs. Li'/Li; this intermediate redox
potential value means that it is hard to utilize the azo group in
actual batteries since the potential is too high for an optimal
anode material and too low for an optimal cathode material. In
addition, the dissolution problem is also present. The situation
can be improved by combining the azo groups with electron
donating carboxylate groups which could reduce the dissolu-
tion and lower the redox potential to be on par with lithium
titanate (1.5 V). Also, nitrogen present in the organic molecule is
a true double-edged sword, as nitrogen in general enhances the
interaction with lithium ions increasing the rate capability but
also it is prone to be irreversibly reduced (e.g. LiCN) and it takes
actively part in the solid electrolyte interphase.*®

3.5 Schiff bases

Schiff bases are based on a sequence of R;-N=CH-R,, where R,
and R, are typically selected to be aromatic groups for the
electrochemical applications. The synthesis of polymers based
on the Schiff motif is an environmentally friendly process since
it simply consists of a reaction between aldehydes and amines
and produces only water as the byproduct. The N-type two-
electron redox reaction with Schiff bases takes place below 1 V
vs. Li'/Li, which indicates towards their potential use as
a negative electrode material in batteries. In one of the reported
systems, the Schiff base was polymerized to repeat the electro-
chemically active unit of -N=CH-Ar-CH=N-; it should be
noted that the inverse unit of -CH=N-Ar-N=CH- is not elec-
trochemically active since the aniline is coplanar with the chain,
even though it is electrochemically conductive and improves the
stabilization within the chain.®®®* The specific reaction mech-
anism in the case of the Schiff bases is not completely clear and
would require more extensive studies. So far the research focus
has been mainly on incorporating the optimal amount of elec-
troactive groups on to the polymer chain. An interesting fact is
that with these materials the C=N bond seems to stay intact
during lithiation, as confirmed with FTIR. A valid explanation
for the two-electron mechanism could be: formation of a radical
anion in the first redox reaction between the azo and carbo
~1.5V
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OX|dat|on
-2e” -2Li*

N-type

This journal is © The Royal Society of Chemistry 2019

View Article Online

Journal of Materials Chemistry A

radical (which includes dimerization), then followed by the
second redox reaction yielding the anion.*

As with all polymers, sloping voltage profiles are seen for the
polymeric form of Schiff bases; however, since the electroactive
group is well identified it is straightforward to incorporate an
optimal amount of these groups to minimize the non-
electroactive units.** Moreover, the rate capability of these
compounds is only moderate.

3.6 Disulfide group

The report of the redox behavior of disulfides goes back to
1989.%* The redox mechanism is simple N-type breakage of the
R;-S-S-R, bond to form two Ry ,-S™ Li" groups. The S-S bond is
electroactive by its own and does not require any stabilizing
functional groups. In principle, the disulfides are very attractive
since their gravimetric capacities are particularly high.
However, the peak separation seen in cyclic voltammetry
between the anodic and cathodic peaks is often large, even up to
2V, which is a clear indication of really poor reaction kinetics.
The major problem is the recombination of the S-S bond since
it is completely broken upon the lithiation such that the two
sulfur atoms are separated. During the first cycle, the reduction
peak in cyclic voltammetry is often relatively sharp and well
defined. The oxidation peak often shows humps, is wide, and
expresses poor kinetics. The peak separation can be decreased
by molecularly locking the sulfur atoms in place (Fig. 11).

Another challenge arises from the fact that the thiolate ion
formed during reduction is highly soluble in common liquid
electrolytes, which makes these materials hard to be utilized in
conventional wet cells. The disulfide systems so far studied have
often utilized a pseudo-solid or gel electrolyte to alleviate the
dissolution. Due to the aforementioned issues, the interest in
disulfides has greatly declined. Furthermore, using sulfur as
a dopant in Na-ion carboxylates has remained a highly
prospective approach for N-type batteries.*

3.7 Thioethers

Thioethers are P-type materials of the R;-S-R, formulae where
R; and R, are conjugated stabilizing units. The redox reaction
proceeds such that the sulfur atom gives out electrons and
becomes positively charged during charging, and the positive
charge is then balanced by a negative ion from the electrolyte, as
expected for a P-type reaction. Thianthrene is a good example of
thioethers for which the loss of electrons is compensated by an
increase in conjugation (Fig. 12).

The redox potential of thianthrene of ~4.0 V vs. Li*/Li, is
among the highest potential values achieved for the organic
electrode materials, with a theoretical capacity of 194 mA h g~*
for a one-electron process. In addition, the redox kinetics are
fast and the over-potential is manageable, which makes this
material really promising. Moreover, assuming a reversible
second electron transfer the theoretical capacity would be
388 mA h g, which is very high among the P-type organics. In
practice, utilizing the second electron reaction is troublesome
and would require ultra-dry conditions; accordingly, there are
no reports to confirm the feasibility of the two-electron reaction
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(a) Reaction mechanism of disulfide compounds, and (b) cyclic voltammetry of two structurally related disulfides. The increase in peak

separation is evident when the disulfide groups are not bound together by other means. Reproduced with permission from J. Electrochem. Soc.
2003 volume 150, issue 1, A128-A132. Copyright 2003, The Electrochemical Society.*
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scheme. In addition, only reports with polymerized thianthrene
exist due to the rapid dissolution of the material which then
lowers the actual theoretical capacity to ~100 mA h g™*
(depending on the polymerization group). Furthermore, the
coulombic efficiency is not 100%, which raises the question if
the electrochemical process is truly reversible.®® Later on, much
better cyclability of the compound was reported, therefore the
preparation, electrolyte and/or the choice of polymer skeleton is
important and should be carefully evaluated.®”

3.8 Radicals

Organic compounds with an unpaired electron are called radi-
cals. The unpaired electron facilitates the super-high reactivity
of the radicals, rendering some of the radicals unusable due to
self-dimerization. Nevertheless, stable radicals such as nitroxyl
and phenoxyl offer simple and ultra-fast redox reactions; these
stable radicals do not undergo self-dimerization thanks to the
unfavorable thermodynamics, radical being sterically hindered,
or the electronic resonance provided by the adjacent groups.*®
By far the most studied radical is 2,2,6,6-tetramethyl-4-piper-
idinyl-N-oxyl (TEMPO). The TEMPO radical is a B-type material
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but the N-type reaction is rarely utilized due to its poor stability
and reversibility; hence we may consider TEMPO as P-type
material.*” However, it is important to note here that the N-
type reaction is impractical only with some of the nitroxyl
radicals such as TEMPO, and e.g. phenoxyl radicals work only
with N-type mechanism’ while some nitroxyl radicals show
stable ambipolar complexes.” The redox schemes for the
nitroxyl and phenoxyl radicals and TEMPO are shown in Fig. 13.

The observed redox voltage is ~3.7 V with a theoretical
capacity of ~100 mA h g~ ' depending on the polymerizing unit.
The peak separation is also usually below 100 mV indicating fast
kinetics,” and with proper preparation of the active material
the cells can be discharged in 1 minute with only a minimal
capacity loss.” Discarding the dissolution, the radical itself is
indeed stable in traditional electrolyte solutions for at least
a year. Due to low theoretical capacity and volumetric energy
density, the radical-based batteries are not true candidates for
applications such as mobile phones and laptops. Still, the
super-fast kinetics is what makes the radical batteries attractive
for some more specialized applications such as emergency
backup for computers or RFID tags, since they hold charge
better than supercapacitors and still can be rapidly dis-
charged.” These materials could in principle fill the gap
between high energy LIBs and high power double layer capaci-
tors, being thus the material group among the organics that is
closest to commercialization.

3.9 Hydrocarbons

Hydrocarbons, which can be as simple as graphite, polyethylene
or polyphenylene, are fully bipolar materials with N-type

This journal is © The Royal Society of Chemistry 2019
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Fig. 13 Redox schemes for (a) nitroxyl radical TEMPO, and (b) phenoxyl radicals.®®7°

insertion mechanism below 2 V and P-type mechanism over 3 V
vs. Li'/Li. However, getting both the redox reaction types to
work reversibly is not an easy task and requires careful plan-
ning of the electrolyte's composition.”” Polyparaphenylene
(PPP) is one of the compounds which can reversibly utilize both
N-type and P-type reactions, see Fig. 3.>* The N-type reactions
usually show excellent cyclic capabilities with capacities
reaching almost the theoretical ones. The P-type mechanism is
often more problematic. The electron is removed from the -
conjugated system during oxidation and to stabilize this loss 3~
5 aromatic rings are needed, depending on the degree of
conjugation in the carbon skeleton.” This causes the observed
capacities to be low, in the best case scenario ca. 100 mAh g™;
however, when taking into account also the mass of the
counterion, the reality is often ca. 50 mA h g~". In addition, the
intercalation of the huge anion into the structure may cause
some stress to the lattice, thus inducing amorphization and
sloping voltage profiles.*® These P-type materials are not
necessarily the best in terms of capacity, but the fact that they
allow the use of the same material as both anode and cathode
in dual-ion cells is an intriguing concept since it makes the
manufacturing of the cells straightforward.

3.10 Polymers

A polymer as it is used here is a term for various redox-active
centers which are polymerized together either with a conju-
gated or non-conjugated backbone. Therefore, polymers do not
possess any specific redox mechanism but inherit the redox
mechanism of the given redox active unit. In previous sections,
it was already discussed that polymerization is often the main
tool of decreasing the solubility of the compound.

The polymer can be either conjugated or non-conjugated.
Conducting polymers like polypyrrole are a perfect example of
the former type (Fig. 14). Conducting polymers were actually
originally investigated for the use in the secondary batteries pre-
dating the conventional LIBs.”” The conjugated backbone of
these polymers has high electronic conductivity owing to the
overlapping m-orbitals connecting the redox centers electrically.
During (dis)charging the redox centers interact with each other
causing the cell voltage to slope since the chemical potential is
continuously changing due to the intercalation of ions. An
additional drawback limiting their applicability is that typically
less than 50% of the expected “one charge balancing species per
redox active unit” is achieved.*

This journal is © The Royal Society of Chemistry 2019

Polymers with a non-conjugated backbone do not suffer
from the aforementioned issues, at least not to the same extent.
Creating an insulating backbone can be as simple as connecting
two redox active moieties together with sulfur bridges. For
example, AQ, which was discussed in more detail in the section
about carbonyls, can be polymerized to form thioether bonds to
adjacent molecules. When comparing the cyclic voltammetry
and the cycling results of monomer AQ and polymerized form, it
is still apparent that polymerization causes some negative
effects on the performance of the material. In the CV, the peaks
become wider and not as well defined and the flat plateau
during (dis)charging shows slight sloping behavior. In addition,
the average discharge voltage decreases, and polarization
increases (Fig. 14). This is the cost of increased cyclic perfor-
mance.* Thus, even if the polymer is just there to give durability
and to suppress the dissolution (cycling efficiency), it still cau-
ses minor effects on the other aspects of electrochemical
performance.

4 Electron transport in organic
electrode materials

Electron transport mechanisms in organic materials is a heavily
studied subject in the fields of organic electronics and organic
semiconductors. Unfortunately, this knowledge is poorly
carried over to the field of organic battery electrodes. Here we
aim to discuss some of this accumulated knowledge on the
electron transport mechanisms in the context of organic elec-
trode materials.

There are several issues and apparent differences between
the organic semiconductors and organic electrode materials
which make the discussion difficult. Firstly, the basic under-
standing of the conduction mechanisms is yet to be improved in
particular when it comes to the transition from the band-like
conductivity to the polaron hopping conductivity. Secondly
and possibly most distinctively, in organic semiconductors, we
often consider electron-hole pairs while in the case of organic
electrode materials an electric field and considerably heavier
positive charge carriers, ie. Li' ions, are involved. It is still
evident that similar conduction pathways are utilized in both
cases, e.g. - stacking within the layers.”®”® Therefore, we may
adopt important concepts such as the reorganization energy
and electronic coupling and the effects of different -7 stack-
ings from the semiconductor field to be considered in the
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(a) Schematic of the structure of the redox mechanism of polypyrrole usually reaching doping levels of three monomers per one

negative counterion. In (b) the performance of AQ before and after polymerization.****

context of the organic electrodes as well.** The third critical
issue that has been extensively studied in the two related fields -
but rather separately - is the interfaces and energy level align-
ment between m-conjugated organic films and the metals. This
is an important aspect since the metal-organic transfer occurs
each time when an organic moiety receives or releases an elec-
tron to the outer circuit in a battery. We must emphasize that
taking a direct analog to the organic semiconductors is an
adventurous simplification for an electrochemical cell. Never-
theless, we believe that the knowledge from the semiconductor
side (for the in-depth reviews, see ref. 80-86) could provide us
with useful guidelines for the better understanding and more
mature design of organic electrode materials.

4.1 Transport models

The electron transport in organic semiconductors is classically
divided into two extreme regimes, the band conduction regime
and the hopping conduction regime. In the band-like conduc-
tion regime, the carrier wave function is delocalized over many
molecules and causes minimal strain on the lattice, while in the
hopping regime the charge is localized to a single molecule
where the extra charge causes local distortions,* see Fig. 15.
When two molecules are brought together in close proximity,
their HOMO and LUMO orbitals split and the hole and electron
conduction bands are formed, respectively.** These bands are
very narrow compared to the conduction bands in inorganic
semiconductors, which means that they are easily disturbed by
impurities or thermal vibrations.®* Such disturbances create
dynamical disorder in the lattice and are the reason for the low
carrier mobility. This is why band-like conductivity is observed

18744 | J. Mater. Chem. A, 2019, 7, 18735-18758

only with specific organic moieties at room temperature.®> For
the organic electrode materials, the hopping mechanism is
much more probable than the band conduction mechanism.
For organic semiconductors, the hopping phenomena are
commonly explained on the basis of the Marcus theory.** This
theory has its own weaknesses and has also been criticized in
particular in the context of the high-mobility organic semi-
conductors.®” Nevertheless, it is the only theory that has been
applied to organic electrode materials so far,”®”® and was found
useful to gain insight of the conduction of e.g. LiFePO,.*”** We
believe that the parameters of Marcus theory will help to
understand the underlying issues even if the theory would not
perfectly describe the system. In Marcus theory, hopping is seen

Delocalized Band

Large Polaron

Small Polaron

Fig. 15 Charge carrier (de)localization in the band (delocalized) and
hopping (polaron-type) conduction regimes.®
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as a chemical reaction between two adjacent molecules.
According to the Marcus rate equation,®

k= Zj_[z( 1 )l/ze(AGOH)z/uka 5
h \4mk,TA

the rate constant (k) for this electron transfer reaction is
determined by three factors only, i.e. change in Gibbs free
energy (AGY), reorganization energy (1), and electronic coupling
or so-called transfer integral (t); in this equation % is reduced
Planck constant and k;, is Boltzmann constant.®® This is further
simplified by taking into account that for an electrode where the
transfer occurs between ioan nized and neutral molecule, AG° =
0. Therefore, to maximize electron transfer in the hopping
conduction region the electronic coupling should be maximized
and the reorganization energy should be minimized.*® In the
following we discuss where these two critical parameters to be
maximized/minimized arise from.

Electronic coupling. Electronic coupling is a fundamental
property for charge transport. When two molecules with -
orbitals get close to each other (~4 A), their HOMO and LUMO
start to interact with each other causing both orbitals to split
creating a hole and electron conduction bands, respectively.
The electronic coupling strength depends on the interaction
between the two molecules and is sensitive to temperature as
well as the orientation and packing of the molecules. By default,
the resultant bandwidths of organics are fairly narrow, which
means that lattice phonons easily affect them, causing the split
orbitals to be out of phase. In some cases, phonon interaction
might be even required to get the bands in phase.* This all
originates from the fact that the intermolecular interactions are
only governed by weak van der Waals forces causing the thermal
motions being significant,*> which is why conductivity
decreases with increasing temperature in the hopping region.*®
The coupling can be presented by plotting the electron densities
of two adjacent molecules, see the coupled HOMOs of penta-
cene in Fig. 16(a) for example. Even a small displacement
between the two molecules can drastically modify how much
the orbitals interact with each other. Logically, the closer the
molecules are to each other the higher the splitting. When the
separation between the two molecules increases, the splitting
exponential decays. When a shift occurs from the cofacial state
the splitting of both HOMO and LUMO oscillate with different
frequencies, as illustrated in Fig. 16(b). These aspects highlight
the importance of the crystallographic packing; through
molecular engineering, we can thus efficiently modify the -
stacking of the molecules as will be discussed in more detail in
Section 4.2.

Reorganization energy. Charge transfer via hopping causes
the molecule to undergo reorganization, and the reorganization
energy is the energy required for this process. The reorganiza-
tion energy can be divided into inner and outer sphere contri-
butions. The intramolecular (inner sphere) contribution is
caused by the variation in the minimum energy geometry
between the neutral and charged species upon the charge
carrier exchange. The outer sphere contribution is caused by the
rearrangement of the surrounding media caused by the changes
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in geometry and electronic structure. The two contributions are
of the same order of magnitude in organic crystals, though, the
inner contribution is much more easily affected by the chemical
structure.®®

The reorganization energy can be visualized from Fig. 17
where the electron coupling is presented as an overlap of two
adiabatic potential energy surfaces along the reaction coordi-
nate. In this illustration the electronic coupling, 4, is seen as the
energy required for the vertical transition between the two
potential energy curves. The intramolecular reorganization
energy is a sum of the reorganization energies at the two sites.
The two energies are typically nearly identical in value and
therefore for simplicity often only the sum, 2|z| is considered.”®

Undeniably, there is an interconnection between the elec-
tronic geometric structure in conjugated organic moieties, and
a strong correlation between the hole mobility and the intra-
molecular reorganization energy has been reported.**** Hutch-
ison et al.®* studied systematically the effects of different
heteroatoms, substituents, and chain length on the reorgani-
zation energy, and found that the number of monomer units
had the largest impact; with an increasing number of monomer
units, the reorganization energy first increases and then satu-
rates to a value that depends on the monomer used. The
torsional effect also had a significant impact, which in turn
breaks the m-delocalization by alternating the dihedral angle of
the C-C bonds. This means that sterically hindered structures
commonly display larger reorganization energy values. Most
importantly, to minimize the reorganization energy the changes
in crystallographic lattice itself need to be as small as possible.**
For the organic electrode materials, this is not a simple task
since the required diminished impact on the crystal lattice
would be most straightforwardly achieved by increasing the
conjugated area (e.g. the number of benzene rings) but only on
the expense of the gravimetric capacity.

4.2 Engineering of molecular crystals

Molecular crystal engineering is a very old concept; the ultimate
goal of making the crystal by design for a specific purpose is
attempted by modifying the chemical structure by elemental
(i.e. metal constituent) or functional group substitutions, which
cause an effect on the chemical bonding and surroundings.”*
The same approach would naturally be valid to improve the -7
stacking of the adjacent molecules. There are three main ways
to affect the m—7 stacking: (i) optimization of the molecular
stacking, (ii) introduction of steric hindrance, and (iii) func-
tionalization of the carbon skeleton.**

Stacking geometries. There are three different configura-
tions for benzene rings to interact with each other: (i) cofacial
interaction which usually shows good mt—7 interaction, (ii) slight
displacement from the cofacial state, and (iii) edge-to-face
stacking which minimizes the w-orbital repulsion. These are
presented in Fig. 18, together with the four different packing
geometries derived from these interaction geometries.

Among the different stacking types, the herringbone stack-
ing is rather common. At the first glance, one might think that it
would not enable electrical conductivity; this is however not
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Fig. 17 Potential energy surface sketches of adiabatic (solid) and
diabatic (dashed) electron transfer between two neighboring sites,
where (a): simultaneous oxidation and reduction on neighboring sites
with frozen geometry (b): relaxation 8586

necessarily true as a significant degree of HOMO and LUMO
splitting occurs in many oligoacene compounds (multiple
benzene rings) not only in the slipped stacked column but also
through the middle herringbone column, see Fig. 18(c).** Some
herringbone structures experience orbital splitting along the
a and b axes and through the herringbone layer, but the oli-
goacenes mostly show splitting through the axis a and the
herringbone layer. Typically, only minuscule splitting is seen
along the ¢ axis (out of plane). This means that most of the
herringbone-type materials conduct only in the ab plane so that
the conductivity is two-dimensional.*

In the cofacial stacking, the molecules simply form columns
along the m-m stacking. The slipped and brick stackings are
both variations of the cofacial stacking. In the slipped stacking,
each layer is slipped by a set amount, while in the brick stacking
the slip alternates between n configurations every n:th layer.
Even though the herringbone packed materials transport
carriers well, according to reports the most favorable packing
for achieving the fast transport is the cofacial brick stacking,
where each molecule interacts with four other molecules.**” In
order to stabilize the cofacial brick-type stacking it is important
to note that the C-H-m interaction causing the materials to

18746 | J. Mater. Chem. A, 2019, 7, 18735-18758

adopt the herringbone stacking is rather strong; and to over-
come it, strong edge-edge interactions have to be designed.®”
Steric groups. There are several ways to control the packing
mode, one of the most successful approaches being the intro-
duction of bulky substituents to the carbon skeleton. An illus-
trative example is the modification of pentacene with the
extensively bulky bis(triisopropylsilylethynyl) (TIPS) group. The
TIPS group causes significant steric hindrance to the lattice
forcing the benzene chain to adopt cofacial packing instead of
the herringbone-type packing. As a result, the intermolecular
distance between the pentacene skeletons decreases consider-
ably (from 6.27 to 3.47 A), leading to conductivity enhancements
which may be even six orders of magnitude compared to non-
substituted pentacene.”” In practice, however, achieving such
drastic improvements requires careful planning and experi-
mentation. For example in the aforementioned pentacene case,
it was crucial to selectively attach the TIPS substituent to the
middle benzene ring. Nevertheless, we foresee that the bulky
substituent group approach might work in the case of organic
electrode materials as well. In addition, salt formation is
a common way to tackle the dissolution issue,® and maybe it
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Fig. 18 Schematic illustrations for (a) different interaction geometries
between benzene molecules, (b) different stacking geometries derived
from the possible interactions,®® and (c) conduction pathways in oli-
goacenes with herringbone stacking (modified from ref. 86).
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could be used in similar fashion to force the benzene rings to
adopt the most favorable geometric arrangement.

Functionalization of carbon skeleton. The stacking geometry
may be influenced also using functional groups or heteroatoms
that polarize the 7-system. Functional groups may act as either
electron donors or acceptors to either add or withdraw electron
density to/from the benzene ring, respectively. By introducing
strong electron withdrawing groups, the - repulsion between
two benzene rings declines, which results in stronger interac-
tion and smaller distance between the benzenes. In the case of
electron donating groups the outcome is by default just the
opposite, see Fig. 19. Conversely, the electron donating group
does not always decrease the overall electron interaction due to
the effects of different packing modes or the position of the
substituent.”®

The polarization of the carbon skeleton may be achieved also
by replacing one or more carbon atoms in the benzene ring with
a (typically) more electronegative heteroatom, e.g. nitrogen or
sulfur. This induces non-uniformity in the electron delocaliza-
tion such that the negative charge is shifted towards the more
electronegative heteroatom. Addition of electronegative
heteroatoms to the conjugated carbon skeleton has been shown
to decrease the band gap by decreasing/increasing the LUMO/
HOMO energy, respectively.” Heteroatoms can also influence
the packing mode of the crystal.>*

For organic electrodes, functionalization has been
commonly applied to modify the LUMO energy and thereby the
redox voltage of the compound. Hence, most rationally one
might design a scheme based on an optimal electron-
withdrawing group to enhance the redox voltage (lower
LUMO), which could at the same time enhance the interactions
between adjacent benzene rings. Moreover, it is well known that
the best electron conductivity characteristics are achieved for
electron deficient materials.'® In reality, this scheme may be
more complicated due to the introduction of positive ions.
Many important organic electrode materials adopt the
herringbone arrangement where the distances between
benzene rings are likely to be locked due to metal-oxygen layers.

4.3 Organic-metal interface

As already discussed, organics rarely form electronic bands but
their properties are rather reminiscent of a single molecule or

n-electron cloud density

—-CN

Fig. 19 Changes in the w-electron cloud density caused by different
functional groups: electron withdrawing CN and electron donating
NH, (in comparison to H in nonsubstituted benzene).®®

Benzene

—NH,
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polymer. This further means that in the battery configuration
electron transfer from the metallic current collector or from
electron conducting media is to a single molecule or chain only.
In a microbattery, this interface is much more important than
in a conventional battery where there is a conductive carbon
matrix present in the cell design. The work function is an
important parameter when discussing the underlining metal-
organics interfaces. In solid-state physics, the work function is
defined (in the unit of eV) as the energy required to bring an
electron from the vacuum level (reference point) to the Fermi
level of a solid. In electrochemical applications, the concept is
otherwise the same but the energy is given in volts and the
reference point varies in respect to the counter electrode; here
the standard hydrogen electrode is set by definition to 0 V
(~4.4 eV in absolute scale). In an electrochemical system the
potential energy of electrons changes upon probing the system
with different voltages or by applying current that would alter
the potential (and work function) according to Ohm's law.'**
The interface formed is very sensitive to the chosen metal
and organic molecule. Also, the way the interface was prepared
and the resultant bonding scheme may affect the behavior of
the interface. The possible interface phenomena include the
surface polarization (depending on the electron density of the
organics), charge transfer (causing rearrangements), surface
reactions, and formation of various interface states.'® There are
no exact models available to precisely predict how the interface
of different metal-organic pairs would behave. The distinct
difference between the fields of organic electronics and
organics in batteries is that in batteries the interface is bi-
directional, i.e. electrons flow from metal to organics and vice
versa during charging and discharging. In addition, the metal
surface is always oxidized which makes the interface even less
ideal. The integer charge-transfer model is often used to
describe the situation. The metal-to-organics electron transfer
occurs if the work function of the metal (current collector) is
larger than the work function of the neutral organic molecule
and in inverse when the work function of the current collector is
smaller than the work function of the reduced form (i.e. lithi-
ated) of the organic molecule.’” Upon reduction, the organic
moiety forms a polaron and undergoes significant changes in
geometric and electronic structure. This effect can shift the
Fermi level in the reacted molecule and is observed as over-
potential in the actual cell.'” The resultant barrier can be in
tens of eV depending on the molecule, but not so much affected
by the metal.*®* The Fermi level can also shift with the degree of
lithiation if the molecules are interconnected as observed in
polymers, causing the sloping voltage profiles. Analogously,
a flat voltage plateau is observed if there are no significant
changes in the Fermi level. In reality, the situation is much
more complex involving integer charge transfer states located
within the band gap and Fermi level pinning; in-depth discus-
sion on the topic is found e.g. in the review by Braun et al.**
Precht et al.'” studied tetracyanoquinodimethane (TCNQ) by
photoemission spectroscopy to explain its metal-organic
interface behavior upon lithiation/delithiation. Both the
charged and discharged forms of TCNQ have a very similar work
function resulting in the observed flat voltage plateau. However,
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the integer charge transfer occurs only if there is no sponta-
neous charge transfer between the current collector and the
molecule. Spontaneous charge transfer occurs if the work
function of the metal lies outside of the HOMO-LUMO gap. In
this case, a dipole layer is formed and the electronic conduction
resistance might be anisotropic which could lead to different
resistance depending on whether the electron is moved from
the organics to the metal or vice versa.

4.4 Notable examples

The conduction phenomena of the organic electrode materials
are most commonly investigated by comparing the Nyquist
plots of similar materials in a series or the effects caused by
cycling,*>'*  without much discussion provided. Ogihara
et al’” studied both theoretically and experimentally
conductivity mechanisms of dilithium-4,4’-biphenyl dicarbox-
ylate (Bph(COOLi),) and dilithium-2,6-naphthalene dicarbox-
ylate (Naph(COO)Li,). These studies continued their previous
works where they reported improvements in the electro-
chemical performance of Naph(COO)Li, when the material was
annealed at high temperatures to densify the packing of
aromatic naphthalene rings thus improving the w-conjuga-
tion. Calculations showed that the pristine Naph(COO)Li,
exhibits anisotropic conduction in the m-stacking of naphtha-
lene while the lithiated Naph(COO)Li, also shows conductivity
through the herringbone layer. The same observation was
confirmed from the Nyquist plot, where pristine Naph(COO)Li,
displayed only ionic conductivity, while the lithiated sample
exhibited both ionic and electronic conductivity (Fig. 20). This
was a direct proof of a switchable electronic conductivity
depending on the lithiation state of the material. Lithiated
Naph(COO)Li, also loses its electronic conductivity upon heat-
ing to 200 °C due to the disappearance of the crystal structure
responsible for the hopping, increase in separation of naph-
thalene rings, and formation of an insulating Li-containing
layer. Interestingly, this behavior could be utilized as a safety
switch in case of thermal runaway in batteries.”

In their follow up study the same research group focused on
a very similar material Bph(COOLi),***. This material also
contains two benzene rings, with the difference that the rings
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Fig. 20 Electronic conduction pathways observed in lithiated samples
of Naph(COO)Li,. The hopping path for the pristine sample is only
along direction P, while lithiated sample also shows conductivity along
the direction T. In the Nyquist plot the lithiated sample shows a clear
half circle, which is attributed to a mixed ion and electronic conduc-
tivity, while pristine sample only shows ionic conductivity.”®
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are connected through a single C-C bond. This makes the
structure much more flexible and causes the material to
undergo stepwise electron transfer, first to form a radical
biphenyl unit followed by the reduction of both phenyls. This is
also seen in charge/discharge curves where two plateaus are
observed. The flexibility of the structure allows the material to
twist around the C-C bond and accommodate lithium in
various positions. In addition, the lithiation causes the crystal
structure to shrink, which decreases the distances between
neighboring organic moieties increasing their interaction. Next,
the electron hopping mobilities were calculated for Li,-
Bph(COOLi), and Li,Naph(COO)Li, using Marcus theory. The
reorganization energy was found to be by 0.3 eV smaller for
Bph(COOLi), than for Naph(COO)Li, which also resulted in
a 23-fold increase in the total drift mobility of hopping. The
largest differences arose from the hopping through the
herringbone layer (direction 7 in Fig. 20), which is the quickest
conduction pathway in the crystal. This is a prime example of
how small modifications to the organic moiety can make a huge
difference in the electronic conductivity and thereby the elec-
trochemical performance of the material. The examples dis-
cussed above moreover manifested the fact that the general
guidelines and principles applied in organic semiconductor
research are also applicable to organic batteries once the proper
precautions are taken into account, as the organic battery
systems are often much more complex and less ideal than the
organic semiconductors.

5 Solid electrolytes for organic
batteries

The largest problem with the organic electrode materials in
a conventional wet-cell configuration is without a doubt their
solubility in all the commonly used liquid electrolytes. An all-
solid-state cell would naturally circumvent this problem
completely. A handful of reports exists where organic electrodes
are combined with a solid electrolyte with greatly enhanced
cyclic performance.>'*”** In this chapter, the two main types
and the biggest problems of solid-state electrolytes are briefly
accounted followed by a discussion of how the organic mate-
rials could fit together with these electrolytes.

5.1 Solid electrolyte types

Solid-state batteries are currently of great interest in the
research community since they can in practice increase the
energy density of the cells by removing the need for the sepa-
rator and would allow the use of lithium anode since the
dendrite formation is suppressed. Solid electrolytes would also
increase the safety of the cell since the largest safety hazard in
LIBs is the electrolyte reacting with air.**® The current solid
electrolyte materials can be divided into two main categories
(with few sub-groups in each case): (i) salt-in-solid solvent
electrolytes, and (ii) inorganic ceramic conductors; a compre-
hensive review on the topic is found in ref. 23.

The salt-in-solid solvent electrolytes are flexible solid mate-
rials with decent conductivity and stability, especially with
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metallic lithium. The solid solvent or so-called plastic crystal
electrolyte can be a polymer*"” or other organic solid with a high
polarity such as succinonitrile.”*®* Polymer electrolytes are
traditionally based on poly(ethylene oxide) (PEO) with lithium
salt solvated into the polymer. Another option is to also add
solvent to form a polymer gel to increase conductivity. Both of
the approaches have been applied with organic electrodes.">***
To truly tackle the dissolution problem only the completely
solid approaches are attractive since even if the gel-polymer
electrolyte does improve the cycling stability it does not
completely evade the dissolution issue.'”® A common way is to
prepare SiO, particle ionic liquid quasi-solid on top of the PEO
membrane, which is a very effective way to suppress dissolu-
tion.”* Polymers; however, often suffer from low stability
towards oxidation and possess limited thermal stability, which
limits the variety of suitable cathode materials. The ion selec-
tivity, ion transference number, and conductivity are also not as
high as with the state-of-the-art inorganic solid electrolytes."°

Inorganic solid electrolytes, such as LIPON, Li;N, sulfide,
(anti)perovskite, garnet-type, and NASICON-type compounds,
are positive ion conductors with a rigid structure. The move-
ment of ions is based on point defects in the lattice. The
different types of solid electrolytes each come with their own
benefits and drawbacks, as extensively discussed in ref. 120 and
121. Some have very high ionic conductivity which is on par with
liquid electrolytes and even stability up to 9 Vvs. Li, but they are
not stable in ambient atmosphere. Others are very stable, but
their conductivity should be improved. Since these materials
are so rigid and hard, ensuring good contact at the electrode-
electrolyte interface is the largest challenge. In addition, large
volume changes during lithiation at the electrodes only makes
this problem more difficult to solve.

5.2 Limitations

Solid state electrolytes are often cited as a highly promising
technology in the context of high voltage cathode materials and
a metallic lithium anode. In practice, developing such ideas to
the commercial level cells will be a huge engineering challenge.
Only a few solid electrolytes such as LIPON possess simulta-
neously high reductive and oxidation stability; moreover, the
ionic conductivity of these materials is not fast enough for bulk
scale applications, making them truly applicable only in
microbatteries.” Concerning the metallic lithium anode, the
biggest issue is the formation of dendrites upon plating. Solid
electrolytes were believed to largely suppress the dendrite
formation, which is indeed the case if the density or the shear
modulus of the solid electrolyte is higher than that of lithium
metal. However, it has been already demonstrated that if the
solid electrolyte is not perfect single crystal lithium starts to
propagate through existing pinholes widening the cracks thus
creating heterogenous metal zones which may induce electrical
short-circuiting and lithium which is rendered useless."*® In
addition, a high capacity negative electrode materials often
suffer from high volumetric expansion, which in the worst case
causes delamination of the interfaces and loss of contact. To
overcome these obstacles, many different approaches have been
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proposed, such as coating the active materials*® or additional
material design solutions to accompany the large volumetric
expansion. These precautions lead to decreased energy density
in the full cell constructions. These issues have raised the
question if adaption of lithium anode should only be the end
goal since materials with high redox stability, fast conductivity,
and with physical properties that could suppress the dendrite
formation are hard to realize. By studying the interphase
evolution during cycling with known stable materials one
should be able to gather important information on how the
ionic transport fundamentally functions over the interfaces and
how the performance could be improved. Nevertheless, just the
immediate benefits of replacing the liquid electrolyte by a solid
one, i.e. the improve the safety of the batteries by a large margin
and the far lower packing and thermal management require-
ments, are strong arguments for the fast adaptation of solid
electrolytes."****

The cathode side is not problem-free either. The lattice
mismatch often observed between the solid electrolytes and
cathode materials gives rise to high grain-boundary resistance.
In some cases, even an SEI may form consisting of decompo-
sition products like Co3;0, (from LiC00,). In addition, conven-
tional cathode materials also suffer from changes upon
lithiation although these changes are usually smaller compared
to those with graphite or other conversion electrode materials.
These problems can be solved with a thin inter-diffusion or
buffer layer, which aids with chemical stability and still
conducts Li-ions. Common buffer layers utilized are NbOs3,
Li,ZrO;, and LiCO; depending on the material combination
chosen for the solid electrolyte and the cathode. Applying the
buffer layer most likely requires a completely separate process
step which makes the manufacturing process more expensive.
Many vapor deposition methods could work here, but the
atomic layer deposition (ALD) technique has a crucial benefit
over other methods since it can produce thin yet pinhole-free
layers, which are absolutely necessary for the
application.**¢*>>1>7

Kerman et al.**® introduced a simple fishbone diagram to
highlight different failure covering aspects in solid-state battery
cells (Fig. 21). The aspects which require material innovation
are mainly related to the interfaces and compositional tuning of
the electrolyte. Therefore, it is crucial to test which kind of
electrode materials would show good activity with solid elec-
trolytes. As already mentioned several times, the mutual suit-
ability of organic materials and solid electrolytes has not yet
been thoroughly addressed; in the next section, the reported
organic materials investigated in combination with a solid
electrolyte are reviewed.

5.3 Organics with solid-state electrolyte

Limitations of N- and P-Type organics. Both N- and P-type
organic electrode materials have their downsides in full cell
designs. The major issue with the P-type materials is that they
require the molar equivalent of negative counter-ions per the
number of redox-active units. This can significantly affect the
gravimetric capacity of a packed battery unit since the
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Fig. 21 Different aspects causing failures in solid-state Li-ion battery cells.*¢

intercalating negative species such as PFs are often bulky. The
N-type materials considered for the positive electrode side have
their own problems, even though only a minimal amount of
electrolyte is needed in the full cell design to allow lithium ions
freely diffuse between the electrodes. However, since the
organic materials are not in their lithiated state initially,
a source of lithium is needed in the cell. This requires a lithium
anode with excess lithium or a prelithiation step for one of the
electrodes.” Interestingly, we recently demonstrated the direct
gas-phase deposition of N-type quinone thin films in their fully
lithiated state utilizing the atomic/molecular layer deposition
(ALD/MLD) technique.'®

Applying solid electrolytes with N-type materials is relatively
straightforward and a handful of reports already exist where
polymer or glass type solid electrolytes are used with N-type
organics.*>'”"*5 This approach also allows the use of lithium
anode, which solves the problem of N-type organic materials
being in a non-lithiated state. The P-type organics are much
harder to combine with a solid electrolyte. Ideally, the cell
should be designed as Li|solid-electrolyte|P-type organic mate-
rial, to gain the benefit from the high redox potentials of P-type
materials and the Li metal anode. However, since the P-type
compounds require the negative anion from the electrolyte,
the traditional ceramic and glass based solid electrolytes (such
as LIPON'®) are out of the question since they mainly only
conduct positive ions. On the other hand, solid polymer elec-
trolytes are feasible, since in them similar lithium salt (LiClO,)
is dissolved in the polymer or another solid solvent.*® For
example, a fully organic Na-ion battery with N-type negative and

18750 | J. Mater. Chem. A, 2019, 7, 18735-18758

P-type positive electrode was constructed with solid succinoni-
trile electrolyte.’” Another approach would be to ditch out
lithium and move to another battery chemistries such as fluo-
rine." In such cells, fluoride anions are shuttled across the
electrolyte instead of the Li* ions. In principle, a P-type material
could work either as a positive or a negative electrode,
depending on the choice of the metal or metal fluoride on the
respective electrode. Only one patent could be found where a P-
type organic material is used in a fluorine battery."*® In this
patent, an fluorine-doped polyaniline anode is described which
is used with ionic liquid based electrolyte; the results seemed
promising but the analysis was very limited. Therefore, it is still
an open question if fluoride is capable to function as a charge
balancing species for P-type organics especially in a solid-state
environment and how a battery like this would perform.

Prime examples. The number of reported works on organic
electrodes combined with a solid electrolyte is relatively low
yet;*>'715 from this discussion the works based on the high
concentration and gel-polymer electrolytes are omitted."® On
the other hand, we do not limit the discussion to lithium-
conducting solid electrolytes, since in principle the same
issues and benefits from solid electrolytes exist even in all types
of solid electrolytes.

Chi et al.™ first reported the use of a sulfide-based solid
electrolyte, Na3zPS,, with organic electrodes. Sulfide electrolytes
are promising in terms of ion conductivity; however, the
stability range is not very wide, i.e. only up to 2.7 V vs. Na'/Na.
For the organic electrode, the organic salt Na,C¢O¢ (usable both
as an anode and a cathode) was chosen as it's working potential

This journal is © The Royal Society of Chemistry 2019
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is relatively high but yet within the stability range of the elec-
trolyte (Fig. 22). The ionic conductivity of the reduced species (S,
P,Ss, and PS;"7) was found to be low, making the limit strict.
Cells with Na,CsO, cathode and SnNa anode offered very good
performance for a sodium battery, but the high rate capability
remained yet to be achieved since the capacity decay was around
57% just from increasing C-rate from 0.1 to 0.5. Owing to the
ambipolar nature of Na,CsOg also full cells where it functioned
as both the positive and negative electrode could be tested. The
cells showed relatively stable cycling after a large initial drop.
Accordingly, the 1% charge-discharge curve was found to be
completely different from the following cycles, indicating the
formation of an SEI-like layer or some other irreversible reac-
tion. In addition, SEM images revealed slight cracking of the
cathode after cycling probably due to volume changes upon
sodiation. Nevertheless, these results for a prototype cell could
be considered highly promising.***

Similarly to the aforementioned example, also the lithium-
based Li;PS, solid electrolyte has been tested in combination
with organic electrode materials."®> The chosen electrode was an
azobenzene-type compound with a carboxylate group at the end,
which can create strong ionic bonds with the solid electrolyte
stabilizing the structure without affecting the electrochemical
activity of the azo-group. This was confirmed by Raman, FTIR,
XPS, and DFT calculations. The stability window of the solid
electrolyte was found to be narrow, i.e. 1.71-2.31V, in all-solid-
state LIBs and therefore the azo-groups redox reactions lie
outside of this range, which is seen in very low coulombic effi-
ciency during the 1% cycle. The coulombic efficiency of 100%
was reached during long-term cycling (Fig. 23). Contrary to the
sodium-based analog, the reduction products did not annihi-
late the cell's performance probably due to the very strong ionic
bonds or due to a formation of a very stable SEI-like layer. The
ionic bond also solves the issues with volumetric expansion
during lithiation maintaining the good connection between the
electrode and electrolyte even during the cycling. All these
factors make this cell configuration considerably more feasible
than with a liquid electrolyte."*

The most common way so far has been to combine organic
electrodes with a solid polymer electrolyte with some kind of
filler material (e.g. SiO, or ceramic solid electrolyte) to increase
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the RT conductivity. Published works along this line have re-
ported good compatibility between the solid polymer electrolyte
and the organic electrode, for all the different organic moieties
investigated.'*®"**"*>3 This does not come as a huge surprise
since the materials are intrinsically similar. Normally the
cathodic stability of polymers is problematic, but since the
organic cathode works at a relatively low potential, no problems
were encountered and the performance was systematically
improved when compared to similar systems with a liquid
electrolyte. Li et al.*> compared the interfacial resistances and
reported an increase by over one order of magnitude for their
liquid electrolyte cell while for the one with the solid electrolyte
the resistance stayed relatively constant, which indicates very
good cycling properties for the solid electrolyte. Wei et al.'*’
demonstrated nearly identical reaction kinetics values for their
liquid and solid electrolyte organic-electrode cells after the solid
electrolyte was well optimized. Thus, the solid polymer elec-
trolytes seem to be of considerable promise in solving many of
the issues related to the organic electrodes. The major
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challenges arise from the optimization of the electrolyte
composition to enhance conductivity and stability.

Efforts have also been made to utilize polar organic molecule
solids to dissolve the lithium salt to create very similar solid
electrolytes as with the above described solid polymer electro-
lytes. Conductivity maybe even better, but such cells typically
suffer from the smaller electrochemical window.'” Neverthe-
less, by carefully choosing the organic electrode materials
(negative electrode poly(anthraquinonyl sulfide) and positive
electrode aniline-nitroaniline) Zhu et al.*®” were able to fabricate
fully organic cells with N- and P-type compounds. The high-rate
performance of the cells was superior in comparison to liquid
electrolyte based cells, while the cells simultaneously showed
decent capacity and an operating voltage of 2.4 V.

An effective approach is to carefully design every interface in
the cell. Typically at least one quasi-solid component is utilized
to achieve the high ionic conductivity, but then a PEO
membrane is applied to suppress the dissolution of the organic
cathode, as illustrated in Fig. 24. The composite electrolyte
could be e.g. quasi-solidified ionic liquid on SiO, particles with
the high ionic conductivity of the order of 1 mS cm '.*%
Promising results have been reported for cyano®
quinone'* based organic electrodes.

Comparing the electrochemical performance of solid elec-
trolyte and liquid electrolyte is not always straightforward. The
main benefit of combining the organic electrode materials with
a solid electrolyte is the suppressed dissolution and therefore
usually the better capacity retention upon cycling. The solid
electrolyte may naturally have other benefits as well, e.g. with
cell design and longer lifetime, which are not often directly seen
or quantified in the traditional electrochemical testing. In
addition, since the research field of solid electrolytes is in its
infancy yet, little effort has been made so far in optimizing the
systems for e.g. interfaces or composition. If similar cells with
the same electrode composition are investigated, the rate
capability is usually lower in the case of the solid cell due to the
lower ionic conduction of the solid electrolyte. Nevertheless, we
gathered in Table 1 basic electrochemical performance data for
some representative organic-electrode/solid-electrolyte systems
in comparison with similar systems with a liquid electrolyte.
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Recently we developed another essentially new fabrication
approach enabling the integration of the glass-type solid elec-
trolyte LiPON with quinones.®>'***® All active layers were
deposited utilizing the strongly emerging atomic/molecular
layer deposition (ALD/MLD) thin film technique.”*® This tech-
nique is superior for the deposition of ultrathin pinhole-free
thin films of metal-organic hybrid materials with atomic/
molecular level accuracy. Most importantly, the ALD/MLD
technique allows in situ fabrication of thin films of Li-
benzoquinone in its lithiated state — a material not readily
accessible by any other technique. The performance of the
quinone/LiPON stack was evaluated vs. electrodeposited
lithium, vaporized germanium, and ALD/MLD-grown organic
lithium terephthalate anode. The cyclic performance with
metallic anode was not optimal, due to the degradation of the
negative current collector and poor performance of the metallic
anode. Cycling performance of the cells increased substantially
when lithium terephthalate was used as the anode, which
confirmed that the poor performance of the cells was due to the
negative electrode. Significantly, for the ALD/MLD fabricated
thin-film cells with ultrathin Li-benzoquinone and LiPON
layers, ultrahigh redox reaction rates were realized; the charge/
discharge times as short as ~0.25 s (plus energy/power densities
of ~100 mW h em ™2 and ~500 W cm ) are excellent consid-
ering that the full cell setup was far from optimized yet. We
believe that this scheme could be a step towards the dream to
merge the high energy density of batteries with the high power
density of supercapacitors.’® This work also verified the
compatibility of LiPON with organic electrode materials since
only a small parasitic reaction was observed during initial
cycles.’® We have also demonstrated that ALD-grown LiPON is
highly compatible with lithium terephthalate anode, improving
its cyclic and high rate performance and suppressing the
formation of SEL.*

What is clearly lacking so far are the reports on the appli-
cation of ceramic electrolytes such as perovskites, lanthanide
oxides, and garnets in organic cells. This is understandable
though since organics would not particularly benefit from the
specific advantages of ceramic electrolytes such as their
mechanical stiffness and stability in an electrochemical envi-
ronment. Ceramic electrolytes would be better than the liquid
electrolytes in suppressing dendrite growth; however, the active
layers should be appreciably thin in order to break-even in
energy density.””*** Thinner layers in general demand more
from the manufacturing process. Nevertheless, deposition of
even ultrathin layers of ceramic electrolytes on top of organic
electrodes is possible with advanced gas-phase thin-film depo-
sition techniques such as ALD, ¢f. the growth of LiPON films.*®
Actually, stiff but still thin surface coating might be one of the
most efficient solutions for suppressing the dissolution of
organic electrode materials.

5.4 Mutual benefits

From the examples discussed in the previous sections, it is clear
that a solid electrolyte is a highly beneficial - if not mandatory -
condition for solving the crucial dissolution issue of organic

This journal is © The Royal Society of Chemistry 2019
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Table 1 Performance comparison for selected examples of organic electrode materials with a solid versus liquid electrolyte

Formula or
name and
ref. Structure

Electrode composition in electrolyte

Cycling: initial capacity
(mAhg™),
retention, cycles, rate

Cell voltage capability: currents

(V) vs. used,

reference  retention Notes

Na,CeOg **

NaO

Na,CeOg *

PTCDA'%®

PTCDA"*?

PCTB'?
PCTB™*?

AQ112
AQ112

Pillar[5]
quinone'"

Pillar[5]
quinone"?

THBQ'
THBQ'™

TCNQ>®
TCNQ>’

PBALS'"®
PBALS'"®

PT0134
PT0134

4 :5:1 active, solid electrolyte, carbon in NazPS,

6 :0.78 : 1 active, binder, carbon in 1 M NaClO4 in

PC

6 : 2 : 2 active, binder, carbon in PPCB-SPE

7 : 1: 2 active, binder, carbon in 0.5 M KPFg in

EC : DEC

5:2: 3 active, binder, carbon in PEO-LiClO,—

Lig 3Lag.566TI03

5:2: 3 active, binder, carbon in 1 M LiPFg

DEC : EC

3.5:2.5:1: 3 active, carbon, LiTFSI, PEG in PEO-

v-LiAlO,

3.5:2.5:1: 3 active, carbon, LiTFSI, PEG in 1 M

LiTFSI/DOL + DME

5.5:2.5:0.3:0.2:1:0.5 active, carbon, CNT,
graphene, solid electrolyte, binder in PMA/PEG-

LiClO4-SiO, composite

6.5:2.5:0.3:0.2:0.5 active, carbon, CNT,
graphene, binder in 1 M LiPF4 EC : DMC

4.76 : 2.69 : 0.6 active, carbon, binder in quasi-

solid electrolyte

4.76 : 2.69 : 0.6 active, carbon, binder in 1 M LiClO,

in EC : DEC

4.76 : 4 : 69 : 0.566 active, carbon, binder in RTIL
composite quasi solid electrolyte
4.76 : 4 : 69 : 0.566 active, carbon, binder in 1 M

LiClO, in EC : DEC

1:2:1 active, solid electrolyte, carbon in LPS

i6:3:1 active, carbon, binder in 1 M LiPFg in

EC : DEC

3:4:2:1 active, PEO-NaClO,, carbon, binder in

Na beta-alumina

3:2:1 active, carbon, binder in 1 M NaClO, in

diglyme

This journal is © The Royal Society of Chemistry 2019

2.6-1.5 Na'/ 164, 76%, 100 cycles, Solid electrolyte at
Na 0.1C — 0.5C, 57% 60 °C

1.5-0.4 Na'/ 125, 45%, 15 cycles Low coulombic
Na efficiency

113, 84%, 40 cycles,

f<.+5/;<1.sv 10mAg? -
100 mA g ", 67% Solid electrolyte at
3.5-1.5 K'/K 131, 69%, 200 cycles, room temperature
10mAg " — (RT)
100 mA g~ ', 70%
3.2-1.6 Li'/
Li 104, 98%, 100 cycles
3.2-1.6 Li'/ 110, 63%, 100 cycles, Solid electrolyte at
Li 30mAg ' — 70 °C
300 mA g, 58%
3.5-1.5 Li'/ 183, 50%, 50 cycles,
Li 0.1C — 1C, 50%
3.5-1.5 Li'/ 197, 28%, 20 cycles  golid electrolyte at
Li 35°C
3.25-1.75 418, 95%, 50 cycles,
Li"/Li 0.3C — 1C, 50%
3.25-1.75 409, 55%, 3 cycles Solid electrolyte at
Li*/Li RT
3.75-1.5
Li*/Li 290, 86%, 10 cycles
3.75-1.5 170, 23%, 10 cycles  Solid electrolyte at
Li'/Li RT
L0211 )16 789, 100 eycles
Li ) 7870, 200 Y Solid electrolyte at
4.0-2.1 Li'/ 215, 13%, 5 cycles RT
Li
3.0-1.0 Li*/ 120, 690/2,1120 cycles,
Li 10mAg = —
80 mA g~ ', 63%
3.0-1.0 Li'/ 75, 16%, 20 cycles
Li
3.0-1.25 362, 80%, 50 cycles,
Na‘/Na 0.1C — 0.5C, 44%
3.0-1.25 380, 9%, 20 cycles
Na'/Na Solid electrolyte at
60 °C
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electrodes. Furthermore, even a thin solid-electrolyte coating
would improve the performance of organic electrode materials
in liquid electrolytes.****¢*%® In addition, the benefits go hand in
hand. The lower working potential of organic electrodes
considerably widens the variety of usable solid electrolytes. This
is particularly good news since the fast conducting solid elec-
trolytes commonly suffer from stability issues.**® Moreover, the
gravimetric power density of the cell is not compromised since
the intrinsically low working potential is compensated by the
large gravimetric capacity. For example, organic positive elec-
trode materials can reach capacities up to 350-500 mA h g~*
with an average potential of 2.2 to 2.8 V vs. Li'/Li. This can result
in specific energy density values up to 960-1100 W h kg™ *. These
values are on par with those of the high voltage inorganic
cathode materials.”

Interface issues such as the chemical interactions and
mutual compatibilities between the different components are
crucially important for the solid-state battery function.” So far
the reformability of the interfaces between organic electrodes
and solid electrolytes has not gained much attention. This is
understandable since most of the works have focused on the
softer solid electrolytes. Reformability is inversely related to the
material's elastic modulus.” Hence, organics with their
intrinsically low elastic modulus should be - in comparison
with the ceramics - superior in reformability."** Then, with the
clever tuning of the organic moieties strong ionic bonds can
possibly be formed between the organic electrode and the solid
electrolyte, to ensure the strong and flexible contact.*™ In
addition, the volumetric expansion of the organics is a param-
eter that is controlled by proper design of the crystal structure
and carbon skeleton. For example, the volume change for
lithium terephthalate (negative electrode material) is ~6%,'
but only 0.33% for dilithium-2,6-naphthalene with two benzene
rings instead of one in the carbon skeleton.** It should be
emphasized that both of these values are smaller than the
volume change of graphite, ie. 13.2%.'** Unfortunately, the
smaller volume changes for the materials with the larger carbon
skeletons often come with the expense of the lower gravimetric
capacity.”®

In thin-film form, additional benefits can be anticipated, as
only active materials are present which neglects most of the
compatibility issues. In addition, the poor conductivity of
organics is of less problematic in the case of thin electrode
layers. Among the thin-film deposition techniques, ALD has
been widely seen as an elegant tool for interface engineering**
and for fabrication of high-quality thin films of the active
materials, in particular, solid electrolytes.'** Most excitingly, the
recent advances in the combined ALD/MLD technique have
widened the repertoire of electrode materials from inorganic
materials to cover also many organic electrode mate-
rials."*>***48 Thin films of the organic electrode and inorganic
solid-electrolyte materials deposited from gaseous precursors
on top of each other is in principle the simplest form of
a microbattery,'*** and - potentially - by moving from planar
to three-dimensional substrates high footprint capacity can be
achieved.”™® In addition, since the ALD/MLD fabricated thin-
film microbattery can be made without any additives it forms
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the simplest system where the interactions of the layers could in
principle be studied in an electrochemical half-cell. This unique
possibility has not yet truly challenged, though, leaving exciting
possibilities to foreseen future.>*'*®

6. Conclusions and outlook

Altogether, the abundance and structural diversity of various
organic backbones and functionalities promises that these
materials will be playing a role in energy storage applications in
the future. In our short summary of the current material variety,
we divided the organics according to their active functional
group; this provided the premises to discuss the underlying
chemistries in organic electrode materials. With illustrative
examples, we then aimed to identify the particular benefits and
major shortcomings of each group. The solubility in liquid
electrolytes and the poor electronic conductivity are the
common problems among the organic electrode materials.

Here we approached the conductivity issues in organic
batteries from a viewpoint of organic semiconductors - learning
from the related field where the conduction phenomena have
been traditionally most thoroughly studied. This is an obviously
daring interpretation as in semiconductors the intrinsic system
is very different from the organic batteries. Nevertheless, the
same basic principles also govern the latter. This approach gave
us two important parameters to optimize: reorganization energy
and electronic coupling, which have a strong correlation on the
electronic conductivity of organic materials. The general goal is
to minimize the reorganization energy by minimizing the
expansion or shrinking of the crystallographic lattice upon
lithiation. This could be achieved by maximizing the conjugated
area or by clever modifications which add flexibility to the
structure. Both of these approaches usually come at the expense
of gravimetric capacity. There is a vast amount of possibilities to
add flexibility to the structure, such as dispersing two benzenes
with different bridges or by adding various functional groups.
The second parameter is the electronic coupling, which should
be maximized to improve the electronic conductivity. Many of
the organic electrode materials adopt the herringbone stacking,
which is not the most favorable. In an ideal case, by introducing
bulky substituents or functional groups the arrangement can be
modified and therefore the electronic conductivity is improved.
The functionalization has been a hot topic in the organic battery
community, but the focus has been mainly on comparing the
electrochemical performance and the changes in potential due
to inductive effects. The electrochemical performance can be
easily misleading since the experimental conditions vary from
article to article. It would therefore be vital to understand the
underlying reasons why the functionalization causes modifica-
tions to the electrochemical performance and what other effects
it can cause, such as the poorer electronic coupling between
adjacent molecules.

Combining the organic electrode materials with solid state
electrolytes not only solves the dissolution issue of organics but
also enables the use of a wider variety of solid electrolyte
materials, which are not compatible with high voltage cathode
materials. The organics are also malleable and the volumetric

This journal is © The Royal Society of Chemistry 2019
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changes can be controlled, which are preferable properties for
the solid-solid electrode-electrolyte interfaces to ensure good
contact during battery cycling. The interface rarely is ideal and
chemically stable, which contributes to the capacity decay.
Therefore for the future, it is vital to study the interactions
between organic electrode materials and solid electrolytes.

A thin-film microbattery where the components are depos-
ited from gaseous precursors is the simplest system (without
any additives), where organic electrodes and solid electrolytes
and their interactions could be directly studied. This benefits
both of the fields of research simultaneously since even a thin
electrolyte coating could solve some of the performance issues
of the organic electrodes. Among the plausible deposition
methods, ALD is widely recognized as the most sophisticated
tool for controlling the interfaces. Owing to the recent
advancements, many organic electrode materials (even in
lithiated state) and solid electrolytes can be deposited with ALD/
MLD and ALD, respectively. In addition, it is foreseen that with
high probability some kind of (ALD) coating will be required to
intercorporate the solid electrolytes with the solid electrode to
aid with lattice mismatch, poor contact, or space-charging.
Hybrid coatings consisting of metals and organics can play an
important role in this due to their soft, malleable, and insu-
lating nature, while still being able to conduct Li-ions. Also,
when the basis of the solid-solid interface system is well
understood, it is easier to add components and move on to
more complex systems and to pinpoint what might cause any of
the problems. Logically, this development also allows the
fabrication of thin-film batteries solely using the ALD/MLD
technique, which is known to yield highly conformal coatings
on practically any kind of complex surface. The feasibility of this
approach was recently shown by us for the quinone-LiPON-
terephthalate battery. Developing and combining distinct
ALD/MLD processes is a key asset for studying the interactions
and ultimately to fabricate 3D thin-film battery architectures.
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