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Abstract

The high demand for critical minerals such as lithium, copper, nickel, and

cobalt, required for lithium-ion batteries, has raised questions regarding the

feasibility of maintaining a steady and affordable supply of raw materials for

their production. In the last years, researchers have shifted their attention

toward organic materials, which are potentially more widely available, afford-

able, and sustainable due to the ubiquitous presence of the constituent organic

elements. The n-type materials have a redox mechanism analogous to that of

lithium-ion cathodes and anodes, hence they are suitable for a meaningful

comparison with the state-of-the-art technology. While many reviews have

evaluated the properties of organic materials at the material or electrode level,

herein, the properties of n-type organic materials are assessed in a complex

system, such as a full battery, to evaluate the feasibility and performance of

these materials in commercial-scale battery systems. The most relevant cath-

ode materials for organic batteries are reviewed, and a detailed cost and perfor-

mance analysis of n-type material-based battery packs using the BatPaC 5.0

software is presented. The analysis considers the influence of electrode design

choices, such as the conductive carbon content, active material mass loading,

and electrode density, on energy density and cost. The potential of n-type

organic materials as a low-cost and sustainable solution for energy storage

applications is highlighted, while emphasizing the need for further advance-

ments of organic materials for energy storage applications.
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1 | INTRODUCTION

One of the fundamental technologies for our society's
clean energy transition is lithium-ion batteries which
have enabled the use of electric vehicles and the cost-
effective short-term storage of renewable energy.1–4

However, estimates of the required amount of critical
minerals such as lithium, copper, nickel, and cobalt pose
questions concerning the feasibility of maintaining a
steady and affordable supply of raw materials for their
manufacturing.5 For instance, according to data from the
International Energy Agency, 680 GW of grid-storage
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lithium-ion batteries should be installed by 2030 to keep
on track with the Net-Zero Scenario, while 16 GW were
available in 2021, with an average of 80 GW per year that
should be added in this timeframe.6 Most of the commer-
cial cathodes for lithium-ion batteries, such as nickel–
manganese–cobalt oxides (NMC), rely on metals that are
expensive and/or whose deposits are concentrated in very
few countries. Materials such as lithium-iron phosphate
(LFP) are considered to be more resilient to supply shocks,
thanks to the widespread availability of iron and phos-
phate sources. Nevertheless, even the supply of lithium is
becoming an issue since the demand for batteries is
exceeding the current mining and processing capabilities
of lithium-containing rocks and brines. In 2020, the supply
of lithium was 77 kt, while the demand was 63 kt, of
which 40 kt was for lithium-ion batteries. In 2022, the
lithium demand for batteries increased to 104 kt, bringing
the total to 128 kt, but the available supply only reached
126 kt.7 The combination of this supply-demand mismatch
and geopolitical instabilities has caused the lithium price
to greatly increase and oscillate in the last 3 years, with
peaks of +650% compared with early 2020 prices.7–9

Currently, research efforts are focused on novel chem-
istries to discover viable alternatives or complementary
solutions to lithium-ion batteries, whereby the main advan-
tages are widespread availability and greater affordability of
the raw materials required for the active materials.10–15

Due to the ubiquitous presence of organic elements
(i.e., carbon, oxygen, hydrogen, nitrogen), research
interest in organic materials for batteries has peaked
over the past 20 years.16–20 Other than the abundancy
of the precursors, organic materials are expected to be
more sustainable than commercial lithium-ion battery
materials, with a global warming potential that could
be �3 to 4 times lower,20 and the possibility of assem-
bling biodegradable organic batteries was also demon-
strated.21 Their sustainability has yet to be proven,
since to date only lab-scale life cycle assessments on
non-optimized synthesis routes are available,22,23

which usually tend to greatly overestimate the environ-
mental impact of battery materials.24 Another advan-
tage of organic materials can be found in their high
versatility, due to the richness of their organic chemis-
try. The drawbacks of organic materials include very
poor electronic conductivity, requiring high amounts
of conductive carbon (>30% in weight) to be added in
the electrode formulation and a strong tendency to dis-
solve in the electrolytes commonly used for batteries,
causing severe capacity fading during cycling. More-
over, their low density, when compared with inorganic
materials, limits the energy density achievable with
organic batteries.25

Conjugated conductive polymers were already inten-
sively studied in the 80s as cathodes for lithium metal bat-
teries, an effort that culminated in a commercialization
attempt of batteries with poly(aniline) and poly(pyrrole) as
active materials.26,27 Nevertheless, the overall superior per-
formance of their inorganic counterparts made this tenta-
tive effort short-lived, and now metal-based cathodes with
graphite as anode remain the state-of-the art.16

Since the early 2000s, interest in organic electrode
materials has re-emerged,28–30 and in laboratory settings,
various monomers and polymers capable of redox reac-
tions have been synthesized and studied. Materials that
react with cations are labeled as n-type, while those
that react with anions are referred to as p-type
(Figure 1). Some bipolar compounds show redox activ-
ity with both cations and anions, although at very dif-
ferent potentials.31 This classification was introduced
by Hünig, whose work on multistage organic redox sys-
tems originally labeled the n-type materials as B-type,
and p-type materials as A-type.32 The p-type materials
are reversibly oxidized to form a positively charged spe-
cies, losing electrons and with anions that balance the
positive charge. Whereas, n-type materials are reduced
and form a negatively charged species, with a gain of
electrons which is balanced by the presence of
cations.33

Typically, n-type materials have a lower average volt-
age, slower kinetics, and higher specific capacity com-
pared with p-type materials. The p-type materials also
behave differently from typical lithium-ion battery elec-
trodes due to the fundamental role of the electrolyte as a
source of anions in the redox reaction, hence they are
similar to lead-acid battery electrodes.33–35

This review focuses on n-type materials, which have a
redox mechanism analogous to that of lithium-ion cath-
odes and anodes, allowing for a more meaningful com-
parison. The n-type materials have the potential to offer
an economical and sustainable solution for energy stor-
age applications.17,20,36 However, further insights are
needed to evaluate the feasibility and performance of
these materials in commercial-scale battery systems. Pre-
vious reviews have highlighted the ideal characteristics of
an organic material (high electronic conductivity, capac-
ity retention, specific capacity, density, voltage, etc.), but
these properties were evaluated at the material level or at
most at the electrode level, without considering them in a
more complex system such as a full battery. The lack of
comprehensive studies on the cost and performance
of n-type material-based battery packs highlights the
need for further investigation.

Herein, we present the most extensively studied, rele-
vant cathode materials for organic batteries. Moreover, a
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section of this review will delve into organic anodes. We
also present a detailed cost and performance analysis of
n-type material-based battery packs performed with the
software BatPaC 5.0.37 Lastly, we discuss the implications
of the design choices of the organic electrodes on the
energy density and cost of battery packs, focusing on
the influence of the conductive carbon content, the active
material mass loading, and the electrode density.

2 | OVERVIEW OF N-TYPE
ORGANIC ACTIVE MATERIALS

The majority of the n-type materials investigated in liter-
ature involve the reversible reduction of the oxygen atom
in a carbonyl group,38–40 but a rich chemistry of nitrogen-
containing molecules is also present, involving azo,
imine, sulfonamide, and nitrile redox centers.41–43 Materials
belonging to the organosulfide class are mainly character-
ized by the reversible breaking and reformation of a
disulfide bond, the same type of reaction present in
lithium-sulfur batteries44–46; notably, a few examples
exploiting thiocarbonyl groups are also present.47,48

These redox-active motifs can be found in small mole-
cules as well as macromolecular structures, such as linear
or cross-linked polymers,16 covalent organic frameworks
(COFs),49,50 or metal organic frameworks (MOFs).51,52

These two latter classes of three-dimensional, π-conju-
gated, crystalline coordination polymers (fully organic
and metal-organic hybrids, respectively) have been
widely investigated as battery materials, and their electro-
chemical properties are connected to the employed

redox-active ligands. Some p-type materials can also
undergo n-type reactions (hence correctly classified as
bipolar materials), such as molecules and polymers based
on the (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO)
moiety or other conjugated polymers.53–55

Organic materials are typically classified and dis-
cussed in reviews based on these different constituent
elements and functional groups. However, in this review,
we categorize these materials based on a practical crite-
rion: whether or not they require a lithium-metal
anode. This classification separates the materials into
two categories, that is, lithium-deficient and lithium-
sufficient organic materials. Most n-type cathodes
require a lithium-metal anode to function in a battery,
although lithium-metal batteries face challenges
regarding the production and handling of thin reactive
anode foils and cycle life.1,11,56 Recent works have
explored organic cathodes that contain enough lithium
and are stable toward oxygen and moisture, similar to
commercial inorganic cathodes.57 These organic cath-
odes, synthesized in their discharged form, can be used
with a conventional graphite anode or other organic
anode materials, resulting in organic battery produc-
tion that is potentially analogue to inorganic lithium-
ion battery production. As a result, a material's lithium
deficiency or sufficiency affects the production process
from synthesis to assembly, as well as the performance
and stability of the battery during operation. Lithium-
sufficient organic materials can simplify the battery
production process and eliminate the need for a
lithium-metal anode; such batteries are easier to manu-
facture and handle. This criterion of lithium deficiency

FIGURE 1 General electrochemical reactions for n-type (top left) and p-type (bottom left) organic materials and relative examples of

reactions with 1,4-benzoquinone and (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO).
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or sufficiency is a crucial factor in evaluating the prac-
ticality and potential of n-type organic materials for
battery applications.

We present an overview of the two classes of organic
cathodes, as well as on organic anodes, with foci on the
materials shown in Figure 2, which were chosen for

FIGURE 2 Representation of the organic materials included in the cost and performance analysis; categorized as lithium-deficient

cathodes (red), lithium-sufficient cathodes (blue), and organic anode (green).
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further analysis in the energy density and cost simula-
tions, as representative examples of the investigated
n-type materials for electrochemical energy storage
(Figure 2).

2.1 | Lithium-deficient cathode active
materials

The n-type materials can be reversibly reduced from their
neutral state to a negatively charged molecule, which
then interacts with a lithium cation to store energy. In
lithium-deficient cathodes, the materials are synthesized
in this neutral form, and they must extract the nece-
ssary lithium from the anode; the first cycle of the
corresponding battery starts with a discharge. Even though
some materials described in this section may contain

lithium, the content is not sufficient to exploit the full
capacity of the organic cathode and its complete removal
may hinder the capacity retention of the battery.58

Small molecules have garnered attention as n-type
cathodes because they are materials that can potentially
combine several redox centers with a low molecular
weight. Liang et al., demonstrated how a variety of such
molecules can easily achieve >250 mAh g�1 as specific
capacity, with a redox potential between 2.0 and 3.0 V ver-
sus Li/Li+ (Figure 3A).59 Among the materials investigated
in the aforementioned work, anthraquinone (AQ, material
1) is distinct as it is an economical chemical used in the
paper and dye industry with a good theoretical specific
capacity (257 mAh g�1),60,61 and it has become the foun-
dation for a range of small molecules and polymers used
as organic electrode materials. Pyrene-4,5,9,10-tetraone
(PTO, material 2) also attracted much interest due

FIGURE 3 (A) Voltage/specific capacity curves of several n-type small molecule organic cathodes, among which AQ and PTO.

Reproduced with permission.59 Copyright ® Royal Society of Chemistry 2013; (B) Voltage/specific capacity curve of the 1st, 2nd, and 10th

cycle of a TAPT/Li metal cell in 1 M LiTFSI in DOL/DME. Reproduced with permission.68 Copyright ® Wiley 2022; (C) Voltage/specific

capacity curve of the 1st, 20th, and 50th cycle of a P5Q/Li metal cell in a poly(methacrylate)/poly(ethylene glycol)-based gel polymer

electrolyte. Reproduced with permission.71 Copyright ® American Chemical Society 2014; (D) Specific capacity versus cycle number for three

small imide molecules as cathodes for lithium metal batteries, including NDI. Reproduced with permission.77 Copyright ® American

Chemical Society 2022; (E) Reaction scheme for the synthesis of PPA from vanillin and piperazine. Adapted with permission.101 Copyright ®

Elsevier 2021; (F) Voltage/specific capacity curve of a SPAN/Li metal cell in an ionic liquid-based electrolyte. Reproduced with

permission.102 CC-BY 4.0, Wiley 2022.

INNOCENTI ET AL. 5 of 24

 25673165, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/inf2.12480 by C

ochrane G
erm

any, W
iley O

nline L
ibrary on [28/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



to a remarkably high theoretical specific capacity
(409 mAh g�1), owing to its four-electron redox mecha-
nism with the four active carbonyl groups (Figure 3A).62

However, such ketone-based materials are prone to
dissolution in the conventional organic electrolytes
employed in lithium batteries, that is, mixtures of ethyl-
ene carbonate and carbonate esters with 1 M salts such
as lithium hexafluorophosphate, limiting the useful life
of the battery to few cycles.63 Another promising n-type
material such as dilithium rhodizonate (DLR, material
3) displays a theoretical specific capacity of 589 mAh g�1

with the lithiation of the four available ketone groups,64

but its cyclability is extremely limited in the extended
voltage range that transitions the material from Li2C6O6

to Li6C6O6. Interestingly, when cycled in a smaller volt-
age window, between Li4C6O6 and Li6C6O6, the
cyclability improved, at the expense of the energy den-
sity.29 Proposed reasons are the suppression of the
delamination of the material by avoiding a deep charg-
ing of the cathode and the presence of intermolecular
Li–O interactions that hinders the dissolution in the
electrolyte.65 In general, the presence of a high degree of
intermolecular forces through hydrogen bonds and
interactions with lithium ions have been found to be
beneficial for the cycling stability of ketone-based mole-
cules.66,67 An example of the implementation of this
strategy is demonstrated in the recent work of Li et al.,
where 2,3,7,8-tetraaminophenazine-1,4,6,9-tetraone
(TAPT, material 4) was synthesized and tested in a bat-
tery.68 This molecule, derived from the condensation of
two tetraaminobenzoquinones, shows a six-electron
redox mechanism where both the ketone oxygen and
the phenazine and amine nitrogen are involved, and in
the 3.5–1.5 V versus Li/Li+ voltage range, reaches a
capacity of �300 mAh g�1 with good cycling stability
(Figure 3B).

Increasing the molecular weight of the monomer
together with the number of redox-active sites has been
regarded as an effective strategy to suppress the mole-
cules dissolution, since larger molecules are in principle,
harder to solvate. This idea has led to the investigation of
macrocyclic molecules such as calix[4]quinone (C4Q, mate-
rial 5) and pillar[5]quinone (P5Q, material 6), derivations
of calixarenes, a host-guest chemistry molecules class.69

C4Q and P5Q, formed by several benzoquinones bounded
by methylene groups, possess 8 and 10 ketone oxygens,
respectively, resulting in a specific capacity for both mole-
cules of 446 mAh g�1. Nevertheless, their cyclability in
organic electrolytes is still poor, and relatively stable cycling
of these molecules has been achieved only in quasi-
solid-state batteries or with ionic liquids (Figure 3C).70–73

Instead, a successful approach with the same principle of
increasing the mass of the molecule was proposed by Luo

et al., where 2,3,5,6-tetraphthalimido-1,4-benzoquinone
(TPB, material 7) presents four rigid phthalimide groups
around a benzoquinone center.74 The increase of molecular
weight is related to the aromatic functionality with the pos-
sibility of stacking, which has been shown to enhance the
cyclability.75 Each phthalimide group carries two carbonyl
oxygens, for a total of 10 redox active sites, including the
ones on the benzoquinone. This material, characterized by
an initial specific capacity of 225 mAh g�1 and two plateaus
at 3.1 and 2.1 V versus Li/Li+, was able to cycle for at least
100 cycles at 0.2 C.

Molecules belonging to the anhydride and imide clas-
ses are also characterized by four carbonyl groups as
PTO, but only two of these are redox-active due to the
unfavorable electronic configuration of the completely
reduced structure.59 Materials such as the organic dye
perylenetetracarboxylic dianhydride (PTCDA, mate-
rial 8) or the supramolecular chemistry compound
1,4,5,8-naphthalenediimide (NDI, material 9) show,
respectively, 137 mAh g�1 at 2.4 V versus Li/Li+ and
202 mAh g�1 at 2.3 V versus Li/Li+ as theoretical
capacity values.76,77 Nevertheless, such molecules have
generally higher stability in conventional organic electro-
lytes compared with ketone-based ones, due to the
extended aromatic structure that provides strong
intermolecular π–π stacking forces and the stabilization of
intermediate radical species formed during the redox reac-
tion (Figure 3D).77 For instance, the resulting stable crystal
structure of PTCDA, allows a high degree of reversibility
of the de/intercalation of lithium and other monovalent
and divalent metal cations.78,79

Other organic dyes have been proposed as energy
storage materials, owing to their natural occurrence
and/or high availability as widely used chemicals.80–84

Among these, indigo carmine (IC, material 10) has
received the most attention, being already employed as
food colorant, pH indicator, and diagnostic dye. In a
work from Deunf et al., where the design of indigo car-
mine electrodes was optimized, this material managed to
achieve >100 mAh g�1 between 3.0 and 1.5 V versus
Li/Li+ with only 10% of conductive carbon, with a
remarkably stable cycling even at low current rate
influenced by the polar sulfonate groups that hindered
the dissolution in the electrolyte.85

In addition to the reliance on intermolecular forces
and molecule size to improve the capacity retention of
n-type batteries, the polymerization of small organic mol-
ecules into macromolecules has also been extensively
studied.86 Well-designed polymers can suppress the loss
of capacity due to the solvation of the electrode mole-
cules, and they achieve a high molecular weight,87–89

with the utilization of crosslinking agents90–93 regarded
as effective strategies.
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Ketones that are unstable as molecules in lithium bat-
teries managed to achieve good cycling stability when
polymerized, at the cost of some specific capacity and a
slightly lower redox potential. Polybenzoquinonyl sulfide
(PBQS, material 11)87,94–96 and polyanthraquinonyl sul-
fide (PAQS, material 12),58,97,98 that is, linear polymers of
benzoquinone and anthraquinone, respectively, with
sulfur-based linkages, are two n-type polymers which are
representative examples of this method. PAQS showed a
practical specific capacity of 199 mAh g�1 at 2.2 V versus
Li/Li+, with a sloping voltage profile, while an example
of AQ-based battery achieved 250 mAh g�1 with a poten-
tial plateau at 2.26 V versus Li/Li+. Nevertheless, this
decrease in energy density of the polymeric cathode
when compared with the molecule-based one comes with
an increase of the useful cycle life, which improves from
few cycles to more than 100.94 Whereas, PBQS achieved a
specific capacity of 274 mAh g�1 at an average potential
of 2.7 V versus Li/Li+, with hundreds of stable cycles.
Benzoquinone was able to cycle with 430 mAh g�1 at
�2.8 V versus Li/Li+ in the first cycle, although the per-
formances quickly decayed due to the dissolution of the
small molecule in the electrolyte.97

The same polymerization approach was also exten-
sively applied to imide molecule, and polyimides represent
a widely studied class of n-type organic cathode mate-
rials.99 A representative example belonging to this class is
poly(3,4,9,10-perylenetetracarboxylic dianhydride ethylene
diamine) (PDI, material 13), deriving from the condensa-
tion reaction of PTCDA with ethylenediamine.100 This
material exhibited a remarkably higher stability than
PTCDA in the same electrolyte, with 127 mAh g�1 in a
two-step reaction with two plateaus at 2.75 V and 2.25 V
versus Li/Li+, in contrast to the PTCDA that displays a
single plateau at 2.45 V versus Li/Li+ during charge and
discharge.

The main focus of a recent work by Li et al. on n-type
redox polymers was the cost of the final active mate-
rial.101 The expensiveness of the molecules, of the even-
tual catalysts, and the final yield of the synthesis reaction
is rarely the focus of research work in this field, as dem-
onstrated by Li et al. Poly(piperazine-altbenzoquinone)
(PPA, material 14), a product of the condensation reac-
tion between vanillin and piperazine (Figure 3E) resulted
in a ketone-based lithium-deficient active material with a
theoretical production cost of 0.48 $ g�1, which would
correspond to 480 $ kg�1, and a practical specific capacity
of 232 mAh g�1. The cost was reported as one of the low-
est among the organic materials present in the literature.

Sulfur-based polymers, exploiting a type of redox
reaction analogous to the one of lithium-sulfur batteries,
were also designed to achieve very high specific capacity
with organic materials and contemporarily alleviate some

typical issues that plague pure sulfur cathodes, such as
polysulfide shuttling and poor reversibility.44 Sulfurized
polyacrylonitrile (SPAN, material 15) was recently
employed by Liu et al. with an ionic liquid-based electro-
lyte and lithium metal as anode, obtaining 580 mAh g�1

at an average voltage of 1.8 V versus Li/Li+, with stable
cycling for more than 200 cycles with both thick and thin
lithium metal anode foils (Figure 3F).102

2.2 | Lithium-sufficient cathode active
materials

In contrast with the organic materials presented in
Section 2.1, lithium-sufficient n-type cathodes contain
enough lithium to fully lithiate the anode in a full-cell
configuration, similar to commercial lithium-ion batte-
ries. A major challenge to the development of lithium-
sufficient materials is their stability toward the oxygen
present in the atmosphere.57 The air stability threshold is
�2.9 V versus Li/Li+, depending on the water content in
the atmosphere, but many lithium-containing materials
studied in the literature tend to have redox potentials
below this threshold, due to the presence of numerous
electron-donating OLi groups.103–107 The air-instability
has the effect of strongly decreasing the lithium content
upon oxygen exposure, decomposing the OLi groups to
OH groups, hence hindering the effective use of the cath-
ode material in a battery. Moreover, the lithiation of
lithium-containing n-type materials, transpiring in liquid
media through the exchanging of H by Li, requires
degassed and anhydrous solvents like tetrahydrofuran or
dimethylformamide, and prohibitively expensive lithium
salts such as lithium hydride or methoxide in case of air-
unstable cathodes.108 Instead, the lithiation reaction can
efficiently proceed in aqueous media and with lithium
carbonate or hydroxide for air-stable materials, hence
enabling a cost-effective and scalable synthesis. Due to
the impractical production, handling, and storage condi-
tions required for air-unstable lithium-sufficient mate-
rials, only the air-stable materials are discussed in this
section.

Air-stable lithium-containing n-type cathodes have
been the major focus of several works of Vlad et al. where
a high redox potential is achieved in small organic
molecules and coordination polymers with the use of
electron-withdrawing sulphonamide groups and
exploiting nitrogen as redox center.108–112 Two relevant
materials belonging to this class are tetralithium benzene-
1,2,4,5-tetra-methylsulfonamide (Li4-PTtSA, material 16)
and dilithium 2,5-dichloro-1,4-phenylene-bis-methylsul-
fonylamide (Li2-DC-PDSA, material 17).108 Both mate-
rials present a flat voltage plateau upon discharge,

INNOCENTI ET AL. 7 of 24
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respectively, at 2.7 V versus Li/Li+ and 3.3 V versus
Li/Li+, and the specific capacity reaches 111 mAh g�1 for
Li4-PTtSA and 155 mAh g�1 for Li2-DC-PDSA (Figure
4A–C). As evidenced in Figure 4C, the voltage profile of
Li2-DC-PDSA resembles the one of LFP, both in terms of
capacity and potential. Nevertheless, the resistance
toward dissolution of these molecules in conventional
organic electrolytes is low, and stable cycling was
achieved with only 5 M LiTFSI in DOL/DME.

Another class of molecules studied by the same group
are oximates, where the electron-withdrawing N–O�

group is exploited as redox center increasing the redox
potential, allowing the air-stability of the lithiated
oximate molecules.113,114 An example is represented by
dilithium benzoquinone dioximate (Li2-BQDO, material
18), a small molecule resembling lithiated benzoquinone
where the ketone oxygens have been substituted with
oximate groups.114 This material managed to achieve
335 mAh g�1, and the cycling stability was remarkable
for such a low molecular weight compound, supposedly
due to the reversible formation of a polymerized form of
the material upon charge (Figure 4D).

FIGURE 4 (A) Voltage/specific capacity curve for the first cycles of Li4-PTtSA and (B) the related specific capacity versus cycle number

chart. Reproduced with permission.108 Copyright ® Springer Nature 2020; (C) Comparison between the voltage and specific capacity of LFP

and Li2-DC-PDSA. Reproduced with permission.108 Copyright ® Springer Nature 2020; (D) First two cycles of Li2-BQDO, with a depiction of

the charged and discharged forms of the molecule. Reproduced with permission.114 CC-BY 4.0, Science AAAS 2023; (E) Voltage/specific

capacity curve for the first cycles of Li-TCQM and (F) the related specific capacity versus cycle number chart at different current rates.

Reproduced with permission.115 Copyright ® Elsevier 2022. (G) Voltage/specific capacity curve at different active material mass loadings of

Li2-Co-PTtSA and (H) the related specific capacity versus cycle number chart at different current rates. Reproduced with permission.110 CC-

BY-NC 3.0, Royal Society of Chemistry 2022.
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Deng et al. found that the tetracyanoquinodimethane
anion can also form an air-stable lithiated compound, that
is, lithium tetracyanoquinodimethane (Li-TCQM, material
19).115 This compound, containing a single lithium cation in
the discharged form, was able to obtain 126 mAh g�1 with a
voltage plateau at 3.15 V versus Li/Li+ during discharge
(Figure 4E,F). A good capacity retention was reached with
the coating of the Celgard separator with a 5:5 weight ratio
mixture of Nafion and Super P, which according to the
authors hindered the dissolution of the Li-TCQM.

So far, the only example of air-stable lithium-
containing n-type redox polymer is represented by a class
of coordination polymers studied by the Vlad group,
which combine the structure of the Li4-PTtSA molecule
with divalent transition metal coordination centers,
obtaining materials which are both electronically conduc-
tive and more stable toward dissolution.110 With cobalt as
the coordination center, coordination polymers based on
sodium and potassium usable as cathode for organic bat-
teries were also obtained. Dilithium cobalt benzene-1,-
2,4,5-tetra-methylsulfonamide (Li2-Co-PTtSA, material
20) is a representative of this group of organic cathodes,
with 93 mAh g�1 and a voltage between 3.5 and 2.7 V
versus Li/Li+ was achieved (Figure 4G). This material
was able to cycle for almost 1000 cycles at 5 C, and at
least 200 cycles at lower rates in a common LP30 electro-
lyte, owing to the stability afforded by the polymeric

structure, and full cells with graphite as anode reached
80% of the initial discharge capacity after �200 cycles
(Figure 4H).

2.3 | Anode active materials

The field of n-type organic anode materials has received
ever-increasing attention in the last years, thanks to the
plethora of possible redox-active compounds at low poten-
tial versus lithium offered by organic chemistry.116,117

After the landmark paper of Armand et al. in 2009 on the
redox activity of lithiated terephthalic acid, many
researchers became interested in organic anodes, leading
to a surge in research on the topic.30 Nevertheless, there
are some pitfalls in evaluating organic anode materials
that make it difficult to determine whether a certain mole-
cule or polymer exhibits good performance for practical
applications.

In the majority of works in this area, the proposed
materials are cycled down to almost 0 V versus Li/Li+,
far below the potential at which the redox reaction
between lithium and the redox active groups in the mole-
cule or polymer would occur. The great amount of con-
ductive carbon additive when preparing electrodes for the
electrochemical tests of organic anodes (usually between
20% and 60%) can then contribute to the specific capacity.

FIGURE 5 (A) Voltage/specific capacity curve of a Super P blank electrode in 1 M LiPF6 in EC/DEC. Reproduced with permission.118

Copyright ® Wiley 2022; (B) Voltage/specific capacity curve of selected cycles of a maleic acid-based organic anode. Reproduced with

permission.126 Copyright ® American Chemical Society 2017; (C) Voltage/specific capacity and d) cycling stability of a 12.0 mg cm�2 PTCLi4
electrode in 1 M LiPF6 in a 1:1:1 volume mixture of EC, DMC, and EMC. Reproduced with permission.128 Copyright ® Wiley 2017;

(E) Voltage/specific capacity curve and (F) cycling stability of a LiTPT electrode in 1 M LiPF6 in EC/DMC. Reproduced with permission.30

Copyright ® Springer Nature 2009.
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For instance, Liang et al. measured the specific capacity of
Super P electrodes as blank electrode measurements, and
the conductive additive can reversibly cycle between
200 and 300 mAh g�1 in the 0.01–3 V voltage window,
depending on the current rate (Figure 5A).118 Other con-
ductive additives commonly employed, such as graphene
or carbon nanotubes, usually display even higher capaci-
ties in the same voltage range.119–121 Since blank electrode
measurements are seldom reported in literature, it
becomes difficult to evaluate the true specific capacity that
can be assigned only to the organic molecule, especially if
that molecule tends to dissolve in the electrolyte.

Moreover, at such low potentials, organic anodes tend
to show a “superlithiation” behavior, that is, the bonding
of lithium with almost all the carbon atoms present in
the molecule.122–124 This extreme lithiation state provides
a very high specific capacity, but the reversibility is poor
after the first cycle, requiring high overpotentials for the
delithiation of the anode. With this phenomenon,
impressive specific capacities can be reported (>1000
mAh g�1) but the organic anode has to provide capacity
at voltages up to 3 V with a sloping profile, making the
final voltage of a hypothetical full cell too low to be of
practical utility (Figure 5B).125–127

As a result, in our analysis we include only two repre-
sentative anode materials belonging to this class, whose
electrochemical performances can be safely attributed to
the electrochemical reaction of the organic molecule,
since they are characterized by a well-defined plateau at
a voltage >1 V versus Li/Li+, above the potential range
where most of the contribution to the capacity of the con-
ductive additive can take place.

The first one is 3,4,9,10-perylene-tetracarboxylic-
dianhydride (PTCLi4, material 21), which was proposed for
the first time as anode material for lithium batteries by
Iordache et al.,128 demonstrating great stability upon
cycling, and viable batteries with only 0.5% of
multiwalled carbon nanotubes as conductive additive
were assembled. In the same work, PTCLi4 managed to
achieve 108 mAh g�1, a relatively low value due to the
high molecular mass, with a flat potential at �1.20 V
versus Li/Li+ during charging (Figure 5C,D).

The second one is dilithium terephthalate (LiTPT,
material 22), the lithium salt of terephthalic acid,
introduced by Armand et al. as the first “modern”
organic anode.30 The molecule shows an initial specific
capacity of 276 mAh g�1, higher than PTCLi4 due to a
lower molar mass, and a voltage plateau with an aver-
age value of 0.96 V (Figure 5E,F). LiTPT is less stable
than PTCLi4, however, it has the advantage of being
synthesized from a widely available precursor, that is,
terephthalic acid, the building block of polyethylene
terephthalate (PET).

3 | COST AND ENERGY DENSITY
ANALYSIS

Until now, organic battery materials were not the focus
of thorough techno-economic assessments, despite their
cost being one of the main arguments commonly used as
an advantage for this type of chemistry. The widespread
availability of organic molecules as potential economical
precursors to electrode materials is mainly due to the pet-
rochemical industry, and in minor part to bio-derived
resources.17 Although, this does not translate so easily to
an inexpensive battery, for two main reasons.

First, the synthesis process of the actual cathode or
anode from the precursors can have a very low yield,
require expensive catalysts, and/or are not scalable to an
industrial production process. For instance, PTO can be
theoretically obtained from the oxidation of pyrene, a
sub-product of the production of coal.129 However, the
oxidation of the specific sites of the pyrene molecule to
obtain the ketone oxygens in the right positions is not
easily achievable, and a synthesis route with expensive
catalysts and low yield has to be utilized.130 Recent life
cycle assessments on laboratory-scale organic batteries
highlighted how the synthesis processes of organic mole-
cules need to be greatly optimized to match the environ-
mental (and cost) performance of commercial battery
materials, for instance, by eliminating the use of expensive
catalysts and improving the final yield.22,23 Li et al. listed
the projected cost of a variety of organic cathode materials
using the data from the reactions found in the literature,
and no material had a cost lower than 400 $ kg�1.101 It
should be remarked that the current cost of lithium-ion
battery active materials is in the 10–60 $ kg�1 range,
depending on the raw material prices and the market con-
ditions.8,131 Currently, only a handful of n-type materials
are available in large quantities and relatively low price
(e.g., benzoquinone, AQ, PTCDA), being already used in
other industries. This class of materials is still in its
infancy, thus it is understandable that the focus is not yet
on the development of large-scale and cost-effective syn-
theses. Very promising materials can be discovered utiliz-
ing lab-scale synthesis methods and their production
process optimized to fit an industrial environment.

Second, the cathode or anode cost per unit mass has
an influence on the total battery cost. The specific capac-
ity and the average voltage of the materials are funda-
mental to understand how much material is needed to
satisfy the energy and power requirements of the battery
pack. A battery built with an organic cathode material
with an extremely low cost per unit mass but very poor
energy density will require a much higher quantity of
active material than in a normal lithium-ion battery.
Hence, multiplying mass to specific cost, the final actual
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cost of the organic cathode can be higher than the inor-
ganic cathode case. Moreover, lower energy density at
the electrode level means that larger batteries have to be
built, and costs that scale with the area (e.g., separators,
current collectors) and the volume (e.g., electrolyte, cas-
ings) of the battery pack will also have a greater impact.

Hence, understanding the actual gravimetric and vol-
umetric energy density that can be obtained in a
full-scale battery with n-type organic materials such
as cathodes or anodes is fundamental to assess their
cost-effectiveness. Thus far, the most detailed energy
density assessment of organic batteries was made by
Judez et al., where cells were simulated with an in-
house algorithm and the influence of binder content,
carbon content, electrolyte quantity, N/P ratio, and
areal capacity was studied.132 They used four model
organic materials belonging to different chemistries
with the specific capacity, one average discharge volt-
age value, and the density as material properties. They
identified the electrolyte/active material ratio as the
most important parameter to achieve high energy den-
sity organic batteries, but they did not discuss the
projected cost of such batteries. A recent review on
organic materials from Kim et al. recognized how the
potential practical application of such materials
should be the main priority.20 Hence, they reported
the electrochemical performances of organic batteries
found in literature referring to the whole electrode
composition and the related experimental data, and
not theoretical values or material-level quantities.
Another review from Lu and Chen included a small anal-
ysis of the energy density and cost of a 100 kWh, 150 kW
battery pack with benzoquinone and dilithium rhodizo-
nate (material 3) as cathodes and lithium metal as anode,
as well as with dilithium terephthalate (material 22) and a
polydopamine-derived polymer as anodes for NMC
622 batteries.18 It was found that the polymer-based anode
materials have the poorest performance compared with
graphite with NMC 622 as cathode, in terms of both the
energy density and the cost. Alternatively, comparing a
NMC 622-Li battery with benzoquinone and dilithium
rhodizonate lithium metal batteries, the former would still
be advantageous from every aspect except the cathode
active material cost, even when considering the theoretical
capacity values for the small organic molecules. The
analysis performed in this work uses the BatPaC model
software, considering only four materials, no lithium-
sufficient cathodes, and the influence of the electrode
design on the final results was not assessed.

Herein, we present a detailed cost and energy density
analysis of battery packs built with the 22 molecules and
polymers represented in Figure 2, dividing between lithium-
deficient and lithium-sufficient cathodes. Lithium-deficient

cathodes will be simulated with lithium metal as anode
and compared with lithium metal batteries with NMC
622 and LFP as cathode. For the organic molecules, the
N/P ratio is set to 1.1, while for the inorganic cathodes the
same parameter has a value of 0.3.1 Lithium-sufficient
materials will be coupled to graphite, DLT, and PTCLi4 as
anodes and compared with lithium-ion batteries with
NMC 622 and LFP as cathode and graphite as anode, set-
ting an N/P ratio of 1.1 for all the simulated materials. All
the organic batteries will be simulated with two configura-
tions, one with high active material mass loading (96%),
similar to the loading of commercial lithium-ion batteries,
and one with a lower active material loading (65%), to rep-
resent a typical loading of lab-scale studies where a large
amount of conductive carbon is usually added. The specific
capacity and the voltage profile were obtained from experi-
mental data in relevant publications, while the density
values were estimated.

Moreover, in the cost analysis, two additional scenar-
ios will be considered, that is, low and high cost of lith-
ium, to compare the resulting batteries both with the
current prices of raw materials and with pre-2022 ones.
The cost associated with all the lithium-deficient cathode
materials is assumed to be 10 $ kg�1, while the one for the
lithium-sufficient cathode materials and the lithium-
containing anodes is 10 $ kg�1 in the low lithium cost sce-
nario, and 20 $ kg�1 in the high lithium cost scenario. Mak-
ing estimates based on lab-scale synthesis yields and prices
for reactants would not be representative of an industrial
production scenario for these materials.60 Hence, we
decided to assume a standard, low cost for all the organic
materials, slightly lower than the one of LFP pre-2022.

A brief overview of the properties of all the active mate-
rials can be found in Table 1, with additional details in
Table S1. The summary of the simulation (model, method-
ology, and assumptions) conditions can be found in
Table S2. The employed metrics to evaluate the cost and
the performance of the batteries are the pack cost per kWh,
in $ kWh�1, the pack gravimetric energy density, in
Wh kg�1, and the pack volumetric energy density, in
Wh kg�1. These three pack-level metrics offer a theoretical
but comprehensive way to assess the cost, the weight, and
the size of the battery packs resulting from the simulations.

We would like to remark that we are using the most
optimistic conditions to simulate the organic battery
packs, as we assume that the n-type cathodes and anodes
would be able to work in the same conditions of commer-
cial lithium-ion batteries (e.g., electrolyte type and quan-
tity, cathode thickness, active material loading, separator
type and thickness, pulse resistance). Hence, the follow-
ing analysis should be interpreted as a best-case scenario
for the implementation of such materials in actual bat-
tery packs for grid storage.

INNOCENTI ET AL. 11 of 24
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3.1 | Lithium-deficient cathode
materials with lithium metal anode

The summary of the simulation results on the lithium-
deficient cathode materials is shown in Figure 6, where
the NMC and LFP batteries are indicated in red, and the
organic materials in shades of blue. The darker blue shows
the low active material content case, while the lighter blue
indicates the high active material content case.

The volumetric energy density (Figure 6A) is notably
low for all the organic batteries, mostly owing to the low
density of the cathode materials (between 1.2 and 1.78
g cm�3), especially when compared with the ones of
NMC 622 (4.65 g cm�3) and LFP (3.45 g cm�3). Compar-
ing IC and PDI, despite IC having lower electrochemical
performances than PDI in terms of specific capacity and
voltage profile, the former's higher density (1.78 vs. 1.2

g cm�3) makes it possible to obtain a pack volumetric
energy density of 123 Wh l�1 in the high active material
content case, while PDI achieves only 117 Wh l�1.

Moreover, the lithium-deficient organic materials
require an amount of lithium equal to 110% of the cath-
ode capacity (N/P = 1.1), the latter being completely
delithiated. Instead, NMC 622 and LFP already have lith-
ium inside the crystal structure, hence the lithium anode
is set to only 30% of the capacity (N/P = 0.3), to act as
reserve in case of irreversible lithium loss. Hence, the rel-
atively thick, low density lithium anode required by the
organic cathodes further decreases the volumetric energy
density.

The gravimetric energy density of the n-type organic
batteries is nearer to the inorganic battery performances
(Figure 6B), and some small molecules like DLR
(200 Wh kg�1) and P5Q (197 Wh kg�1) are at the level of

TABLE 1 List of the organic and inorganic materials included in the cost and energy density analysis.

Type of material
Material
code Classification

Specific
capacity
(mAh g)

True density
(g cm�3)

Average potential
(V vs. Li/Li+) Reference(s)

Organic materials AQ Lithium-deficient 250 1.31 2.26 [87]

PTO Lithium-deficient 362 1.67 2.55 [59]

DLR Lithium-deficient 503 1.80a 2.18 [29]

TAPT Lithium-deficient 306 1.60a 2.43 [68]

C4Q Lithium-deficient 442 1.30a 2.59 [70]

P5Q Lithium-deficient 418 1.30a 2.60 [71]

TPB Lithium-deficient 231 1.60a 2.28 [74]

PTCDA Lithium-deficient 134 1.71 2.43 [76]

NDI Lithium-deficient 167 1.55 2.29 [77]

IC Lithium-deficient 97 1.78 2.19 [80,85]

PBQS Lithium-deficient 274 1.20a 2.68 [97]

PAQS Lithium-deficient 199 1.20a 2.19 [87]

PDI Lithium-deficient 127 1.20a 2.46 [100]

PPA Lithium-deficient 232 1.20a 2.58 [101]

SPAN Lithium-deficient 580 1.20a 1.78 [102]

Li4-PTtSA Lithium-sufficient 111 1.60a 2.69 [108]

Li2-DC-PDSA Lithium-sufficient 155 1.60a 3.24 [108]

Li2-BQDO Lithium-sufficient 335 1.30a 2.80 [114]

Li-TCQN Lithium-sufficient 126 1.60a 3.13 [115]

Li2-Co-PTtSA Lithium-sufficient 93 1.50a 3.09 [110]

PTCLi4 Anode 108 1.70a 1.20 [128]

LiTPT Anode 276 1.55 0.96 [30,133]

Inorganic materials NMC 622 Lithium-sufficient 187 4.65 3.82 [37]

LFP Lithium-sufficient 157 3.45 3.40 [37]

Graphite Anode 360 2.27 0.14 [37]

aAssumed density. When the superscript is not present, the true density is obtained from relevant publications or other available sources.
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an LFP lithium metal battery (195 Wh kg�1). Small mole-
cules with lower capacity and/or lower voltage perform
poorly, as well as the majority of the polymers, since
polymerization of the redox-active monomers usually
results in more inactive mass and a decrease of the redox
potential. Only the SPAN manages to achieve a relatively
high gravimetric energy density (175 Wh kg�1) thanks to
the very high specific capacity provided by the reaction
between lithium and sulfur. However, when considering
a lower, standard active material content in the electrode,
these values decrease between 19% and 28%, according to
the specific organic compound. Therefore, achieving the
highest possible amount of active material in the elec-
trode is crucial to maximize energy density and remain
competitive with inorganic systems.

This latter statement can be confirmed when looking
at the cost comparison. The same small molecules
cited above have the potential of reaching an equal or
lower cost than inorganic lithium metal batteries in
the low lithium cost scenario and with high
active material content, especially considering that

their actual cost could be even lower than the
10 $ kg�1 assumed here (Figure 6C). Nevertheless,
such small molecules are also the ones that suffer the
most from dissolution problems in common electro-
lytes, and their number of cycles before the end-of-life is
two-three orders of magnitude lower than NMC 622 and
LFP. A scenario with high lithium cost (Figure 6D)
seems to impact organic and inorganic batteries with
the same magnitude (+41.2% for NMC 622, +40% for
LFP, between 25% and 50% for the organic materials).
Despite not containing any lithium in the cathode,
and hence not incurring cost increases for the posi-
tive electrode, the organic batteries contain more
lithium metal in the anode, due to their higher N/P
ratio, hence they can be severely affected by a lithium
price hike.

In synthesis, DLR, C4Q, and P5Q are the best-
performing materials, at the LFP level concerning the
gravimetric energy density and the cost per kWh. How-
ever, this holds only for the high active material loading
case and for the low-lithium cost scenario.
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FIGURE 6 Comparison of the (A) pack volumetric energy density, (B) pack gravimetric energy density and pack cost per kWh in the

(C) low lithium cost scenario and (D) high lithium cost scenario for the lithium-deficient organic cathode materials (in shades of blue) and

inorganic cathodes (in red), both with lithium metal anode.
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3.2 | Lithium-sufficient cathode
materials with graphite and organic
anodes

The simulation results for the lithium-sufficient organic
cathode batteries are reported in Figure 7, with the NMC
and LFP batteries in red. The organic batteries with PTCLi4
as anode are indicated in shades of blue, the ones with
LiTPT as anode in shades of yellow, and the ones with
graphite as anode in shades of green. The lighter colors rep-
resent the high-active material content case, while the
darker ones indicate the low-active material content case.

The first comparison can be done between the perfor-
mance of the different anodes. In all the cases, PTCLi4
displays the poorest performance, LiTPT lies in between
and graphite is the superior material. The most straight-
forward reason can be found in the relatively high aver-
age potential of PTCLi4 (1.20 V vs. Li/Li+) and of LiTPT
(0.96 V vs. Li/Li+) when compared with the one of graph-
ite (0.14 V vs. Li/Li+). A higher anode potential results in
a lower full cell voltage, hence requiring more cathode

and anode active material to achieve the same stored
energy of a cell with a higher voltage. Moreover, both
organic materials show a lower specific capacity than
graphite (360 vs. 108 mAh g�1 for PTCLi4 and 276 mAh g�1

for LiTPT), another factor that increases the mass of anode
needed for the final battery to balance the cathode capac-
ity. Finally, the density of graphite is 50% higher than
that of PTCLi4 and 50% higher than LiTPT, which has an
influence on the final volumetric energy density and on
the cost and weight of the casing required by cells, mod-
ules, and pack. The cost of the battery pack is in the first
approximation inversely related with the energy density
of the pack, evidenced in Figure 7C,D.

Focusing on the performance of the lithium-sufficient
cathodes, we can rank the analyzed materials as
Li2-BQDO > Li2-DC-PDSA > Li-TCQN > Li4-PTtSA
> Li2-Co-PTtSA. Similar to the lithium-deficient mate-
rials analysis, the volumetric energy density of the
organic batteries is much inferior compared with those of
the inorganic batteries (Figure 7A), due to the low den-
sity of the organic materials.
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Li2-BQDO possesses a very high specific capacity
(335 mAh g�1) and a good average voltage when
discharging (2.80 V vs. Li/Li+, thus achieving
126 Wh kg�1 when coupled with graphite, which is still
much lower than NMC 622 (179 Wh kg�1), but near to
LFP (145 Wh kg�1; Figure 7B). Remarkably, the
projected cost per kWh of a Li2-BQDO/graphite battery
in the high active material content case and the high lith-
ium cost scenario is lower than the cost of both NMC
622 and LFP batteries (127 vs. 142 $ kWh�1 for NMC
622 and 139 $ kWh�1 for LFP). Also, in the low lithium
cost scenario, the cost of the organic battery is similar to
the inorganic ones. These numbers should not be
interpreted as a unequivocal superiority of this material
over commercial lithium-ion batteries, but as an indica-
tion that Li2-BQDO (or a material with similar/superior
properties) could be a promising candidate for a cost-
effective organic battery, especially in situations of lith-
ium price hike.

Li2-Co-PTtSA displays the highest cycling stability
among the lithium-sufficient ones, possesses the lowest
energy density and cost per kWh in all the scenarios and
configurations. Nevertheless, its performances are
only slightly inferior than the corresponding monomer
Li4-PTtSA.

Overall, graphite could be the best choice as anode
for the lithium-sufficient organic materials, since it
ensures higher volumetric and gravimetric energy density
and could enable cost-competitive organic batteries with
high capacity, high voltage molecules as Li2-BQDO, espe-
cially in the case of a high-cost lithium scenario.

4 | ORGANIC ELECTRODE DESIGN

To study the influence of specific electrode design param-
eters in relation to the results of the energy density and
cost modeling, we simulated with BatPaC four organic
battery configurations: one lithium-deficient cathode
(P5Q) with lithium metal anode and one lithium-
sufficient cathode (Li2-BQDO) with three anode materials
(graphite, LiTPT, and PTCLi4). The simulations were
made by varying three design parameters, that is, the
amount of conductive additive, the active material mass
loading, and the electrode density.

4.1 | Influence of the conductive
additive content in the electrode

As demonstrated in the results reported in Section 3 in
Figures 6 and 7, maximizing the weight fraction of active
material in the positive electrode is fundamental to

achieve the highest energy density and lowest cost for the
organic battery packs, to be competitive with lithium
metal and lithium-ion batteries based on inorganic cath-
odes. However, since organic materials are usually poor
electronic conductors, a high amount of conductive car-
bon is usually added to the electrode to obtain a working
electrode.134

Lu and Chen reported the electronic conductivity of a
variety of organic materials, which was found to vary
widely between 10�15 and 10�3 S cm�1, but the vast
majority of the analyzed n-type materials had a conduc-
tivity in the 10�11–10�7 S cm�1 range.18 Lithium metal
oxides usually display an electronic conductivity >10�6

S cm�1, and a small amount of carbon is normally neces-
sary to ensure good performance (2%–4% of the weight of
the electrode). Some inorganic lithium compounds are
characterized by much lower conductivities, such as lith-
ium titanium oxide (10�13 S cm�1) or lithium iron phos-
phate (10�9 S cm�1), but strategies such as carbon
coating and nanosizing of the electrode particles enable
these materials to be viable for commercial applications
with the same amount of carbon as the other metal
oxides.135,136

For organic materials, using conductive additives
with high aspect ratios such as carbon nanotubes or high
surface area such as graphene, graphene oxide, and
reduced graphene oxide has been reported to be an effec-
tive strategy to decrease the amount of necessary carbon
in the electrode.91,137–139 The optimization of the elec-
trode preparation, often overlooked in fundamental stud-
ies on new materials, was also beneficial.85,128,140

From the results of the simulations (Figure 8), we
observe that, in all the battery configurations, as the
amount of conductive additive in the organic electrodes
increases, the decrease in gravimetric and volumetric
energy density, as well as the increase in pack cost,
become more pronounced. Keeping the fraction of binder
constant, when the conductive additive fraction
increases, the active material fraction decreases, and with
a fixed thickness of the electrode, this results in a
decrease of the active material loading. Hence, the areas
of the electrodes must increase to achieve the design
capacity, and all the costs directly related to the area of
the battery (separators, current collectors) will also rise.
The electrode preparation becomes more expensive too,
since a bigger area has to be coated, and the costs for
binders, conductive additives, and solvent for the slurry
will have a greater impact. For the P5Q/Li metal battery
and the Li2-BQDO/graphite battery (Figure 8A,B), an
increase of 5% of the weight fraction of carbon in the
cathode corresponds to an average cost increase of �4%,
and an average decrease of volumetric and gravimetric
energy density, respectively, of �3.5% and 3%.
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We identify how the fully organic batteries, that is,
Li2-BQDO/LiTPT and Li2-BQDO/PTCLi4, are greatly
affected by a higher amount of conductive additive in the
electrodes (Figure 8C,D). For these two configurations,
we considered that both anode and cathode are
affected by the carbon addition. Hence, for a full
organic cell, the average cost increment for each 5%
step increase of conductive additive is �6%, while the
volumetric and gravimetric energy decreases are
around 4.5% and 4%, respectively.

4.2 | Influence of the active material
mass loading

Maximizing the weight fraction of active material in the
electrode is not the only means to obtain practical batte-
ries, since a high active material mass loading is also

necessary to optimize the utilization of the available
space in the battery pack. Electrodes with a thickness
between 30 and 90 μm are standard for commercial lith-
ium ion batteries, according to the application and the
specific material, corresponding to mass loadings
between 5 and 20 mg cm�2.141,142

For organic battery materials, active material mass
loadings found in the literature are often below 1 mg cm�2,
but to achieve high energy densities, the target should be
higher than 10 mg cm�2, to achieve areal capacities simi-
lar to those of inorganic materials. However, due to the
low density of organic materials, such a mass loading
results in a relatively high electrode thickness. For exam-
ple, in the four battery configurations shown in Figure 9,
the highest mass loading is 11.37 mg cm�2, corresponding
to a cathode thickness of 120 μm, yet such thick electrodes
incur problems related to the severely increased mass
transport resistance in the porous electrode.143
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FIGURE 8 The influence of the carbon content in the electrode(s) on the battery pack properties for (A) a P5Q/Li metal battery, (B) a

Li2-BQDO/Graphite battery, (C) a Li2-BQDO/LiTPT battery, and (D) a Li2-BQDO/PTCLi4 battery. The percentage variation of the battery

pack properties refers to the case with the lowest amount of carbon. For the Li2-BQDO/LiTPT battery and the Li2-BQDO/PTCLi4 battery, the

carbon content is also increased in the negative electrode.
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The importance of the mass loading, and hence of the
areal capacity, to compete with commercial technologies
was recognized by Molina et al., which developed a con-
jugated microporous n-type polymer as cathode for lith-
ium batteries and engineered the cathode to achieve
mass loadings between 9 and 60 mg cm�2, using single-
walled carbon nanotubes and reduced graphene oxide as
conductive additives.91 Iordache et al. studied PTCLi4
and reported electrodes with an active material mass
loading up to 12 mg cm�2, obtained by minimizing the
quantity of multiwalled carbon nanotubes used as elec-
tronically conducting agent.128 Also, the works from the
Vlad group on lithium-sufficient organic materials
showed the possibility of constructing viable batteries
with mass loadings up to 50 mg cm�2.108,110

By decreasing the maximum cathode thickness, we
simulated the decrease of the active material mass load-
ing in the four organic battery configurations, and the

effect that this design parameter has on the energy den-
sity and the cost of the battery pack (Figure 9). For all
cases, the result is an overall worsening of the battery
pack properties, which becomes more intense when the
mass loading decreases further. The cause of the decrease
of volumetric and gravimetric energy density and the rise
in cost are similar to the one of the carbon content in the
electrode, that is, the electrode surface needs to increase
to meet the design requirements due to the lower capac-
ity per unit area.

The Li2-BQDO/PTCLi4 battery suffers the mildest
consequences from the decrease of the active material
mass loading of the cathode (Figure 9D). At the lowest
simulated mass loading (1.90 mg cm�2), the cost of the
battery pack increases only 33% compared with the base
case at 11.37 mg cm�2, compared with the +91% of the
P5Q/Li metal battery, +84% of the Li2-BQDO/graphite
battery, and +82% of the Li2-BQDO/LiTPT battery
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FIGURE 9 The influence of the active material mass loading of the cathode on the battery pack properties for (A) a P5Q/Li metal

battery, (B) a Li2-BQDO/Graphite battery, (C) a Li2-BQDO/LiTPT battery, and (D) a Li2-BQDO/PTCLi4 battery. The percentage variation of

the battery pack properties refers to the case with the highest active material mass loading.
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(Figure 9B–D, respectively). The reason for the relatively
small cost increase (and energy density decrease) for the
Li2-BQDO/PTCLi4 battery is that together with the cath-
ode, the anode thickness also decreases, due to the lower
capacity that must be balanced. Since the low-density
PTCLi4 anode has a modest specific capacity compared
with the other anodes and to Li2-BQDO (Table 1), its
thickness decreases far more than the cathode, partially
offsetting the detrimental effects of the cathode active
material loading reduction.

4.3 | Influence of the electrode density

Finally, the density of the organic electrodes plays a piv-
otal role in the optimization of the energy density and
cost of the battery. Organic materials tend to have

intrinsically lower density than inorganic ones,18 due to
the light elements they are composed of, thus placing
them at a disadvantage when considering the size of the
battery pack. The density of the final electrode obtained
from the organic active material also takes into account
the densities of the conductive carbon and binder, as
well as the porosity of the electrode. This last parame-
ter is fundamental to achieve the best performance of
the final battery: the porosity is the necessary empty
space required to hold the electrolyte in the electrode,
a space that could theoretically be filled with active
material, thereby increasing the energy stored in the
same volume of electrode. Hence, a high porosity
results in an overall lower energy density of the cell,
but it assures a good wetting of the electrode with the
electrolyte. A low porosity is good to maximize the
energy density and to improve the electronic
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FIGURE 10 The influence of the cathode density on the battery pack properties for (A) a P5Q/Li metal battery, (B) a Li2-BQDO/

graphite battery, (C) a Li2-BQDO/LiTPT battery, and (D) a Li2-BQDO/PTCLi4 battery. The percentage variation of the battery pack

properties refer to the case with the highest cathode density.
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conductivity, but it can affect the rate performance in
case of insufficient electrolyte quantity.144

For instance, in the study from Molina et al. the den-
sity of the organic cathode obtained with the buckypaper
technique was estimated to be 0.2 g cm�3, resulting in elec-
trodes thicker than 3 mm and with a porosity of �70% to
achieve 60 mg cm�2 active material loading.91 However,
commercial lithium-ion battery cathodes are usually limited
to maximum 120 μm of thickness for high-energy
configurations,37 to avoid an excessive increase of the mass
transport resistance and the cracking of the electrode after
coating and drying, and the porosity is usually in the
20%–30% range. High thickness and porosity could cause
manufacturing problems and the need for an excessive
quantity of electrolyte to fill the electrode void space.
Lombardo et al. studied the influence of the electrode
porosity for disodium biphenyl-4,40-dicarboxylate, a n-type
organic anode for sodium-ion batteries, by varying the com-
pression ratio of the electrode after calendering.145 They
found that the higher the compression ratio (i.e., the lower
the porosity), the higher the specific capacity at all current
rates, which they interpreted as a result of the improvement
of the electronic conductivity of the electrode.

To understand the impact of the electrode density on
the cost and energy density results, the same four organic
batteries were simulated increasing the cathode porosity
while keeping the same active material loading, hence
increasing the thickness of the positive electrode
(Figure 10). In this case the volumetric energy density is
the parameter most affected by a decrease of the elec-
trode density, followed closely by the gravimetric energy
density. The evident effect of a lower electrode density is
to increase the volume of the whole battery pack, jeopar-
dizing the volumetric energy density. The gravimetric
energy density decreases too, because of the increased
weight caused by the additional electrolyte required to fill
the porosity of the cathode and from the bigger metal cas-
ings of cells, modules, and pack.

The cost per kWh increases the least in the P5Q/Li
metal battery, but this configuration also experiences the
largest decrease of both energy densities with the elec-
trode density (Figure 10A). Since the lithium metal anode
is a thin and compact layer, if the density of the cathode
decreases, the overall energy density will be more
affected than the other organic batteries (Figure 10B–D),
where the contribution to the size and the mass of the
cells is shared equally between the two porous electrodes.

5 | CONCLUSIONS

The n-type organic materials have emerged as a promis-
ing alternative to inorganic materials for energy storage
applications, especially considering the high demand and

limited supply of critical minerals required for lithium-
ion batteries. They are widely regarded as a low-cost solu-
tion due to the abundance of organic elements and
molecules, but for the determination of the actual cost in
a battery, other factors such as specific capacity, voltage
profile, density, and electrode design also play a funda-
mental role in determining the practicality and potential
of n-type organic materials for battery applications.
Organic materials are typically classified based on their
constituent elements and functional groups, however, we
have proposed a practical criterion for categorizing them,
that is, whether they require a lithium-metal anode.

To assess the cost-effectiveness of n-type organic
materials, it is crucial to understand the actual energy
density that can be obtained in a full-scale battery. The
analysis made using BatPaC has demonstrated that maxi-
mizing the amount of active material in the electrode is
crucial to achieving performances that can compete with
inorganic systems. The best-performing materials were
found to be small molecules, that usually exhibit the low-
est capacity retention, highlighting the need for further
research efforts in terms of the stabilization during the
cycling of such molecules in batteries, through molecular
engineering and/or electrolyte formulation. Air-stable,
lithium-sufficient materials, despite being inferior from
the energy density point of view, could become cost-
effective materials competing with inorganic chemistries.

The study of the electrode design highlighted the
importance of obtaining an extremely dense high active
material mass loading electrode to maximize the organic
battery energy density. Relatively small deviations from
the optimal configuration are not so impactful (for
instance, using 90% active material instead of 96% in the
electrode), and they could be necessary to obtain viable
organic-based cathodes and anodes. However, efforts are
required to avoid the use of double-digit weight fractions
of conductive carbon.

Overall, while n-type organic materials have potential
as a low-cost and sustainable solution for energy storage,
further research is necessary to optimize the synthesis
process and the electrode design, as well as to improve
their energy density and stability during operation. We
would like to stress that an abundancy in the raw mate-
rials cannot be automatically translated in an inexpensive
active material, and there is a need for a more holistic
view when assessing the scalability of new (organic)
materials for batteries that target large-scale commercial
application. We recommend implementing the evalua-
tion of the practicality and cost-effectiveness of organic
materials in full-scale battery packs using detailed energy
density and cost simulations, with optimistic assumptions
for their potential scale-up in a commercial setup. This
practice can provide pivotal insights into the viability of
organic materials for future battery technologies.
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