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ABSTRACT: With the increased application of batteries in powering electric vehicles oo1c ' ' '

as well as potential contributions to utility-scale storage, there remains a need to 2001 020 . oo 1
identify and develop efficient and sustainable active materials for use in lithium (Li)- - i 2¢ R
and sodium (Na)-ion batteries. Organic cathode materials provide a desirable é&_ 150k b 10¢ ]
alternative to inorganic counterparts, which often come with harmful environmental 3= Y T .
impact and supply chain uncertainties. Organic materials afford a sustainable route to g ALY s:"; bt t:: "‘s~"~

active electrodes that also enable fine-tuning of electrochemical potentials through 3;1001‘ Fgtigteste? |
structural design. Here, we report a bis-anthraquinone-functionalized s-indacene- £ \‘ s 5 2 3 5
1,3,5,7(2H,6H)-tetraone (BAQIT) synthesized using a facile and inexpensive route as & sof- Pischaree™ 9 :a 0% B %09
a high-capacity cathode material for use in Li- and Na-ion batteries. BAQIT provides P A o “® ‘::a,
multiple binding sites for Li- and Na-ions, while maintaining low solubility in o e '.“‘ 2 i U3
commercial organic electrolytes. Electrochemical Li-ion cells demonstrate excellent 0 2 égcle - 80 100

stability with discharge capacities above 190 mAh g~ after 300 cycles at a 0.1C rate.

The material also displayed excellent high-rate performance with a reversible capacity of 142 mAh g~' achieved at a 10C rate. This
material affords high power capabilities superior to current state-of-the-art organic cathode materials, with values reaching 5.09 kW
kg™'. The Na-ion performance was also evaluated, exhibiting reversible capacities of 130 mAh g™ after 90 cycles at a 0.1C rate. This
work offers a structural design to encourage versatile, high-power, and long cycle-life electrochemical energy-storage materials.

KEYWORDS: quinone, organic cathode, Li-ion battery, Na-ion battery, stability, capacity

1. INTRODUCTION

There is an increasing demand for energy-storage solutions
that not only deliver the required energy and power densities
for an application but also provide more versatile, lighter,
environmentally sustainable, and economically viable ap-
proaches.l_é Lithium-ion (Li-ion) batteries deliver high energy
and power densities, making them the preferred technology for
portable electronics and electric vehicles.”~ "> Relying typically
on inorganic intercalation-type cathodes,"*™'°
energy densities are limited by the number of redox-active
sites available, and capacities are typically on the order of ~200
mAh g~'. The use of toxic and/or geopolitically conflicted
elements such as cobalt have given rise to alternative
technologies seeking a compromise between performance
and sustainability and a reduction in our reliance on elements,
which present a supply chain risk. Additionally, there is a desire
to improve sustainability which has seen an increased push for
lower-cost sodium ion (Na-ion) alternatives or the use of
sustainable and environmentally friendly organic cathode
materials.'’ ™" These alternatives may also play a crucial role
in grid storage, where suitable energy storage is critical for
ironing out the inherent peaks and troughs associated with
renewables and reducing renewable curtailment.”

theoretical

© XXXX The Authors. Published by
American Chemical Society

WACS Publications

Organic materials present an enticing prospect where a
tunable molecular structure and high structural diversity
affords advantages over inorganic counterparts.”> > Organic
cathode materials may comprise a range of materials, including
small molecules, polymers, and covalent organic frame-
works.”*? Electrochemical performance can be fine-tuned
through judicious choice of functional groups that contain light
elements and potential group I binding sites, allowing for high
energy density and flexibility. For example, the addition of
carbonyl groups into the organic material opens up the
possibility of inexpensive battery cathodes with theoretical
capacities in excess of 300 mAh g™.* These attributes also
make organic batteries suitable for wearable and/or portable
electronics applications.”* The greatest hindrance and
ultimately the main drawback of organic cathode materials at
present are their dissolution into the liquid electrolyte. As the
battery is charged and discharged through multiple cycles,

Received: May 12, 2021
Accepted: September 17, 2021

https://doi.org/10.1021/acsaem.1c01339
ACS Appl. Energy Mater. XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dylan+Wilkinson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Manik+Bhosale"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marco+Amores"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gollapally+Naresh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Serena+A.+Cussen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Graeme+Cooke"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Graeme+Cooke"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaem.1c01339&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c01339?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c01339?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c01339?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c01339?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c01339?fig=abs1&ref=pdf
www.acsaem.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsaem.1c01339?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsaem.org?ref=pdf
https://www.acsaem.org?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Applied Energy Materials

www.acsaem.org

organic materials tend to dissolve into the organic electrolyte,
which manifests in fast capacity fading with repeated cycling.

Herein, we report the synthesis of a high-capacity multi-
carbonyl-based cathode material featuring a s-indacene-1,3,5,7-
(2H,6H)-tetraone core that can be straightforwardly synthe-
sized from pyromellitic dianhydride.”> The activated CH,
centers of the core allows for the application of Knoevena-
gel-like condensation reactions to be carried out to deliver fully
conjugated systems, as exemplified by the previous synthesis of
donor—acceptor molecules for organic photovoltaics and
photophysical studies.”* ™ In particular, we report the low-
cost synthesis of the bis-anthraquinone functionalized s-
indacene-1,3,5,7(2H,6H)-tetraone (BAQIT) cathode material
(Figure 1) by functionalizing the central s-indacene-1,3,5,7-

Figure 1. Chemical structure of BAQIT.

(2H,6H)-tetraone moiety with two anthraquinone units to
create a fully conjugated molecule featuring eight carbonyl
moieties. The redox properties of anthraquinone have been
widely studied, and the molecule has been shown to undergo a
reversible two electron reduction at a potential ca. 2.2 V vs Li/
Li*.*>*° However, the cyclability of anthraquinone as a battery
cathode material is usually poor because of its dissolution into
the electrolyte,* which gives rise to weak capacity retention
over long cycling. To overcome the solubility issues of
anthraquinone, researchers have modified the molecular
structure by forming polymers,””** extending the x
structure™ or by linking anthraquinone units through bridging
moieties to form dimers."® The latter strategy is adopted in this
study. A simple s-indacene derivative has been reported for Li-
ion batteries, achieving a reversible capacity up to 50 cycles;
however, this material suffers from significant capacity drop off
at high C-rates.”’

We demonstrate that by attaching two anthraquinone units
to the central s-indacene-1,3,5,7(2H,6H)-tetraone core, a large
elongated planar structure is formed. This affords several Li-
and Na-ion binding sites while simultaneously ensuring its
intractability in common liquid electrolytes, which is desirable
for mitigating dissolution issues during cycling. We have

investigated the sequential binding mechanism of Li* and Na*
ions and subsequent structural transformation of BAQIT using
density functional theory (DFT) calculations and elucidated its
promising cycling performance in Li- and Na-ion half-cells.

2. RESULTS AND DISCUSSION

The synthesis of BAQIT is described in the Supporting
Information. As anticipated, the conjugated nature of this
compound makes it highly insoluble in most organic solvents.
In order to prove the low solubility of BAQIT, we have
checked the solubility of BAQIT in dimethoxyethane (DME)
and a mixture of ethylene carbonate (EC) with dimethylcar-
bonate (DMC) and compared it with anthraquinone (AQ)
and the core indacene tetraone (IT). For this, a fixed quantity
of AQ, IT, and BAQIT (10 mg) was separately taken in 4 mL
of DME and a mixture of EC and DMC (1:1 v/v ratio), as
shown in Figure S1. Also, we have checked the solubility of
these electrodes in the electrolyte by ultraviolet—visible (UV—
vis) spectroscopy (Figure S1). All the experimental details are
described in the Supporting Information. From these experi-
ments, we confirmed that because of the extended conjugated
structure of BAQIT, the material displayed poor solubility in
the electrolyte. We wish to exploit a property to evaluate its
stability as a cathode upon repeated charge/discharge cycles in
Li- and Na-ion half-cells. Cyclic voltammograms (CVs) were
recorded in the potential ranges of 1.5-3.5 V vs Li/Li" at a
scan rate of 0.1 mV s™' (Figure 2a). Two reduction peaks at
2.26 and 2.1 V and two oxidation peaks at 2.33 and 2.18 V
were observed. The potential difference between the reduction
peaks and the respective oxidation peaks are 70 and 80 mV,
respectively, indicating a highly reversible redox process with
low resistance. Six carbonyl groups are involved in the redox
reaction in the studied potential range of 1.5—3.5 V, with the
first of the redox peaks representing the reduction of the four
carbonyl groups of the anthraquinone units, while the second
redox peak represents the reduction of the two carbonyl groups
of the core moiety."” Reducing the lower voltage limit to 1 V to
further reduce the remaining carbonyl groups resulted in the
emergence of an additional irreversible peak at 1.44 V (Figure
S2). This indicates that the reduction of the remaining
carbonyl groups during a deep discharge process is likely
accompanied by structural damage, which may be the result of
additional repulsion between the injected electrons in the
conjugated quinone framework, as well as possible electrolyte
decomposition. Reducing the lower voltage limit further to 0.7
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Figure 2. (a) CV of BAQIT cathode material and (b) galvanostatic cycling at room temperature at a 0.1C rate in Li half-cells.
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Figure 3. (a) Long-term galvanostatic cycling performance at 0.1C and (b) rate capability of BAQIT as a cathode material in Li half-cells.

V shows additional irreversible peaks, as well as a large
potential difference between the main oxidation and reduction
redox processes. This suggests 1.5—3.5 V as an adequate
cycling potential window to achieve reversible cycling
performance.

Figure 2b shows the galvanostatic charge—discharge profiles
of BAQIT at a 0.1C rate over 300 cycles. BAQIT delivers a
first discharge capacity of 295 mAh g™, with subsequent
charge—discharge cycles, resulting in a reversible capacity of
~250 mAh g~!, which matches the theoretical capacity of
BAQIT for a six-electron transfer. Even after 300 cycles, the
reversible capacity was still maintained above 190 mAh g~', as
shown in Figure 3a. The rate capability was evaluated by
cycling at various specific currents from 0.1C to 10C rate
(Figure 3b). BAQIT shows reversible capacities of 236, 195,
184, 175, 167, and 154 mAh g_1 at current densities of 0.1C,
0.2C, 0.5C, 1C, 2C, and SC, respectively. More interestingly,
even at a high current of 10C, corresponding to a charge or
discharge step in 6 min, a reversible capacity of 142 mAh g™
can be achieved. This is attributed to facile charge transport
within the extended m-conjugated structure of BAQIT. A
Ragone plot clearly evidences the high-power capabilities of
the material with values near 5.09 kW kg™ (Figure S3a). This
value is superior to the state-of-the art nickel—manganese—
cobalt (NMC) materials (~220 mAh g_1)48 and to other high
power organic cathodes such as pyrene-4,5,9,10-tetraone-
containing polymers where a value of 2.9 kW kg™ has been
reported.”’

Decreasing the current rate to 0.2C after fast charging/
discharging exhibits a recovery of reversible capacity to 177
mAh g~', suggesting excellent stability. We further analyzed the
rate capability at extremely high cycling rates to assess the
limits of BAQIT and standardize the performance relative to
other cathode materials.” Cycling the battery cell at low and
very high cycling rates allows for the calculation of the 7 and n
parameters related to the rate at which the capacity starts to
decay rapidly and how rapid that decay is, and these are
illustrated in Figure S3b. These values of 7 and n, 68.9 s and
0.73, respectively, were superior to those of commonly
inorganic oxide materials and similar to high-rate performance
electrodes for Li-ion batteries, such as NMC cathodes (n =
0.53—1.09, 7 = 137-284 s), demonstrating the superior
performance of BAQIT for high-power applications.>’

EIS analyses were conducted to analyze any changes in
charge-transfer or interfacial resistances of the BAQIT
electrode upon cycling. Nyquist plots of the BAQIT electrode
at a pristine state and after 10 charge/discharge cycles are

shown in Figure S4. A semicircle in the high-frequency region
originates from the charge-transfer resistance and it is followed
by a tail in the low-frequency region, resulting from the
resistance associated with solid-state Li-ion diffusion. The
charge-transfer resistance increased after cycling from 620 to
680 Q, again suggesting the high stability of this material and
the absence of resistive interphase formation during cycling.

The long-term cycle stability of BAQIT was also evaluated
at 0.5C and 2C cycling rates (Figure SS). After a few initial
cycles at 0.5C, the capacity stabilizes to ~#180 mAh g™', and a
reversible capacity of 130 mAh g™’ is retained after 1990
cycles, demonstrating excellent cycle stability with a capacity
retention of 72%. After a few initial cycles at 2C, the capacity is
stabilized to ~155 mAh g_l, which is retained to above 130
mAh g7' after 2200 cycles with an impressive capacity
retention of 86%. This demonstrates BAQIT as a cathode
with excellent long-term cycling performance even at high rates
compared to recent analogous organic cathode materials
(Table $1).>'7°* The effect of the voltage cycling window
was also analyzed, and we have shown that widening the
potential window to 1 V results in rapid capacity deterioration
(Figure S2¢).

The galvanostatic intermittent titration technique (GITT)
was used to evaluate the Li-ion diffusion properties in BAQIT
and correlate this with excellent rate capability performance
(Figure S6). The calculated diffusion length (D/L?) across the
majority of the charge and discharge profile is between 107°
and 107* s7". These values are larger than those reported for
commercial layered oxide cathodes™ and is in line with other
high-rate capability electrodes,”® underpinning one of the
reasons behind the observed good rate capability of BAQIT.

To examine the lithiation mechanism taking place in
BAQIT, ex situ attenuated total reflectance-infrared (ATR-
IR) spectroscopy was performed at different states of charge
(half discharge, full discharge, half charge, and full charge), as
shown in Figure S7. A band centered at 1669 cm™" with a
shoulder at 1653 cm™" can be ascribed to the carbonyl group
stretching vibration. These two characteristic peaks gradually
become weaker during the discharge process and then re-
emerge gradually during charging, demonstrating that the
reversible lithiation/dilithiation process is centered around the
carbonyl moieties.

The maximum experimental capacity achieved was approx-
imately 250 mAh g, which matches well with its theoretical
capacity of 247 mAh g~' for a six-electron transfer
accompanied by the uptake of six lithium ions. CV (Figure
2) demonstrated the uptake of lithium takes place at two main
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Figure 4. DFT-predicted reduction mechanism for BAQIT upon Li" insertion and the DFT-optimized structure of a fully intercalated molecule.
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Figure 5. (a) CV at a scan rate at 0.1 mV s™" and (b) discharge capacities observed from galvanostatic cycling at 0.1C rate over 90 cycles of BAQIT

in Na-ion half-cells.

events, as inferred from the presence of two large redox waves.
The symmetry of the molecule can favor concerted multi-
electron reductions to take place in the form of either two
three-electron transfer steps or a four-electron transfer step,
followed by a two-electron transfer step or vice versa. The
energy of each configuration was calculated using DFT to
support the hypothesized Li-ion binding mechanism (Figure
S$16). The calculations have shown an energy difference of 2.66
eV between both redox mechanisms proposed above, with the
mechanism involving an initial binding of 4 Li*, followed by
subsequent binding of 2 Li" being energetically preferred
(Figure 4). This matches well with the observed intensities of
the redox waves from CV, with the first reduction peak
displaying greater intensity compared to the second reduction
peak. The proposed mechanism involves a four-electron
reduction centered at the carbonyl moieties on the
anthraquinone backbone, followed by a two-electron reduction
at the carbonyl moieties of the core unit.

Changes in the morphology of the pristine materials and
electrode particles at different states of charge were studied by
SEM. Owing to the highly conjugated nature of BAQIT, it
displays a platelet-like morphology (Figure S12). This
morphology appears to breakdown to quasi-spherical particles
during the electrode preparation process, and this quasi-
spherical morphology is retained across different stages of
cycling (Figure S13).

CV and galvanostatic cycling experiments were also
performed in Na-ion half-cells with Na metal as the counter
and reference electrode and NaPFy in dioxolane (DOL) plus
DME solvent mixture (Figure Sa). The CVs show two distinct
redox peaks with similar intensity ratios as those found for Li-
ion cells. The voltage of the first reduction peak is centered at
1.9 V, which is ca. 0.3 V lower compared to these of the Li-ion,
as expected from the potential difference between Na and Li
metal. The second reduction peak is centered just above 1.5V,
which in this case is lower than the Li and Na potential
difference. This lower potential can be attributed to the
difference in energies between the initially lithiated and
sodiated materials after the first redox reaction. The larger
size and lower polarization of Na® could result in a lower
intercalation potential related to the lower inductive effect of
Na* with BAQIT. In addition, an irreversible initial reduction
redox wave in the first cycle is noted above 2 V, which may
suggest the formation of a cathode electrolyte interphase.

The galvanostatic cycling profiles for BAQIT in Na-ion half-
cells are reminiscent of those for Li-ion half-cells, with two
distinctive plateaus matching the potential values of the redox
peaks observed from CV (Figure S8). Figure Sb shows the
evolution of the discharge capacity where an initial discharge
capacity near 250 mAh g~ was achieved in the first cycle,
which decreases to 200 mAh g in the second cycle, which
could be attributed to the irreversible formation of the
interfacial layer. The capacity then stabilizes, reaching 130
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mAh g™! after 90 cycles. Increasing the upper voltage cutoff to
3.2V for a direct comparison with Li cell galvanostatic cycling
results in the appearance of small irreversible redox
contributions, leading to lower capacity retention (Figure
S9). Hence, a potential window of 1.2 to 2.8 V was maintained
for high-rate and long-term cycling tests. Cycling BAQIT at
0.5C and 2C in Na half-cells demonstrated discharge capacities
of 108.8 and 86 mAh g~ after 200 and 500 cycles, respectively.
The rate capability was also evaluated by cycling the material at
various specific currents ranging from 0.1C to 10C rate against
Na metal (Figure 6). Reversible capacities of 158, 136, 121,
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Figure 6. Rate capability of BAQIT in a Na metal half-cell cycled at
increasing rates.

112, 102, and 88 mAh g_l were achieved at current densities of
0.1C, 0.2C, 0.5C, 1C, 2C, and 5C, respectively. Notably, even
at a high current of 10C, a reversible capacity of 82 mAh g™' is
observed. The device performance of BAQIT is comparable
with previously described small-molecule sodium-ion battery
materials.””*

GITT measurements were carried out to investigate the
resulting Na* diffusion properties (Figure S11), and diffusion
lengths ranging between 107 and 10™* s~ were calculated.
The symmetry of the molecule favors concerted multielectron
reductions in the form of either two three-electron transfer
steps or a four-electron transfer step, followed by a two-
electron transfer step or vice versa. This is consistent with CV
measurements (Figure S), which indicate two distinct redox
events upon charge/discharge. DFT calculations for each
possible pathway (Figure S17) reveal a similar reduction
process and sodium-binding pathway, as observed earlier for
lithium, with a four-electron reduction first and corresponding
sodium binding followed by a two-electron process. A small
difference of 0.10 eV was found between competing pathways.
At full sodium binding, the molecule displays greater planarity
compared to the related lithiated molecule (Figure S15). This
is likely due to the relative size of the larger Na* ions that are
less easily accommodated by the molecule. The smaller Li
ions allow the molecule to twist slightly, allowing the central
Li* ions to interact with both the oxygen ions in the core and
the anthraquinone units. This affords additional stability
toward one lithiation pathway, which is not viable for sodium
binding and explains the larger discrepancy in energy between
competing lithium pathways compared with related sodium
pathways.

3. CONCLUSIONS

We have designed and synthesized the multivalent BAQIT
cathode material and have demonstrated its considerable
promise as a cathode material for Li- and Na-ion batteries.
BAQIT displays a stable six-electron transfer reaction with a
190 mAh g~ reversible capacity after 300 cycles at 0.1C rate in
Li half-cells. Remarkably, BAQIT shows a capacity of 142 mAh
g”' even at a 10C rate (6 min discharge) in Li half-cells,
indicating its excellent high-power capability, as well as
excellent high cycle stability (86% capacity retention at 2C
rate after 2200 cycles). This high energy density, power
density, and cycling stability of BAQIT can be attributed to its
extended conjugated structure, which helps improve inter-
molecular 7—7 interactions, facilitating charge transport. This
results in an improvement in rate performance and decreases
the solubility of the electrode material in the electrolyte, hence
improving cycle life. DFT calculations together with ex situ
Fourier transform infrared (ATR-IR) spectroscopy have
confirmed the Li*-ion binding mechanism, where the reduction
of four anthraquinone carbonyl groups is followed by the
reduction of two carbonyl units of the s-indacene-1,3,5,7-
(2H,6H)-tetraone core moiety. BAQIT also offers function-
ality as a Na-ion battery cathode, achieving an initial specific
capacity of over 200 mAh g™' as well as good capacity
retention at high cycling rates (82 mAh g™" at 10C). Our work
demonstrates that the highly conjugated BAQIT structure
offers high capacity and excellent rate capability as a cathode
material, thereby showing great promise for high-performance
sustainable rechargeable batteries.
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