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ABSTRACT: The electroactive organic materials are promis-
ing alternatives to inorganic electrode materials for the new
generation of green Li-ion batteries due to their sustainability,
environmental benignity, and low cost. Croconic acid
disodium salt (CADS) was used as Li-ion battery electrode,
and CADS organic wires with different diameters were
fabricated through a facile synthetic route using antisolvent
crystallization method to overcome the challenges of low
electronic conductivity of CADS and lithiation induced strain.
The CADS nanowire exhibits much better electrochemical
performance than its crystal bulk material and microwire
counterpart. CADS nanowire with a diameter of 150 nm
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delivers a reversible capability of 177 mAh g~' at a current density of 0.2 C and retains capacity of 170 mAh g~" after 110 charge/
discharge cycles. The nanowire structure also remarkably enhances the kinetics of croconic acid disodium salt. The CADS
nanowire retains 50% of the 0.1 C capacity even when the current density increases to 6 C. In contrast, the crystal bulk and
microwire material completely lose their capacities when the current density merely increases to 2 C. Such a high rate
performance of CADS nanowire is attributed to its short ion diffusion pathway and large surface area, which enable fast ion and
electron transport in the electrode. The theoretical calculation suggests that lithiation of CADS experiences an ion exchange
process. The sodium ions in CADS will be gradually replaced by lithium ions during the lithiation and delithiation of CADS
electrode, which is confirmed by inductively coupled plasma test.
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high power density

Lithium ion batteries, the best power sources for portable
electronics, are considered as the most promising energy
storage devices for emerging electric vehicles and smart grids."”*
Currently, lithium ion batteries largely rely on inorganic
compounds as electrodes such as LiCoO, and LiFePQ,>"°
Most of these compounds are synthesized using nonearth-
abundant resources via energy-demanding ceramic processes.”
Recycling of used batteries further consumes large quantities of
energy and chemicals, releasing more CO,. To satisfy the
urgent demand for rechargeable energy storage devices in
electric vehicles and smart grids, next generation battery
electrodes should be made from renewable or recyclable
resources via low energy consumption processes. One possible
approach is to use biomass or recyclable organic materials as
electrode materials via solution phase routes.” In addition, most
of organic compounds are degradable, so the organic electrode
materials are environmentally benign.

Recently, carbonyl group based organic materials such as
purpurin,” tribrominated trioxotriangulene,'’ perylenetetracar-
boxylic anhydride,'' and other compounds'*™** have been
investigated as electrodes for Li-ion batteries, and some organic
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materials can also been used for Na-ion battery electrodes.****

However, due to dissolution of organic compounds in
electrolyte and very low electrical conductivity, the electro-
chemical performance of these sustainable organic electrode
materials is much worse than their inorganic counterparts. The
solubility of organic compounds could be reduced by
enhancing their polarities via salt formation®® and solubility
of organic salt in organic electrolyte can be further reduced by
increasing the concentration of lithium salt in organic
electrolyte that has effectively suppressed dissolution of
polysulfide in lithium sulfur batteries.”” Although use of organic
salts such as lithium salt of tetrahydroxybenzoquinone®® can
mitigate the dissolution issue,” the low electronic conductivity
of organic salts and volume change during lithiation/
delithiation still limits the power density and cycling stability
of organic electrodes. Because of the very low electrical
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conductivity of most organic compounds, up to 30 wt % of
conductive carbon black is normally mixed into organic
electrode to provide electron pathways for the electrochemical
reactions and another ~5—10% (by weight) nonconductive
polymer binders are also needed to mechanically bind all the
components into an electrode. Even adding 30 wt % of carbon
black, there is only a portion of active material contributes to
the output power of a battery in organic electrodes due to large
size of organic salt particles. A recent work of organic
Li,C¢H,O4 nanosheets for Li-ion batteries has demonstrated
that nanosheet structure provides short Li-ion diffusion
pathways and large contact areas for both conductive carbon
and electrolyte, leading to high rate capability.”’

In this study, croconic acid disodium salt (CADS) wires are
used as models to investigate the size effect on the battery
performance of organic electrodes. CADS has a cyclopentene
backbone with three carbonyl groups, and two of them are
connected by a conjugated chemical bond as shown in Scheme
1. The two carbonyl groups in CADS can participate in the

Scheme 1. Molecular Structure of Croconic Acid Disodium
Salt

NaO ONa

reversible reaction with lithium ions,”® providing a theoretical
capacity of 288 mAh g~'. According to the reported reaction
mechanism for carbonyl group based organic electrodes, only
carbonyl groups that are connected by conjugated structure
such as carbon—carbon double bond or benzene ring can
participate in the lithiation reaction.”® There are three carbonyl
groups in CADS. Only two of them are connected by
conjugated structure, thus active for the lithiation reaction. In
addition, the specific capacity of CADS nanowire shown in
Figure S also supports the reaction mechanism. The specific
capacity of CADS nanowire is 200 mAh g™' at a low current
density of 0.1 C, which is close to the theoretical capacity (288
mAh g') of CADS based on lithiation reaction of two carbonyl
groups. CADS wires with diameter size ranging from 150 nm to
4 pm were synthesized by antisolvent crystallization method to
reduce the strain and Li-ion diffusion length. The 150 nm
CADS nanowires exhibit superior capacity, rate capability, and
cycling stability. The theoretical calculation for lithiation and
delithiation of CADS suggests that sodium ions in CADS will
be gradually replaced by lithium ions during the lithiation and
delithiation of CADS electrode, which is confirmed by
inductively coupled plasma test. Because Li croconate has a
more stable crystal structure than Na croconate, the formation
of Li croconate further enhances the cycling stability of CADS
electrode. To our best knowledge, CADS nanowires demon-
strate one of the best battery performances for reported organic
compounds in terms of cycling stability and rate performance at
a low carbon content."®

(OL

| (d)

Figure 1. SEM images for CADS micropillar (a), CADS microwire (b), and CADS nanowire (c,d).
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Crystal CADS micropillars with the width of 10 ym and
length longer than 100 um (Figure la) were prepared by
directly recrystallizing CADS from water and are used as
control samples. Because of the insulating nature of CADS, the
large particle size will significantly increase the transport
resistance of Li-ion and electron in the CADS micropillars. The
large size and small surface area of CADS micropillar also
results in poor contact between CADS and conductive carbon,
thus remarkably reducing the reaction kinetics. To improve the
lithiation/delithiation kinetics, CADS microwires with an
average diameter about 4 ym (Figure 1b) and CADS nanowires
with a mean diameter about 150 nm (Figure lc,d) were
fabricated at room temperature using antisolvent crystallization
method. The growth of CADS nanowires is driven by the
reduction of the solubility of CADS when CADS aqueous
solution is added into acetone (a poor solvent for CADS).
Under bath sonication, CADS starts to crystallize within a few
minutes due to the poor solubility in the water/acetone mixture
solvent and self-assemble into nanowires, which is possibly due
to 7—7 interaction between CADS molecules.’® The CADS
wires synthesized by antisolvent crystallization method have
very uniform diameters (Figure 1b,c). The diameter of CADS
wires can be manipulated by tuning the concentration of CADS
in aqueous solution. The lower concentration CADS aqueous
solution yields thinner CADS nanowires.

The crystal structures of three CADS samples are identified
by X-ray diffraction (XRD). The XRD patterns in figure 2
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Figure 2. XRD patterns of CADS micropillar, CADS microwire, and
CADS nanowire.

reveal that the CADS micropillar, CADS microwire, and CADS
nanowire have the same crystal structure. No impurity peak is
observed in all three CADS samples. The peak intensity of
CADS nanowire is stronger than that of CADS micropillar and
CADS microwire, demonstrating that CADS nanowires have
high crystallinity and relatively uniform crystal size.

The charge and discharge profiles for CADS micropillar,
CADS microwire, and CADS nanowire in the second cycle
were measured at a current density of 0.2 C (1 C is defined as
288 mA g') and are shown in Figure 3a. The lithiation
potential decreases and delithiation potential increases with the
size of CADS nanowire increases from 150 nm to 4 ym and
then to 10 um. The cyclic voltammograms (CV) of three
CADSs with different diameter in Figure 3b—d shows a peak at
1.6 V with a small shoulder at 2.1 V during lithiation, and a
peak at 2.0 V with a small shoulder at 2.6 V during delithiation,
demonstrating that CADS undergoes a two-step reaction with
lithium ions. The two carbonyl groups connected by carbon—
carbon double bond react with lithium ions step by step. The
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potential hysteresis (AV) between the cathodic peak and
anodic peak is 0.62 V for CADS micropillar, 0.47 V for CADS
microwire, and 0.30 V for CADS nanowire, indicating that the
overpotential of CADS nanowire is smaller than CADS
micropillar and CADS microwire. The increase of potential
hysteresis with wire size confirms that lithiation/delithiation
kinetics decreases with the increase of wire size. The
equilibrium potentials of CADS are estimated by averaging
the lithiation and delithiation potential. The equilibrium
lithiation potentials of CADS are 1.8 and 2.35 V. As shown
in CV curves in Figure 3, the lithiation peak potential slightly
increases to more positive value with lithiation and delithiation
cycles. To explore the mechanism for two-step reaction and
potential shift, the first principle DFT calculation is applied to
better understand the lithiation process. Table S1 in the
Supporting Information collects the values of the total
electronic bonding energy of various species involved in the
reduction of CADS. Supporting Information Table S2 collects
the calculated reduction potential of the CADS with respect to
a lithium electrode potential. Figure 4 schematically reports the
energy levels of Na and Li croconate for the three reduced
forms considered. The potentials in Supporting Information
Table S2 indicate that the one-electron and the two-electron
reduction of CADS occur at very similar potentials. The
sequential one-electron reductions are estimated to be 2.42 and
2.36 V, which is higher than the equilibrium potential
demonstrated by CV scans (2.35 and 1.8 V). The large
potential difference (2.36 — 1.8 = 0.56 V) in second step
reaction is probably attributed to the strain overpotential
induced by the volume expansion at high lithiation levels. A
large strain overpotential of 0.6 V was reported for lithiation of
Sn.>' Because of the low strain at low lithiation level, the
calculated potential in the first step reaction is similar to
measured potential in CV. However, the calculations are unable
to ascertain whether the electrochemical potentials are due to a
concerted two-electron process or two sequential one-electron
processes. Analyzing the overall stability of the sodium and
lithium croconate indicates (see Supporting Information Table
S1) that lithium croconate forms a more stable crystal than the
sodium salt. Thus, it is possible that the CADS undergoes a
chemical exchange from sodium croconiate to lithium
croconate. For this reason, additional simulations were carried
out for the reduction of lithium croconate. The simulations
show that the reduction potential for lithium croconate is 2.56
and 2.49 V for the single one-electron processes, respectively.
Thus, if a counterion exchange occurs during the CV scans, the
reduction potential should slightly increases, which is in well
agreement with CV scans in Figure 3. The simulations
qualitatively reproduce the potentials determined experimen-
tally and predict a possible sodium—lithium exchange during
the lithiation and delithiation of CADS electrode. Such a
prediction is further confirmed by inductively coupled plasma
(ICP) test. A fresh CADS electrode and a CADS electrode after
first cycle are dissolved in water separately, and then Li* and
Na* concentration in water was measured by ICP. The result
shows that the concentrations of Li* and Na" in fresh electrode
are 0 and 0.135 mg L™, respectively, while the concentrations
of Li* and Na* in cycled electrode are 0.103 mg L™" and 0.020
mg | demonstrating that most of sodium ions in CADS are
exchanged by lithium ions.

The formation and growth of solid electrolyte interphase
(SEI) layer on the surface of CADS is also evidenced by CV in
Figure 3b—d. A sharp peak at 0.8 V in the first anodic scan

dx.doi.org/10.1021/nl500026; | Nano Lett. 2014, 14, 1596—1602
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Figure 3. Electrochemical performance of CADS micropillar, CADS microwire, and CADS nanowire. (a) Charge and discharge curves of CADS
micropillar, CADS microwire, and CADS nanowire for the second cycle; cyclic voltammograms for CADS micropillar (b), CADS microwire (c), and

CADS nanowire (d).
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Figure 4. Calculated energy levels of NaCA and LiCA. Potentials
shown are referenced to the Li electrode.

without corresponding cathodic peak is observed in the cyclic
voltammograms of CADS micropillar, CADS microwire, and
CADS nanowire. The sharp peak at 0.8 V becomes weaker after
each cycle, suggesting that stable SEI layer is formed during the
first cycle.

The cycling performance of CADS electrodes is shown in
Figure Sa. The specific capacities of CADS micropillar, CADS
microwire, and CADS nanowire decrease a little in the first 20
cycles, and then it becomes very stable for CADS micropillar,
and even increases back to original capacity at 110 cycles for
CADS nanowires, and slightly lower than initial capacity at 110
cycles for CADS microwires. This kind of cycling behavior is
also observed in nano-Si/C composite.*” As indicated by Figure
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3b—d, the reductive peak at 0.8 V, corresponding to the
formation of SEI layer, decays rapidly during the initial cycles,
resulting in capacity decline. To identify the mechanism for
capacity increase of CADS after 20 cycles, the charge/discharge
profiles of CADS nanowire, CADS microwire, and CADS
micropillar from 5th cycle to 30th cycle are shown in
Supporting Information Figure S1. From the charge/discharge
curves of CADS nanowires at different cycles in Supporting
Information Figure Sla, it can be clearly observed that the
lithiation plateau and delithiation plateau shift close to each
other upon cycling, indicating smaller overpotential and faster
kinetics. At initial cycles, the electrolyte does not fully penetrate
to the entire electrode, leading to large overpotential and slow
kinetics. Upon cycling, the large volume expansion and
shrinkage of CADS increase the porosity of the CADS
electrodes, allowing the electrolyte to penetrate the entire
electrode, thus shortening the ion diffusion pathway and
lowering the overpotential after 30 cycles. The fast kinetics
enhances the utilization of organic electrode, resulting in
increase of capacity. However, for microsize CADS electrode
the large volume change also generates cracks, resulting in
capacity decline in the initial cycles. The formation of cracks
offsets the kinetic enhancement induced by electrolyte
penetration so that the overpotential change from S5th cycle
to 30th cycle is very small as evidenced by the little plateau shift
in Supporting Information Figure Slb,c. The reversible
capabilities of CADS micropillar, CADS microwire, and
CADS nanowire measured at a current density of 0.2 C are
85,132, and 177 mAh g_l, respectively. CADS nanowire retains
its initial capacity after 110 deep charge/discharge cycles.
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Figure S. Cycle life (a) and rate capability (b) of CADS micropillar,
CADS microwire, and CADS nanowire. (1 C is defined as 288 mA

g ")

Because CADS is an insulating material, lithium ions and
electrons cannot be easily transported into the inside of bulk
CADS material, but the smaller size and larger surface area of
CADS nanowire enable more CADS to react with lithium ions,
and lithium ions can quickly transfer to inside of CADS, so the
specific capacity and rate capability of CADS nanowire are
much higher than that of CADS micropillar and CADS
microwire. The rate capability of CADS micropillar, CADS
microwire, and CADS nanowire is shown in Figure 5b. With
the current density increases from 0.1 to 0.75 C, the specific
capacity of CADS micropillar decreases rapidly from 125 to 7
mAh g~'. Although the capacity of CADS microwire is still 48
mAh ¢! at the current density of 0.75 C, the specific capacity
of CADS microwire decreases from 160 to 11 mAh g~' when
the current density increases from 0.1 to 2 C, indicating the
inferior rate performance of CADS microwire due to the large
diameter (~4 um). On the contrary, the smaller size and larger
surface area of CADS nanowire can shorten the lithium ion
diffusion length and enables better contact between CADS and
conductive carbon. Therefore, CADS nanowire retains 50% of
its initial capacity (200 mAh g™') subjected to the current
density up to 6 C. After the current density returns to 0.1 C, the
capacity of CADS nanowire recovers to its initial capacity
immediately. Hence, from the electrochemical performance of
CADS micropillar, CADS microwire, and CADS nanowire we
can conclude that nanowire structure makes great contribution
to the high capacity and high power density of CADS material.

The reaction kinetics of CADS materials was investigated
using electrochemical impedance spectroscopy. The high-
frequency semicircle represents interface resistance including
contact impedance or SEI impedance as well as charge transfer
impedance while the low frequency line stands for ion diffusion
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resistance. As shown in Figure 6, both the interface and
diftusion impedances of CADS nanowire are much lower than
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Figure 6. EIS spectra for CADS micropillar electrode, CADS
microwire electrode, and CADS nanowire electrode. (The inset is
magnification of the semicircle of CADS nanowire.)

that of CADS micropillar and CADS microwire, indicating the
lower interface resistance and better kinetics of CADS
nanowire. The interface resistance of CADS nanowire is
about 50 Q, while that for CADS micropillar electrode and
CADS microwire electrode have much higher value of 300 and
750 €, respectively. The impedance results convince that the
high capacity and superior rate capability of CADS nanowire is
due to the large electrochemical reaction interface and short Li
diffusion pathway.

The morphology of CADS micropillar, CADS microwire,
and CADS nanowire after 110 cycles were investigated by SEM.
As shown in Figure 7a, there are a number of microsize short
rods around the large size CADS micropillar, demonstrating
severe pulverization occurs after 110 charge/discharge cycles.
The CADS microwires maintains its morphology after 110
cycles (Figure 7b), but a few short CADS rods and microcracks
induced by the large strain during repeated charge/discharge
cycles can still be observed. Different from CADS microwires,
CADS nanowire preserves its morphology after 110 cycles in
Figure 7¢; no cracks and pulverization can be observed. The
good morphology maintenance of CADS nanowires enables its
high cycling stability.

In summary, during repeated lithiation/delithiation CADS
will gradually convert to croconic acid dilithium salt through
ion exchange (Scheme 2), as suggested by theoretical
calculation and evidenced by the potential shift in CV scans
and reduction of Na* concentration in cycled CADS electrode.
More importantly, CADS nanowire with small size (150 nm)
and large surface area can effectively avoid pulverization and
enables stable contact between CADS and carbon black,
providing high capacity, high rate capability, and long cycling
stability. Because of the large size of CADS microwire, large
volume change exists and leads to the formation of cracks and
microcracks, as evidenced by SEM images of cycled CADS
microwires. The microcracks that lose contact with carbon
black are not electroative, resulting in capacity decline in the
initial cycles. Therefore, nanosize CADS has much better
electrochemical performance than microsize CADS.

The CADS wires with diameters from 10 ym to 150 nm were
synthesized using a facile antisolvent crystallization method.
The CADS nanowire with small diameter and large surface area

shows high capacity, long cycle life, and excellent rate capability

dx.doi.org/10.1021/nl500026; | Nano Lett. 2014, 14, 1596—1602
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(c

Figure 7. SEM images for CADS micropillar (a), CADS microwire
(b), and CADS nanowire (c) after 100 cycles.

due to its short Li-ion and electron diffusion pathway, large
surface area, and low strain. CADS nanowire can retain its
initial capacity after 110 deep charge/discharge cycles at a low
current density of 0.2 C, and deliver a high capacity of 100 mAh
g™' at 6 C. The theoretical calculation shows that the CADS

gradually changes into more stable lithium croconate through
ion exchange process during lithiation/delithiation. The ion
exchange process is confirmed by ICP result, which shows the
high content of lithium ion and low content of sodium ion in
the cycled CADS electrode. Because the nano-organic material
exhibits superior electrochemical performance, our research
work paves the way for further improvement of organic battery
performance in the future.
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Details of the synthesis, characterization, electrochemical
measurements, and theoretical calculation. This material is
available free of charge via the Internet at http://pubs.acs.org.
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