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HIGHLIGHTS

e Croconic acid disodium salt (CADS) is firstly used as an anode in Na-ion battery.

e The capacity decay of CADS electrode is due to particle pulverization.

e Reducing particle size is an effective approach to enhance battery performance.
e Graphene oxide wrapped CADS exhibits the best electrochemical performance.
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Croconic acid disodium salt (CADS), a renewable or recyclable organic compound, is investigated as an
anode material in sodium ion battery for the first time. The pristine micro-sized CADS delivers a high
capacity of 246.7 mAh g, but it suffers from fast capacity decay during charge/discharge cycles. The
detailed investigation reveals that the severe capacity loss is mainly attributed to the pulverization of
CADS particles induced by the large volume change during sodiation/desodiation rather than the

generally believed dissolution of CADS in the organic electrolyte. Minimizing the particle size can
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effectively suppress the pulverization, thus improving the cycling stability. Wrapping CADS with gra-
phene oxide by ultrasonic spray pyrolysis can enhance the integration and conductivity of CADS elec-
trodes, thus providing a high capacity of 293 mAh g~ .

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Sodium ion batteries are the most promising alternatives to
lithium ion batteries due to the low cost and abundance of so-
dium element in the earth [1]. The chemical similarity of sodium
ion toward lithium ion enables some electrode materials used in
Li ion batteries to be applied for Na ion batteries [2]. Inorganic
materials synthesized through energy-demanding ceramic pro-
cesses [3] are the most common Li ion electrode materials.
However, to satisfy the emerging large-scale applications of en-
ergy storage, next generation battery electrodes should be made
from renewable or recyclable resources via low energy con-
sumption processes. One possible approach is to use electrode
materials fabricated from biomass or recyclable organic materials
via solution phase routes [4].
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Several organic materials have been investigated as electrodes
for Li ion batteries [5], but very few organic materials were
explored for Na-ion batteries. The organic electrodes face two
major challenges in organic electrolyte batteries: (1) low power
density due to poor electronic conductivity of organic compounds,
(2) fast capacity decay during charge/discharge cycles which is
generally attributed to dissolution of organic compounds into
organic electrolytes [3]. One way to mitigate the dissolution of
organic materials in organic electrolytes is use of organic salts
[3]. Among the salts, carbonyl group based organic compounds
such as lithium salt of tetrahydroxy—benzoquinone [6], lithium
ethoxycarbonyl-based compound [7], dilithium trans—trans-muc-
onate and dilithium terephthalate [8] have been investigated as
electrodes for Li ion batteries. These organic salts normally contain
more than two carbonyl groups which are connected by conjugated
carbon matrix. These carbonyl groups are redox centers which
enable the electrochemical reaction to take place in the electrodes.
During the discharge process, each carbonyl group can obtain an
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electron and a lithium ion that induces electron transfer in the
conjugated carbon matrix. The reaction between carbonyl group
and lithium ion enables the ion transfer and electron transfer in Li
ion batteries. Although the solubility of organic salts in the elec-
trolyte has been reduced, these organic salts still suffer from fast
and continuous capacity decline during charge/discharge cycles
[6—8]. The mechanism behind the fast capacity decline is still not
fully understood.

Most reported organic salts experience phase transformation
during lithiation/delithiation as evidenced by a flat voltage plateau
in charge/discharge profile and structure change in X-ray diffrac-
tion (XRD) patterns [8]. The phase transformation is normally
accompanied with volume change. The large volume expansion in
the first lithiation can even change the crystal structure of organic
salts into amorphous structure and retain amorphous structure in
the following charge/discharge cycles [8], which is also observed in
Si anodes [9]. The structure change of Si from crystal to amorphous
structure is attributed to the large volume change (300%) of Si
during lithiation [9]. The severe volume change of Si pulverizes the
Si particle, resulting in rapid capacity decline during charge/
discharge cycles [10]. Therefore, the volume change of organic salts
during lithiation/delithiation may be also responsible for the ca-
pacity decay.

In principle, the carbonyl group based organic electrode com-
pounds used in lithium ion batteries can potentially be applied to
sodium ion batteries [11]. However, due to larger ion size of Na*
than Li*, only few organic salts are suitable for Na ion batteries. In
addition, the larger ion size of Na* causes much more severe vol-
ume change of organic salts, resulting in fast capacity decay of
organic compounds in Na ion batteries [11c|. Therefore, only few
organic compounds were explored for Na-ion batteries. Due to the
large volume change, these organic compounds showed quick ca-
pacity decline during Na insertion/extraction [11c]. However, how
the volume change of organic salts affects the cycling stability has
not been investigated yet.

In this paper, croconic acid disodium salt (CADS) is used as a
model electrode to investigate the capacity decline mechanism of
organic salt electrodes in Na ion batteries. To our best knowledge,
CADS has never been studied as a battery electrode material in Li-
ion and Na-ion batteries. In addition, this is also the first effort to
study the effects of phase change on capacity decay of organic salt
electrodes in Na ion batteries. As shown in Fig. 1, three CADS
samples, micro-sized pristine CADS, submicrometer-size CADS
(sCADS), and graphene oxide wrapped CADS (GO-CADS), are
employed to investigate their electrochemical behaviors toward Na.
sCADS and GO-CADS are fabricated by ultrasonic spray pyrolysis.

Pristine CADS

GO-CADS

Fig. 1. Schematic illustration for pristine CADS, sCADS and GO-CADS.
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Scheme 1. The sodiation/de-sodiation mechanism for croconic acid based molecule.

Our results show that the particle pulverization is a main reason for
capacity decline. Minimizing particle size and wrapping CADS with
graphene oxide can effectively stabilize the electrodes during Na
ion insertion/extraction, thus improving the cycling stability.

2. Experimental

All chemicals were purchased from Sigma Aldrich and used as
received. The CADS with small particle size of 0.5—1.0 pum (denote

Fig. 2. The SEM images of pristine CADS (a), sCADS (b), and GO-CADS (c).
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Fig. 3. TEM images of GO-CADS (a, b) and EDS elemental mapping images of the GO-CADS particle, marked by purple square in (b), for carbon (c), oxygen (d) and sodium (e). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

as sCADS) was prepared by an ultrasonic spray pyrolysis method
[12]. The ultrasonic spray pyrolysis apparatus consisted of ul-
trasonic droplet generator, tube furnaces, and filtration system
for particle collection. The ultrasonic generator operated 1.7 MHz
frequency atomized the precursor solution to droplets with
average diameter of approximately 1 microns. Two tube furnaces
were connected in series with a total length of 81 cm. Particle
collection was set at the end of the system, allowing gas to pass
through and collecting particles. 200 mg CADS with average
particle size of 5 um were dissolved into 10 mL water. Aerosol
droplets containing the dissolved precursors were generated
using compressed nitrogen gas at a pressure of 35 psi in a
collision type atomizer. The geometric mean diameter of the
droplets was measured to be ~1 pm by a laser aerosol spec-
trometer. The produced aerosol droplets passed through a silica-
gel diffusion dryer and a tube furnace preheated to 200 °C to
remove most of the solvent. The products were collected on a
0.4 um (pore size) DTTP Millipore filter and dried in a vacuum
oven at 100 °C overnight.

Graphene oxide was synthesized following the modified hum-
mer’s method [13]. The graphene oxide wrapped CADS was also
synthesized using ultrasonic spray pyrolysis. 100 mg CADS were
dissolved in 100 mL graphene oxide aqueous solution to prepare
the precursor. Nitrogen gas (2.5 L min~! flow rate) was used to
carry the solution droplets to the furnace series which was oper-
ated at 200 °C. In the furnace, water was evaporated, and then
graphene wrapped CADS particles were generated in a residential
time around 1.5 s.

Scanning electron microscopy (SEM) image was taken by
Hitachi SU-70 analytical ultra-high resolution SEM (Japan);
Transmission electron microscopy (TEM) images were taken by
JEOL (Japan) 2100F field emission TEM; X-ray diffraction (XRD)
pattern was recorded by Bruker Smart1000 (Bruker AXS Inc.,
USA) using CuKa radiation; Fourier transform infrared spectros-
copy (FTIR) was recorded by NEXUS 670 FT-IR Instrument; UV/vis
spectra were recorded on an UV-1700 spectrophotometer;
Thermogravimetric analysis (TGA) was carried out using a ther-
mogravimetric analyzer (TA Instruments, USA) with a heating
rate of 10 °C min~! in argon.

The CADS and sCADS were mixed with carbon black and Poly-
vinylidene fluoride (PVDF) binder to form slurry at the weight ratio
0f 45:45:10, separately. The GO-CADS was mixed with carbon black
and Polyvinylidene fluoride (PVDF) binder to form slurry at the
weight ratio of 70:20:10. The electrode was prepared by casting the
slurry onto copper foil using a doctor blade and dried in a vacuum
oven at 100 °C overnight. The electrode was cut into circular pieces
with diameter of 1.2 cm for coin cell testing. Na ion batteries were
assembled with sodium metal as the counter electrode, 1 M NaClO4
in a mixture of ethylene carbonate/dimethyl carbonate (EC/DMC,
1:1 by volume) as the electrolyte, and Celgard® 3501 (Celgard, LLC
Corp., USA) as the separator. Electrochemical performance was
tested using Arbin battery test station (BT2000, Arbin Instruments,
USA). 0.7 Vand 2.0 V (vs. Na/Na™) were used as low and high cutoff
voltages for the galvanostatic tests. After the cell reached the cutoff
voltage, it was rested for 10 min for subsequent charge or discharge.
Both the charge—discharge current density and specific capacity
were calculated on the basis of the mass of CADS in the electrode.
Cyclic voltammogram at a scan rate of 0.1 mV s~ between 0.7 and
2 V (versus Na/Na') was recorded using Solatron 1260/1287 Elec-
trochemical Interface (Solatron Metrology, UK).

3. Results and discussion
3.1. Morphology and structure

Croconic acid disodium salt has a five-member ring structure
with three carbonyl groups and a carbon—carbon double bond
(Scheme 1). Its chemical structure is very similar to dilithium
rhodizonate which has been reported as an organic electrode for Li
ion batteries [4]. The carbonyl groups in this compound are redox
centers which can react with Na ions and gain electrons through
the reaction as shown in Scheme 1. During the sodiation, each
carbonyl group, connected by the carbon—carbon double bond,
gains a sodium ion and an electron. At the meanwhile, the carbon—
carbon double bond is broken, and two new carbon—carbon double
bonds are generated. During the desodiation, CADS molecule is
recovered. The reversible reaction between CADS molecule and
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Fig. 4. Electrochemical performances of materials. The galvanostatic charge—discharge curves of pristine CADS (a), sCADS (b) and GO-CADS (c) between 0.7 V and 2.0 V versus Na/
Na* at room temperature. Cyclic voltammograms of pristine CADS (d), sCADS (e) and GO-CADS (f) at 0.1 mV s~! in the potential window from 0.7 V to 2.0 V versus Na/Na*.

sodium ions enables CADS to be an electrode material for Na ion
batteries.

Three CADS samples, micro-sized pristine CADS,
submicrometer-size CADS (sCADS), and graphene oxide wrapped
CADS (GO-CADS), were used to investigate the capacity decline
mechanism. The sCADS particles were synthesized by dissolving
pristine CADS into water, and then rapidly evaporating the CADS
solution using the ultrasonic spray pyrolysis. The GO-CADSs were
synthesized by rapidly drying the graphene oxide and CADS
aqueous solution at 200 °C using the ultrasonic spray pyrolysis. The
morphology of three CADS samples was characterized by scanning
electron microscopy (SEM) as shown in Fig. 2. The pristine CADS
consist of long bars and some irregular-structured particles which
tend to aggregate to form micro-size particles (Fig. 2a). As shown in
Fig. 2b, the sCADS particles have spherical morphology with the
particle size of 0.5—1.0 um, which is about ten times smaller than
that of pristine CADS. Fig. 2c shows the SEM images of GO-CADS, in

which all the CADS particles are encapsulated by the folded and
wrinkled graphene oxide. The morphology of the GO-CADS com-
posite is very uniform with particle size typically less than 1 um,
which is similar to sCADS. This is attributed to the unique ultrasonic
spray pyrolysis. As water evaporates, the amphiphilic GO sheets
would migrate to the surface of the droplets to form a shell. Since
the diameter of the precipitated CADS particles was much smaller
than that of the aerosol droplets, further water evaporation could
collapse the GO shell, resulting in a crumpled morphology that
encapsulates the CADS particles [17]. The transmission electron
microscopy (TEM) images of GO-CADS in Fig. 3 also confirm that all
the CADS particles are encapsulated by the folded and wrinkled
graphene oxide. The energy-dispersive X-ray spectroscopy (EDS)
elemental mapping images (Fig. 3c—e) reveal that CADS is uni-
formly distributed in the GO shell since sodium mapping image
overlaps with carbon and oxygen mapping images. The content of
CADS in GO-CADS is 37 wt% as determined by thermogravimetric
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analysis (TGA) results for GO, CADS and GO-CADS as shown in
Fig. S1 (Supporting information). The GO is treated by ultrasonic
spray pyrolysis under the same condition as GO-CADS. For GO-
CADS, the Na ion can penetrate through the defects and open-
end of GO to react with the inner CADS [13].

The structures of three CADS samples are identified by the XRD.
The XRD patterns of sCADS and GO-CADS are the same as the
pristine CADS as shown in Fig. S2 (Supporting information), indi-
cating that the sCADS, GO-CADS and pristine CADS have the same
crystal structure. However, the XRD peak of pristine CADS is slightly
sharper than that of sCADS and GO-CADS, demonstrating the
crystalline structures of CADS were not well-developed due to
rapid precipitation (1.0 s of residential time) in ultrasonic spray
pyrolysis process.

3.1.1. Sodiation/desodiation behaviors

The charge/discharge behaviors of pristine CADS, sCADS and
GO-CADS in different cycles at a current density of 20 mA g~ are
shown in Fig. 4. The voltage profiles of all three CADS samples show
serials voltage plateaus and the potentials of first sodiation plateaus
are lower than that in the subsequent sodiation process, demon-
strating that all three CADS samples experience successive and
reversible phase transformations during sodiation/desodiation and
the stress/strain due to large volume expansion in the first sodia-
tion induces a large strain overpotential. The large strain over-
potential is significantly reduced in the subsequent cycles due to
the introduction of defects in the first sodiation, shifting the po-
tential back to a higher value after the first sodiation. The reason
why sCADS has larger strain overpotential than pristine CADS in the
first sodiation is because more Na ion (250 mAh g’l) isinserted into
sCADS in the first plateau than that (150 mAh g~!) in pristine CADS.
After the first charge/discharge cycle, minimization of the CADS
particle size from 5—10 pm to 0.5—1.0 pm does not change the
voltage plateaus (Fig. 4a and b), but the capacity (287.8 mAh g~!) of
SCADS is larger than that (246.7 mAh g~!) of pristine CADS due to
the reduced particle size and consequently improved kinetics of the
former. The capacity of sCADS is very close to the theoretical ca-
pacity (288 mAh g~!) of CADS, which is calculated based on one
CADS molecule can react with two sodium ions. Since GO can
reversibly react with Na®, and deliver a reversible capacity of
39 mAh g~ ! (Supporting information, Fig. S3), the initial capacity of
CADS in GO-CADS after subtracting the capacity of GO is about
293 mAh g, which is higher than theoretical capacity, probably
due to the fact that carbon black additive is also active for Na ion
storage. The high capacity of CADS in GO-CADS demonstrates that
GO shell can effectively enhance the utilization of inside CADS due
to the core shell structure and the higher conductivity of GO than
CADS. The slight change in the voltage profile of GO-CADS
compared with that of CADS is attributed to the sloping voltage
curves of GO capsular [14]. The voltage plateaus and reaction
reversibility of CADS, sCADS, GO-CADS can be more clearly
observed in cyclic voltammogram profiles (Fig. 4d—f). In the first
sodiation/desodiation cycle of CADS, there are three clear cathodic
peaks at 1.42 V, 1.0 V, 0.85 V and a shoulder at 1.15 V, and four
anodic peaks at 1.15 V, 1.25 V, 1.7 V and 1.8 V are also observed.
However, the shoulder at 1.15 V disappears after the first cycle, and
the cathodic peak at 1.42 V in the first cycle shifts to high voltage to
split into two new peaks at 1.5 V and 1.65 V in the following cycles.
This result suggests that the CADS experiences an activation pro-
cess during the first sodiation, which has been observed in many
high capacity electrodes with large volume changes such as Sn and
Sb [15]. The activation process characterized by the high stain
overpotential in the first sodiation process is induced by the high
stress/strain raised by the first sodiation. The high stress/strain in
the first sodiation generates a large amount of defects (cracks,
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Fig. 5. The XRD patterns of pristine CADS (black line), the first fully discharged CADS
(red line), the first fully charged CADS (blue line) and the 50th fully charged CADs
(green line). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

dislocations, plastic deformations, etc) in host to release the strain/
stress. Therefore, the relaxation of the strain/stress in the first
sodiation decreases the overpotential, and the sodiation potential
shifts back to more positive values in the following sodiation pro-
cess. After the first cycle, there are four peaks in the desodiation
scans, which are corresponding to the four peaks in the sodiation
scans, demonstrating the high reversibility of sodiation and des-
odiation of CADS. The cyclic voltammograms of sCADS and GO-
CADS are similar with pristine CADS. There is a broad shoulder at
1.1 V in the first sodiation process of GO-CADS owing to the irre-
versible reaction on the surface of GO. After the first sodiation, GO-
CADS displays similar anodic and cathodic peaks as pristine CADS
and sCADS. The highly reversible peaks in the cyclic voltammetry
curves and the highly reversible plateaus in the galvanostatic
charge—discharge curves suggest that CADS experiences highly
reversible phase transformation during sodiation/desodiation.
The reversible phase change during sodiation/desodiation is
also confirmed by XRD (Fig. 5). In the full sodiation state, the
original peaks of pristine CADS at 28° and 30° shift to 24° and 26°.
Moreover, the two peaks at ~32° of pristine CADS salt merge
together to form a new peak at ~28° after full sodiation. Therefore,
XRD data confirm the phase change of CADS during sodiation. After
the desodiation, the XRD peaks of CADS shift back to their original
positions, and maintain the positions after 50th full desodiations,
illustrating that the phase transformation is highly reversible.
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Fig. 6. Desodiation capacity versus cycle number (current density: 20 mA g~!) for
pristine CADS, sCADS and GO-CADS, respectively.



C. Luo et al. / Journal of Power Sources 250 (2014) 372—378 377

Fig. 7. SEM images of the pristine CADS electrode materials before test (a) and after 50 cycles (b); SEM images of the sCADS electrode materials before test (c) and after 50 cycles (d);

SEM images of GO-CADS electrode materials before test (e) and after 50 cycles (f).

Comparing to pristine CADS, a few extra XRD peaks in desodiated
CADS might imply the uncompleted phase transformation in the
active material after it is charged to 2.0 V.

3.1.2. Cycling stability and mechanism for capacity decay

The cycling stability of three CADS samples was tested at a
current density of 20 mA g~ (Fig. 6). The capacity of pristine CADS
quickly decreases from 250 mAh g~ ! to 50 mAh g~ ! after 60 cycles.
If the dissolution of organic salts into organic electrolyte is
responsible for the fast capacity decay, the capacity decline of
sCADS should be much faster than pristine CADS due to the reduced
particle size and thus enhanced contact surface between sCADS and
electrolyte. However, the sCADS has much better cycling stability,
demonstrating that the dissolution of CADS is not the major reason
for the capacity decay. The insolubility of CADS in electrolyte is
directly tested by comparing the Fourier transform infrared spec-
troscopy (FTIR) spectra of fresh electrolyte and the electrolyte after
50 sodiation/desodiation cycles. Fig. S4a shows the FTIR spectrum
of CADS. There is a very sharp peak at 1500 cm~! which represents
the stretching vibration of the carbonyl groups and carbon—carbon
double bond in CADS. If CADS dissolves in the electrolyte, there
should be a peak at 1500 cm~! in the FTIR spectrum of the elec-
trolyte after 50 cycles, whereas the spectra of the electrolyte before
test and after 50 cycles are nearly the same in the range from 800 to
2000 cm~! in Fig. S4b. UV—vis spectroscopy is also employed to

measure the active material in the electrolyte. As shown in Fig. S5,
the UV—vis spectra of cycled electrolyte (50 cycles) are almost the
same to that of the fresh electrolyte, indicating no active material is
dissolved in the electrolyte during cycles. Thus, these evidences
confirm that CADS is not dissolved in the electrolyte during the
charge and discharge.

Another possibility for capacity decline is the pulverization of
CADS particles due to the volume change induced by repeating
phase transformation during sodiation/desodiation process.
Pulverization-induced capacity decay has been observed in high
capacity anodes such as Sn in Na-ion battery [16]. The pulverization
of CADS particles will demolish the integrity of electrode structure,
resulting in poor cycling stability. The morphology change of CADS
before and after 50 sodiation/desodiation cycles is observed by
SEM. As shown by SEM images in Fig. 7a and b, the pristine CADS in
the electrode has the long bar-like shape, but after 50 cycles the
long bar is severely cracked. The long bar is broken into numerous
small fragmentations, most of which do not connect with
conductive carbon. The most effective method to reduce the par-
ticle pulverization is to minimize the particle sizes [10]. Fig. 7c and
d shows the SEM images of the fresh sCADS material and cycled
sCADS. sCADS particles maintain the similar particle morphology
after 50 cycles and no cracks are observed, thus the sCADS has
much better cycling stability than CADS as demonstrated in Fig. 6.
The GO encapsulation of sCADS can further enhance morphology
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stability of sCADS as demonstrated in Fig. 7e and f. After 50 charge/
discharge cycles, no obvious morphology change can be observed.
The good morphology stability of GO-CADS is consistent with the
best cycle life of GO-CADS electrode as shown in Fig. 6. The FTIR,
UV—vis and SEM images in Figs. S4, S5 and Fig. 7 demonstrate that
the capacity fading is not due to the dissolution of sCADS and GO-
CADS in the electrolyte, but the large stress/strain of CADS during
repeating phase changes.

Since the particle pulverization will isolate the small pulverized
CADS particles from carbon additive and current collector during
sodiation/desodiation process, the isolated CADS particles are not
able to electrochemically react with Na® in the following cycles,
thus dramatically decreasing the battery performance. However, if
CADS particles are encapsulated by a conductive graphene oxides,
the void in the crumpled graphene oxide coating can accommodate
the volume expansion of CADS upon sodiation and maintain the
connection between inner CADS particles and outer graphene ox-
ide cover (even they are pulverized), thus improving cycling sta-
bility. As demonstrated in Fig. 6, the graphene oxide encapsulated
CADS shows the best cycling stability. Further improvement for
cycling stability is under investigation by optimizing the ratio of
graphene oxide and CADS, increasing the aerosol spray tempera-
ture, and adjusting the residential time.

4. Conclusions

Croconic acid disodium salt, a carbonyl group based organic
compound, was used as an anode material for the first time. It is
shown that the rapid capacity fading of pristine CADS in sodium ion
batteries is due to the particle pulverization rather than the
dissolution in organic electrolyte. The CADS experiences a serial
phase transformations during sodiation/desodiation process. The
volume change during phase transformations triggers the particle
pulverization, which is confirmed by SEM results. The sCADS and
GO-CADS fabricated by ultrasonic spray pyrolysis have much
smaller particle size than pristine CADS, and provide much better
cycling stability due to the suppression of pulverization and
improvement of electronic conductivity. Hence, minimizing the
CADS particle size and encapsulating CADS particles by graphene
oxide are two effective methods to enhance the electrochemical
performance of CADS.
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