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ABSTRACT: Herein, we explore the capacity degradation of dilithium rhodizonate salt
(Li2C6O6) in lithium rechargeable batteries based on detailed investigations of the lithium de/
insertion mechanism in Li2C6O6 using both electrochemical and structural ex situ analyses
combined with first-principles calculations. The experimental observations indicate that the
LixC6O6 electrode undergoes multiple two-phase reactions in the composition range of 2 ≤ x ≤
6; however, the transformations in the range 2 ≤ x ≤ 4 involve a major morphological change
that eventually leads to particle exfoliation and the isolation of active material. Through first-
principles analysis of LixC6O6 during de/lithiation, it was revealed that particle exfoliation is
closely related to the crystal structural changes with lithium deinsertion from C6O6 interlayers
of the LixC6O6. Among the lithium ions found at various sites, the extraction of lithium from
C6O6 interlayers at 2 ≤ x ≤ 4 decreases the binding force between the C6O6 layers, promoting
the exfoliation of C6O6 layers and pulverization at the electrode, which degrades capacity
retention.

SECTION: Energy Conversion and Storage; Energy and Charge Transport

Lithium (Li)-ion batteries (LIBs) have been widely used as
power sources for various applications due to their high

energy and power densities.1−8 In current LIB systems,
inorganic materials that contain transition metals as redox
elements are the most commonly used as cathodes. The high
redox potential of the transition metals contributes to the high
voltage, making high energy density LIBs possible.2,5,9,10

However, to promote the sustainability of LIB manufacturing
and to reduce the carbon footprint, shifting from inorganic to
organic electrodes is important because electrodes based on
organic materials can be synthesized from renewable resources
such as biomass and can be prepared through eco-efficient
processes.11−15

The concept of using organic materials as the electroactive
components in LIBs is not new, as one of the first commercial
LIBs employed a conducting polymer as the cathode
material.15,16 More recently, carbonyl compounds have been
widely studied as cathodes, whereby the double bonds between
carbon and oxygen (CO) serve as the redox centers for Li
storage.14,15,17−20 In this series of materials, a high capacity can

be achieved using a molecular design that maximizes the
number of CO redox centers per molecular weight. In this
respect, dilithium rhodizonate salt (LixC6O6) was considered as
an ideal candidate due to the high density of CO groups
available for Li storage.14 The theoretical capacity of LixC6O6 (2
≤ x ≤ 6) can be as high as 590 mAh g−1 with an average voltage
of ∼2.4 V. Indeed, Chen et al. demonstrated that this system
could deliver an energy density of 1100 Wh kg−1, which is
higher than that of conventional inorganic electrodes such as
lithium cobalt oxide (LiCoO2) and lithium iron phosphate
(LiFePO4; <600 Wh kg−1).14 Nevertheless, Li2C6O6 electrodes
exhibit a major drawback. This is the unacceptably poor cycle
stability when applied as the electrode in conventional batteries.
The substantial capacity degradation upon repeated cycling has
hindered practical applications of Li2C6O6, but the cause of this
capacity degradation has not been established.
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In this study, we explored the cause of the capacity
degradation of LixC6O6 (2 ≤ x ≤ 6) by investigating the
details of the electrode reaction of LixC6O6 in the Li cell. Based
on ex situ X-ray diffraction (XRD) and electrochemical analysis,
we show that the LixC6O6 electrodes undergo multiple two-

phase based transformations in the range of 2 ≤ x ≤ 6.
However, we find that the transformations occurring at 2 ≤ x ≤
4 involve a major microstructural change that leads to particle
exfoliation. This observation is consistent with the electro-
chemical results showing that the capacity degrades much faster

Figure 1. (a) XRD diffractograms of Li2C6O6·2H2O and Li2C6O6. (b) An SEM image shows a Li2C6O6 electrode. Li2C6O6 was obtained by annealing
Li2C6O6·2H2O at 200 °C to remove the waters of hydration. (c) The first five charge and discharge profiles of an as-synthesized Li2C6O6 electrode
are given from 1.5 to 3.5 V at 50 mA g−1.

Figure 2. (a) CV analysis at various scan rates from 0.1 to 0.8 mV s−1. The linear relationship between the square root of the scan rate and peak
currents in (b) (A1 and C1) and (c) (A2 and C2) demonstrates that the de/lithiation reaction does not follow a surface limited process, but a
diffusion-limited process. (d) Quasi-open-circuit potential (QOCP) measurements were performed at 20 mA g−1 with a 2-h relaxation time (dV/dt
<10−5 V/s) for each charge and discharge. (e) Potentiostatic intermittent titration technique (PITT) measurements were performed on Li2C6O6
electrodes using a “staircase” voltage profile whereby the cell potential was changed by 5 mV and the current was measured at each constant potential
step as a function of time. Each individual titration was complete when the absolute current reached 10 mA g−1. Blue line and black line indicate the
current profile (vs capacity) and voltage plot (vs capacity), respectively.
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when the LixC6O6 electrode is cycled over this range. Although
the capacity decay in most organic electrode materials has been
mainly attributed to the dissolution of active material into the
electrolyte,18 our results suggest that the structural changes
during cycling of organic electrodes must also be considered in
order to enhance cycle stability.
A Li2C6O6 sample was prepared by removing the crystal

water from Li2C6O6·2H2O at 200 °C. XRD patterns of both
Li2C6O6·2H2O and Li2C6O6 in Figure 1a agree with those
reported previously.14 The TGA/DSC analysis in Figure S1
(Supporting Information) confirmed that the loss of water
mainly occurred at ∼150−180 °C through an endothermic
reaction, but Li2C6O6 began to decompose above 250 °C
through an exothermic reaction. The morphological study of as-
synthesized Li2C6O6 indicated that hexahedral-shaped particles
with nearly monosizes of ∼800 nm were uniformly dispersed,
as shown in Figure 1b. The electrochemical properties of the
Li2C6O6 electrodes were first examined using a galvanostatic
charge/discharge experiment at a current rate of 50 mA g−1

between 1.5 and 3.5 V (Figure 1c). Upon discharge, distinctive
plateaus became evident with an uptake of ∼4 Li ions to deliver
a high specific capacity of ∼580 mAh g−1, which agrees with the
work of Chen et al.14 When the electrode was charged, almost 4
Li ions were reversibly removed during the first cycle. However,
the charge profile at 2 ≤ x ≤ 3 became a sloping curve that

differed from the discharge profile in the same region of the
first cycle and decayed rapidly in subsequent cycles, which
implied that some irreversible structural changes occurred
during the charging process within this region. No further
changes to the charge/discharge profile were observed in other
regions. Cycling of Li2C6O6 electrodes in various potential
windows in Figure S2 also confirmed the limited reversibility of
de/lithiation in the region of 2 ≤ x ≤ 4. While a relatively small
capacity degradation was observed for cycling between 1.5 and
2.4 V (84% retention after 30 cycles), significant capacity decay
was evident for those between 2.2 and 3.5 V (37% retention
after 30 cycles), demonstrating that capacity retention was
significantly retarded by the electrochemical reaction between
Li2C6O6 and Li4C6O6 in the higher voltage region (2.2 V−3.5
V). The reaction that occurred in the lower voltage region (1.5
V−2.4 V) was less important with regard to capacity decay.
To increase our understanding of the electrochemical process

that occurs in LixC6O6, cyclic voltammetry (CV) was
conducted at various scan rates from 0.1 to 0.8 mV s−1. Figure
2a shows that two major redox peaks appeared at each scan
rate, in agreement with the galvanostatic experiment. Note that
the current peaks are linear with respect to the square-root of
the scan rates in Figure 2b,c, indicating that the redox reactions
in the electrode are bulk diffusion-controlled and not surface-
limited.21,22 While earlier reports discussed the Li storage

Figure 3. (a) A discharge profile of the Li2C6O6 electrode is shown with ex situ XRD diffractograms obtained during the lithiation process; a
magnified region of the diffractogram from 25° to 33° is given in (b). (c) A charge profile of the Li2C6O6 electrode is shown with ex situ XRD
diffractograms obtained during the delithiation process; a magnified region of the ex situ XRD diffractograms from 25° to 33° is presented in (d).
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mechanism in organic compounds using a one molecule-based
picture, whereby Li ions are simply bound to the CO bond
of a molecule,17,23,24 our results clearly suggested that Li
diffusion through the crystal structure and its occupation at
interstitial sites provides a realistic mechanism of the electro-
chemical reaction.25 Most notable here is that the cathodic peak
current (C1) was far less responsive to the scan rates than the
anodic peak current response (A1), while the cathodic (C2)
and anodic (A2) peak currents showed a similar sensitivity to
each other with respect to the scan rates. This behavior
indicated that the de/lithiation process is kinetically imbalanced
in the region of LixC6O6 (2 ≤ x ≤ 4), which differed from
LixC6O6 (4 ≤ x ≤ 6). The QOCP measurement of LixC6O6 in
Figure 2d further confirmed that in line with the CV results, the
lithiation process exhibited a larger polarization at a given
relaxation time than the delithiation process, suggesting that the
lithiation kinetics of Li2C6O6 is relatively slow compared to the
delithiation kinetics of Li4C6O6. It is also worth noting that the
polarization is generally larger in the region of 2 ≤ x ≤ 4 than
that of 4 ≤ x ≤ 6. Later, this phenomenon will be discussed in
detail in the context of the structural changes of the electrode.
Further galvanostatic analyses were conducted with PITT

measurements as shown in Figure 2e to determine the nature of
the insertion process (one-phase vs two-phase).26,27 The
characteristic shape of the current versus time curve provides
useful information regarding the mechanism of the electro-
chemical reaction.28 Local maxima can be observed clearly in
the upper plateau that follows a bell-shape in Figure 2e. Such a
“bell-shaped” curve with a local maximum current for each
individual titration is generally indicative of a two-phase
nucleation- and growth-based reaction during de/lithiation.29

This implies that the de/lithiation process in LixC6O6 (2 ≤ x ≤
4) is likely a two-phase reaction. While the bell-shaped current
signature can also be obtained from the heterogeneous charging
of a porous electrodes with homogeneous intercalation
(switching between single phases) within individual particles,
it was noted that the current shape obtained from our PITT
analysis is very similar to the current signature of LiFePO4 (a
representative material with two-phase behavior) in the
literature.30,31 Also, all the particles are in electric contact
with each other in the electrode, indicating the potential
applied to all particles should be the same.32 Thus, the
condition of the heterogeneous charging of electrodes is less
plausible. Local maxima were not as obvious as for on the lower
plateau, although determining if the curve exhibited Cottrell-
type behavior was challenging.
To further explore this reaction mechanism, the structural

evolution of the LixC6O6 electrode during cycling was
monitored at various discharged and charged states using ex
situ XRD, as illustrated in Figure 3. Figure 3a shows that a new
set of XRD peaks clearly evolved as the Li2C6O6 electrode
discharged in the upper plateau. The magnified image in Figure
3b shows that the main new peak appears at ∼32°, which
corresponded with the main XRD peak of Li4C6O6 that we
synthesized chemically (Figure S3).15,25 In contrast, no shift in
the 27.2° peak from Li2C6O6 was observed during the lithiation
process. This indicated that the lithiation of LixC6O6 (2 ≤ x ≤
4) occurred through a two-phase nucleation and growth
mechanism between Li2C6O6 and Li4C6O6, which is in good
agreement with electrochemical observations. Further discharge
through the lower plateau produced another new XRD peak
near 26° with the disappearance of the peak at 32°. Although

Figure 4. (a) Morphological changes in the Li2C6O6 electrode are shown as a result of the charge/discharge process. (b) Crystal structure of
Li4C6O6. (c) Predicted crystal structures of Li2C6O6. The crystal structure of Li2C6O6-1 after the extraction of Li ions in the interlayer between C6O6
molecules is displayed on the left. The crystal structure of Li2C6O6-2 after the extraction of Li ions in the C6O6 layers are shown on the right. Purple,
gray, and red spheres represent Li, C, and O atoms, respectively. (d) Generated XRD diffractograms of Li2C6O6-1 and Li2C6O6-2 are presented with
analogous experimental data.
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the peak at 32° could not be indexed due to the lack of
structural information on Li6C6O6, these results demonstrate
that the lithiation of LixC6O6 (4 ≤ x ≤ 6) also occurs via a
nucleation and growth mechanism from Li4C6O6 and Li6C6O6.
For the charging process in Figure 3c,d, we observed the
opposite phenomenon (i.e., the disappearance of the peak at
26° and concurrent appearance of the peak at 32°), indicating
the conversion from Li6C6O6 to Li4C6O6. In addition, the
delithiation of Li4C6O6 resulted in disappearance of the XRD
peak at 32° and the recovery of the peak at 27°. After complete
delithiation, the overall XRD patterns returned to that of the
initial stage, except for slight residual peaks of Li4C6O6 (in
particular, at 14°). The presence of the peak at 14° is believed
to be related to the incomplete structural transformation of
Li4C6O6 during the discharge and charge processes. Very
recently, it was revealed that the two-phase based reaction in
LiFePO4 can be suppressed above a critical current rate.33,34

Similar behavior was found in Li2C6O6 electrode, where the
voltage plateaus become slope at an increased current rate,
which is attributable to the suppression of phase separation
during battery cycling (Figure S4a). As a result, the cycle
performance could be slightly improved (Figure S4b).
The structural stability of LixC6O6 was examined in the

presence of the electrolyte using Fourier transform infrared
(FT-IR) analyses. While the dissolution of organic electrodes
into the organic electrolyte is generally attributable to capacity
degradation during cycling,18,35,36 our test was performed for
Li2C6O6 and Li4C6O6, since the capacity decay mainly occurred
in the region of LixC6O6 (2 ≤ x ≤ 4) (Figure S2). FT-IR
spectra of Li2C6O6, Li4C6O6 powders, and the electrolyte were
used as references. However, we found that no dissolution of
Li2C6O6 and Li4C6O6 in the electrolyte were noticeable even
after storage in the electrolyte for 7 days, as shown in Figure S5,
which indicates that both Li2C6O6 and Li4C6O6 are relatively
stable in the electrolyte. The possibility that the dissolved
electrode material was deposited on other parts of the cell, such
as the separator, was examined using SEM analyses (Figure S6).
However, no such deposits were observed, supporting that
LixC6O6 (2 ≤ x ≤ 4) did not dissolve in the electrolyte after
battery cycling. We further tested the dissolution behavior of
Li2C6O6 in the electrolyte. The Li2C6O6 and Li4C6O6 were
stored in the electrolyte for 48 h (Figure S7). The color of
Li2C6O6 in the electrolyte is slightly changed, indicating
Li2C6O6 can be dissolved in the electrolyte upon battery
cycling. To further understand whether the dissolution of the
electroactive material in the electrolyte is the major reason for
the capacity degradation, we designed a galvanostatic measure-
ment (Figure S8). Although Li2C6O6 is cycled with rest time (5
min.) for each cycle to exposure Li2C6O6 electrode for
electrolyte more time, no noticeable change in capacity
performance is observed. This behavior indicates that the
dissolution of Li2C6O6 could not be the major issue for the
capacity degradation although Li2C6O6 can be dissolved in the
electrolyte. Instead, we observed significant morphological
changes for Li2C6O6 electrodes using ex situ SEM analyses.
Figure 4a shows that, while the morphology of the Li2C6O6
electrodes was not significantly altered during discharge, upon
the charging process, the electrode particles exhibited notable
cracks and were eventually exfoliated. The exfoliation was most
prominent when Li4C6O6 was electrochemically transformed to
Li2C6O6. This behavior was not restricted to local regions but
occurred throughout the entire electrode (Figure S9). Thus, we
believe that the exfoliation of the electrode upon battery cycling

can accelerate the dissolution of electroactive material in the
electrolyte owing to the increased surface area, which in turn
deteriorates capacity stability.
Using first-principles analysis of LixC6O6 during de/lithiation,

we attempted to elucidate the particle exfoliation during
charging and found that it may be related to changes in the
crystal structure of the electrode. While the detailed crystal
structure of Li2C6O6 remains unknown, we previously predicted
that Li4C6O6 is composed of a layered structure containing
horizontally ordered layers of C6O6 molecules with three types
of energetically favorable Li sites:25 (i) the Li1 site, which is
located within a layer of C6O6 molecules; (ii) the Li1′ site,
which is similar to the Li1 site but slightly shifted from the
C6O6 layers due to electrostatic repulsion from nearby Li ions;
and (iii) the Li2 site, which is located between the C6O6 layers
(Figure 4b). Based on our predicted structure of Li4C6O6, we
carried out first-principles calculations for Li2C6O6, suggesting
that Li removal of Li1′ and Li2 sites from the Li4C6O6 structure
(denoted as Li2C6O6-1) is more energetically favorable (by 126
meV) than if two Li ions are extracted from Li1 sites of the
Li4C6O6 structure (denoted as Li2C6O6-2; Figure 4c). More-
over, our predicted XRD pattern based on our hypothetical
Li2C6O6-1 structure agreed better with that of the exper-
imentally obtained Li2C6O6, as illustrated in Figure 4d. There
are slight difference in the relative peak intensity and position
still noticeable, indicating that more precise structural
determination of Li2C6O6 would be useful. Specifically, the
main peak of Li2C6O6-1 (27.8°) was much closer to the
experimental value (27.1°) than the peak obtained using
Li2C6O6-2 (31.5°). Compared to Li4C6O6, the primary peak
shifted significantly to a lower angle in the case of Li2C6O6-1,
possibly because Li ions located in the interlayers (i.e., Li2 and
Li1′) were removed from the structure, which weakened the
binding between C6O6 layers. In contrast, no significant shift in
the main peak was observed for Li2C6O6-2 compared to
Li4C6O6 because Li ions remained bound to the C6O6 layers.
The interlayer space expanded from 2.805 to3.169 Å with the
extraction of Li ions from Li4C6O6 to Li2C6O6. We believe that
the extraction of Li from C6O6 interlayers, as predicted from
first-principles calculations, decreases the binding force between
the C6O6 layers during the conversion from Li4C6O6 to
Li2C6O6, which can lead to a feasible intercalation of large
organic molecules into C6O6 layers or pulverization at the
electrode level (Figure S10). This is in contrast to the
electrochemical reaction between Li4C6O6 and Li6C6O6, where
Lis are always present between C6O6 layers independent of the
state of the charge. Upon repeated battery cycling between
Li2C6O6 and Li4C6O6, a gradual degradation of the micro-
structure is expected due to the large change in the interslab
space. This expectation is consistent with our morphology
study in Figure 4a and with very recent studies on organic
electrode materials whereby volume expansion and shrinkage
during battery operation led to decreased capacity.19,37,38 Some
layered electrode materials are known to be susceptible to
exfoliation when the interlayer is empty, since this results in
enlarged spacing.39 As a consequence of these structural
variations, pulverization of the electrode is likely to occur,
which may cause the electrical isolation of particles and leading
subsequently to degradation in the capacity. We expect that
material tuning at the molecular level may be able to address
this problem, for example, sodium or potassium doping of
LixC6O6. This can be done without a significant structural
change because of the similarity of the crystal structures
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between Li2C6O6 and A2C6O6 (A = Na and K), which all have
layered structure.40,41 Moreover, larger ions such as Na and K
occupy the sites between the C6O6 layers in their own
structures, Na2C6O6 and K2C6O6. Thus, larger dopant may
substitute the Li2 site and aid in binding of the C6O6 through
the interaction with oxygen atoms even after Li extraction
during charging, thus preventing exfoliation. Even though this
dopant will take Li sites, thus reduce capacity, but this small
amount of doping would decrease the capacity degradation
while maintaining the electroactive material.
In summary, herein, the electrochemical reaction mechanism

and origin of capacity degradation in Li2C6O6 electrodes were
verified using electrochemical and ex situ characterization. The
dissolution of the active material into the surrounding
electrolyte, which is generally believed to be the main cause
of capacity decay in most organic electrode materials, was not a
sole factor in this material. Instead, exfoliation of C6O6 layers
resulted in electrode exfoliation and it can accelerate the
dissolution of electroactive material in the electrolyte owing to
the increased surface area. This behavior results in a
degradation of capacity during repeated battery cycling. The
susceptibility of exfoliation is attributable to the unique
structural changes associated with the sequence of Li ion
extraction from this layered material. This work suggests that
various factors of both dissolution and of crystal structural
stability should be considered when determining causes of
capacity decay in such organic electrode materials. Our results
provided herein should help the design of optimized electrodes
fabricated from electroactive organic materials.
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