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A B S T R A C T   

Organic electrode materials are attracting increasing attention for rechargeable secondary batteries because of 
their low cost, high capacity, nontoxic and environmentally friendly. Herein, we report an excellent anode of a 
novel organic hexalithium salt of mellitic acid (Li6C12O12) for lithium-ion battery (LIB)/dual-ion battery (DIB). A 
combination of electrochemical and spectroscopic studies verifies a reversible coordination reaction mechanism 
based on carboxylic carbonyl and Li+ ions. Li6C12O12 delivers large reversible capacities of 730 mA h g− 1 at 0.21 
A/g and 372 mA h g− 1 even at 2 A/g. Furthermore, the Li6C12O12 electrode enables LiFePO4//Li6C12O12 full LIB 
and graphite//Li6C12O12 full DIB to exhibit high capacity and good cycling stability. This work presents a new 
perspective on designing and tailoring organic electrode materials to build high-performance lithium-ion 
batteries/dual-ion batteries.   

1. Introduction 

Lithium-ion batteries (LIBs) based on graphite anodes have gained 
great success in powering electric vehicles and portables because of their 
high capacity and excellent electrochemical reversibility. It is entirely 
expected that LIBs will completely replace fossil energy as the dominant 
energy supply of the future [1–12]. However, the current commercial-
ized LIBs can not meet the requirement of high energy density due to the 
limited capacity of graphite anodes (theoretical capacity ~ 372 mA h 
g− 1) [13–20]. Therefore, developing advanced electrode materials with 
high electrochemical activity and resource advantages for reviving LIBs 
is highly desired. 

Organic electrode materials are attracting growing attention in 
recent years due to the advantages of abundant resources, low cost, 
tunable structure and potentially high capacities [21–26]. In particular, 
most organic electrode materials are ubiquitous in nature and can be 
obtained directly or from simple production, which greatly reduces the 
cost of battery production and is suitable for large-scale applications 
[27,28]. However, the high dissolution of organic electrodes in aprotic 
electrolytes causes the server shuttle effect, comprising battery perfor-
mance, which hinders their application in LIBs [29]. Therefore, various 

innovative strategies have been developed to solve the problems, such as 
designing new electrode structures, engineering electrolyte components 
and modifying the interface of separators [6,21,30–34]. Nevertheless, 
the strategy is inevitably accompanied by complex manufacturing and 
an increment in the inactive groups, which significantly increases the 
cost of batteries and reduces energy density output [35]. Therefore, 
exploring new anode materials with an exceptional performance 
through a simple process to enrich LIBs family remains urgent and 
challenging. 

Herein, a new organic carbonyl compound, namely, organic hex-
alithium salt of mellitic acid (Li6C12O12), was initially introduced as a 
high-performance anode for Li-storage. Li6C12O12 has a less solubility in 
the organic electrolytes, thus avoiding the loss of active material during 
the cycling process. It is demonstrated that Li6C12O12 exhibits a six- 
electron reaction through the coordination reaction between the car-
boxylic carbonyl and Li+ ions. When used as the anode for LIBs, 
Li6C12O12 shows high reversible capacity (up to 730 mA h g− 1) and 
excellent rate performance (372 mA h g− 1 at 2 A/g). Two types of 
LiFePO4//Li6C12O12 full battery and graphite//Li6C12O12 dual-ion bat-
tery (DIB) demonstrate outstanding electrochemical performance in 
terms of high capacity and cycling stability. These excellent authentic 
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performance are related to the highly reversible reactivity of the 
carboxyl group and the pseudocapacitive properties of Li6C12O12, as 
confirmed by comprehensive characterization and theoretical calcula-
tions. This work provides a novel strategy for designing organic elec-
trode material with low cost and high performance for LIBs/DIBs. 

2. Experimental 

2.1. Materials and synthesis 

Li6C12O12 was synthesized by a facile precipitation method in an 
ethanol solution. In a typical procedure, mellitic acid (99 % Sigma- 
Aldrich) (0.2 g) was firstly dispersed (or dissolved) in ethanol solution 
(10 mL) to form solution A, and the LiOH (98 % Sigma-Aldrich) (0.1 g) 
was dissolved in distilled water (10 mL) (denoted as solution B). And 
then the latter solution was added slowly into solution A under vigorous 
stirring, and a precipitate was immediately produced. After centrifuging 
and drying in a vacuum at 180 ◦C overnight, Li6C12O12 was obtained. 
The synthesis process is simple and does not require any other high- 
temperature treatment, making it ideal for mass production. 

2.2. Characterization 

The morphologies of the sample were examined by SEM HITACHI 
S4800. FTIR spectra were recorded on a VERTEX 70 from Thermo Sci-
entific. Raman spectra were collected using Bruker SENTERRA II . 
Raman microscope with 532 nm laser. Hydrogen and carbon NMR were 
performed using VARIAN INOVA-400 instrument with deuterated 
chloroform (CDCl3) as solvent. Phase composition transition was 
confirmed by X-ray diffraction equipment (XRD, Bruker D8 Phaser). 
Electrochemical impedance spectroscopy (EIS) was collected using a 

Zanher performed electrochemical workstation at open circuit potential, 
with constant perturbation amplitude of 5 mV in the frequency of 0.01 
Hz− 100 KHz. 

2.3. Electrochemical measurements 

Li6C12O12 (60 %), Ketjen black (30 %) were mixed by a planetary ball 
mill at a mixing rate of 300 r/min for 2 h. The mixed samples were mixed 
with poly (vinylidene difluoride) (10 wt%) at the help of N-methyl-2- 
pyrrolidinone, and then cast on Cu foil. The electrodes were dried at 
120 ◦C for 12 h in a vacuum oven, then cut into disks with a diameter of 
12 mm. The mass loading of Li6C12O12 was ~ 2 mg cm− 2. The electro-
chemical performance was evaluated by using coin-type (CR2032) cells 
that were assembled in an argon-filled glovebox (MIKROUNA, Super 
(1220/750/900)). Li foil and Celgard 2400 were used as counter elec-
trode and separator, respectively. 1 M LiPF6 in an ethylene carbonate- 
dimethyl carbonate (EC: DEC, by volume, 1: 1) solution was used as 
electrolyte, and the volume of electrolyte for each cell is 60 μL. Galva-
nostatic charge/discharge was conducted on a Land CT2001A battery 
test system in the voltage range of 0.01–3.0 V. Cyclic voltammetric 
curves were performed using an electrochemical workstation. 

2.4. Full cell assembly and tests 

To prepare LiFePO4 (LFP) electrode, LFP, Super P and PVDF were 
mixed in a mortar at a weight ratio of 8.5: 1: 0.5 in 1-Methyl-2-pyrroli-
done (NMP), then coated on Al foil and dried under vacuum at 120 ◦C for 
12 h. The full LIBs comprise of LFP as cathode, Li6C12O12 as anode, and 
1 M LiPF6 in an ethylene carbonate-dimethyl carbonate solution as 
electrolyte. To prepare graphite electrode, graphite, Super P and PVDF 
were mixed with the help of NMP in the weight ratio of 8: 1: 1. The slurry 

Fig. 1. (a) The scheme of the synthesis process of Li6C12O12 using H6C12O12 and LiOH as raw materials. (b) The storage mechanism of Li6C12O12 electrode for LIBs.  
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was evenly coated on Al foil, and then dried in a vacuum even at 110 ◦C 
for 12 h. The full DIBs were assembled with graphite as cathode and 
Li6C12O12 as anode. 

2.5. Theoretical calculations 

The structural optimization and single-point energy calculations 
were optimized and calculated by DFT by using the Gaussian 09 package 
at the B3LYP/6-311G (d) level [36,37]. ESP simulations were performed 
by Multiwfn software [38], and dynamic visualization processes were 
simulated by VMD software [39]. Quantitative molecular surface anal-
ysis of the ESP is done using Multiwfn, exporting the surface vertex file, 
loading it into VMD for display, and coloring it according to the B-factor 
field data (corresponding to the ESP) of vtx. pdb. 

3. Results and discussion 

Fig. 1a shows the synthesis process and molecular structure of 
Li6C12O12, which is synthesized via a one-step reaction of H6C12O12 with 
LiOH in ethanol solution. The synthesis method is simple, green, and 
suited for scale-up (Fig. S1). Li6C12O12 with six carbonyls is respected to 
undergo a six-electron reaction and yield a theoretical specific capacity 
of 450 mA h g− 1, which is the notable advantage over graphite anodes 
(Fig. 1b). 

Fig. 2a presents the XRD patterns of the H6C12O12 and LiOH. The 
characteristic peaks of the resultant Li6C12O12 are quite distinct from 
those of the H6C12O12 precursor, which tentatively proves the successful 
synthesis of the material. In addition, NMR, FTIR, and Raman Spec-
troscopy all confirm the formation of target Li6C12O12 from H6C12O12. 
Fig. 2b shows the FT-IR spectra of the raw material H6C12O12 and the 

product Li6C12O12 in the high wavelength range of 3800 to 2000 cm− 1. It 
is clearly found that the absorption peaks of the raw material H6C12O12 
are significantly different from those of the product H6C12O12. Specif-
ically, in the FT-IR of H12C12O12, the broad absorption peak centered 
around 3000 cm− 1 corresponds to the stretching vibration peak of the 
hydroxyl group (–CO-OH) of H6C12O12. The sharp absorption peak 
centered at 1708 at 1250 cm− 1 corresponds to the characteristic ab-
sorption peak of the carboxylic acid carbonyl group (-C––O) and the 
stretching vibration of -C-OH, respectively. By comparison, the charac-
teristic absorption peaks of –CO-OH and -C-OH are not observed in 
Li6C12O12, while a new peak of lithium-oxygen bond (Li-O) appears at 
558 cm− 1, due to the complete substitution of H+ by Li+ after the re-
action of H6C12O12 with LiOH. The peak position of -C––O shifts to 1610 
cm− 1 owing to the strong interaction of Li-O. 1H NMR (Fig. 2d) and 13C 
NMR (Fig. S2) analyses were performed on the target Li6C12O12. In the 
13C NMR spectrum, two resonances at 176.3 and 134.9 ppm were 
collected, corresponding to the carboxycarbonyl carbon and benzene 
ring, respectively. The 1H NMR spectrum of Li6C12O12 reveals only one 
resonance of D2O at 4.79 ppm and no other proton peaks are observed, 
strongly proving the successful synthesis of Li6C12O12. Fig. 2c shows the 
Raman spectra of H6C12O12 and Li6C12O12. It is clearly shown that the 
sharp peak at 740 cm− 1 corresponds to the vibration in the O––C-OH 
plane disappearing after the formation of Li6C12O12 from H6C12O12. 

Surface morphologies of Li6C12O12 were investigated by SEM 
(Fig. 3). It can be seen that Li6C12O12 displays a bulk structure of tens of 
micrometers in size, which is unfavorable for electron/ion diffusion. 
Therefore, the bulk Li6C12O12 is mixed with Ketjen black by the ball-mill 
method to reduce the sizes and improve the conductivity. As expected, 
the particle size of Li6C12O12 is significantly reduced to 100–200 nm, 
while the Li6C12O12 particles are tightly wrapped by highly conductive 

Fig. 2. (a) XRD patterns of H6C12O12, LiOH and Li6C12O12. (b) FT-IR spectrum of H6C12O12 and Li6C12O12. (c) Raman spectrum of Li6C12O12 and H6C12O12. (d) NMR 
1H of Li6C12O12. 
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carbon, which greatly boosts electron/ion conductivity [40]. 
The Li-storage behavior of Li6C12O12 electrode was evaluated using a 

half-cell with a Li anode. Cyclic voltammetry (CV) curves were con-
ducted at a scan rate of 0.1 mV s− 1 within a voltage of 0.01–3.0 V. In the 
initial cathodic scan, one couple of distinct redox peaks at 1.25/1.45 V 
can be observed, corresponding to the insertion/extraction of Li+ into/ 
from the C––O bonds of COOLi groups (Fig. 4a). The peak at 0.66 V in 
the first cathodic scan disappears in the subsequent scans due to the 
formation of SEI film [41]. Remarkably, the CVs are almost overlapped 
after the first scan, indicative of the excellent reversibility of Li6C12O12. 
Fig. 4(b) shows the cycling curve of the Li6C12O12 electrode at a current 
density of 0.21 A/g. The discharge capacity of Li6C12O12 is 527 mA h g− 1 

for the first cycle and reduces to 455 mA h g− 1 after 10 cycles, which is 
due to the electrolyte decomposition and partial irreversible reaction of 
Li6C12O12 electrode. Afterwards, as the electrolyte gradually penetrates 

and more electrode material is activated, the discharge capacity grad-
ually increases and stabilizes at about 730 mA h g− 1. This result is 
commonly found in anode materials [42]. To investigate the reason for 
the increase in capacity, AC impedance tests were performed. As shown 
in Fig. S3, the impedance gradually decreases after fifty turns of the 
cycle, indicating improved kinetics reaction, which is favorable for fast 
Li+/electron transports. 

The first discharge and charge capacities of Li6C12O12 are 1719.7 and 
527.5 mA h g− 1, respectively, corresponding to an initial Coulombic 
efficiency of 30.8 %. The low Coulombic efficiency of the Li6C12O12 
electrode is ascribed to the SEI formation and the irreversible reaction of 
Li6C12O12. During the following cycles, the reversible capacity first 
generally decreases and then gradually increases (Fig. 4c). The increase 
in capacity with cycling may be ascribed to the electrolyte gradually 
permeating into the Li6C12O12 electrode, which is similar to most 

Fig. 3. SEM images of (a-b) Li6C12O12, (c-d) Li6C12O12/KB and (e-f) Li6C12O12 electrode.  
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organic electrode materials [43,44]. Excitingly, a considerable capacity 
of 374 mA h g− 1 is obtained even after 300 cycles, (Fig. 4d) shows the 
charge/discharge curves of Li6C12O12, in which the charge curves and 
discharge curves are well overlapped after the initial activation cycle, 
indicating good capacity retention. The rate performance of Li6C12O12 
was also investigated at current densities varying from 0.5 to 5 A/g 
(Fig. 4e). The reversible capacities of Li6C12O12 are 544, 452, 372, 306 
and 195 mA h g− 1 at the current densities of 0.5, 1, 2, 3 and 5 A/g, 
respectively, suggesting good rate capability. Remarkably, the Li6C12O12 
still achieves a stable reversible capacity of 559 mA h g− 1 when the 
current density turns back to 0.5 A/g. Such a superior rate performance 
of Li6C12O12 is mainly ascribed to the fast reactive kinetics and high 

transport rate of Li+ ions. Impressively, A remarkable energy density of 
730 Wh kg− 1 was delivered based on the mass of the Li6C12O12 anode, 
which is superior to most of the recently reported electrode materials in 
LIBs (Fig. 4f, Table S1). 

To further explore the kinetics of electrochemical reactions, CV tests 
at different scan rates were carried out [45] (Fig. 5a). There are two 
redox peaks at 1.20 and 1.45 V, which their theoretically calculated b- 
values were 0.75 and 0.78 (Fig. 5b), respectively, indicating a pseudo-
capacitive characteristic. The capacitance contribution of Li6C12O12 
gradually increases from 46.2 % to 79.0 % as the scan rates increase 
from 0.1 to 2.0 mV s− 1 (Fig. 5c, d). Such a pseudocapacitive behavior 
may be the main reason for exceeding the theoretical capacity. 

Fig. 4. Electrochemical performance of Li6C12O12 for LIBs. (a) CV curves at 0.1 mV s− 1. Cycle performances at the current densities of (b) 0.21 A/g and (c) 0.85 A/g, 
respectively. (d) Charge/discharge curves after different cycles. (e) Rate performance. (f) Comparison of energy density of Li6C12O12 with other reported anode 
materials for LIBs. 
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p = a vb                                                                                       i (1)  

log(i p) = b log(v) + log(a)                                                               (2)  

i (V) = k1 v + k2 v 1/2                                                                      (3)  

i (V) / v1/2 = k1 v 1/2 + k2                                                                 (4) 

In the equation, i (V), k1 v and k2 v1/2 represent the whole current, 

the pseudocapacitive behavior contribution current, and the diffusion 
behavior contribution current, respectively. Plotting i (V) / v1/2 against 
v1/2, k1 and k2 can be found. 

To reveal the reversibility and mechanism of the Li6C12O12 electrode, 
ex-situ FTIR was carried out to observe the molecular vibrations at 
different charge/discharge states (Fig. 6a). The representative vibration 
of the -C––O group at about 1700 cm− 1 gradually vanishes during the 
discharge process and reappears at the charge states, corresponding to 
the opening and recovering of C––O of Li6C12O12. Meanwhile, at 1050 

Fig. 5. (a) CV curves of Li6C12O12 at various scan rates. (b) A linear relationship between the peak current and scan rates. (c) Capacitive-controlled contribution at a 
scan rate of 0.1 mV s− 1. (d) Normalized capacitive and diffusion controlled contribution ratios at different scan rates. 

Fig. 6. (a) Ex situ FT-IR of Li6C12O12 electrode at different charge and discharge states. (b) DFT calculations. ESP of (b) Li6C12O12 and (c) Li12C12O12.  
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cm− 1 corresponds to the stretching vibration of the C–O bond, which 
gradually disappears during discharge and appears during charging the 
absorption peak at 558 cm− 1 gradually disappears upon discharge, 
while appearing again at charging, which is related to the transition 
from COO-Li to C––C-(OLi)2, these results indicate the electrochemical 
reaction based on reversibility of C––O in LTP. The density functional 
theory calculations (DFT) was performed to investigate the lithiation 
mechanism of Li6C12O12 [36,37], and the electrostatic potential distri-
butions of H6C12O12 and Li12C12O12 were visible in Fig. 6 (b, c). It is 
clearly observed that the C––O bond of Li6C12O12 shows the lowest 
electrostatic potential. The blue dot corresponds to the same C––O, 
which again proves the reaction site. The product Li12C12O12 produced 
an electrostatic potential distribution with a similar symmetric structure 
after binding to Li+, substantiating the accuracy of our results [46]. 

To certify the practical application of the Li6C12O12 electrode in an 
actual full battery, LiFePO4 (LFP) was used as the cathode to couple with 
the Li6C12O12 anode to assemble Li-ion full battery. As displayed in 
Fig. 7 (a, b), the LiFePO4//Li6C12O12 full battery delivers high capacities 
(calculated based on the mass of LFP) of 164.9, 161.7, 148.3, 131.4, 
110.1 and 76.5 mA h g− 1 at 17, 34, 85, 170, 340 and 850 mA g− 1, 
respectively. When the rate was turned back to 17 and 85 mA g− 1, 
reversible capacities of 168.5 and 145.2 mA h g− 1 are still obtained, 
indicating good rate performance of the full battery. 

In addition to the Li-ion full battery, a dual-ion full battery (DIB) 
employing Li6C12O12 as the anode and graphite as the cathode is also 
designed in a typical electrolyte (1 M LiPF6 /EC: DEC electrolyte) 
(Fig. 7c, d). The dual-ion battery can provide high energy density with 

high output voltage (>4.0 V) while maintaining the advantage of low 
cost. The cycling performance of the DIB is performed at a current 
density of 0.1 A/g in the voltage range of 2.5–4.6 V. After 10 cycles of 
activation, the DIB exhibits a high reversible capacity of ~ 80 mA h g− 1, 
with an energy density of 284 Wh Kg− 1. Furthermore, the DIB shows 
good cycling stability with 91 % capacity retention during 160 cycles. 
All the results demonstrate the good feasibility of Li6C12O12 as a new 
anode material for application in DIBs. 

4. Conclusion 

In summary, we designed a novel organic hexalithium salt Li6C12O12 
by a green method at room temperature and investigated its feasibility 
as a new anode material for LIBs and DIBs. The combination of elec-
trochemical investigations and spectroscopic results demonstrates that 
Li6C12O12 reveals good reversible Li-storage performance based on the 
coordination reaction mechanism of the carboxylic carbonyl with Li+. 
Li6C12O12 delivers a considerable reversible capacity of 730 mA h g− 1 

and cycling stability at 0.21 A/g. More striking, high capacity, rate 
performance and cycling stability of Li6C12O12//LiFePO4 full battery 
and Li6C12O12//graphite dual-ion battery are also obtained. The supe-
rior electrochemical performance of Li6C12O12 is ascribed to the highly 
reversible reactivity of the carboxyl group and the pseudocapacitive 
characteristic, as well as less soluble properties in organic electrolytes. 
This work highlights the active role of designing and tailoring organic 
electrode materials in building high-performance batteries and capaci-
tors for Li-storage. 

Fig. 7. (a) The scheme and (b) Rate performance of the LiFePO4/Li6C12O12 full LIB. (c) The scheme and (d) cycle performance of the graphite/Li6C12O12 full LIB.  
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