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Beneﬁting from high volumetric energy density and generally dendrite-free growth of Mg metal, rechargeable
magnesium batteries (MBs) become a promising next-generation energy storage system. Organic electrode
materials, with characteristic of sustainable resource and ﬂexible structure, have been widely studied in alkali
metal ion batteries, but are rarely reported in MBs. Herein, we demonstrate that 3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA) serves as a cathode material for MBs in non-aqueous system, which realizes a
fast diﬀusion kinetics and remarkable Mg-storage performance through a salt-dissolution inhibition approach for
the electrolyte. The PTCDA exhibits a reversible capacity of 126 mAh g−1 (at 200 mA g−1), excellent rate performance, and good cycling stability (100 mAh g−1 even after 150 cycles). Furthermore, the evolution mechanism of the PTCDA electrode based on the transformation between carbonyl groups (C]O) and enolate
groups (C–O) is revealed by ex-situ phase characterization and functional group analysis. Besides, the dissolution
inhibition of the PTCDA could also be realized through the incorporation of other soluble salt (KCl or NaCl) into
all phenyl complex (APC) electrolyte, resulting in an enhanced cycling capacity. Considering the designable
conﬁguration of the organic materials, this work would pave way for their utilization on multi-valent ion batteries and provide eﬃcient strategy to realize high voltage and satisﬁed cycle life.

1. Introduction
Confronted with the wide utilization and the large-scale demand of
energy storage system, the development of lithium-ion batteries (LIBs)
has reached a bottleneck due to the low reserves of lithium, limited
energy density, and safety issues of LIBs during the repeated cycling.
Therefore, developing the next-generation battery system is very essential to meet increasing requirements. Beneﬁting from high volumetric energy density (3833 mAh cm−3) and dendritic-free growth
during the repeated cycling, rechargeable magnesium batteries (MBs)
are considered to be one of the promising candidates as supplement or
substitute for energy storage devices. Besides, Mg metal anode material,
features cheap price and abundant light metal reserves element (1.5 wt
% in earth crust) [1,2]. In 2000, based on Mg metal anode and Chevrel
phase Mo6S8 cathode combined with Mg(AlCl2EtBu)2/Tetrahydrofuran
(THF) as the electrolyte, D. Aurbach et al. developed a magnesium
secondary battery prototype, which achieved a 100% Coulombic
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eﬃciency of the magnesium deposition-dissolution cycles and a charge
capacity of ~122 mAh g−1 [3]. However, there is a low operation
voltage and speciﬁc capacity for Mo6S8 as a Mg-storage material, resulting in a limited energy density of MBs. The major challenge for MBs
resides in the strong intercalation between divalent Mg2+ ions and the
host materials, causing a low ion diﬀusion kinetic, poor discharge capacity, and undesirable cycling stability. Various Mg-storage cathode
materials have been successively proposed, such as transition-metal
sulﬁdes (VS4 [4], TiS2 [5,6], MoS2 [7,8], CuS [9]), transition-metal
oxides (V2O5 [10,11], ﬂuorine doping α−MoO3 [12]), and polyanionic
compounds (Mg1.03Mn0.97SiO4 [13,14], MgMnSiO4 [15], MgFeSiO4
[16]). Unfortunately, most of these materials are diﬃcult to synthesize
and their Mg-storage performance could not rival with the Chevrel
phase Mo6S8. As a result, exploring suitable cathode materials with high
operation voltage and speciﬁc capacity is of great signiﬁcance.
The organic materials, typical of structural designability and chemical diversity, have been widely studied in LIBs [17–19] and sodium-
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organic electrode material in alkali metal ion batteries, the dissolution
problem is ﬁrst measured to evaluate the availability of the PTCDA
material in MBs. From the comparison of dissolution experiments in
electrolyte with diﬀerent soak time, the color is nearly unchanged for
the APC electrolyte containing LiCl with the increasing of soak time
from 1 to 24 h, which indicating a possible dissolution inhibition
property for PTCDA in this sample (Fig. 1b). Fig. S1 presents the
morphology of the PTCDA electrode before and after soaking 24 h in the
two electrolytes. The morphology of the PTCDA has no signiﬁcant
change after soaking in APC electrolyte with LiCl, while the other one
partially dissolved in APC electrolyte. Noted that all the electrodes
soaked in electrolyte were washed for several times (3~5) to remove
the redundant electrolyte. The FTIR spectrogram of the PTCDA powder
is shown in Fig. S2, and the absorbance peak at 1767 cm−1 can be attributed to the vibrational modes of the C]O double bonds in PTCDA.
The peaks centered at 1591, 1505, and 1405 cm−1 belong to the C]C
double bonds, and 863, 805, and 733 cm−1 can be attributed to the C–H
bond [30]. Besides, the FTIR spectra (Fig. 1c) demonstrate that the
transmittance of electrolyte containing LiCl does not obviously change,
illustrating that the PTCDA has low solubility in this electrolyte. With
respect to the electrolyte without LiCl, the peaks located at
~1750 cm−1 and 700 cm−1 obviously change, which are ascribed to
the dissolution of the PTCDA. Fig. 1d shows the UV–vis spectra of the
electrolytes collected after soaking 24 h. The absorption peaks at 470
and 510 nm are ascribed to the dissolved PTCDA and the peaks of APC
electrolyte are stronger than in electrolyte with LiCl, illustrating that
the PTCDA has lower solubility in the electrolyte with LiCl. Through the
visual observation, the color change of the separator (Fig. S3) assembled in APC electrolyte is deeper than the one with LiCl. Integrated
analysis of these results is that the dissolution of PTCDA can be eﬀectively suppressed with the addition of LiCl.
To investigate the electrochemical properties of the PTCDA, the
coin-type batteries were assembled using Mg foil as anode, PTCDA as
cathode, and glass ﬁber (GF/A) as the separator. Here, molybdenum foil
was placed to avoid the side reaction between the electrolyte and the
stainless steel shell. To value the available voltage range of the electrolyte, the cyclic voltammetry (CV) curves of the APC electrolyte with/
without LiCl are shown in Fig. S4. We can see that the high cut-oﬀ
voltage is limited to 2.5 V (vs. Mg/Mg2+) because of the compatibility
of Mg foil combine with APC electrolyte in magnesium battery system.
As Fig. S5 shows, the PTCDA electrode possesses an initial capacity of
130 mAh g−1 (at 100 mA g−1) when cycling between the voltage range
from 0.6 to 2.5 V in APC electrolyte. All the capacities in this work are
calculated based on the mass of the PTCDA. After 50 cycles, the reversible capacity is only 75 mAh g−1. The rapid capacity decay is
possibly attributed to the dissolution of the host material in APC electrolyte. Then diﬀerent concentrations of LiCl (0.2, 0.5, 0.8, 1.0, and
1.5 M) are added into the APC electrolyte. And LiCl cannot completely
dissolve when the concentration is 1.5 M. Comparing the electrochemical performance with diﬀerent electrolytes, the decay of the reversible capacity is much slower than that in APC electrolyte when the
LiCl is beyond 0.5 M. In order to exclude the factor of the APC electrolyte concentration, we assemble coin cells used 0.4 M APC electrolyte to demonstrate the cycling stability of the PTCDA. The battery
system delivers a capacity of 67 mAh g−1 after 70 cycles (Fig. S6).
Based on the above experiments, the dissolution of the PTCDA is inhibited by adding LiCl salt, which is consistent with the results of
UV–vis and FTIR spectrograms. The capacity of the cathode material is
improved with the concentration of LiCl increasing from 0 M to 0.8 M.
With the concentration of LiCl above 1.0 M, however, the capacity reduces due to the diﬀusion kinetic of Mg2+ inhibited by the high viscosity of electrolyte [31]. The charge/discharge plateaus have no obvious change with the diﬀerent concentration of LiCl (Fig. S7). The salt
concentration is a trade-oﬀ among solubility, ionic conductivity, and
viscosity. Considering these factors, the PTCDA displays the best cycling
stability when cycled in the 1.0 M LiCl-APC electrolyte (Fig. 2a). Fig. 2b

ion batteries (SIBs) [20,21]. However, there are few reports about their
application on rechargeable magnesium batteries [22–25]. Recently,
Liao et al. demonstrated 2,5-dimethoxy-1,4-benzoquinone (DMBQ) as
cathode material for rechargeable MBs, delivering an initial capacity of
226 mAh g−1 (at 0.2 C) and retaining 74 mAh g−1 after 30 cycles [26].
They discovered that the electrode material has a considerable capacity
loss upon cycling, and there is much room for further optimization of
the organic Mg-storage electrodes. 3,4,9,10-perylenetetracarboxylic
dianhydride (PTCDA), known as organic pigment “red 224”, is composed of one aromatic ring center and two anhydride groups, and further stacks forming the PTCDA crystals through the ᴨ-ᴨ stacking between layers. Ji et al. assembled a three-electrode magnesium cell with
an aqueous electrolyte (4.8 M Mg(NO3)2), in which PTCDA served as
working electrode, activated carbon as counter electrode, and Ag/AgCl
(in sat. KCl) as reference electrode. It displayed a reversible capacity of
~125 mAh g−1 at 20 mA g−1 [27]. Considering the initial research
purpose of MBs, the advantage of the magnesium anode was not utilized at all, which actually limited the application of PTCDA. In view of
passivation of Mg metal in an aqueous electrolyte, the PTCDA as Mgstorage material in non-aqueous system is worthy to be attempted
[28,29]. According to the reaction mechanism of the PTCDA in alkali
metal ion batteries, each PTCDA molecule can transfer two electrons
during the charge/discharge process in the voltage range from 0.6 V to
2.5 V (Scheme 1), and the corresponding theoretical capacity of PTCDA
is about 144 mAh g−1. Thus, it is important to realize high magnesium
storage activity of the PTCDA in organic electrolyte system for its further development and practical application.
Herein, we assembled the coin cells using Mg foil as anode, PTCDA
as cathode, and aluminum chloride THF complex/phenylmagnesium
chloride (all phenyl complex, APC) solution as non-aqueous electrolyte.
Considering the dissolution issue of organic materials in aprotic electrolyte, the incorporate of the dissolvable salt (1 M LiCl) in electrolyte
was adopted to maximize the utilization of the active material. And the
PTCDA displays an excellent electrochemical performance. Besides, the
behavior of dissolution inhibition is directly observed and measured via
Fourier transform infrared spectroscopy (FTIR) and ultraviolet visible
(UV–vis) absorption spectrum. The electrochemical enolization mechanism of the PTCDA is also veriﬁed through the track of phase change
and functional group. Signiﬁcantly, KCl and NaCl salts also play an
identical role on reducing the solubility of PTCDA to achieve a good
cycling performance. This study oﬀers a general approach to maximize
the utilization of electrode materials and enhance their Mg-storage
performance, especially for sustainable organic materials.
2. Results and discussion
Fig. 1a shows the X-ray diﬀraction (XRD) pattern of the commercial
PTCDA powder. It displays a β-crystalline and the monoclinic P21/c
space group, and the diﬀraction peaks located at 9.3, 12.1, 24.3, and
27° can be ascribed to (011), (021), (042) and (102) planes, respectively [30]. The scanning electron microscopy (SEM) image (inset of
Fig. 1a) shows that PTCDA has a micro-rod morphology with the length
of 500 nm and width of 200 nm. Considering high solubility of the

Scheme 1. Theoretical reaction mechanism of the PTCDA electrode as cathode.
2
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Fig. 1. The dissolution of PTCDA in APC electrolyte with/without LiCl. (a) The XRD pattern of the PTCDA (inset: SEM image of the PTCDA); (b) digital photos of
the PTCDA dissolved in diﬀerent electrolytes with diﬀerent soak time; (c) FTIR and (d) UV–vis spectra of the PTCDA in the APC electrolyte with/without LiCl.

(GITT) test. As shown in Fig. 3c, the PTCDA delivers a discharge capacity of 130 mAh g−1, corresponding to about 2 electron transfer
during the redox process. The Mg2+ diﬀusivity can be obtained by a
constant current pulse via the following formula [34]:

shows the rate performance of the PTCDA. The initial discharge capacity of the PTCDA is 140 mAh g−1 at a current density of 100 mA g−1.
With the increasing of current density, the reversible capacities gradually decrease and the Mg-storage capacities of the PTCDA are 105,
60, and 40 mAh g−1 at 200, 300, and 500 mA g−1, respectively. The
capacity could recover to the initial value when the current density
returns to 200 mA g−1. Fig. 2c displays the charge/discharge curves of
the PTCDA at a current density of 200 mA g−1. The major discharge
plateau is located at 1.7 V and the charge plateau is at 2.1 V. The
PTCDA exits a higher working voltage plateau and a small polarization
compared with other cathode materials reported in MBs (Fig. 2d). There
also exists another minor discharge/charge plateau. Besides, the longterm cycling stability of the PTCDA cathode shown in Fig. 2e presents
an initial capacity of 126 mAh g−1, and the reversible capacity retains
100 mAh g−1 (at 200 mA g−1) even after 150 cycles. And the Columbic
eﬃciency retains 98% during the long-term cycling. Our results demonstrate that the organic materials enable themselves to act as promising cathodes for high-performance and environmental rechargeable
multi-valent ion batteries.
Fig. 3a shows the cyclic voltammetry (CV) curves of the PTCDA at
diﬀerent scanning rates from 0.05 to 0.3 mV s−1 in the potential range
of 0.6–2.5 V. Two pairs of redox peaks are consistent with the galvanostatic charge/discharge proﬁles. With the increasing of scanning rate,
the peak current value increases and the position of the peaks has a
little change, revealing a highly reversible reaction mechanism of the
PTCDA. Fig. 3b presents the plots of log (i) vs. log (v) for the two redox
peaks, and the b value represents the slope of the ﬁtted line. The ionic
diﬀusion mainly controls the electrochemical reaction when b = 0.5,
and when b = 1, the process is capacitance-dominated contribution
[32,33]. The calculated b-values for peak 1 and 2 are 0.99 and 0.98,
respectively, indicating a substantial capacity of capacitance contribution. Also, we can calculate the Mg2+ diﬀusion coeﬃcient in organic
lattices through the galvanostatic intermittent titration technique

2

2

DGITT =

4 ⎛ mB VM ⎞ ⎛ ΔEs ⎞
π τ ⎝ MB S ⎠ ⎝ ΔEτ ⎠
⎜

⎟

⎜

⎟

(1)

where τ is the constant current pulse time, the molar volume, the mass,
and the molar mass of the active materials are replaced by VM, mB, and
MB, respectively. ΔEs and ΔEτ are two important parameters, the calculation method of which is shown in Fig. S8. S is the contact area
between the electrolyte and electrode. Fig. 3d shows the average Mg
diﬀusivity of the PTCDA cathode during the discharge process is about
2 × 10−12 cm2 s−1, indicating that the DMg 2 + of the PTCDA in this
battery system is on the same order of magnitude as Mo6S8 [35].
To investigate the redox active sites of the functional group and
insertion/extraction mechanisms of the PTCDA as Mg-storage material
[36], ex-situ XRD and ex-situ FTIR spectroscopy were performed at
diﬀerent charge/discharge states. The galvanostatic charge/discharge
proﬁles of PTCDA are shown in Fig. 4a. And Fig. 4b shows the corresponding ex-situ XRD patterns of the PTCDA. The peaks located at 18°
are ascribed to binder polytetraﬂuoroethylene (PTFE). Upon the discharge process (from point I to IV), the peaks at 24° and 27° corresponding to the (042) and (102) planes gradually disappears. While
during the following charge process (from V to VIII), the intensity of
these peaks gradually recovers to the initial state again, suggesting that
the magnesiation/demagnesiation process involves a reversible structure changes of the PTCDA electrode. To investage the function groups
transform mechanism during the cycling, ex-situ FTIR analysis was
conducted at the selected positions for charge/discharge process
(Fig. 4c). During the discharge stage, the peak located at 1700 cm−1
diminishes, while a new peak located at 1350 cm−1 strengthens, indicating the carbonyl groups (C]O) convert to the enolate groups
3
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Fig. 2. Electrochemical performance of the PTCDA electrode. (a) Discharge capacity and capacity retention (50th cycle for 0 M and 0.2 M LiCl, 100th cycle for
another electrolytes) of the APC electrolytes with diﬀerent concentrations of LiCl. (b) Rate performance of the PTCDA electrode at current densities of 100, 200, 300,
500 mA g−1, respectively. (c) Galvanostatic charge-discharge curves of PTCDA at a current density of 200 mA g−1. (d) Comparison of the polarization and working
voltage of the PTCDA with other Mg-storage materials. (e) The long-term cycling stability of the PTCDA cathode at a current density of 200 mA g−1.

conclusion that the molecule structure makes the energy for breaking
the Mg–Cl bond less than 3 eV (Fig. S9). This result is also conﬁrmed
through X-ray photoelectron spectroscopy (XPS) measurement (Fig.
S10). Even in pure APC electrolyte, it has been proved that the Mg2+
serves as the intercalation ions instead of MgCl+ (Table S1). Besides,
the XPS of Mg (Fig. S11a) and Li element (Fig. S11b) for PTCDA electrodes at diﬀerent states are detected, revealing the phenomenon that
the charge storage is dominated by Mg2+ storage instead of Li+. The
atomic ratio between Li and Mg is characterized by inductively coupled
plasma optical emission spectrometry (ICP-OES). As charged to 2.5 V,
the atomic ratio of Mg:Li was 4.23:1. As discharge proceeds, the atomic
ratio of Mg:Li becomes 109.4:1. This result also veriﬁes the charge
storage is dominated by Mg2+ storage instead of Li+ (Table S2).
Inspired by the improvement of electrochemical performance of the
PTCDA electrode in APC electrolyte with LiCl salt, we investigate the
universality of dissolution inhibition in APC electrolyte through adding
other salts. We test galvanostatic charge/discharge performances of
PTCDA in APC electrolyte with another two salts (NaCl and KCl).

(C–O). During the following charge process, the peak intensity of carbonyl groups gradually recover and the enolate groups gradually diminish. These results represent that the magnesiation/demagnesiation
of PTCDA not only involves a reversible structure change but also a
transformation mechanism between carbonyl groups and enolate
groups [27]. The energy disperse spectroscopy (EDS) elemental mapping of the PTCDA electrode at diﬀerent charge/discharge states shows
the distribution of C, O, Mg, and Cl elements, conﬁrming the reversible
magnesiation/demagnesiation behavior of the PTCDA (Fig. 4d and e).
The signals of Cl element on fully charged/discharged electrodes likely
come from the adsorbed electrolyte on the electrode surface. This result
reveals Cl element actually does not involve in the electrochemical
reaction. According to the molecule structure diagram of the PTCDA,
the center of benzene rings shows a strong positive electricity trend
because the four carbonyls of the molecule are electron-withdrawing
groups. When MgCl+ is close to the PTCDA molecule, the benzene rings
bind easily and take away the chlorine ion due to the positive electricity. According to the DFT theoretical calculation, we come to the
4
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Fig. 3. Kinetic investigation. (a) CV curves of the PTCDA electrode scanned at various rates from 0.05 to 0.3 mV s−1 in the potential range of 0.6–2.5 V and (b)
corresponding log i vs. log v plots at diﬀerent redox states. (c) GITT curves and (d) the diﬀusion coeﬃcient of Mg2+ calculated based on GITT curves.

delivering a good cycling stability of 104 and 90 mAh g−1 after 65
cycles, respectively. Similar to LiCl, electrolyte containing other dissolved salt also shows an obvious dissolution inhibition eﬀect compared
with APC electrolyte and a high discharge plateau.

Fig. 5a and b shows charge and discharge proﬁles of PTCDA at the 10th,
20th and 30th cycle in Na-APC and K-APC electrolyte, and the discharge/charge plateaus of the two electrolyte systems remain at 2.1 V/
1.7 V, which shows a small changes of the plateau. Fig. 5c shows the
cycling stability of PTCDA electrode in Na-APC and K-APC electrolytes,

Fig. 4. Structural changes of the PTCDA during charge/discharge process. (a) Galvanostatic charge/discharge proﬁles of the PTCDA collected at 5th cycle. (b)
Ex-situ XRD and (c) FTIR curves of the PTCDA at diﬀerent stages. HAADF image and EDS elemental mappings of the PTCDA at (d) fully-discharged and (e) fullycharged states.
5
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Fig. 5. Electrochemical performance of the PTCDA electrode in APC electrolyte with other salts. Galvanostatic charge-discharge curves at a current density of
100 mA g−1 of the PTCDA in APC electrolyte with dissoluble (a) Na- and (b) K- salt. (c) The long-term cycling performance of the PTCDA cathode at a current density
of 100 mA g−1.

3. Conclusion

scanning electron microscopy (FESEM, JEOL, JSM-7100F). The HAADF
and elemental mapping images were taken using a transmission electron microscope (TEM, Tecnai G2 F20). The spectrograms of the samples were collected by ultraviolet–visible spectrophotometer (UV–vis,
Lambda 750 S) and Fourier transform infrared spectrometer (FTIR,
Nexus). The Li elemental was analyzed by X-ray photoelectron spectroscopy on an ESCALAB 250 Xi spectrometer (XPS, VG Scientiﬁc Co.,
UK).

In summary, we have demonstrated that the PTCDA can be served
as a cathode material in non-aqueous MBs. Through a salt dissolution
inhibition approach for the APC electrolyte with LiCl, the PTCDA exhibits a high Mg-storage capacity, excellent rate capability, and good
cycling stability. The evolution mechanism of the PTCDA is revealed by
ex-situ XRD and FTIR, which shows a good structural reversibility in the
potential range from 0.6 to 2.5 V. Furthermore, based on the Mg2+, the
electrochemical mechanism of the PTCDA is proved to be the transformation between carbonyl groups (C]O) and enolate groups (C–O).
In addition, the dissolution inhibition behavior has also been extended
to other soluble salt (NaCl and KCl), achieving remarkable electrochemical performance improvement for the PTCDA. This general approach eﬀectively realizes the maximization of host materials in nonaqueous system, and provides a novel perspective for the high-voltage
and high-capacity organic electrode materials applied in the multi-valent ion batteries system with high energy density.

4.4. Electrochemical characterization
The PTCDA electrodes consist of 80 wt% 3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA), 10 wt% acetylene black and 10 wt
% polytetraﬂuoroethylene (PTFE). The galvanostatic discharge/charge
tests were carried out on Land CT2001A battery test system within the
voltage range of 0.6–2.5 V (vs. Mg2+/Mg). The cyclic voltammetry (CV)
tests were carried out on EC-Lab test system at a scanning rate of 0.05,
0.10, 0.15, 0.20, 0.25, and 0.30 mV s−1 respectively. The galvanostatic
intermittent titration technique (GITT) tests were carried out on Land
CT2001A battery test system with a galvanostatic charge/discharge
time of 600 s and followed by a relaxation time for 1800 s.

4. Experimental section
4.1. Preparation of all phenyl complex (APC) electrolyte

4.5. DFT calculations
The all phenyl complex (APC) electrolyte was prepared in two steps
according to previous literature [37]. Firstly, we diluted 10 mL aluminum chloride THF complex (Aldrich, 0.5 M in THF) into 5 mL tetrahydrofuran (THF, anhydrous, 99.9%, and removed water by molecular sieves), and under stirring in argon-ﬁlled glove box (< 1 ppm of
oxygen and water) for at least 6 h. Then the solution was slowly added
into 5 mL phenylmagnesium chloride solution (Macklin, 2.0 M in THF)
under continuous stirring, and the solution was stirred for another 12 h
to form APC electrolyte. The concentration of as-prepared APC electrolyte is 0.25 M.

The present calculations were carried out by using the projector
augmented wave (PAW) [38] method within DFT, as implemented in
the Vienna ab initio simulation package (VASP) [39,40]. The generalized gradient approximation (GGA) in the form of the Perdew-BurkeErnzerhof (PBE) [41] was used to treat the exchange-correlation energy. A kinetic energy cutoﬀ of 500 eV was used for wave functions
expanded in the plane wave basis. All atoms were allowed to relax until
the forces were less than 0.05 eV Å−1. For the Brillouin-zone sampling,
2 × 2 × 2 k-points were adopted to ensure convergence of the total
energy. Ultrasoft pseudopotentials were used to describe the interactions of the ionic core and valence electrons. Referring the energy of
state I as the ground one, the activation energy was calculated.

4.2. Preparation of APC electrolyte with LiCl
This electrolyte was prepared by a simple one-step method. The LiCl
(Aladdin, anhydrous, 99.99% metals basis) powder was added into APC
electrolyte, and stirring until the LiCl dissolved in APC. The ﬁnal solution was stirred overnight prior to use. The concentration of hybrid
electrolyte was changed with the addition of various amount of LiCl.
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