
German Edition: DOI: 10.1002/ange.201803703Metal-Ion Batteries Very Important Paper
International Edition: DOI: 10.1002/anie.201803703

A Universal Organic Cathode for Ultrafast Lithium and Multivalent
Metal Batteries
Xiulin Fan+, Fei Wang+, Xiao Ji, Ruixing Wang, Tao Gao, Singyuk Hou, Ji Chen, Tao Deng,
Xiaogang Li, Long Chen, Chao Luo, Luning Wang, and Chunsheng Wang*

Abstract: Low-cost multivalent battery chemistries (Mg2+,
Al3+) have been extensively investigated for large-scale energy
storage applications. However, their commercialization is
plagued by the poor power density and cycle life of cathodes.
A universal polyimides@CNT (PI@CNT) cathode is now
presented that can reversibly store various cations with differ-
ent valences (Li+, Mg2+, Al3+) at an extremely fast rate. The
ion-coordination charge storage mechanism of PI@CNT is
systemically investigated. Full cells using PI@CNT cathodes
and corresponding metal anodes exhibit long cycle life
(> 10000 cycles), fast kinetics (> 20 C), and wide operating
temperature range (@40 to 50 88C), making the low-cost
industrial polyimides universal cathodes for different multi-
valent metal batteries. The stable ion-coordinated mechanism
opens a new foundation for the development of high-energy
and high-power multivalent batteries.

The present energy-storage landscape has been dominated
by lithium ion batteries (LIBs) since the first commercializa-
tion in 1991 because of their high energy density.[1] However,
numerous safety incidents, limited resource supplies (lithium,
cobalt), and high costs seem to constrain the large-scale
utilization on the automotive market and in stationary energy
storage systems.[2] The increasing demand for the integration
of intermittent electricity generated from renewable energies
(such as solar and wind) into the grid calls for beyond Li-ion
batteries that are environmentally friendly/benign, safe, cost-
efficient, and have a long cycle life.[3] Among the battery
chemistries beyond the Li-ion,[4] magnesium metal batteries
(MMBs)[5] and aluminum metal batteries (AMBs)[6] are
promising for large scale energy storage because the Mg
and Al metals are not only abundant and safe to handle in
ambient atmosphere, but also energetically conferred by the

multi-electron redox.[2, 5a,6, 7] The specific capacity and reduc-
tion potentials of Li, Na, Mg, and Al are compared n the
Supporting Information, Table S1. Mg and Al metals have
a relatively high negative reduction potential (@2.4 V and
@1.7 V versus NHE, respectively), and the highest volumetric
capacities (3833 and 8046 mAhcm@3, respectively). For the
Mg and Al batteries, another important merit is the poten-
tially dendrite-free deposition owing to their relatively higher
Mg@Mg or Al@Al bond energies compared with Li@Li
bond.[8] All of these features render Mg and Al metal
rechargeable batteries compelling candidates for sustainable
electrochemical storage devices at both large and intermedi-
ate scales.[9] However, the cell performances of these multi-
valent batteries are impeded by low power density owing to
the intrinsic low ion diffusion rate of multivalent ions in the
solid state cathode materials, short cycling life owing to the
poor reversibility, and low round-trip efficiency that is due to
large voltage hysteresis between charge and discharge.[9c,d, 5b,10]

The electrochemical intercalation of these multivalent cations
into a host crystal structure is difficult due to the strong
electrostatic interaction between the cations and the host
lattices, which restricts the redistribution of the electric
charges of the cations. The diffusion barriers of these multi-
valent ions are orders of magnitude higher than that of Li+

ions in the same host matrix, limiting the rate capability
(power), or even preventing the insertion of these ions.[11]

Sulfur and selenium have lower electronegativity than oxygen
and are more polarizable owing to their large atom radius.
Therefore, the charge redistribution in the sulfide or selenium
anionic frameworks shows superior to their corresponding
oxides due to the softer lattices.[10b, 12] To date, the Chevrel
phase Mo6S8 is still the prototype intercalation cathode with
high cycling stability for Mg2+ and Al3+ due to its special
crystal structure, which is the milestones for the Mg2+ and
Al3+ batteries.[5a, 9d]

Herein, we report that industrial polyimide (PI) polymer
is a universal cathode materials for Li+, Mg2+, and Al3+, and
these metal/PI batteries have very high power density and
long cycle life. Detail electrochemical, spectroscopic, and
microscopy characterization revealed that Li+, Mg2+, and Al3+

intercalate into PI polymer through a stable ion-coordination
charge storage mechanism, which is totally different from the
conventional inorganic materials, and is the key reason for the
superior power density of the multi-valent batteries. Since the
structurally stable ion-coordination charge storage mecha-
nism allows fast cation diffusion in the PI@CNT cathode
materials, we bypassed the traditional obstacles of slow
kinetics, large voltage hysteresis, and low reversibility for
the multivalent batteries. Therefore, this new type of elec-
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trode materials enables the low-cost MMBs and AMBs to
achieve extremely long cycle life and high power density (fast
kinetics) as that of LIBs.

The preparation process of the PI/CNT composite is
shown in Figure 1a, with a detailed experimental description
given in the Supporting Information. The as-purchased CNT
was first pre-treated to ensure the homogeneously dispersion

in the NMP solvent. SEM images of the dispersive carbon
nanotubes are shown in the Supporting Information, Fig-
ure S1a,b. At low magnification, these CNTs present an
irregular shape with tens of micrometers (Supporting Infor-
mation, Figure S1a). Under high magnification, individual
CNTs can be observed, and these CNTs are loosely entangled
with empty space between them (Supporting Information,
Figure S1b). These dispersible CNTs contact with each other
to form a network. The dispersed CNT in NMP can keep for
over 1 week without any deposit (Supporting Information,
Figure S1c,d). Figure 1b shows the FTIR spectrum of the
PI@CNT, which is in agreement with the previous report.[13]

Figure 1c–e show the TEM images of the PI@CNT compo-
site. After polymerization of the PI, distinct carbon nanotubes
can be clearly detected in the composite, in which the carbon
nanotubes linked these PI nanoparticles into micrometers
(Supporting Information, Figure S2), implying that the PI
formed in situ is filled into the empty space between the
carbon nanotubes, suggesting a good tap density. This
hierarchical structure can ensure a high electronic conductiv-

ity for the composite, which is a pre-requisite for the high
kinetics of the electrodes. As shown by the high resolution
TEM image in Figure 1 f, the graphitic layers in CNT can be
observed. These long CNTs are randomly distributed in the
composite, and connected different domains of PI together,
forming effective conductive networks (Figure 2d,e).

Polyimide was investigated as a cathode material for the
Li ion batteries.[13] However, the reaction rate is slow for
practical application owing to the low electron conductivity of
polyimide. We tackled this issue by in situ formation of
a PI@CNT composite, in which the CNTs are connected with
each other to construct a 3D electron conductive matrix. show
the electrochemical performance of the PI@CNT cathodes
for Li+, Mg2+, and Al3+ batteries are shown in Figure 2 and the
Supporting Information, Figure S3. Both capacity and current
density are calculated based on the overall weight of the
PI@CNT composite. The PI@CNT cathodes provide a highly
reversible capacity of 180 mAh g@1, circa 130 mAh g@1, and

Figure 1. a) Illustration of PI@CNT synthesis. b) FTIR spectra of the
as-synthesized PI@CNT. TEM images (c, d, e) and HRTEM image (f)
of the PI/CNT composite. PI and carbon nanotubes (CNT) are marked
according to the crystal features of the carbon nanotubes.

Figure 2. Electrochemical performance of the PI@CNT cathode for
different metal batteries. a) Galvanostatic charge-discharge voltage
profiles of PI@CNT as Mg-ion cathode at a current density of 1 C
(1 C =150 mAg@1); b) Galvanostatic charge–discharge voltage profiles
of PI@CNT as Al-ion cathode at a current density of 1 C
(1 C =150 mAg@1); c) Cycling performance of PI@CNT as Mg-ion
cathode; d) Cycling performance of PI@CNT as Al-ion cathode;
e) Voltage profiles of PI@CNT composite as Mg-ion cathode at differ-
ent current densities; f) Comparison of rate performance of PI@CNT
composite as Li, Mg, and Al ion cathodes. (g) Cycling performance of
PI@CNT as Li ion cathode at a current of 10 C in the electrolyte of 4m
LiFSI DME.
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110 mAhg@1 for Li, Mg, and Al ion batteries (Supporting
Information, Figure S3; Figure 2a and b), respectively. It
should be mentioned that the PI@CNT can also reversibly
store the Na ions with a high capacity of about 150 mAhg@1,
and possess a good cycling stability (Supporting Information,
Figure S4). Such stable cycle performance for the MMBs or
AMBs has rarely been reported. The energy densities of the
Mg and Al batteries are lower compared with the Li battery
owing to the relatively low voltage (Figure 2a,b). However,
considering the intrinsically dendritic suppression of the Mg
and Al metal anodes (Supporting Information, Figures S5,
S6), the Mg and Al batteries can still be utilized as promising
large-scale energy storage technologies. The cycle life of
PI@CNT cathodes can be further enhanced by tuning the
electrolytes. As the electrolyte was changed to 4m LiFSI
DME electrolyte, no capacity decay was observed even after
10000 cycles (Figure 2g) for the LIB. This reversibility
improvement could be due to the totally suppression of the
possible dissolution of the organic polymers in the concen-
trated electrolyte. Along with the long cycling stability, the
more striking feature for PI@CNT cathode is the supper rate
capabilities for Mg2+ and Al3+ insertion/extraction (Fig-
ure 2e,f), which is totally different from the sluggish kinetics
observed for the multivalent ion insertion into the inorganic
materials.[10b,14] As the charge–discharge current increases to
3 Ag@1 (20 C), the PI@CNT still retains 55% of the reversible
capacity at 0.5 C for all Li+, Mg2+, and Al3+ reactions
(Figure 2e,f). More interestingly, the PI@CNT composite
can even maintain the high rate capability and long cycling
stability at a low temperature for all three ion batteries. At
@40 88C, PI@CNT can still deliver a reversible capacity of
65 mAh g@1 and maintain 100 cycle life at @20 88C for the
MMBs (Supporting Information, Figure S7). The excellent
cyclability, high rate capability, and superior low-temperature
kinetics suggest ion insertion into in PI@CNT through
a different ion storage mechanism compared to the previously
reported inorganic crystal materials.[10b, 15]

The mechanism for the fast reaction kinetics of the PI
polymers in different batteries was investigated using cyclic
voltammetry (CV) at different sweep rates from 0.05 to
1.0 mVs@1. All the CV curves for Li+, Mg2+, and Al3+ exhibit
similar shapes with a pair of broaden peaks in cathodic and
anodic processes (Supporting Information, Figure S8). Detail
analysis revealed that the broad cathodic and anodic peaks of
PI@CNT composite for Li+, Mg2+, and Al3+ batteries show
a mainly pseudo-capacitive behavior. The stepwise increase of
the scan rate from 0.05 to 1 mVs@1 shows only a small increase
in polarization, which in principle demonstrates the inher-
ently fast kinetics of the intercalation of different ions into
PI@CNT composite, and is in good agreement with the fast
rate capability (Figure 2 f).

For an ion storage reaction, the measured current (i) at
a fixed potential obeys a power-law relationship with the
potential sweep rate (v) [Eq. (1)]. To quantitatively deter-

i ¼ a vb ð1Þ

mine the contribution of capacitive reaction and diffusion
reaction on the capacity of PI@CNT cathodes, the voltam-

metric responses of PI@CNT at various sweep rates were
analyze using Equation (1):[16]

For a redox reaction limited by semi-infinite diffusion, the
peak current i varies with v1/2 (that is, b = 0.5); for a capacitive
process, it varies with v (that is, b = 1). Figure 3a shows the
plots of log(i) versus log(v) of the peak current responses. In
our experiments, the PI@CNT composite exhibits values of b
approximately between 0.75–0.85 for different valent batter-
ies (Figure 3a), implying that a significant portion of the Mn+

intercalation capacity has surface-controlled characteristics,
which endows PI@CNT composite a supercapacitor-like
electrochemical behavior.

Further analysis determines the level of this surface
control reaction contribution by using the relation of current
response, i, with a combination of capacitor-like (proportional
to the scan rate v) and diffusion-controlled behaviors (k2 v1/2),
according to Dunn et al. [Equation (2)]:[17]

i ¼ k1vþ k2 v1=2 ð2Þ

By determining both k1 and k2 constants, we can
distinguish the fraction of the current from surface capaci-
tance and Mn+ semi-infinite linear diffusion. Figure 3 b–d
show the typical voltage profiles for capacitive current (red
region) in comparison with the total current for the Li+, Mg2+,
and Al3+ cells. At a slow scanning rate of 0.25 mVs@1, the
surface-control contribution is 68 %, 75%, and 78 % for the
Li+, Mg2+, and Al3+ storage, respectively. Therefore, the high
power density for the PI polymer cathode for different valent
ions was enabled by the unique structure of the active sites
that effectively shortens the Mn+ diffusing distances and
accelerates the redox reactions.

The surface-dominated pseudocapacitance is identified as
a major energy-storage mechanism for the PI@CNT compo-

Figure 3. Kinetics and quantitative mechanism analysis of different
valent batteries. a) Determination of b values using the relationship
between peak current and scanning rate. Capacitive (red area) and
diffusion-controlled contribution to charge storage of PI/CNT compo-
site at 0.25 mVs@1 for different valent batteries: b) LIBs; c) MMBs;
d) AMBs.
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site enabling high-rate capacity. The detailed ion-storage
mechanism of PI@CNT was also theoretically analyzed. First,
the chemically bonded PI@CNT hybrid has excellent struc-
ture stability (Supporting Information, Figures S9–S12) and
has high electronic/ionic conductivity throughout the net-
work, which are prerequisite for the extrinsic pseudocapaci-
tance, as demonstrated in nanosized MoO3 and SnS.[17b, 19]

Secondly, the nanoscale dimension with the soft structure of
the PI also promotes the fast diffusion of the solvated ions and
corresponding redox capacitive contribution. During transfer
of ions and electrons, the solvated cations can easily enter into
the open spaces between neighboring active sites in the
polymer, while the electrons can fast migrate on the skeleton
of the carbon nanotubes.

In contrast to the slow solid-state ion diffusion and phase
transformation in inorganic materials with stiff crystal struc-
ture,[18] the present soft structure of PI@CNT composite with
a pseudocapacitive-like behavior offers an opportunity to
enhance the reaction kinetics and cycling stability even for
high-valence ions, revolutionizing the traditional low-power
and poor cycle life multivalent battery chemistries.

The reduction potentials and mechanism for pseudocapa-
citive-like behavior of the PI for Li-PI and Mg-PI were also
theoretical analyzed. Detailed calculations are shown in
supporting information (Supporting Information, Fig-
ure S13). According to the calculations, Li ions and the
solvated Mg ions will readily bond with the carbonyl group in
the PI polymers during the discharge process. The calculated
reduction potentials are well consistent with the charge–
discharge voltages in Figure 2. The results also indicated that
Mg tend to react with PI with the form of Mg(THF)2Cl. The
solvated solvent molecules could effectively shield the strong
electrostatic interactions between the cations and the host
structure. The flexible structure of Mg(THF)2Cl can accom-
modate the host structure better and benefit the kinetics.
Moreover, the weak van der Waals interactions between the
chains in PI provide an ideal host for these cations. As
a consequence, similar to supercapacitors, the limiting factor
for high rate charge–discharge is the transfer of ions and

electrons to the active sites in the PI polymer rather than the
conventional solid-state diffusions, which makes PI a promis-
ing electrode material for fast charge and discharge battery.
Figure 4b demonstrated that two Swagelok-type Mg/PI cells
power 50 light-emitting diode (LED) bulbs.

In conclusion, we show that polyimides are suitable as
a universal cathode for different multivalent batteries (Li+,
Mg2+, Al3+), allowing fast multivalent insertion/extraction
through viable ion-coordination charge storage mechanism,
which is totally different from the inorganic materials.
PI@CNT cathodes show high Coulombic efficiency, long
cycle life, and fast kinetics for Mg2+ and Al3+, rendering them
promising contenders for large-scale energy storage. Further-
more, the organic polymers resolve serious kinetics and cost
concerns of the previous multivalent battery chemistries using
inorganic crystalline cathode materials. The present work
provides a new opportunity to design the high power and long
cycle life multivalent rechargeable batteries.
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