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A B S T R A C T

Rechargeable magnesium (Mg) batteries hold great promise for large-scale energy storage applications. However,
the high polarity of divalent Mg2þ ions may induce sluggish Mg2þ diffusion kinetics in cathode materials, leading
to inferior reversible capacity and rate performance. Herein, we report that aromatic dianhydride-derived poly-
imides (PIs) with reversible multi-electron redox properties can serve as advanced organic cathode materials for
rechargeable Mg batteries. The π-conjugated molecular units of PIs provide abundant redox-active sites for the
storage of Mg2þ ions, leading to large open-circuit voltage and high specific capacity. Experimental results and
density functional theory (DFT) calculations of two different PI molecules indicate that the relatively narrow
HOMO-LUMO energy gap and compact π-π stacking structure can help improve the Mg2þ storage performances.
After blended with carbon nanotubes (CNTs) by in-situ polymerization and coupled with ionic liquid-modified
non-nucleophilic organic electrolyte, the cathodes based on PI/CNTs composites display high rate perfor-
mance, as well as impressive long-term cyclability at large current rate of 20C for over 8000 cycles. We expect this
work may call forth more efforts to develop advanced organic electrode materials for rechargeable batteries based
on multi-electron reactions.
1. Introduction

The soaring demands of large-scale energy storage applications are
calling for efficient and economical secondary battery technologies. At
present, lithium-ion batteries (LIBs) have aroused great attention from
the industry [1–3]. However, lithium is subject to the limited resource,
high cost, and potential safety hazard due to the dendrite formation
during discharge/charge processes. Researchers are actively exploring
intriguing alternative energy storage systems beyond LIBs based on
monovalent and polyvalent metal ions, such as Naþ, Kþ, Mg2þ, Ca2þ,
Zn2þ and Al3þ [4–15]. Among them, metallic Mg possesses many ad-
vantages, such as low potential level (�2.37 V vs. normal hydrogen
electrode, NHE), high volume specific capacity (3833 mAh cm-3),
abundant resource, environmental friendliness, and high safety without
dendrite growth during the deposition/plating processes [16–20].
Collectively, these advantages have stimulated the research interest in
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the study of rechargeable magnesium batteries (RMBs). However, the
strong polarization of divalent Mg2þ ions and the slow diffusion/mi-
gration kinetics of Mg2þ ions in the lattices of electrode materials seri-
ously limit the practical performances of RMBs [21,22]. To date, only a
handful of inorganic cathode materials were known to reversibly store
Mg2þ ions, such as MnO2 [23,24], V2O5 [25,26], thiospinel Ti2S4 [27],
layered TiS2 [28,29] and VS4 [30]. Among them, the best-known cathode
material for RMBs is Chevrel phase Mo6S8 [22,31,32], which has a
theoretical capacity of ~130 mAh g-1 and a operation voltage of ~1.3 V
(vs. Mg2þ/Mg), which is not adequate for high density energy storage.
Therefore, it remains a challenging problem to design new cathode ma-
terials with high voltage and high capacity for RMBs [33,34].

Redox-active organic materials, in particular organic carbonyl com-
pounds, have been considered as promising alternative electrode mate-
rials for storing Liþ, Naþ, or Kþ ions in alkali metal ion based batteries,
especially in terms of the redox stability, resource sustainability,
gsu Key Laboratory of Advanced Organic Materials, School of Chemistry and

18 November 2019

mailto:zhongjin@nju.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ensm.2019.11.023&domain=pdf
www.sciencedirect.com/science/journal/24058297
www.elsevier.com/locate/ensm
https://doi.org/10.1016/j.ensm.2019.11.023
https://doi.org/10.1016/j.ensm.2019.11.023
https://doi.org/10.1016/j.ensm.2019.11.023


Y. Wang et al. Energy Storage Materials 26 (2020) 494–502
environmental friendliness, light weight and low cost [35–39]. However,
so far, very few organic cathode materials have been reported for the
application in RMBs [40–44]. A common issue is that organic cathode
materials usually only deliver low specific capacities for Mg2þ storage
even at low current densities and suffer from considerable capacity decay
upon cycling. One of the main reasons could be attribute to the serious
dissolution of organic redox species in electrolytes, which has also been
reported in Liþ and Naþ ion batteries [45–47]. Moreover, the electrical
Fig. 1. (a, b) Schematic molecular structures of (a) PI1 and (b) PI2. (c) FTIR spectra a
simulated possible packing structures, DFT simulated XRD patterns, and experimenta
and LUMO energy levels of (g) PI1 and (h) PI2 with the polymerization degree n ¼
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insulation of organic electrode materials also limits the kinetics of elec-
trochemical reactions.

Herein, we report the design of organic cathode materials based on
the composites of π-conjugated aromatic dianhydride-derived polyimides
(PIs) and carbon nanotubes (CNTs), which demonstrate remarkable
electrochemical performances for Mg2þ storage in ionic liquid-modified
non-nucleophilic organic electrolyte. PIs, such as naphthalene-1, 4, 5,
8-tetracarboxylic acid dianhydride-ethylene diamine copolymer (termed
nd (d) XRD patterns of PI1, PI2, PI1/CNTs and PI2/CNTs, respectively. (e, f) DFT
l XRD patterns of (e) PI1 and (f) PI2, respectively. (g, h) DFT calculated HOMO
3, respectively.



Y. Wang et al. Energy Storage Materials 26 (2020) 494–502
as PI1, Fig. 1a) and naphthalene-1, 4, 5, 8-tetracarboxylic acid
dianhydride-p-phenylenediamine copolymer (termed as PI2, Fig. 1b), are
normally used as engineering plastics and possess the merits of good
mechanical properties, high thermal stability, chemical resistance and
low cost [48]. Although PIs are insulative, the redox-active carbonyls in
their π-conjugated aromatic units are capable of storing charges revers-
ibly. Ideally, each repeating unit of PI1 or PI2 can exhibit a reversible
multi-electron redox behavior during electrochemical processes. To date,
PIs have been explored as electrode materials for Liþ and Naþ storage,
showing acceptable capacity and good cycling stability [47,49,50]. The
carbonyl groups of PIs can react with Liþ or Naþ ions by enolization with
rapid reaction kinetics [36]. However, by now, the electrochemical
performances of PIs for storing Mg2þ ions are not fully satisfying [51,52],
probably due to the incompatibility with the common nucleophilic
electrolytes, such as the well-known PhMgCl/AlCl3 (APC) or nBu2M-
g/EtAlCl2 (DCC) electrolytes [31,53,54]. Therefore, in this work, we
turned to use ionic liquid-containing non-nucleophilic electrolyte based
on the tetrahydrofuran (THF) solution of Mg(HMDS)2-4MgCl2 (HMDS:
hexamethyldisilazide) and N-butyl-N-methyl-piperidinium bis((tri-
fluoromethyl)sulfonyl)imide (PP14TFSI) ionic liquid, which was termed
as Mg(HMDS)2-4MgCl2/2THF-PP14TFSI (as detailed in the Supplemen-
tary Information). On the other hand, CNTs are known for the high
electrical conductivity and excellent mechanical strength [55], it is ex-
pected that the combination of PIs and CNTs can further improve the
charge transfer performances for Mg2þ storage.

2. Results and discussion

To demonstrate the concept of design, the composites of CNTs and
two different PIs (PI1 and PI2, as shown in Fig. 1a and b for clarification)
were synthesized by an in-situ polycondensation process of dianhydride
and diamine precursors in the N-methylpyrrolidone (NMP) dispersion of
CNTs, as detailed in the Supplementary Information. As control samples,
pristine PI1 and PI2 without the addition of CNTs were also prepared.
The compositions of PI1, PI2, PI1/CNTs and P2/CNTs samples were
identified by Fourier transform infrared (FTIR) spectra (Fig. 1c), and the
assigned characteristic FTIR bands are listed in Table S1. The IR ab-
sorption bands of imide groups are found from all of the samples
(Fig. 1c), suggesting the successful synthesis of the target products [49,
56]. The powder X-ray diffraction (XRD) patterns of the samples are
shown in Fig. 1d, which are consistent with the previous report [57]. The
possible packing structures of PI1 and PI2 were invesitgated and opti-
mized by density functional theory (DFT) simulation (Fig. 1e, f and
Fig. S1), and the comptational details are provided in the Supplementary
Information. Briefly, there are two possible packing structures for PI1
(denoted as PI1-1 and PI1-2), and three for PI2 (denoted as PI2-1, PI2-2
and PI2-3). Among them, PI1-1 and PI2-1 are calculated to be the opti-
mized packing structures with minimum energy levels. Moreover,
simulated XRD patterns based on the optimized packing structures were
also obtained by Pawley refinement, as shown in Fig. 1e and f. The Dmax
drift represents the deviation ratio of the DFT-simulated XRD result to the
experimentally-obtained XRD result. There are only small differences
between the experimentally-obtained XRD patterns and DFT simulated
results, which well support the proposed π-π stacking structures of PI1
and PI2. Specifically, PI1-1 has the lowest energy level with a
layer-by-layer stacking distance of ~3.4 Å. For the optimal stacking
structures of PI2 system, PI2-1 and PI2-2 are almost energetically com-
parable, with a relative energy difference (ΔE) of only 0.01 eV. They
present different packing modes with similar layered stacking distances
of about 3.4 Å and 3.5 Å, respectively; but they possess different struc-
tural parameters: PI2-1 (a/b/c ¼ 11.1/27.3/12.7 Å, α/β/γ ¼
12.8/88.1/96.1�) and PI2-2 (a/b/c ¼ 13.9/16.6/83.7 Å, α/β/γ ¼
88.4/102.5/88.5�). Besides, PI2-3 is energetically instable with a relative
energy difference of ~0.95 eV higher than PI2-1 and PI2-2. The energy
levels of the lowest unoccupied molecular orbital (LUMO) and the
highest occupied molecular orbital (HOMO) of PI1 and PI2 with different
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polymerization degrees (n¼ 1, 2, 3) are calculated, as shown in Fig. 1g, h
and Fig. S2. Both PI1 and PI2 with the polymerization degree of 2 or 3
show the HOMO-LUMO gaps lower than PI1 and PI2 with polymerization
degree of 1. In this study, PI2 always shows the HOMO-LUMO gap lower
than PI1 with the same polymerization degree, indicating the better
electronic conductivity of PI2, which is conducive to the electrochemical
performance and utilization ratio for Mg2þ storage. The experimental
results have shown that each PI2 unit can effectively store more charges
than PI1 unit. In addition, we also calculated the density of different
packing structures of PI1 and PI2 (Table S2). It reveals that the density is
positively correlated with the packing compactness. Therefore, it’s easier
for Mg2þ intercalation into the PI2 compared with PI1, which results in
the higher specific capacity of PI2/CNTs electrode.

Scanning electron microscopy (SEM) images of pristine PI1 and PI2
samples are shown in Fig. S3, revealing the nanosheet-like morphology
originated from the compact laminate π-π stacking structures. Moreover,
the SEM and transmission electron microscopy (TEM) characterizations
of PI1/CNTs and PI2/CNTs composites in Fig. S4 show that the PI1 and
PI2 nanosheets are interconnected by randomly distributed CNTs,
forming 3D cross-linked conductive networks. The insets in Figs. S4c and
S4d exhibit the graphitic layers of CNTs. In both composites, flake-like
laminar packing structures of PI1 and PI2 can be observed, which is
consistent with the above theoretical simulation results. The thermal
stability of samples was investigated by thermogravimetric-differential
scanning calorimeter (TGA-DSC) analysis. As shown in the TGA and
DSC curves in Fig. S5, all of the samples exhibit good thermal stability
without obvious weight loss when the temperature is <400 �C, which is
beneficial to the high-temperature performance of RMBs.

In theory, each repeating unit of PIs can store multiple charges
through a reversible redox process (Fig. 2a and b). To examine the
electrochemical performance for Mg2þ storage, we first evaluated the
compatibility of non-nucleophile Mg(HMDS)2-4MgCl2/2THF-PP14TFSI
electrolyte with Mg foil in RMBs (Fig. S6), which exhibited a high
decomposition voltage as high as ~2.8 V. To verify the good interfacial
compatibility of Mg(HMDS)2-4MgCl2/2THF-PP14TFSI electrolyte with
organic compound PI cathodes, EIS analysis of pristine PI2 cathodes in
electrolytes APC was also conducted, as shown in Fig. S7a. Apparently,
Charge transfer impedance of PI2 in electrolytes Mg(HMDS)2-4MgCl2/
2THF-PP14TFSI is smaller than that in APC. In addition, the discharge and
charge capacity at current density of 0.5C (79 mA g-1) in APC electrolyte
is inferior to that of Mg(HMDS)2-4MgCl2/2THF-PP14TFSI (Fig. S7b). As
shown in Fig. 2c and d, both the PI1/CNTs and PI2/CNTs composites
showed good chemical reversibility in the cyclic voltammogram (CV)
measurements using the Mg(HMDS)2-4MgCl2/2THF-PP14TFSI electro-
lyte. For the PI1/CNTs composite, two broad reduction peaks were
observed at around 1.43 V and 0.78 V vs. Mg2þ/Mg in the 1st discharge
step (Fig. 2c). Compared to the subsequent cycles, the relatively strong
polarization in the 1st cycle might be caused by the presence of oxide
layer on the surface of Mg anode [58,59], Subsequently, two broad
oxidation peaks appeared at ~ 1.46 and 2.14 V vs. Mg2þ/Mg. The po-
larization gradually diminished in the following cycles. During the 3rd
cycle, a reduction peak emerged at ~1.60 V and an oxidation peak
appeared at ~2.12 V vs. Mg2þ/Mg. The intensities of reduction and
oxidation peaks in the first few cycles slightly decreased, possibly related
to the slight swelling/dissolution of oligomeric PIs in THF-based elec-
trolyte. For PI2/CNTs composite, two reduction peaks were also observed
at around 1.63 and 0.81 V vs. Mg2þ/Mg in the 1st discharge step
(Fig. 2d). Afterwards, two oxidation peaks appeared at ~1.46 V and 2.14
V vs.Mg2þ/Mg. Similar to PI1/CNTs, visible polarization also occurred in
the 1st CV cycle of PI2/CNTs composite. In the 3rd cycle, a distinct
reduction peak at ~1.64 V and a weak reduction peak at ~1.08 V were
emerged, and two oxidation peaks appeared at around 1.43 V and 2.12 V.
In the case of the reduction process, two opposite carbonyl groups in a
single PI unit may generate a radical anion and then a dianion, accom-
panied by the association of Mg2þ ion (Fig. 2a and b), while in the case of
the oxidation process, the carbonyl groups are recovered and



Fig. 2. (a, b) Schematic diagrams of the proposed reversible multi-electron electrochemical redox processes of (a) PI1 and (b) PI2. (c, d) CV curves of PI1/CNTs and
PI2/CNTs composites at the scan rate of 0.2 mV s-1. (e, f) Discharge-charge profiles of PI1/CNTs and PI2/CNTs composites during the 1st, 5th, 50th, 100th and 150th
cycles at 1C, respectively.
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accompanied by the disassociation of Mg2þ ion. However, the antici-
pative two pairs of well-resolved redox peaks are not displayed in the CV
curves of the PI composites, only obviously-broadened redox peaks are
presented. This might be attributed to the fast transformation between
the radical anions and dianions [49]. Fig. 2e and f demonstrate the
discharge-charge profiles of PI1/CNTs and PI2/CNTs composites at 1C in
different cycles, respectively. In the 1st cycle, relatively strong polari-
zation was observed from both of the PI composites. During the following
cycles, Both PI composites delivered an average discharge voltage around
1.45 V. Notably, an activation process was observed during the initial few
cycles. For PI1/CNTs composite, the reversible discharge and charge
capacities gradually increased to 132 and 131mAh g-1 at 1C (183mA g-1)
after 5 cycles, respectively, with a corresponding Coulombic efficiency of
~100.8%. After 50 cycles at 1C (183 mA g-1), the reversible discharge
and charge capacities of PI1/CNTs gradually increase and reach 140 and
143 mAh g-1, respectively, corresponding to a stoichiometric ratio of
approximately Mg0.77PI1/CNTs and a Coulombic efficiency of 98.0%.
The discharge and charge capacities retained 132 and 136 mAh g-1 after
the 150 cycles respectively, with a Coulombic efficiency of ~97.1%.
What’s better, PI2/CNTs presented higher discharge and charge capac-
ities of 163 and 166 mAh g-1 after 50 cycles at 1C (158 mA g-1),
respectively, corresponding to a stoichiometric ratio of Mg1.03PI2/CNTs
and a Coulombic efficiency of 98%. After 150 cycles, the discharge and
charge capacities retained 161 and 168 mAh g-1, respectively, with a
Coulombic efficiency of ~95.8%. The atomic contents of Mg2þ in the
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PI2/CNTs composite at the end of the 50th discharge and charge steps
were also estimated by energy-dispersive X-ray spectroscopy (EDX), as
shown in Fig. S8, which is in good agreement with the above-measured
capacities.

The electrochemical Mg2þ storage behaviors of pristine PI1, PI2, PI1/
CNTs and PI2/CNTs cathodes in non-nucleophilic Mg(HMDS)2-4MgCl2/
2THF-PP14TFSI electrolyte were investigated. Fig. 3a presents the cycling
performances of PI1 and PI1/CNTs electrodes at 1C (183 mA g-1). Both
electrodes showed an activation process during the first few cycles, and
the polarization decreased in the subsequent cycles, which is coincident
with the discharge-charge profiles in Fig. 2e. The pristine PI1 electrode
showed a discharge capacity of 111 mAh g-1 after 150 cycles at 1C; by
contrast, PI1/CNTs delivered a higher capacity of 132 mAh g-1 at the
same conditions. The pristine PI2 and PI2/CNTs electrodes showed
discharge capacities of 127 and 161 mAh g-1 after 150 cycles at 1C (158
mA g-1), which are higher than those of PI1 samples. The rate perfor-
mances of PI1/CNTs and PI2/CNTs are shown in Fig. 3c and d. The
discharge capacities of PI1/CNTs composite at 1C, 2C, 4C, 10C, and 20C
are 125, 100, 87, 73 and 59 mAh g-1, respectively. The discharge capacity
at 20C of PI1/CNTs remained 47% of that at 1C. The capacity recovered
back to 93 mAh g-1 when the current rate was reduced to 2C. Similarly,
the discharge capacities of PI2/CNTs composite at 1C, 2C, 4C, 10C, and
20C are 161, 140, 118, 84 and 63 mAh g-1, respectively. The discharge
capacity of PI2/CNTs at 20C remains 39% of that at 1C, and turned back
to 136 mAh g-1 when the current rate was decreased to 2C. Coulombic



Fig. 3. (a, b) Cycling performances of pristine PI1, PI2, PI1/CNTs and PI2/CNTs cathodes at the current rate of 1C. (c, d) Rate performances of PI1/CNTs and PI2/
CNTs cathodes at different rates ranged from 1C to 20C. (e, f) Long-term cycling tests of PI1/CNTs and PI2/CNTs cathodes at 10C and 20C, respectively.
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efficiency at low current (Fig. 3c and d) is worse than that of high rate,
which could be caused by self-discharge of battery. Self-discharge of
battery is worse at lower current density than that of high rate, leading to
deviation of Coulombic efficiency from 100%, which has been reported in
the previous work about Mg batteries [60]. In addition, the electro-
chemical performance of PI2/CNTs composites at mass loading of 2–3
mg cm-2 is also provided in Fig. S9. As control samples, the Mg2þ storage
properties of pristine PI1 and PI2 were also investigated (Fig. S10), which
are inferior to those of PI1/CNTs and PI2/CNTs.

The long-term cycling stability of PI1/CNTs and PI2/CNTs cathodes
in RMBs at high current rates of 10C and 20C are displayed in Fig. 3e and
f. The periodical capacity fluctuation during the cycling processes could
be ascribed to the room-temperature difference between day and night.
The PI1/CNTs cathodes delivered 52 and 39 mAh g-1 after 3000 cycles at
10C and 20C, respectively. The PI2/CNTs composite cathodes delivered
61 and 50 mAh g-1 after 3000 cycles at 10C and 20C, and still retained 48
and 42 mAh g-1 after 8000 cycles, respectively. To the best of our
knowledge, these results indicate the record-breaking cycling stability of
PI/CNTs composites among the existing organic electrode materials for
RMBs [41,42,60].

To confirm the favorable effect of CNTs to the charge transfer, the CV
curves and electrochemical impedance spectroscopy (EIS) analysis of
pristine PI1, PI2, PI1/CNTs and PI2/CNTs cathodes were compared, as
shown in Fig. S11. The increased current intensities and lower resistance
values of PI1/CNTs and PI2/CNTs could be attributed the improved
conductivity originated from the presence of cross-linked CNT networks.
The electrochemical equivalent circuit model for fitting Nyquist plots for
all cathodes is shown in Figs. S11c and d, both PI1/CNTs and PI2/CNTs
display much decreased impedance compared with the PI1 and PI2. The
electrode reaction kinetics of PI2/CNTs was systematically investigated
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by CV at different sweep rates from 0.2 to 2.0 mV s-1 (Fig. 4a). In theory,
the voltammetric response of an electrode-active material at various
sweep rates can be evaluated as following [61–63].

i(V) ¼ avb (1)

logi(V) ¼ blogv þ loga (2)

where the measured current (i) obeys a power law relationship with the
sweep rate (v), a and b are the adjustable parameters. For an electro-
chemical system predominated by the diffusion process, the peak current
i varies as v1/2 (that is, b ¼ 0.5); for a capacitive-controlled process, i
varies as v (that is, b ¼ 1). The CV curves of PI2/CNTs cathode exhibit
two pairs of broad cathodic and anodic responses (Fig. 4a). The rela-
tionship between log(i) (at each peak current) and log(ν) are shown in
Fig. 4b. The b-value determined by the slopes of the four redox peaks are
0.58, 0.94, 0.99, and 0.52, implying that the capacity of PI2/CNTs is
contributed by the both diffusive and capacitive processes. The CV curves
of pristine PI1 and PI2 at various scan rates from 0.2 to 2.0 mV s-1 and
their relationships between log(i) (at each peak current) and log(ν) are
also provided in Fig. S12, which show similar trends. Furthermore, the
respective current contributions from the capacitance effect (k1v) and
intercalation process (k2v1/2) can be calculated according to the
following equation [62,64].

i(V) ¼ k1v þ k2v
1/2 (3)

i(V)v-1/2 ¼ k1v
1/2 þ k2 (4)

At a particular voltage, the k1v represents the capacitive-controlled
current and k2v1/2 corresponds to the diffusion-limited current. For
instance, in the CV curve scanned at 0.2 mV s-1 (Fig. 4c), the ratio of
stored charges contributed by the capacitive current is about 50%



Fig. 4. Electrochemical reaction kinetics of PI2/
CNTs electrode. (a) CV curves of PI2/CNTs electrode
at various scan rates from 0.2 to 2 mV s-1 in the
potential range of 0.5–2.5 V. (b) Power law depen-
dence of measured currents on the scan rates at
corresponding peak potentials calculated by the
equation: log i(V) ¼ b log v þ log a. (c) CV curve
scanned at 0.2 mV s�1 with the capacitive contribu-
tion (the shaded region) calculated based on the
equation: i(V) ¼ k1v þ k2v1/2. (d) Column charts of
the rate-dependent charge storage contributions from
diffusion-limited and capacitive-controlled processes.
(e) GITT curves measured under a repeating constant
current pulse of 0.2C (32 mA g-1) for 20 min fol-
lowed by a relaxation period of 30 min. (f) Diffusivity
of Mg2þ ions versus voltage during the discharge
and charge processes calculated based on GITT
curves.
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(corresponding to the shaded area). The contribution ratios of capacitive
process at other scan rates of 0.5, 1.0, and 2.0 mV s-1 are calculated to be
53%, 61%, and 70%, respectively, as shown in Fig. 4d. The results show
that the capacitive contribution in the total capacity at small scan rates of
0.2 mV s-1 is comparable to the diffusion-limited contribution. As the
scan rate increases, the capacitive contribution ratio will be further
improved, which is responsible for the good rate performance of PI/CNTs
electrodes in RMBs.

The diffusivity coefficient of Mg2þ ions (DMg2þ) is one of the most
important influence factors for Mg2þ storage performance. Galvanostatic
intermittent titration technique (GITT) was employed to analyze the
DMg2þ in PI2/CNTs cathode. In Fig. 4e, the PI2/CNTs cathode delivered
the discharge and charge capacities of 156 mAh g-1 and 252 mAh g-1 in
the GITT measurement, respectively. Fig. S13b shows the linear rela-
tionship between the cell voltage and the square root of τ, which in-
dicates that DMg2þ can be calculated from the potential response to the
small constant current pulse (0.1C) according to the following equation
[65,66].

DMg2þ ¼ 4
πτ

�
mBVM

MBS

�2�ΔEs

ΔEτ

�2

where τ refers to the constant current pulse time, mB, VM and MB are the
mass, molar volume, molar mass of the cathode material, and S is
electrode-electrolyte interface area, respectively. △Eτ is the potential
change during the current pulse without IR drop, and△Es is the potential
difference between the equilibrium states before and after the current
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pulse (Fig. S13). As shown in Fig. 4f, the DMg2þ of PI2/CNTs cathode
before and after the discharge plateau during the discharge process was
as high as 7.65*10-12 cm2 s-1 and 1.31*10-12 cm2 s-1, and the DMg2þ of
PI2/CNTs cathode before and after the charge plateau during the charge
process was determined to be 3.72*10-12 cm2 s-1 and 7*10-14 cm2 s-1,
respectively. Minimum DMg2þ values were obtained at the plateau volt-
ages for both the discharge (1.27*10-12 cm2 s-1) and charge (1.39*10-14

cm2 s-1) processes.
To investigate the possible intercalation positions of Mg2þ ions in the

matrices of PI1 and PI2 based electrodes, DFT simulation was performed
to calculate the optimized geometries of Mg2þ intercalated PI1 and PI2
materials with a stoichiometric ratio of 1:1 (denoted as MgPI1 and
MgPI2, respectively), as shown in Fig. 5, and the corresponding relative
formation energies are provided in Table S3 and Table S4, respectively. It
is notable that there are several different Mg2þ intercalation positions for
the possible stacking structures of PI1 and PI2. The calculation results
indicate that the discharging processes of PI-based RMBs (corresponding
to the Mg2þ intercalation into PI1 and PI2) are energetically favorable,
being benefited from the electrostatic interactions between the Mg2þ

ions with the C––O (or C–O-) groups.
In order to gain further in-depth understanding behind the excellent

cycling performances of Mg-PI1 and Mg-PI2 battery system, ex-situ X-ray
photoelectron spectroscopy (XPS) analysis was carried out to investigate
the chemical bonding and composition variations of the organic cath-
odes. Fig. 6a shows the high-resolution C 1s XPS spectra of pristine PI1
electrode at freshly-prepared state and after the 1st discharge/charge
steps. The C 1s XPS spectrum of freshly-prepared PI1 cathode shows four



Fig. 5. The optimized geometries of MgPI1 and MgPI2 with different possible intercalation positions of Mg2þ ions.

Fig. 6. Ex-situ XPS spectra at (a) C 1s, (b) O 1s, (c) Mg 2p regions acquired from pristine (a–c) PI1 and (d–f) PI2 cathodes at freshly-prepared state, after the 1st
discharge step, and after the 1st charge step, respectively.
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peaks at 284.6 eV (C–C) and 285.0 eV (C–N), 286.1 eV (C–O), and 287.9
eV (C––O), respectively. After discharged to 0.5 V, the significantly-
increased intensities of C–O band at 285.8 eV and the decreased in-
tensities of C––O band at 288.5 eV indicate the transformation of C––O to
C–O–Mg during the discharge process. And the peak intensity of C–O–Mg
species at 285.7 eV decreased. However, the peak of C–O–Mg didn’t
completely disappear, indicating that partial Mg2þ ions were remained in
the organic cathode, which is simlar to the results in our previous work
[30], and such irreversibility could explain the relatively low initial
Coulombic efficiency. After recharged to 2.5 V, the peak intensity of
imide C––O groups at 288.5 eV didn’t completely recover, because par-
tial Mg2þ ions were still remained in the PI cathode. Similarly, Fig. 6b
shows the O 1s XPS spectra of pristine PI1 electrode at freshly-prepared
state and after 1st charge/discharge steps. The freshly-prepared PI1
cathode was free of the characteristic peak of C–O–Mg component
(around 529.9 eV) [67]. After the 1st discharge step, a strong peak of
500
C–O–Mg appeared, suggesting the formation of C–O–Mg by the interac-
tion of Mg2þ ions with C––O bonds. Subsequently, after the 1st charge
step, the C–O–Mg signal in the O 1s spectrum was suppressed, indicating
the recovery of carbonyl groups (C––O) from the enolate groups (C–O-).
The quantitative ratio variations of these species at different dis-
charge/charge states were further evaluated by XPS analysis, as shown in
Table S5. In Fig. 6c, the high-resolution Mg 2p XPS spectra of pristine PI1
electrode after the 1st discharge and charge steps show the energy band
of Mg2þ ions located at ~50.3 eV. The intensity of Mg 2p band after the
1st discharge step is higher than that after the 1st charge step, indicating
that partial Mg2þ ions still remained in the PI matrix after charge step.
Fig. 6d–f shows the C 1s, O 1s, and Mg 2p XPS spectra of pristine PI2
electrode at freshly-prepared states and 1st discharge/charge steps,
showing the variation trends of peak intensities similar to those of PI1.
The quantitative ratio changes of peak intensities in the O 1s XPS spectra
of pristine PI2 electrode is also summarized in Table S5. Therefore, it can
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be concluded that the redox mechanism of PI electrodes involves the
coordination/uncoordination of Mg2þ ions and the reversible trans-
formation between C––O and C–O–Mg. FTIR measurement has been
conducted, shown in Fig. S14. The intensity of imide C––O stretching
bands at about 1664 and 1706 cm-1 and imide –C–N– stretching at
around 1344 cm-1 decrease upon discharge (A slight deviation from IR
spectra of powder PI2 may be due to the influence of carbon paper cur-
rent collector). And a new band emerges at 1384 cm-1, which can be
attributed to the stretching of –C–O–Mg2þ [68]. The FTIR signals
(Fig. S14) in the wavelength range between 1400 and 1700 cm-1 also
indicate that the C––O groups of the polymer can not be fully recovered
after discharing and charging, owing to the interactions of C––O groups
with the residual Mg2þ ions.

In summary, here we report that the organic cathode materials based
on the composites of aromatic dianhydride-derived polyimides (PIs) and
CNTs can deliver excellent electrochemical performance for Mg2þ stor-
age. Benefited from the highly-reversible multi-electron redox processes
of π-conjugated PIs and the 3D-crosslinked conductive networks of CNTs,
the PI/CNTs cathodes exhibited high capacities and ultralong cycling
stability in RMBs. The non-nucleophile Mg(HMDS)2-4MgCl2/2THF-
PP14TFSI electrolyte also contributed to the large voltage window and
good interfacial compatibility. According to systematical electrochem-
istry tests, the Mg2þ storage capacity of PIs was attributed to the con-
tributions of both capacitive-controlled and diffusion-limited processes.
DFT simulation and ex-situ XPS analysis revealed the reversible conver-
sion between C––O and C–O–Mg species during the discharge/charge
cycles. We expect this work will highlight the potential of designing
novel organic electrode materials with high performances, low-cost, and
environmentally-benign for sustainable energy storage applications.
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