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Boosting Magnesium Storage Performance of π-Conjugated Polyimide
Cathodes Through Synergistic Molecular and Electrolyte Engineering
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Xinlong Xie, Longfei Shao, Viliam Frano, Alexandru Vlad,* and Jianxin Zou*

Abstract: Magnesium metal batteries (MMBs) offer the promise of low cost, intrinsic safety, and high volumetric energy
density, but their development is hindered by the scarcity of cathodes capable of reversible Mg2+ storage and by cathode–
electrolyte incompatibilities. Here, we demonstrate that coupling molecularly engineered polyimide (PI) cathodes with
tailored electrolyte speciation enables fast and durable Mg storage. Two PIs, poly(naphthalene tetracarboxylic dianhydride-
urea imide) (NUPI) and poly(perylene tetracarboxylic dianhydride-urea imide) (PUPI), with analogous backbones but
distinct degrees of π -conjugation were systematically evaluated in both chloride-containing and chloride-free electrolytes.
Systematic studies indicate that chloride-free electrolytes, characterized by weakly coordinating anions, enable reversible
enolization (C═O � C─O−/[C─O−]2Mg2+) while suppressing side reactions. Additionally, NUPI, featuring stronger π─π

stacking and more ordered layered structures, facilitates Mg2+ transport and interfacial charge transfer. When combined
with a graphene oxide-modified separator, the NUPI cathode delivers 175 mAh g−1 at 50 mA g−1 and exhibits ultralow
capacity fading (≈0.05% per cycle over 1000 cycles at 500 mA g−1). Operando/ex situ spectroscopy analyses and theoretical
calculations further confirm the enolization-dominated redox mechanism. This work establishes a molecular-electrolyte
co-design paradigm for high-rate, durable MMBs based on carbonyl polymer chemistry.

Introduction

The accelerating transition to renewable electricity and
electrified transport demands rechargeable batteries that
surpass the energy, cost, and safety profiles of conventional
lithium-ion technology.[1–3] Among post-lithium chemistries,
magnesium metal batteries (MMBs) are attractive owing
to magnesium’s natural abundance, low cost, non-dendritic
plating propensity, and high theoretical volumetric capacity
(3832 mAh cm−3).[4] Yet, practical MMBs remain nascent.
The central bottleneck is the cathode: few materials can
reversibly host Mg2+ with high capacity, high rate capability,
and long cycle life. These difficulties stem from the small
ionic radius (≈0.72 Å) and high charge density of Mg2+,
which engender strong Coulombic interactions with host

material lattices and solvents, slow desolvation/diffusion,
large overpotentials, and pervasive incompatibilities with
common electrolytes and cathode frameworks.

Organic cathodes have emerged as compelling alternatives
due to the chemical tunability, mechanical compliance, and
potential sustainability of their redox-active motifs and
molecular backbones.[5,6] Among them, carbonyl-based com-
pounds demonstrate strong potential for Mg storage. During
discharge, carbonyl groups are electrochemically reduced
to enolate structures, whose oxygen atoms coordinate with
Mg2+ ions from the electrolyte. Upon charging, the original
carbonyl functionality is readily and reversibly restored,
offering a level of redox reversibility rarely achieved in
conventional inorganic cathode systems.[7] However, small-
molecule carbonyls tend to dissolve, compromising cyclability.
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Converting these motifs into polymers mitigates dissolution
and improves structural integrity. Polyimides (PIs), built from
imide units bearing two carbonyls bridged by nitrogen, exhibit
rigid, planar backbones that promote crystallinity as well as
thermal/mechanical robustness.[8,9] Their terminal carbonyls
can, in principle, support multi-electron redox with theoretical
capacities exceeding 100 mAh g−1. In practice, however,
reported PI cathodes often suffer from limited electronic con-
ductivity, sluggish ion transport, and aggregation of polymer
chains, leading to partial utilization of redox sites and modest
rate performance.

Molecular engineering provides routes to address these
intrinsic constraints.[10] Introducing electron-withdrawing
groups or flexible linkers can tune the local electronic
environment of carbonyls, stabilize intermediates, and buffer
structural changes during cycling. Designing π -extended,
planar-building blocks strengthens π–π interactions, encour-
ages layered microstructures, and can facilitate through-plane
ion/electron transport. Nevertheless, these benefits must be
balanced against a key trade-off: greater conjugation typically
reduces the density of redox-active carbonyls per mass,
potentially lowering theoretical capacity. Therefore, rational
PI design requires simultaneous optimization of redox site
density, electronic delocalization, and mesoscale ordering.

Electrolyte chemistry is equally decisive. The identity and
speciation of Mg salts and solvents dictate Mg2+ solvation
structures, desolvation barriers, interfacial charge transfer,
and oxidative stability.[11,12] Nucleophilic electrolytes can
attack electrophilic carbonyls, driving parasitic reactions; by
contrast, non-nucleophilic systems, with weakly coordinating
anions or sterically hindered frameworks, suppress
such degradation.[13] Representative systems include
magnesium monocarborane [Mg(CB11H12)2], magnesium
aluminum chloride complex (MACC), magnesium
tetrakis(hexafluoroisopropyloxy)borate [Mg[B(hfip)4]2,
hfip = OCH(CF3)2], and magnesium bis(hexamethy-
ldisilazide) [Mg(HMDS)2, HMDS = N(Si(CH3)3)2] often
incorporating Lewis acids such as AlCl3, MgCl2, etc. A
critical distinction across these systems is the presence of
chloride. Chloride can remove passivation on Mg metal
and facilitate plating/stripping, yet it may also promote
corrosion and cathode/electrolyte side reactions; chlorine-
free electrolytes generally offer higher oxidative stability and
wider voltage windows, but require interphases that permit
efficient Mg2+ transport.

Despite these advances, a systematic understanding of
how PI molecular structure couples with electrolyte chemistry
(especially in chloride-containing vs. chloride-free systems) to
govern Mg-storage performance remains limited. Addressing
this gap is essential for the rational co-design of PI cath-
odes and electrolytes to realize the full potential of these
materials and deliver high-capacity, high-rate, and durable
MMBs.

Here, we designed two PIs with similar backbones
but distinct π -conjugation, poly(naphthalene tetracarboxylic
dianhydride-urea imide) (NUPI) and poly(perylene tetracar-
boxylic dianhydride-urea imide) (PUPI), and explored their
coupling with chloride-containing and chloride-free elec-
trolytes. Our results revealed that chloride-containing elec-

trolytes, owing to their narrower electrochemical stability
windows and more reactive speciation, limit the extent
and reversibility of enolization in PI frameworks and thus
restrict the accessible capacity. By contrast, the chloride-
free electrolyte offers a broader stability voltage window
and more benign interfacial chemistry, enabling deeper, more
reversible enolization of active sites, and thus delivering
higher reversible capacities. Molecular structure further
governs performance: relative to PUPI, whose irregular
microstructure exhibits weaker π–π stacking, NUPI forms
uniform, layered structure with stronger π–π interactions that
facilitate interlayer charge transport and Mg2+ insertion/de-
insertion, yielding superior Mg storage capacity. Leveraging
these insights, by combining NUPI with chloride-free elec-
trolyte and a graphene-oxide-modified separator to suppress
shuttling of soluble intermediates, the corresponding MMBs
deliver ≈175 mAh g−1 at 50 mA g−1 and sustain an ultralow
discharge-capacity decay of ≈0.05% per cycle over 1000
cycles at 500 mA g−1. Ex situ/in situ characterizations
and density functional theory (DFT) calculations uncover a
heterogeneous enolization redox pathway (C═O ↔ C─O−)
as the basis for fast, reversible Mg storage. Collectively, these
findings elucidate the interplay between PI molecular struc-
ture and electrolyte chemistry in governing Mg2+ transport
and interfacial stability, and establish a broadly applicable
co-design strategy for high-performance MMBs.

Results and Discussion

The two PIs, NUPI and PUPI, studied in this work
were synthesized via polycondensation of the correspond-
ing aromatic dianhydrides, 1,4,5,8-naphthalenetetracarboxylic
dianhydride (NTCDA) and 3,4,9,10-perylenetetracarboxylic
dianhydride (PTCDA), with diamine precursors under reflux
in N2, followed by high-temperature annealing to complete
imidization (Figure S1). Both polymers consist of imide units
(─CO─N─CO─) along rigid, π -conjugated backbones, with
theoretical capacities of 183 mAh g−1 for NUPI and 123
mAh g−1 for PUPI, respectively. Although non-conjugated
carbonyl groups are generally considered electrochemically
inactive, they can provide additional rotational flexibility
and enhance coordination or stabilization effects. DFT-
derived electrostatic potential (ESP) maps (Figure 1a) resolve
likely reactive/coordination sites: negative ESP (red) localizes
at carbonyl oxygens, identifying nucleophilic, electron-rich
centers capable of coordinating Mg2+, whereas positive
ESP (blue) marks electron-deficient domains across the
extended aromatic rings. Fourier transform infrared (FTIR)
spectra confirm successful imidization (Figure 1b): the
anhydride vibrations of NTCDA/PTCDA (C─O─C and
─CO─O─CO─) disappear, while strong imide C═O asym-
metric/symmetric stretches emerge (NUPI: 1740–1680 cm−1;
PUPI: 1720–1670 cm−1). Additional bands near 1780 cm−1

(NUPI) and 1760 cm−1 (PUPI) are assigned to urea-derived
carbonyls; bands around 1580 cm−1 correspond to aromatic
C═C stretching, and C─N stretching at ∼1346 cm−1 (NUPI)
and ∼1360 cm−1 (PUPI) is characteristic of the imide ring.
Relative to the monomers, modest red shifts of the carbonyl

Angew. Chem. Int. Ed. 2025, e22131 (2 of 11) © 2025 Wiley-VCH GmbH

 15213773, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202522131 by U

niversite C
atholique D

e L
ouvain, W

iley O
nline L

ibrary on [04/12/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Research Article

a) b)

c) e) f) g)

h)d) i)

5.0 e-2

-5.0 e-2

NUPI-1 PUPI-1

j)

1 μm

200 nm

C

O

1 μm

200 nm

2000 1800 1600 1400 1200 1000 800 600

C=C (aromatic)

red shift

-CO-O-CO-

-CO-O-CO-C-O-C

C-O-C

C-N

C-N

NTCDA

PTCDA

PUPI

NUPI

).
u.

a( ec
n

at ti
ms

n
ar

T

Wavenumber (cm−1)

C=O

5 10 15 20 25 30 35

(102)
(042)

(021)

(021) (002) (012)

(102)

(102)

(021)

(112)
(102)

(042)

(012)(002)

(021)

NTCDA

NUPI

PUPI

PTCDA

).
u.

a( 
ytis

n
et

nI

2 Theta (degree)

(011)

(002)(012)

292 288 284 280

C 1s

C=O
C-N

C-C,C-H

).
u.

a( 
ytis

net
nI

Binding energy (eV)

PUPI

C=O

C-N

C-C,C-H

NUPI

404 402 400 398 396

 

).
u.

a( 
ytis

net
nI

Binding energy (eV)

C=O-N 

C=O-N

NUPI

PUPI

N 1s

536 534 532 530 528 526

C-O 

NUPI

PUPI

C-O 

 

).
u.

a( 
ytis

net
nI

Binding energy (eV)

 C=O

C=O 

O 1s

180 160 140 120 100 80

PUPI

).
u.

a( 
ytis

net
nI

Chemical shift (ppm)

NUPI

aromatic C

carbonyl C

100 200 300 400 500 600 700 800

0

20

40

60

80

100

2.6%2.6%

45.9%
 NUPI

 NTCDA

 PUPI

 PTCDA

 ss
a

M
(%

)

Temperature (°C )

58.0%

Figure 1. Structure and characterization of polyimides NUPI and PUPI. a) DFT calculated ESP maps. b) FTIR spectra. c) Powder XRD patterns. d)
Solid-state 13C NMR spectra. (e–g) High-resolution XPS C 1s, N 1s, and O 1s spectra. h) Thermogravimetric analysis curves. i) and j) SEM, TEM,
HAADF-STEM images, and EDS elemental maps for (i) NUPI and (j) PUPI, respectively.

bands in both PIs are consistent with increased conjugation
upon imidization.[14]

Powder X-ray diffraction (XRD) demonstrates pro-
nounced crystallinity in both polymers and clear divergence
from their monomers (Figure 1c). Diffraction peaks charac-
teristic of NTCDA and PTCDA are absent in the polymer
patterns, consistent with complete monomer consumption
and successful polycondensation. For NUPI, several reflec-
tions appear at higher 2θ than in NTCDA, indicating reduced
d-spacings and tighter packing; this trend is consistent
with increased conjugation and densification upon diamine
incorporation and imidization. A prominent diffraction peak
at 2θ ≈ 28.2° is attributed to strong interlayer π–π stacking,
which can facilitate through-stack charge transport via close-
packed alignment of delocalized π -systems.[15] Because the
conjugated PIs are poorly soluble in standard deuterated sol-
vents, solid-state 13C NMR was used for structural assignment

(Figure 1d). The most downfield resonance at ∼166 ppm
is attributed to the urea carbonyl carbons, consistent with
bonding to electronegative nitrogen and the lack of conju-
gation with the PI π -system. A distinct signal at ∼163 ppm
corresponds to imide carbonyls derived from the dianhydride
units within the PI rings. Additional resonances between
120 and 140 ppm arise from aromatic backbone carbons.
Collectively, these well-resolved features indicate a high
degree of structural order and corroborate the successful
synthesis of extended π -conjugated PIs.[16]

X-ray photoelectron spectroscopy (XPS) was used to
further probe the polymer composition. The survey spectra
display the expected C 1s, N 1s, and O 1s signals at ∼284,
400, and 531 eV, respectively (Figure S2).[17] High-resolution
spectra (Figure 1e–g) resolve C 1s components at ∼284.8 eV
(C─C/C─H), ∼286.0 eV (C─N), and ∼288.0 eV (C═O); an
N 1s contribution centered at ∼398.8 eV assigned to the
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imide C═O─N moiety; and O 1s features at ∼531.4 eV
(imide C═O) and ∼533.5 eV (C─O species, possibly from
processing intermediates or residuals). Compared with the
corresponding dianhydrides (Figure S3), the enhanced car-
bonyl contribution in the polymer spectra corroborates
successful polycondensation with urea. Thermogravimetric
analysis indicates high thermal stability after polymerization
(Figure 1h).

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) reveal distinct morphologies
for the two PIs (Figures 1i,j). NUPI forms uniform, layer-
stacked, rod-like particles with a well-ordered lamellar
texture and larger characteristic dimensions, consistent with
stronger π–π interactions and higher crystallinity. By con-
trast, PUPI appears as irregular, bar-like fragments with
less pronounced layering.[18] High-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
and energy-dispersive X-ray spectroscopy (EDS) mapping
show homogeneous distributions of C, N, and O across both
samples. Consistent with its compact and uniform lamellae,
NUPI exhibits lower specific surface area and pore vol-
ume than PUPI in N2 adsorption–desorption measurements
(Figure S4), indicative of tighter interlayer stacking.

Before investigating the coupling interactions between
the two PI molecules and different electrolytes, we first
conducted benchmark tests on two non-nucleophilic elec-
trolytes: a chlorine-free Mg[B(hfip)4]2/1,2-dimethoxyethane
(DME) and a chlorine-containing Mg(HMDS)2-MgCl2-
AlCl3/tetraethylene glycol dimethyl ether (TEGDME) sys-
tem. The successful synthesis of the Mg[B(hfip)4]2 salt is
confirmed by the characterization results shown in Figures
S5 and S6. Cyclic voltammetry (CV) on stainless-steel
(SS) foil at 5 mV s−1 between −1 and 3 V was used
to evaluate Mg plating/stripping behavior (Figure 2a,d).
In the Mg(HMDS)2-based electrolyte, the cathodic current
associated with Mg plating appears at −0.27 V, whereas
anodic stripping initiates at 0.16 V and increases sharply to a
peak near 0.82 V (Figure 2a). In contrast, the Mg[B(hfip)4]2-
based electrolyte exhibits a plating onset at −0.20 V and
a stripping onset at 0.28 V, with a similar anodic peak at
∼0.82 V (Figure 2d). Although both electrolytes support
reversible Mg deposition/stripping and yield comparable
peak currents over subsequent cycles, Mg[B(hfip)4]2/DME
delivers a higher deposition current density and greater
electrochemical stability upon cycling.

To assess oxidative stability, linear sweep voltammetry
(LSV) was performed on Al, Mo, Cu, and SS current
collectors at scan rates of 0.5 and 5 mV s−1 (Figures 2b,e
and S7). Across scan rates, both electrolytes show consistent
trends: the chlorine-free Mg[B(hfip)4]2/DME sustains oxida-
tion ≥3.0 V versus Mg2+/Mg on all current collectors, indi-
cating a wider oxidative window than the chloride-containing
Mg(HMDS)2-MgCl2-AlCl3/TEGDME (Figure 2b,e). In par-
ticular, on Al, the Mg(HMDS)2-based electrolyte is oxida-
tively unstable below ∼2.0 V, attributable to chloride-induced
corrosion. Mg||Mg symmetric cells further elucidate the
trade-off between the two electrolyte systems (Figure 2c,f).
At 0.1 mA cm−2, both electrolytes undergo an interfacial
activation phase characterized by a gradual decrease in

polarization during the initial cycles; after ∼400 h, the
chloride-containing electrolyte exhibits lower voltage hystere-
sis (Figure 2c). However, at higher current density (0.5 mA
cm−2), the chlorine-free Mg[B(hfip)4]2/DME maintains lower
overpotentials (Figure 2f), consistent with a more stable
solid-electrolyte interphase (SEI) that enables efficient Mg2+

transport under demanding conditions. Collectively, these
observations indicate that chloride-containing electrolytes
facilitate interfacial activation at low current densities but
their corrosivity and side reactions can compromise stability
at elevated rates,[19] whereas the chlorine-free system forms
a favorable SEI on Mg surface and preserves high-voltage
tolerance across substrates.[20]

We also investigated the Mg plating/stripping behavior
of the two studied electrolyte systems in Mg||Mo half-
cells. Long-term cycling at 0.1 mA cm−2 with an upper
cutoff voltage of 1.0 V is shown for the chlorine-
free Mg[B(hfip)4]2/DME and the chloride-containing
Mg(HMDS)2-MgCl2-AlCl3/TEGDME in Figure 2g,j,
respectively, with the corresponding Coulombic efficiency
and polarization evolution summarized in Figure 2h,k. In
Mg[B(hfip)4]2, Coulombic efficiencies of 89.6%, 91.4%,
91.4%, and 93.0% are obtained at the 20th, 50th, 100th,
and 200th cycles with polarizations of 0.20, 0.19, 0.20, and
0.25 V, respectively (Figure 2h). In the Mg(HMDS)2-based
electrolyte, the corresponding values are 87.6%, 91.1%,
93.4%, and 94.3% with polarizations of 0.22, 0.20, 0.19,
and 0.18 V (Figure 2k). Rate capability tests on Mg||Mo
cell (Figure 2i,l) focus on plating/stripping overpotentials
and, together with LSV on Mo, enable comparison of
oxidation stability on this current collector. The chloride-
containing electrolyte exhibits lower overpotential during
the initial cycles, indicating faster interfacial kinetics
(Figure 2i,l),[21] whereas Mg[B(hfip)4]2 requires interphase
formation—SEI on the Mg surface and, upon oxidation,
cathode–electrolyte interphase at the cathode/electrolyte
interface—which temporarily penalizes early-cycle
performance.[22] Nevertheless, the higher accessible cutoff
voltages on Mo in Mg[B(hfip)4]2 (Figure S8) underscore its
broader oxidative window and potential compatibility with
higher-voltage cathodes. These behaviors are consistent with
the Mg||Mg symmetric-cell results: chloride helps disrupt
or destabilize insulating passivation and facilitates Mg2+

transport at low current densities but limits the usable voltage
range, while the chlorine-free electrolyte supports a more
stable interphase and higher-voltage operation.

Speciation analysis (Equations (4–7) in the Experimental
Procedures section of the Supporting Information)
reveals that the chloride-containing Mg(HMDS)2-MgCl2-
AlCl3/TEGDME electrolyte comprises a complex mixture
of monovalent species (e.g., Mg2Cl3

+, HMDSAlCl3
−,

MgCl+, AlCl2
+, AlCl4

−), whereas the chlorine-free
Mg[B(hfip)4]2/DME predominately features divalent Mg2+

cations paired with weakly coordinating [B(hfip)4]− anions.
To probe how speciation impacts electrode behavior, we
systematically recorded cyclic voltammograms of NUPI
and PUPI in both electrolytes under different voltage
windows (Figure 3a). In the chloride-containing electrolyte,
reactive monovalent complexes are likely to interact with
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Figure 2. Electrochemical benchmarking of chlorine-containing and chlorine-free electrolytes. a) and d) CVs of Mg||SS half-cells with (a)
Mg(HMDS)2-MgCl2-AlCl3/TEGDME and (d) Mg[B(hfip)4]2/DME at 5 mV s−1. b) and e) LSVs on Al, Mo, SS, and Cu working electrodes in (b)
Mg(HMDS)2-MgCl2-AlCl3/TEGDME and (e) Mg[B(hfip)4]2/DME at 0.5 mV s−1. c) and f) Galvanostatic Mg plating/stripping of Mg||Mg symmetric
cells in Mg(HMDS)2-MgCl2-AlCl3/TEGDME (blue) and Mg[B(hfip)4]2/DME (orange) at (c) 0.1 mA cm−2 and (f) various current densities ranging
from 0.1 to 0.5 mA cm−2, with an areal capacity of 0.1 mAh cm−2. g) and j) Long-term cycling of Mg||Mo half-cells in (g) Mg[B(hfip)4]2/DME and (j)
Mg(HMDS)2-MgCl2-AlCl3/TEGDME at 0.1 mA cm−2 (upper cutoff 1.0 V). h) and k) Voltage profiles of the Mg||Mo half-cells in (h)
Mg[B(hfip)4]2/DME and (k) Mg(HMDS)2-MgCl2-AlCl3/TEGDME at the 20th, 50th, 100th, and 200th cycles. i) and l) Galvanostatic plating/stripping
curves of Mg||Mo half-cells in (i) Mg[B(hfip)4]2/DME and (l) Mg(HMDS)2-MgCl2-AlCl3/TEGDME at varied current densities.

the conjugated backbones, disrupting crystallinity and
suppressing reversible redox processes, particularly during
deep discharge to 0.01 V (Figure 3a(II,IV)). By contrast,
in chlorine-free Mg[B(hfip)4]2-based system, both PIs
display well-defined, reversible peaks even at a 0.01 V
cutoff, with higher current densities than at a 0.7 V cutoff
(Figure 3a(I,III)). Accordingly, robust redox is observed
over 0.01–2.5 V (vs. Mg2+/Mg) in Mg[B(hfip)4]2 and over
0.7–2.4 V in the Mg(HMDS)2-based electrolyte. Although
both PIs exhibit reduction at higher potentials in the chloride-

containing electrolyte, the corresponding oxidation peaks
are largely absent, indicating poor reversibility (Figure S9).
This behavior may be attributed to the anodic sweep being
truncated by the limited upper cutoff potential imposed by
the electrolyte’s low oxidative stability. Consistently, NUPI
and PUPI deliver extremely low capacity with fading plateaus
in the chloride-containing system (Figure S9), whereas in
Mg[B(hfip)4]2/DME electrolyte, both PIs achieve higher
capacities (Figures S10 and S11), benefiting from a favorable
discharge cutoff voltage of 0.01 V.
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 15213773, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202522131 by U

niversite C
atholique D

e L
ouvain, W

iley O
nline L

ibrary on [04/12/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Research Article

0 40 80 120 160 200

0

30

60

90

120

150

180

 Charge

 Discharge

 
ytic

a
p

a
c cif ice

p
S

(
g 

h
A

m
−

1
)

Cycle number

-50

0

50

100

C
o

u
lo

m
b

ic
 e

ff
ic

ie
n

cy
 (

%
)

P
ri

s
ti
n

e

C
h

a
. 

2
.5

V

D
is

. 
1

.5
V

D
is

. 
0

.0
1

V

a) b) c)

d) e)

f) g) h)

0 10 20 30 40 50

0

100

200

300

400

500

 NUPI-GO

 PUPI-GO 
ytic

a
p

a
c e

g
r

a
hcs i

D
(

g 
h

A
m

−
1
)

Cycle number

-50

0

50

100

C
o

u
lo

m
b

ic
 e

ff
ic

ie
n

cy
 (

%
)

0 10 20 30 40 50 60 70

0

100

200

300

400

50

1000
500400

200

100

50

 Unit: mA g
−1

 Charge

 Discharge

 
ytic

a
p

a
c cifice

p
S

(
g 

h
A

m
−

1
)

Cycle number

-50

0

50

100

C
o

u
lo

m
b

ic
 e

ff
ic

ie
n

cy
 (

%
)

0.0 0.5 1.0 1.5 2.0 2.5

NUPI-B  (I)

NUPI-H  (II) 

PUPI-B  (III)

).
u.

a( t
n

er
r

u
C

Potential (V vs. Mg/Mg2+)

PUPI-H  (IV)

C
a

p
a

ci
ty

 (
m

A
h

 g
–

1
)

0.0

0.1

0.2

0.3
0 .5

1 .0

1 .5

2 .0

2 . 5

0

50

100

150

200
this work

PANI

NP

PAQI-N26

14PAQ

P(NDI2OD-T2)

PI-SS
PHV-Cl

PI-CNTs

26PAQ
COF

NTCDA

PTCDA

0 200 400 600 800 1000
0

40

80

120

160

 Charge

 Discharge 
yti c

a
p

a
c cific

e
p

S
(

g 
h

A
m

−
1
)

Cycle number

current density: 500 mA g–1 

-50

0

50

100

C
o

u
lo

m
b

ic
 e

ff
ic

ie
n

cy
 (

%
)

0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.5

1.0

1.5

2.0

2.5

 l
ait

n
et

o
P

(
g

M .s
v 

V
2

+
/M

g
)

Normalized capacity (a.u.)

 NUPI-0.7

 NUPI-0.01

Figure 3. Electrochemical behavior of NUPI and PUPI in chlorine-free and chloride-containing electrolytes. a) CVs of NUPI and PUPI at 0.1 mV s−1

over different voltage windows in (II, IV) Mg[B(hfip)4]2- and (I, III) Mg(HMDS)2-based electrolytes. b) Galvanostatic charge–discharge curves of
NUPI from 0.01–2.5 V and 0.7–2.5 V in Mg[B(hfip)4]2 at 100 mA g−1. c) Optical photographs of NUPI electrodes at selected states after immersion in
DME for 30 min. d) Cycling performance of NUPI and PUPI with GO-modified separators in Mg[B(hfip)4]2-based electrolyte at 50 mA g−1. The
Coulombic efficiency exceeding 100% is likely due to a mild shuttle effect caused by incomplete suppression of soluble intermediates by the GO
membrane. e) and f) Rate capability at various current densities ranging from 50 to 1000 mA g−1, corresponding to 0.27–5.46 C (1 C = 183 mA g−1).
(e) and long-term cycling stability at 500 mA g−1 (f) of NUPI-based cells with a GO-modified separator in Mg[B(hfip)4]2-based electrolyte system. g)
Benchmark of this work against recently reported cathodes. h) Cycling stability of a pouch-type NUPI||Mg cell in the Mg[B(hfip)4]2-based electrolyte
at 50 mA g−1 without GO-modified separator (inset: photograph of the pouch cell).

Normalized capacity-voltage profiles of NUPI||Mg cells
with the chlorine-free Mg[B(hfip)4]2/DME electrolyte
(Figure 3b) enable a direct comparison between discharge
cutoff voltages of 0.01 and 0.7 V. Notably, the 0.01 V
protocol (NUPI-0.01) delivers a higher discharge capacity
and a slightly lower overpotential than 0.7 V (NUPI-0.7),
highlighting the electrode’s electrochemical stability and
broad voltage tolerance in this electrolyte—an outcome
that contrasts the common behavior of organic cathodes,
where deeper discharge typically accelerates degradation
and worsens cycling.[23] To further elucidate the underlying
mechanism, the dissolution behavior of NUPI electrodes
before and after cycling was investigated. Figures 3c and S12
present optical images of NUPI electrodes immersed in DME

for 30 min. The pristine electrode remains insoluble, yielding
a colorless solution, while all cycled electrodes display varying
degrees of brown coloration. Discharge to 1.5 V produces
a dark brown solution, whereas further discharge to 0.01 V
reduces the color intensity, indicating lower solubility of
the fully discharged product. Upon charging to 2.5 V, the
solution becomes lighter, suggesting partial recovery of
the pristine state. Such phenomena have been previously
described as heterogeneous liquid–solid reactions,[24] further
supporting 0.01 V as a more favorable discharge cutoff
voltage. The structural evolution of the electrode is proposed
to rationalize this dissolution behavior during cycling. Initial
Mg2+ insertion disrupts π–π stacking among PI chains,
leading to amorphization and increased solubility. As Mg2+
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uptake progresses, the formation of strong intermolecular
O�Mg�O coordination bonds enhances structural integrity,
reducing solubility, and facilitating redeposition of active
material.[25]

Given the liquid–solid reaction pathway and the presence
of soluble intermediates that can leach active material
and passivate the Mg anode, we cast a graphene-oxide
(GO) coating onto glass-fiber separators to hinder shuttle
while maintaining Mg2+ transport.[24] The carbonyl groups
in GO undergo an irreversible reduction during the first
discharge, producing a large initial irreversible capacity;
thereafter, the GO film and conductive carbon contribute
negligibly to capacity (Figure S13). Furthermore, XPS analysis
(Figure S14) shows that GO undergoes partial reduction
to rGO during the initial cycles, evidenced by decreased
oxygen functionalities, thereby serving primarily as a physical
barrier. With GO-modified separators in the chlorine-free
Mg[B(hfip)4]2/DME electrolyte—operated within the opti-
mized 0.01–2.5 V window—both PIs deliver very high
first-cycle capacities at 50 mA g−1 (Figure 3d), primarily
due to GO reduction and concomitant interphase formation
with the electrolyte, in agreement with prior reports (Figure
S15).[26,27] Subsequently, NUPI exhibits higher capacities
and more stable cycling than PUPI, attributed to its lower
molecular weight per redox unit and more efficient active
site utilization enabled by its ordered, layer-stacked structure
(Figure S16).[28] Specifically, the PUPI cathode retains a
discharge capacity of ∼120 mAh g−1 after 50 cycles, whereas
the NUPI cathode maintains ∼160 mAh g−1 in the 50th cycle.

Figure 3e presents the rate performance of the NUPI
cathode across a range of current densities from 50 to
1000 mA g−1. As expected, the specific capacity decreases
with increasing current density but recovers when the current
returns to 50 mA g−1. The NUPI cathode delivers high
discharge capacities of approximately 160, 110, 90, 75, 70,
and 55 mAh g−1 at 50, 100, 200, 400, 500, and 1000 mA
g−1, respectively (Figure S17). Figure 3f shows the long-term
cycling stability of the NUPI cathode coupled with a GO
membrane at 500 mA g−1, exhibiting a low capacity decay
rate of ∼0.05% per cycle over 1000 cycles. Comparison with
recent reports (Figure 3g and Tables S1 and S2) underscores
the favorable balance of capacity and durability achieved
in this work. To evaluate practical applicability, a NUPI-
based pouch cell was assembled, exhibiting an open-circuit
voltage (OCV) above 1.8 V. When two such cells were
connected in series, they successfully powered a 3 V light
bulb (Figure S18). The cycling curves and charge/discharge
profiles (Figures 3h and S19) further corroborate the excellent
electrochemical performance of the NUPI cathode in the
chlorine-free Mg[B(hfip)4]2 electrolyte.

To investigate the diffusion kinetics of both cathodes,
galvanostatic intermittent titration technique (GITT) mea-
surements were conducted to determine the Mg2+ diffusion
coefficient (DMg2+). As shown in Figure 4a,b, the DMg2+
values for NUPI are consistently higher than those for
PUPI throughout the cycling process, indicating enhanced
Mg2+ diffusion in the layer-stacked, π -conjugated NUPI
structure featuring strong π–π interactions.[29] Subsequently,
CV measurements were performed on NUPI at various scan

rates (Figure 4c). A distinct reduction peak at approximately
1.6 V and an oxidation peak near 2.2 V are observed,
corresponding well to the discharge/charge plateaus. The
peak current densities increase with increasing scan rate.
According to Equations (9) and (10) in the Supporting
Information, a b-value of 0.5 indicates a diffusion-controlled
intercalation process, whereas b = 1 suggests a surface-
controlled capacitive process. The calculated b-values for
NUPI are 0.556 for the reduction peak and 0.649 for the
oxidation peak (Figure 4d), indicating a mixed-controlled
electrochemical process. Furthermore, Equation (11) was
applied to quantitatively distinguish capacitive and diffusion-
controlled contributions. As illustrated in Figure 4e, the
capacitive contribution accounts for 53% of the total current
at a scan rate of 0.5 mV s−1. This proportion increases
progressively with scan rate, reaching 89% at 4.0 mV s−1

(yellow-shaded area, Figure 4f). These results indicate that
Mg2+ storage in NUPI is predominantly pseudocapacitive at
high current densities, as reflected by the nearly linear charge–
discharge profiles lacking distinct voltage plateaus (Figure
S17). This behavior arises from surface-accessible redox sites
such as edge carbonyls and defect-related regions within
moderately disordered π–π stacking domains, which facilitate
rapid electron transfer.[30]

To elucidate the Mg2+ storage mechanism in conjugated
PI cathodes using the Mg[B(hfip)4]2/DME electrolyte, a
combination of ex situ and in situ spectroscopic techniques
was employed. Figures 5a and S20a present the ex situ
FTIR spectra of NUPI and PUPI electrodes collected
at defined states during the 5th cycle under two volt-
age windows: 0.01–2.5 V and 0.7–2.5 V. The imide C═O
stretching band (∼1700 cm−1) progressively weakens and
eventually disappears upon magnesiation (discharge), while
a new band emerges at ∼1190 cm−1, corresponding to
the [C─O−]2Mg2+ (enolate) stretching vibration. During
subsequent de-magnesiation (charging), the C═O band reap-
pears and the [C─O−]2Mg2+ band diminishes. Notably, the
[C─O−]2Mg2+ band is significantly more intense in NUPI
electrodes discharged to 0.01 V than in those discharged
to 0.7 V, suggesting that the wide electrochemical stability
window of the Mg[B(hfip)4]2/DME electrolyte enables more
extensive enolization at active sites, thereby unlocking higher
capacity. In contrast, electrolytes with narrower voltage
windows will inevitably constrain the extent of enolization,
limiting capacity output in such organic cathodes. In situ
synchrotron FTIR (SR-FTIR) measurements further confirm
the reversibility of the enolization-based redox mechanism
in NUPI cathodes. As shown in Figure 5b, during discharge,
the [C─O−]2Mg2+ band (∼1190 cm−1) intensifies, while
the intensities of the C═O (1680–1700 cm−1) and C═C
(∼1580 cm−1) bands decrease—changes that reverse upon
charging. These findings not only validate the reversible
enolization mechanism in NUPI, but also underscore the
crucial role of cathode–electrolyte compatibility in enabling
high-performance magnesium-organic batteries.

In situ synchrotron XRD (SR-XRD; Figures 5c and S21)
and ex situ XRD (Figure S22) were further used to monitor
the structural evolution of NUPI during cycling. Due to the
shorter wavelength (λ) of high-energy synchrotron radiation
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Figure 4. Diffusion kinetics and charge-storage behavior of NUPI and PUPI in Mg[B(hfip)4]2-based electrolyte. a) and b) GITT profiles and Mg2+
diffusion coefficients (DMg2+) for NUPI and PUPI. c) CVs of NUPI-based cells at scan rates of 0.5–4.0 mV s−1. d) log i∼log v plots used to extract b
values. e) Capacitive-contribution fraction of NUPI-based cells versus scan rate. f) CV profile of the NUPI cathode with the pseudocapacitive
contribution at a scan rate of 4.0 mV s−1.

compared to conventional Cu Kα sources, Bragg reflections
are shifted to lower 2θ angles, as shown in Figure S21. Distinct
diffraction peaks at 8.4°, 9.7°, and 12.0°, indexed to the
(002), (012), and (102) planes of the conjugated backbone,
attenuate upon discharge and reappear upon charging over
two cycles, indicating highly reversible, potential-dependent
Mg2+ (de)intercalation processes. Notably, the (102) diffrac-
tion peak, associated with π–π stacking, shifts to a lower
angle during the fifth discharge-charge cycle as compared to
the pristine electrode state (Figure S22). This shift indicates
a partially irreversible interlayer expansion and structural
rearrangement of the NUPI framework following Mg2+

insertion/extraction in the early cycles.[29] Interestingly, during
the fifth and subsequent cycles (Figures 5c and S22), the NUPI
electrode displays only reversible variations in peak intensity,
with the (102) peak position remaining unchanged. These
results suggest that the overall layered framework stabilizes
after the initial structural reorganization. Ex situ XPS further
substantiates the enolization-based storage mechanism in
NUPI (Figures 5e–g and S23). In the C 1s spectrum—
deconvoluted into C─F (originating from [B(hfip)4]− anions
and the PVDF binder), C═O, C─O/C─N, and C─C/C─H
components—the intensity of the C─O signal progressively
increases while that of C═O decreases during discharge,
consistent with Mg2+ insertion into the NUPI backbone. This
trend reverses upon charging. It is worth mentioning that
the weak C─O signal observed in the pristine electrode can
be attributed to surface functional groups on the conductive
carbon and/or cathode–electrolyte interphase components
formed via electrolyte decomposition. The O 1s spectra

exhibit analogous changes, with the growth of [C─O−]2Mg2+

species upon discharge and recovery of the C═O signature
upon charge. Meanwhile, the Mg 2s peak shifts to lower
binding energies and increases in intensity during discharge,
which reverts upon charge as well. The EDS mapping
(Figure S24) confirms reversible variations in the cathode
composition aligned with the electrochemical redox process,
without signs of irreversible elemental loss or decomposition.
Collectively, these results, as summarized schematically in
Figure 5d, demonstrate that Mg2+ storage in NUPI occurs via
a reversible, heterogeneous enolization mechanism (C═O �
C─O−/[C─O−]2Mg2+) in the Mg[B(hfip)4]2/DME electrolyte
system, consistent with the observed high specific capacity
and improved charge-transfer kinetics. In contrast, cells
using the Mg(HMDS)2-based electrolyte display unstable
spectral features and perturbed redox behavior, indicative of
complex speciation and side reactions (Figure S25). Overall, a
highly conjugated and well-ordered π–π stacked framework
promotes intrachain electron delocalization and facilitates
efficient charge redistribution during redox cycling, thereby
stabilizing the radical intermediates generated during Mg2+

insertion and extraction. Simultaneously, strong π–π stack-
ing and backbone planarity enhance interchain electronic
coupling, increasing intrinsic electronic conductivity and
minimizing localized electron accumulation at the cathode–
electrolyte interface. This charge delocalization suppresses
the formation of reactive surface sites that might otherwise
trigger electrolyte decomposition. Furthermore, the weakly
anion coordinating, chloride-free electrolyte imposes minimal
perturbation on the polymer backbone, helping preserve
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Figure 5. Redox chemistry of NUPI in Mg[B(hfip)4]2 over 0.01–2.5 V (vs. Mg2+/Mg). a) Ex situ FTIR spectra at defined states of the 5th cycle. b) In situ
synchrotron FTIR (SR-FTIR) contour map during galvanostatic cycling. c) In situ synchrotron XRD (SR-XRD) contour map. d) Schematic of the
Mg-storage (enolization) mechanism. e)–g) Ex situ high-resolution XPS spectra: (e) C 1s, (f) O 1s, and (g) Mg 2s.

the ordered π–π stacking and extended conjugation. This
structural preservation maintains a stable electronic network,
enabling uniform charge distribution and reversible redox
activity even under deep discharge and high cutoff voltage
conditions. Thus, by coupling these synergistic molecular and
electrolyte effects, the system achieves interfacial stability and
reversible high-voltage cycling.

To elucidate the enolization chemistry and structural
evolution of π -conjugated carbonyl PIs in MMBs, we
performed DFT calculations on three-repeat-unit fragments
of NUPI and PUPI (NUPI-3, PUPI-3) with dangling bonds
saturated by hydrogen atoms. The ESP maps of NUPI-
3 and PUPI-3 (Figure 6a) closely resemble those of the
single-unit PIs (Figure 1a), with the most negative potential
localized on the carbonyl oxygen atoms of both the urea
diamine and dianhydride units, identifying these sites as the
primary and most reactive Mg-coordination loci.[31] Projected

density of states (PDOS) analysis (Figure 6b,c) shows N
and O states in NUPI shifted to lower (more negative)
energies relative to PUPI, indicating stronger electron
withdrawal from the N─C═O moieties and enhanced
orbital overlap within the C═O bonds—features that
correlate with greater active-site durability during cycling.[32]

Additional calculations that differentiate conjugated-
backbone carbonyls from non-conjugated urea carbonyls
reveal optimized magnesiation pathways in which Mg2+

preferentially bridges two adjacent conjugated carbonyls
on the backbone (Figure 6d,e). The stepwise binding
energies along this pathway are lower than for alternative
configurations where Mg2+ bridges one conjugated and one
urea carbonyl (Figure S26), implying that urea carbonyls
are largely electrochemically inactive but beneficial for
rotational flexibility and coordination stabilization.[33,34]

Absolute �E values are not directly comparable across

Angew. Chem. Int. Ed. 2025, e22131 (9 of 11) © 2025 Wiley-VCH GmbH
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Figure 6. DFT analysis of NUPI and PUPI. a) Electrostatic-potential (ESP) maps of three-repeat-unit fragments (H-terminated). b) and c) Projected
density of states (PDOS) for NUPI and PUPI. d) and e) Optimized magnesiation pathways, highlighting Mg2+ coordination to adjacent carbonyls in
NUPI and PUPI.

the two polymers due to model simplifications and
differences in the density/accessibility of conjugated active
sites (e.g., NUPI’s multilayer morphology affords more
accessible sites).[18] Overall, the dominant storage proceeds
through an enolization process in which two Mg ions initially
coordinate to conjugated C═O groups, consistent with the in
situ/ex situ spectroscopies.

Conclusion

In summary, we establish a rational co-design paradigm
between conjugated PI molecular frameworks and electrolyte
chemistry to unlock high-performance magnesium storage.
Through systematic comparison of two structurally related
yet electronically distinct PIs, NUPI and PUPI, in both
chloride-containing and chloride-free electrolytes, we demon-
strate that the extent and reversibility of enolization-driven
Mg2+ storage is jointly dictated by molecular architecture
and electrolyte stability. Chloride-free Mg[B(hfip)4]2/DME
electrolytes offer broader electrochemical stability win-
dows and more benign interfacial chemistry, enabling deep,
reversible enolization of redox-active carbonyl sites. In
this context, the layered, π -stacked morphology of NUPI
promotes efficient Mg2+ transport and structural integrity,
delivering superior capacity retention and rate capability.
Operando FTIR/XRD, ex situ XPS, and DFT calculations
collectively reveal a reversible, heterogeneous enolization
mechanism (C═O � C─O−/[C─O−]2Mg2+) as the dominant
Mg-storage pathway in conjugated PI frameworks. Notably,
an NUPI cathode paired with Mg[B(hfip)4]2/DME and a

GO-modified separator achieves a high reversible capacity
of ≈175 mAh g−1 and an ultralow capacity fade of ≈0.05%
per cycle over 1000 cycles at 500 mA g−1. Our study
elucidates the critical coupling between redox-site topology
and electrolyte speciation in enabling fast, stable Mg2+

storage in organic hosts. These insights establish a versatile
material-electrolyte design framework for next-generation
MMBs and may be extended to other multivalent-ion
chemistries.
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