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Abstract: The lack of high-power and stable cathodes
prohibits the development of rechargeable metal (Na, Mg,
Al) batteries. Herein, poly(hexaazatrinaphthalene) (PHATN),
an environmentally benign, abundant and sustainable polymer,
is employed as a universal cathode material for these batteries.
In Na-ion batteries (NIBs), PHATN delivers a reversible
capacity of 220 mAh g�1 at 50 mAg�1, corresponding to the
energy density of 440 Whkg�1, and still retains 100 mAh g�1 at
10 Ag�1 after 50000 cycles, which is among the best perform-
ances in NIBs. Such an exceptional performance is also
observed in more challenging Mg and Al batteries. PHATN
retains reversible capacities of 110 mAh g�1 after 200 cycles in
Mg batteries and 92 mAh g�1 after 100 cycles in Al batteries.
DFT calculations, X-ray photoelectron spectroscopy, Raman,
and FTIR show that the electron-deficient pyrazine sites in
PHATN are the redox centers to reversibly react with metal
ions.

Introduction

Lithium-ion batteries (LIBs) are the dominant power
supply for the portable electronics, electric vehicles, and grid-
scale energy-storage systems because of the high energy
density and stable cycling performance.[1] However, the large-
scale application of LIBs is constrained by the limited and
unevenly distributed lithium resources in the Earth’s crust.[2]

NIBs are promising alternatives to LIBs, owing to the
abundance, low cost of Na sources, comparable potential to
Li (�2.71 V for Na/Na+ vs. �3.04 V for Li/Li+),[3] and the
similar chemistry between NIBs and LIBs.[4] However, the
energy densities of NIBs are intrinsically limited by their
intercalation chemistry.[5] To break this limitation, multivalent
rechargeable Mg (RMBs) and Al (RABs) batteries have
attracted considerable research interests, owing to the high

volumetric energy density, high abundance, and less reactivity
in ambient atmosphere of Mg and Al metal.[6] More
importantly, the dendrite-free stripping/plating process of
Mg metal avoids the safety concern from the internal short-
circuit of rechargeable batteries, and ensures long-term
cycling stability.[7] All these merits make RMBs and RABs
promising candidates for consumer electronics applications,
where volumetric energy density and safety are priority.

The cathode materials are the energy-limiting compo-
nents for NIBs,[3] RMBs,[8] and RABs.[9] For example,
expensive transition-metal (such as Co and Ni) oxides for
NIBs can only provide the capacities of about 150 mAhg�1.
Moreover, they cannot be used in RMBs and RABs, because
the strong interaction of Mg2+ and Al3+ with the host
materials leads to sluggish intercalation kinetics.[10] Up to
now, Chevrel-phase Mo6S8 is still the most successful cathode
for RMBs and RABs,[11] which, however, suffers from low
energy densities. To circumvent these challenges, metal-free
polymer materials, with the advantages of light weight,
abundance, low cost, and recyclability, stand out as the
universal cathodes for NIBs,[12] RMBs,[13] and RABs,[13a,b]

because the flexible structural tunability, weak intermolecular
force and interaction with insertion cations facilitate the
reaction kinetics.[14] Among various organic materials, orga-
nosulfur compounds,[15] organic free-radical compounds,[16]

carbonyl compounds,[17] imine compounds,[18] and azo com-
pounds[19] have been explored as electrodes for batteries.
However, low redox stability, high solubility in electrolyte,
and low electronic conductivity remain crucial limitations to
the application of these compounds.[20] Polymerizing the
redox-active compounds has been demonstrated as an
effective way to suppress the dissolution of the organic
electrodes and increase the intrinsic electrical conductivi-
ty.[20b, 21] Introducing heteroatoms (O, N, and S) with a lone
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pair of electrons into organic materials to form p-conjugated
aromatic compounds can achieve multiple redox centers and
enhance the intrinsic electrical conductivity.[22] Besides, high-
concentration electrolytes are also reported to be effective in
suppressing the dissolution and improving the cycling stability
of polymer electrodes.[23]

Hexaazatrinaphthalene (HATN; Supporting Information,
Figure S1b), which is an electron-deficient, rigid and planar
aromatic discotic system with imine functional groups, has
been investigated as cathode materials for LIBs and super-
capacitors.[24] Although having a high theoretical capacity of
418 mAhg�1, HATN suffers from high solubility and poor
cycling stability.[24, 25] Introducing 1,4-bisethynylbenzene as
a linker between HATN cores only slightly enhances the
cycling stability and rate capability.[26] Polymerizing HATN
(PHATN) (Supporting Information, Figure S1c) will reduce
its solubility in electrolyte and obtain high electrical con-
ductivity.[27] In this work, we discover that PHATN can be
used as a high rate and stable cathode material in third-period
metal (Na, Mg, and Al) batteries. In NIBs, PHATN achieves
fast reaction kinetics, ultra-stable cycling stability, and high
energy density. In RMBs and RABs, PHATN also displays
stable cycling performance and fast reaction kinetics. For the
first time, we proved that a pyrazine derivative can be used as
cathodes in multivalent Mg and Al batteries, and the excellent
electrochemical performance of PHATN for NIBs, RMBs,
and RABs demonstrate that pyrazine-based polymers are
promising universal cathodes for sustainable rechargeable
batteries.

Results and Discussion

Ion storage mechanism of PHATN

PHATN, in which HATN is linked via a carbon–carbon
bond between two phenyl rings, was synthesized by a con-
densation reaction between cyclohexanehexone and amines,
according to a previously reported procedure with some
modifications.[27b] PHATN particles are amorphous (Support-
ing Information, Figure S3a) and degraded only above 100 8C
(Supporting Information, Figure S3b). The existence of C=N
redox-active center in PHATN is confirmed by the peak at
1495 cm�1 in FTIR (Supporting Information, Figure S3c).[27b]

PHATN was first evaluated as the cathode for NIBs in
coin cells, which delivers initial discharge/charge capacities of
236 and 251 mAhg�1, respectively (Figure 1a). The initial
coulombic efficiency (CE) is slightly above 100 % owing to
the formation of cathode electrolyte interface (CEI) of
PHATN, which is common in the polymer electrode.[12b, 20c,26]

At high voltage (3.5 V vs. Na/Na+), a cathode–electrolyte
interphase (CEI) layer forms, mainly resulting from the
complicated chemical/electrochemical surface reaction be-
tween PHATN and electrolyte (with some unavoidable
impurity and water). In the 2nd and 3rd cycles, the CE is
close to 100 % and the reversible capacity remains at around
220 mAhg�1, corresponding to three Na+ coordinated with
electroactive pyrazine N atoms. The discharge/charge curves
exhibit a short shoulder at around 2.5 V and a long slope at

1.5–2.4 V. The multi-step redox reaction of PHATN is
confirmed by CV, which displays three pairs of peaks at
2.5 V/2.56 V, 2.12 V/2.22 V, and 1.91 V/1.98 V (Figure 1 b).

The mechanism for metal-ion insertion into PHATN was
theoretically investigated. The redox potential can be calcu-
lated using density functional theory (DFT) calculations.[29]

Two types of DFT calculations are used to examine redox
properties of the PHATN organic cathodes at molecular
levels. In the first type of calculation, M(HATN)n (M = Na,
Mg) clusters are immersed in a polarized continuum, and
their reduction, oxidation and energies of the metal-ion
transfer from the metal anode to M(HATN)n cathode are
calculated. In the second type of calculations, PHATN is
packed in a periodic cell and relaxed. A more computation-
ally efficient (by 1–3 orders of magnitude) density functional
tight binding (DFTB) method is used in order to obtain
representative configurations of the amorphous cathode,
while DFT is used for calculating energies for the metal-ion

Figure 1. Electrochemical performance of PHATN with a 4m NaPF6/
DME electrolyte between 1 and 3.5 V and predicted insertion potential
of PHATN in NIBs. a) Discharge–charge curves of PHATN for the first
three cycles at 50 mAg�1. b) Cyclic voltammograms of PHATN at
a scan rate of 0.5 mVs�1. c) Optimized geometries and insertion
potentials vs. Na/Na+ of the Nam(HATN)n complexes surrounded by
implicit solvent from DFT calculations using M05-2X/6–31+ G(d,p)
and PBE-GD3/6–31 + G(d,p) DFT calculations. d) Discharge voltage
profile from DFT calculations using Perdew–Burke–Ernzerhof func-
tional with Grimme dispersion correction (PBE-D3) for Nam(HATN)n
model cathodes with a Na: HATN ratio from 1:8 (ca. 8 mAhg�1) to 3:1
(ca. 200 mAhg�1). Insets: snapshots of the Nam(HATN)n optimized
geometries from DFTB calculations corresponding to material compo-
sitions. Na violet. Images prepared with VESTA.[28]

Angewandte
ChemieResearch Articles

&&&&Angew. Chem. Int. Ed. 2019, 58, 2 – 9 � 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

These are not the final page numbers! � �

http://www.angewandte.org


transfer from metal anode to cathode. Owing to strong
binding of Mg and Al to PHATN, it is challenging to obtain
equilibrated cathode structures as it requires overcoming
large barriers during equilibration, thus we only primarily
utilize these calculations for understanding PHATN cathodes
in NIBs.

We first calculated reduction potential of the HATN
monomer surrounded by implicit solvent, using ether solvent
parameters and continuum polarizable conductor model
(CPCM) as implemented in Gaussian g16 software.[30] Re-
duction potentials of HATN vary from 1.4 V to 2.1 V vs. Na/
Na+ (Supporting Information, Table S1) depending on the
functional and solvation model. The CPCM model together
Perdew–Burke–Ernzerhof functional with the Grimme dis-
persion correction (PBD-D3) yields a value of 2.2 V vs. Na/
Na+. Using a hybrid DFT functional with a significant 56% of
Hartree–Fock (HF) exchange, M05-2X yields circa 0.3 V
lower reduction potential. Lowest unoccupied molecular
orbital (LUMO) of HATN is centered on nitrogen atoms
and central ring of HATN (Supporting Information, Fig-
ure S5a). The complexation of PHATN with metal ions,
however, polarizes PHATN and results in a shift of LUMO
and highest occupied molecular orbital (HOMO) towards the
metal cation as shown for Mg(HATN)2 complex in the
Supporting Information, Figure S5b,c.

DFT calculations were also used to investigate the
influence of sodiation on the band gap of the material
(Supporting Information, Table S2). Hybrid functionals
PBE0 and M05-2X predict the HATN monomer to have
a sizeable band gap of 3.98 eVand 5.74 eV, respectively. Upon
sodiation, both functionals predict a reduction in the band gap
by > 3 eV for Na(HATN)2 and Na2(HATN) clusters. We see
this reduction for the amorphous solid as well, where, owing
to the computational cost, the PBE functional is used instead
of PBE0 or M05-2X. Self-polarization through p–p stacking
leads to a reduction in the band gap relative to the gas phase
monomer from about 2.1 eV to about 1.2 eV. Upon sodiation,
this gap vanishes at capacities as low as 8 mAhg�1 [Na-
(HATN)8]. While we do not expect PBE to accurately capture
the magnitude of the band gap, the trend of it narrowing with
intercalation is consistent with cluster calculations using more
accurate functionals and translates to an increased electronic
conductivity.

Reduction and oxidation potentials of Na(HATN)2 sur-
rounded by CPCM implicit solvent were found at 2.02 V and
2.34 V vs. Na/Na+ from PBE-D3/6–31 + G(d,p) DFT calcu-
lations. These values are within 0.3 V of the reduction of
HATN monomer surrounded by CPCM, indicating a com-
monly used screening of monomer reduction potential is
reflective of the organic cathode redox potential.[29] When
SMD (ether) solvation model is used, the charge states
become less favorable compared to CPCM model, resulting in
the lower reduction potential to 1.70 V and increased
oxidation potential to 2.49 V (Supporting Information, Ta-
ble S3). This suggests that the Na(HATN)2 complex at the
cathode surface in contact with electrolyte are likely to reduce
at a slightly lower potential and oxidize at slightly higher
potential than Na(HATN)2 in bulk of cathode.

The energy of Na transfer from Na metal anode to
Na(HATN)2 complex surrounded by CPCM model was
estimated to be 2.76 and 2.22 V vs. Na/Na+ from DFT
calculations using PBE-D3 and M05-2X functionals, respec-
tively. The potentials in the Supporting Information, Table S3
that were calculated using SMD (ether) solvation model are
similar to the measured discharge potentials shown in Fig-
ure 1a. Increasing the Na to HATN ratio accompanied with
the capacity increase from 35 mAh g�1 to 53 mAh g�1 does not
change redox potential (Figure 1c). Further capacity increase
to 140 mAh g�1 leads to drop of redox voltage to 1.5 V vs. Na/
Na+ (Figure 1c). A good agreement is found between the
redox potentials from DFT calculations in Figure 1d and
experimental results in Figure 1a. Slightly higher redox
potentials from DFT calculations are likely owing to potential
polarization in galvanostatic discharge and their overestima-
tion by PBE-D3 functional, which predicts higher reduction
potential and redox potential compared to hybrid M05-2X
functional shown in the Supporting Information, Tables S1
and S2. The inset of Figure 1d shows the optimized geo-
metries of Nam(HATN)n model cathodes with a Na: HATN
ratio from 1:8 (ca. 8 mAh g�1) to 3:1. The redox potentials of
Mg(HATN)2 were also estimated from the similar DFT
calculations using CPCM model except using a larger aug-cc-
pvTz basis set, in which PHATN yields redox potentials of
1.20 V vs. Mg/Mg2+ (Supporting Information, Table S4).

Sodiation and De-sodiation Performance of PHATN

The electrochemical performance of PHATN for Na
batteries is further investigated with 4m NaPF6/DME electro-
lyte in coin cells. Along with a high capacity of > 200 mAhg�1

(Figure 1a), PHATN also exhibits excellent rate capability
and cycle stability (Figure 2). As the current densities increase
from C/8 to 5C, capacities show a small decline from
220 mAhg�1 to 164 mAh g�1. Even at high current densities
of 12C and 25C, PHATN still retains the reversible capacities
of 138 and 105 mAh g�1, respectively, indicating the fast
reaction kinetics during sodiation and de-sodiation process.
The high capacity and superior rate performance contribute
to the high energy density and power density. PHATN
delivers an energy density of 210 Whkg�1 at the ultrahigh
power density of 20000 Wkg�1, which is highly competitive to
most previously reported organic cathodes for NIBs (Fig-
ure 2b).[31] In addition to high energy and power density,
PHATN also shows excellent cycling stability. At 50 mAg�1

(C/8), it delivers a reversible capacity of 205 mAh g�1 after 100
cycles (Supporting Information, Figure S6a). Under 2 Ag�1

(5C), it delivers a capacity of 165 mAh g�1 after 10000 cycles,
with a capacity retention of 89.2 % (Figure 2c). Further
increasing the current density to 10 Ag�1 (25C), PHATN still
retains a capacity of 100 mAh g�1 after an ultra-long 50000
cycles with a capacity retention of 83.8% (Figure 2d). To the
best of our knowledge, these capacity delivery and retention
are the highest among both polymer and inorganic cathodes
reported for NIBs.[12a, 19b, 22a,c,31a,b] Several dissolution experi-
ments of pristine, discharged, and cycled PHATN in NIBs
electrolyte (4m NaPF6/DME) were performed (Supporting
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Information, Figure S7c), in which all the solutions keep
transparent, indicating the insoluble nature of PHATN at

different conditions, thus contributing to the stable long-term
cycling. Even with high mass loading of 5 and 10 mg cm�2,
PHATN retains the high capacity of 163 and 145 mAhg�1,
respectively, after 500 cycles at 1 Ag�1 (Supporting Informa-
tion, Figure S9). Based on the mass loading of 5 mgcm�2 and
the corresponding thickness (ca. 9.83 mm; Supporting Infor-
mation, Figure S10) of PHATN cathode, the volumetric and
gravimetric energy densities of PHATN cathode are calcu-
lated to be 1.66 Whcm�3 and 326 Whkg�1, respectively. To
highlight the impact of high-concentration electrolyte (4m
NaPF6 in DME) on cycling performance, PHATN in tradi-
tional electrolyte (1m NaPF6 in DME) was also evaluated, in
which the capacity only remains at 120 mAh g�1 (66.7 % of the
initial capacity) after 800 cycles (Supporting Information,
Figure S11), much worse than that in high-concentration
electrolyte.

The sodiation/de-sodiation mechanism of PHATN was
investigated using ex situ X-ray photoelectron spectroscopy
(XPS; Figure 3a–c), where the C 1s peak at 284.8 eV in
pristine PHATN is used as a reference binding energy
(Supporting Information, Figure S13). The characteristic
N 1s peak of pristine PHATN at 398.8 eV (Figure 3a)
represents the �C=N�,[27b] while the small peak at 400.4 eV
stands for the�C�N�. When discharged to 1.0 V (Figure 3b),
the peak for �C=N� is remarkably decreased, due to the
reduction of�C=N�during the sodiation process, while a new
peak at 398.6 eV stands for Na�N appears.[32] After recharged
to 3.5 V (Figure 3c), the de-sodiation leads to the recovery of
the�C=N�peak and disappearance of Na�N peak, indicating
the reversible sodiation and de-sodiation of �C=N� in
PHATN. Apart from XPS, ex situ FTIR (Figure 3 d) and
Raman spectroscopy (Figure 3e) were also performed to
study the sodiation and de-sodiation process of PHATN. The

Figure 2. Electrochemical performance of PHATN with a 4m NaPF6/
DME electrolyte between 1 and 3.5 V for Na batteries. a) Rate
capability at various current density from C/8 to 25 C. b) Comparison
of energy density and power density between PHATN (this work) and
other organic cathodes for Na batteries. c),d) Long-term cycling
performance of PHATN under the current densities of 2 Ag�1 (5C) and
10 Ag�1 (25C) for 10 000 and 50000 cycles, respectively. The capacity
retention of PHATN is 89.5% and 83.8% after 10 000 and 50 000
cycles, respectively.

Figure 3. The investigation of reaction mechanism of PHATN in NIBs. a)–c) XPS N 1s, d) FTIR spectra, and e) Raman spectra of PHATN in
various states: pristine, discharged to 1 V, and recharged to 3.5 V.
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strong vibration absorption peak at around 1495 cm�1,
assigned to the�C=N�of imine groups,[27a] almost disappears
after discharged to 1 V (Figure 3d). When recharged to 3.5 V,
the peak recovers, indicating the�C=N� sites of imine groups
are the redox-active center of PHATN. In Raman spectra
(Figure 3e), when PHATN is fully discharged to 1 V, a peak at
1352 cm�1, representing the sodiated imine group (Na�N),
appears, demonstrating the imine groups react with Na ions
during the sodiation process. When recharged to 3.5 V, the
Na�N peak disappears, demonstrating the reversible electro-
chemical reaction between the imine group and Na ion.
Furthermore, the reversible sodiation and de-sodiation of
PHATN is also confirmed by energy-dispersive X-ray spec-
troscopy (EDS; Supporting Information, Figure S14).

Magnesiation/De-magnesiation and Al-Ion Insertion/Extraction
Performance of PHATN

The superfast sodiation and de-sodiation kinetics moti-
vates us to see if the fast kinetics of PHATN in NIBs would
translate to superior performance in RMBs and RABs. In
PHATN/Mg pouch cells, the initial discharge/charge curves
show a discharge capacity of 146 mAh g�1 with the plateau of
1.5 V, and a charge capacity of 156 mAh g�1 with the plateau
of 1.75 V (Figure 4 a). These values are in good agreement

with the predicted redox potential of 1.83 V from periodic
DFT calculations and 1.2–1.8 V from the cluster continuum
calculations for Mg(HATN)2 in the Supporting Information,
Tables S3 and S4. In RABs, the first discharge delivers
a capacity of 145 mAhg�1 with a plateau at 0.7 V, followed by
a charge capacity of 125 mAhg�1 with a plateau at 0.9–1.0 V,
corresponding to CE of 86.2 % (Figure 4b). The overpotential
between discharge and charge process is 0.2–0.3 V (Fig-
ure 4b), lower than many inorganic cathodes for
RABs.[9b, 11b, 33] In the long-term cycling test, PHATN/Mg full
cells can maintain a reversible capacity of 110 mAh g�1 for
200 cycles with CE close to 100 % (Figure 4c), while in RABs
PHATN maintains a capacity of 92 mAh g�1 after 100 cycles
with CE of around 99.7 % (Figure 4d), indicating the good
stability of PHATN in both RMBs and RABs. The rate
capability of PHATN in RMBs was evaluated at various
current densities. When the current density increases from C/
10 to 1C, capacities of PHATN decrease from 125 to
60 mAh g�1 (Figure 4e), showing a better rate performance
than most inorganic cathode materials in RMBs.[11a, 34] The
reaction kinetics of PHATN was further evaluated by GITT.
The cell was charged/discharged for 1 h at 20 mAg�1, and
then relaxed for 1 h to reach the equilibrium potentials
(Figure 4 f). Apparently, the overpotential during discharge
(ca. 0.11 V) is smaller than that during charge (ca. 0.49 V),
indicating the faster kinetics for magnesiation process, which
is common for cathodes in RMBs.[6a, 8b, 34d]

The magnesiation/de-magnesiation mechanism of
PHATN was investigated using ex situ XPS, FTIR, and
Raman spectra (Figure 5; Supporting Information, Fig-
ure S16). When discharged to 0.5 V (Figure 5a), the peak
for�C=N� is remarkably reduced, owing to the reduction of
�C=N� in the magnesiation process, while a new peak at
398.0 eV representing Mg�N appears.[32a–c] After recharged to
2.3 V (Figure 5b), the de-magnesiation leads to the recovery
of the �C=N� peak and disappearance of Mg�N peak,
indicating the reversible magnesiation and de-magnesiation of
�C=N� in PHATN. For FTIR, a strong vibration absorption

Figure 4. Electrochemistry of PHATN in RMBs with a Mg negative
electrode between 0.5 and 2.3 V, and in RABs with the AlCl3-[BMIm]Cl
ionic liquid electrolyte and an Al negative electrode between 0.2 and
1.2 V at RT. The discharge–charge curves for the first three cycles a) in
RMBs at 20 mAg�1 and b) in RABs at 50 mAg�1. Cycling performance
and coulombic efficiency (CE) of c) the first 200 cycles at 20 mAg�1 in
RMBs and d) the first 100 cycles at 50 mAg�1 in RABs. e) Rate
capabilities of PHATN in RMBs at various current rates from C/10 to
1C. f) Quasi-equilibrium voltage profile of PHATN/Mg system ob-
tained from GITT. The cells were allowed to relax for 1 h after every 1 h
discharging or charging at 20 mAg�1.

Figure 5. The investigation of reaction mechanism of PHATN in RMBs.
a),b) XPS N 1s, c) FTIR, and d) Raman spectra of PHATN in various
states: pristine, fully discharged to 0.5 V, and fully recharged to 2.3 V.
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peak at around 1495 cm�1 is assigned to the �C=N of imine
groups (Figure 5 c). Compared to benzene ring at 1615 cm�1,
the intensity of �C=N peak remarkably decreases when
discharged to 1 V, which recovers after recharged to 2.3 V,
indicating the�C=N sites of imine groups are the redox-active
center of PHATN. The Raman spectroscopy was also
performed to study the magnesiation and de-magnesiation
process of PHATN (Figure 5d), and compared to calculated
Raman spectra with Mg coordination using DFT by pro-
gressively increasing the number of Mg in the MgxHATN
complexes as shown in the Supporting Information, Fig-
ure S17. For isolated Mg3(HATN)4, the emergence of a broad
peak spanning from 1250 to 1350 cm�1, which is well match
with a broad peak at around 1350 cm�1 from recorded spectra
of discharged PHATN, is a good probe of Mg�N bond
formation (Supporting Information, Figure S17). Then, re-
charged to 2.3 V, Raman spectra recover to the pristine one
(Figure 5d), indicating the highly reversible magnesiation of
PHATN. Therefore, ex situ XPS, FTIR, Raman spectroscopy,
and DFT calculation results confirm that the pyrazine func-
tional groups are the multiple redox centers for magnesiation
and de-magnesiation of PHATN. Energy-dispersive X-ray
spectroscopy (EDS) was conducted to investigate the Al-ion
insertion and extraction mechanism of PHATN (Supporting
Information, Figure S18). Four electrodes on different dis-
charged/charged states indicate the presence of both alumi-
num and chlorine. The Al-to-Cl atomic ratios obtained from
various spots support an AlCl2

+ storage mechanism. In other
words, it is AlCl2

+, instead of Al3+, that reacts with C=N
redox-active centers, which has also been demonstrated by
other organic cathodes in RABs.[35]

Conclusion

In this work, we applied a polymer (PHATN) in which the
redox-active centers are based on multi-electron-deficient
pyrazine sites as a universal cathode for NIBs, RMBs, and
RABs. In NIBs, PHATN cathodes achieve fast reaction
kinetics, ultra-stable cycling, and high energy density. At
2 Ag�1 (5C), it renders a capacity of 165 mAh g�1 after 10000
cycles. Even at ultrahigh current density of 10 Ag�1 (25C),
PHATN still maintains 100 mAh g�1 after 50 000 cycles. Such
high capacity delivery and retention, as far as we know, are
the highest among polymer and inorganic cathodes for NIBs.
In RMBs and RABs, PHATN also renders stable cycling
performance and fast reaction kinetics, in which it delivers the
capacities of 110 and 92 mAh g�1 after 200 and 100 cycles in
RMBs and RABs, respectively. XPS, FTIR, Raman, and DFT
calculations are employed to demonstrate that the redox-
active sites are based on the highly reversible pyrazine groups
in PHATN. This work proves that the pyrazine-based polymer
cathode is promising for developing environmentally benign,
high-energy-density, fast and ultra-stable rechargeable bat-
teries.
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A Pyrazine-Based Polymer for Fast-Charge
Batteries

Poly(hexaazatrinaphthalene) (PHATN),
an environmentally benign, abundant and
sustainable polymer, is employed as
a universal cathode material for metal
batteries. Exceptional performance is
observed in Na and in more challenging
Mg and Al batteries. The electron-defi-
cient pyrazine sites in PHATN are the
redox centers to reversibly react with
metal ions.
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