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All-organic ammonium-ion batteries (AOBs), utilizing lightweight organic electrodes and small, hydrated
NH4* charge carriers, are promising candidates for next-generation energy storage. However, the
limited NH4*-accessible redox-active motifs in organics with high coordination barriers present
significant challenges to the advancement of AOBs. Here, we designed multi-H-bonded donor—acceptor
self-assembled ultralow-coordination-barrier organic superstructures (OSs) by integrating six-electron
melem modules (H-bond donors) and three-electron cyanuric acid units (H-bond acceptors) via in-
plane hydrogen bonding and out-of-plane n—n stacking. These OSs, featuring a low-energy-bandgap
conjugated planar configuration and long-range m-electron delocalization pathways, enabled nearly
complete utilization (99.3%) of intrinsic redox-active carbonyl/imine motifs with an ultralow activation
energy (0.16 eV). Consequently, a high-kinetics and ultrastable 15-e~ NH4* coordination mechanism

Received 12th February 2025, was activated within the OSs cathode, delivering an ultrahigh capacity (393 mA h g‘lcathode) and
Accepted 22nd April 2025 exceptional cycling stability (60000 cycles). Notably, the superior performance metrics of the OSs
DOI: 10.1039/d5ee00823a electrode enabled state-of-the-art AOBs with a record capacity (213 mA h gfl) and an unprecedented

lifespan (100 000 cycles). This work provides new insights into the structural engineering of multi-active,
rsc.li/ees low-coordination-barrier OSs for advanced aqueous batteries.

Broader context

Aqueous ammonium-ion batteries offer a highly safe, cost-effective, and environmentally friendly solution for next-generation energy storage. Non-metallic
NH," charge carriers, with their small tetrahedral structures and light weights, demonstrate resource abundance, high migration rates, and strong H-bonding
orientation, making them an ideal choice for overcoming the slow interfacial reactions of metal ions. A crucial task for NH," storage is the design of compatible
electrode materials to fully unlock its potential. Electroactive organic materials stand out due to their molecular-level structural tunability and fast surface
redox behavior, providing promising avenues for the development of all-organic ammonium-ion batteries (AOBs). However, the limited accessibility of NH," to
redox-active motifs and the high coordination barriers in organic materials present significant challenges for advancing AOBs. Herein, we designed multi-H-
bonded donor-acceptor self-assembled ultralow-coordination-barrier organic superstructures (OSs) by integrating melem modules (H-bond donors) and
cyanuric acid units (H-bond acceptors) via hydrogen bonding and n-n interactions. The low-energy-bandgap conjugated plane and long-range m-electron
delocalization of OSs electrode ensured full utilization of carbonyl/imine motifs via a high-kinetics and ultrastable two-step, 15 e -NH," storage mechanism,
enabling state-of-the-art symmetric AOBs with ultrahigh capacity and ultralong stability. Our work presents a promising approach for advancing the domain of
multi-redox, low-energy-barrier superstructural organics for advanced energy storage.
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NH,', with their small hydrated structures and light weights,
provide significant advantages, including resource abundance,
high migration rates, and low reaction energy barriers. These
features make them attractive shuttling carriers for overcoming
the sluggish interfacial charge transfer with metallic ions in
aqueous batteries.”® With the smallest size and lightest mass,
H' is considered an attractive charge carrier for enabling fast
reaction kinetics, but it inevitably causes electrode corrosion,
leading to degraded electrochemical stability.” In contrast,
NH," ions possess a unique tetrahedral geometry and strong
preferential orientation, allowing flexible H-bonding interac-
tions with host materials. This synergistically enhances both
kinetic performance and structural stability during battery
operation.*®

A crucial task for NH," storage is the design of compatible
electrode materials to fully unlock its potential.'' To date,
several inorganic materials, such as Prussian blue and Mn/V/
Mo-based metal oxides, have been proposed for NH," storage,
but they generally suffer from sluggish kinetics and poor cycling
stability.">™> An alternative approach has recently focused on
n-conjugated organic materials due to their molecular-level struc-
tural tunability and rapid surface redox behavior, which enable
high electrochemical activity and improved reaction kinetics
for NH," storage.'® To date, various organic compounds, such as
quinones,”” imines,'® azines,'® nitriles,”® and nitroaromatics,>"
have been reported for fast NH," storage. However, they typically
exhibit unsatisfactory capacities (<350 mA h g~') due to a high
proportion of redox-inactive motifs and substantial energy barriers
for NH," diffusion within the active frameworks.??

Energy storage in organic electrode materials typically relies
on coordination reactions between their redox-active groups
and charge carriers.>® The lower the coordination barrier that
redox-active groups must overcome to coordinate with NH,"
charge carriers, the more readily the coordination reaction can
proceed, ultimately enhancing reaction kinetics and overall
battery performance.>* Organic superstructures (OSs), derived
from the epitaxial growth or self-assembly of low-dimensional
building units via H-bonding interactions, exhibit ingenious
hierarchical architectures and desirable functional proper-
ties.”> Generally, OSs can maximize the exposure of high-
density redox-active sites inherited from their basic building
units, and attain well-arranged consecutive geometries to afford
fast NH, -transfer paths, positioning them as promising candi-
dates for large-scale energy systems.”® The structural and
functional originality of OSs inspired us to consider whether
multi-site-active H-bonding organic acceptors and donators as
repeating units could be integrated to construct donator-
acceptor-interlocking OSs with ultralow coordination barriers,
thereby allowing for multielectron-redox NH," storage for revo-
lutionizing battery metrics.*’

Herein, we report multi-H-bonded donor-acceptor self-
assembled OSs as highly redox-active, low-redox-barrier, and
ultrastable electrode materials for activating superior NH,"
storage. Three-electron cyanuric acid (CA, H-bond acceptor)
and six-electron 1,3,4,6,7,9,9b-heptaazaphenalen-2,5,8-triamine
(HT, H-bond donor) were coupled to form an insoluble
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supramolecular organic superstructure through multiple H-bonds
and n-7 interactions. Featuring a low-energy-bandgap conjugated
planar H-bonding configuration and long-range mn-electron localiza-
tion paths, the OSs achieved complete utilization of the built-in
redox-active carbonyl/imine motifs with low-redox-energy barriers.
Systematic studies revealed the reversible two-step 15 e~ NH,"
coordination with carbonyl/imine sites of the OSs, which could
facilitate achieving an ultrahigh capacity, rate performance, and
long-term life for the constructed Zn||OSs battery. Besides, OS
electrodes could be further extended to design superior symme-
trical all-organic ammonium-ion batteries (AOBs), making such
materials a competitive candidate for propelling advanced
ammonium-ion batteries.

Results and discussion

Driven by their electron-withdrawing carbonyl and electron-
donating amino groups, CA and HT can be integrated to form
lock-and-key planar H-bonding supramolecular networks
through their highly ordered 2D arrangement via multiple in-
plane H-bonds (N-H---O and N-H---H, Fig. 1a and Fig. S1,
ESIT). Then, the 2D supramolecular planes can self-assemble
into 3D well-orchestrated superstructures driven by out-of-
plane n-7m stacking interactions (Fig. 1b). Fourier transform
infrared (FT-IR) spectra demonstrated that the carbonyl vibra-
tion signals of CA were shifted towards higher frequency, while
the melem vibrations of HT were moved to a lower frequency
(Fig. S2, ESIt), providing firm evidence of the rich formation of
H-bonds (N-H- - -O and N-H- - -H) between neighboring cyanu-
ric acid and melem units. Furthermore, reduced density gra-
dient (RDG) simulation®®?° displayed prominent green signals
(—0.01 to 0.01 a.u.) and blue spikes (—0.04 to —0.02 a.u.) with
the sign (4,)p, which was further evidence of the H-bonding and
n-7 stacking interactions between the adjacent plane modules,
consistent with the FT-IR spectra and X-ray diffraction (XRD)
results (Fig. 1c). In particular, the sharp diffraction peak at
27.7° and the corresponding layer-spacing of 0.33 nm were due
to the n-m stacking interactions of the 2D planar H-bonding
supramolecular networks (Fig. S3, ESIT).

The supramolecular self-assembly process took 60 min to
get stable well-defined organic superstructures with multi-
layered geometries (Fig. 1d), rich pore channels (Fig. S4, ESIT),
high thermal stability (Fig. S5, ESIf) and a uniform C/N/O
element distribution (Fig. 1e). In contrast with irregular CA
and HT (Fig. S6, ESIt), the scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) images revealed
the OSs comprised fibre-shaped superstructures built from
sheet modules (Fig. S7, ESIt). The electronic conductivity of
the OS cathode (obtained by mixing 60 wt% OSs, 30 wt%
graphite and 10 wt% polytetrafluoroethylene) was determined
as 50.46 S cm ' using a four-probe method compared, which
was higher than for the CA/HT cathodes (12.44/15.39 S cm™ %),
and which is favorable for highly efficient electron transfer for
propelling the redox reactions (Fig. 1f). As is well-established,
the optical energy gap (E,) reflects the electron injection and

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Structural characterization of the OSs. (a) Two-dimensional supramolecular planar structure interconnected by multiple interlocking hydrogen
bonds between CA and HT. (b) RDG map and corresponding isosurface. (c) XRD patterns. (d) SEM images recorded at different reaction times.

(e) Elemental maps. (f) Electrical conductivities. (g) Eq4 values.

conduction capabilities of organic materials, whereby a lower
E, helps to improve the electron-transfer efficiency to achieve
fast charge-storage kinetics with low energy barriers.>"'® Thanks
to their favourable multi-H-bonded donor-acceptor long-range
superstructures, the OSs achieved a very low optical energy gap
(E,) of 2.16 eV, which was superior to that of CA (2.99 eV) and
HT (2.65 eV), ensuring low-energy-barrier charge-storage
kinetics (Fig. 1g). Owing to the longitudinal self-assembly of
the n-conjugated aromatic planar sheets via rich H-bonds and
n-n interactions (Fig. la-c and Fig. S2, S3, ESI{), the OSs
possessed well-arranged fibre-shaped superstructure geo-
metries (Fig. 1d and e), which provide long-range continuous
charge migration paths with high conductivity (Fig. 1f) and
a low energy gap (Fig. 1g), thereby contributing to efficient
n-electron delocalization with low energy barriers. Overall, the
OSs fused high-density redox-active sites, long-range low-
barrier m-electron localization paths, and ultrastable super-
structure skeletons, which could be expected to be highly
competitive features for superior charge-storage metrics.

The electrochemical performances of the OSs as cathodes
were studied in a Zn||OSs battery using Zn metal foil as the

This journal is © The Royal Society of Chemistry 2025

anode and 3 M NH,OTF/H,0 solution as the electrolyte (OTF~ =
CF3S0;, Fig. S8, ESIt). As depicted by the galvanostatic
discharge/charge (GCD) curves (Fig. 2a), the OS cathode
(derived from the reaction time of 60 min) delivered an
ultrahigh capacity of 393 mA h g~ at 0.2 A g7, exceeding
the performances of both Zn||CA (112 mA h g ") and Zn||HT
(165 mA h g~ ') batteries (Fig. S9, ESIt). Upon increasing the
current density to 50 A g~ (i.e. 250-fold), the OSs still main-
tained a capacity of 157 mA h g~* (Fig. 2b), highlighting their
superior high-rate performance. Benefiting from their remark-
able capacity together with an average discharge voltage of
0.8 V, the as-assembled battery was able to obtain a high
energy output of 313 W h kg™ at 170 W kg~ ' (according to the
mass loading of OSs in the cathode, i.e. ~3 mg cm™?, Fig. S10
and Table S1, ESIt), which was higher than that with the 3 M
Zn(OTF),/H,O0 electrolyte (Fig. S11, ESIt), making it a strong
contender compared to other recently reported organic cath-
ode materials (Fig. 2¢).>*"** Besides, the energy density of the
Zn||OSs battery was calculated to be 271 W h kg ™" considering
the mass loading of the OS cathode and the consumed NH,"
electrolyte.

Energy Environ. Sci., 2025, 18, 5397-5406 | 5399
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Fig. 2 Electrochemical performances of the Zn||OSs cell. (a) GCD curves.
materials. (d) Cyclic lifespan (inset: SEM images before and after cycling,
organic materials. (f) CV profiles at different scan rates. (g) Calculated b
processes.

Impressively, the Zn||OSs battery in 3 M NH,OTF/H,0O
electrolyte demonstrated a capacity retention of 85.8% and a
Coulombic efficiency of 100% when the serve term was
extended to 60000 cycles at 10 A g ' (Fig. 2d and Table S1,
ESIt), exceeding most other reported organic materials
(Fig. 2e).2073338394143749 Characterization of the OS cathode
after prolonged cycling, including via SEM, and FT-IR and
ultraviolet-visible (UV/vis) spectroscopies, indicated the out-
standing stability of its structure, and regular functions, along-
side its strong anti-dissolution ability (see the inset of Fig. 2d
and Fig. S12, ESIf). Furthermore, the evolution of the Zn
anodes through long-term cycling was examined by SEM
images and XRD patterns. These revealed that during repeated
Zn-plating/stripping processes, the pristine smooth Zn anode
transformed into a rough and disordered surface structure
without obvious dendrite formation (Fig. S13a-c, ESIf) or
electrolyte penetration corrosion (Fig. S13d, ESIt). Considering
the superior structural robustness of the OSs, the performance
decline of the Zn||OSs cell could be attributed to structural
degradation of the Zn electrode during the persistent operation
(Fig. S14, ESIY).

5400 | Energy Environ. Sci., 2025, 18, 5397-5406

(b) Rate capacities. (c) Ragone plots compared with other reported organic
scale bar: 1 um). (e) Lifetime comparison between OSs and other reported
values. (h) Contribution proportions of diffusion and capacitive-controlled

The reaction kinetics of the Zn||OSs battery was evaluated
using cyclic voltammetry (CV) measurements. The CV profiles
of the OSs at different sweep rates displayed two pairs of stable
redox signals (denoted as Pgri, Pry, Poi1, and Pg,, Fig. 2f),
indicating a two-step redox reaction. As the scan rate gradually
increased, the peak shapes became almost the same, suggest-
ing a high reversibility and low-ion-diffusion obstacles. Using
the equation i = kv’ (where 7 represents the current density,
v is the scan rate, and k and b are constants), the b values
calculated for four peaks (0.94-0.98) were found to approach to
1, revealing the rapid surface-controlled redox kinetics (Fig. 2g).
In brief, the ultrafast and robust charge storage could be
ascribed to the low-energy-bandgap sophisticated superstruc-
tures built with a conjugated planar configuration and long-
range m-electron localization paths, which fully exposed the
redox-active sites and maximized ion accessibility with ultralow
coordination barriers, thereby promoting excellent electro-
chemical activity and durability.

To uncover the energy-storage mechanism of the OS cath-
ode, various characterizations were employed to track its struc-
tural variation during charging/discharging. Two pairs of

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ee00823a

Open Access Article. Published on 23 April 2025. Downloaded on 10/22/2025 4:21:04 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Energy & Environmental Science Paper
a o ] | Strong G -
o 1 O1s
— (T N=H (NH) A
£ 200} 3 i\ r S5 Do i
< = AL I -
&= Ha i = "
E ) 2 |1 | 1 i N
> [0] : 1 I o) 1 ’
z £ z-% AR A g
& 600 - s il i = |p i
& ¥ O i T A
O 800} I . I - C—N. GO . \ | N_'HH.O . N_HA.;N E : _A
0.2 0.7 1.2 1.7 1120 1200 1600 1700 1800 2850 2900 2950 536 532 528
Voltage (V) Wavenumber (cm™) Binding Energy (eV)
d )N 1s - c D E High
" m e 2
— ; » g d Ld Ld . o
S C=N S = o
© B e T = o
N e A Absorbance (a.u.) a 3 - o
= C-N--H-N A = >
(7)) G 1 I 5
g : X 41 °
= |o A £ o NH,” E,=0.16eV ©
; o zZn* E,=034eV
E D o
405 400 395 350 550 750 3.1 32 33 34 35
Binding Energy (eV) Wavelength (nm) 1000/T (K"
e P P 1By WP 1Dy
NN YY NN NN YY NN NTSN YY N™SN
L N N.., )I\'* | NN, 1 | )\ N N., |
NISNTSN ) “N'.N:N +6NH, NISNTSN NISNTSN +9NH,* NGENGINT “NI N7SN
T N’j\N’)\N’ N NP H o ASRERRES N)\N’)\N' N HOH. PP
0N 20 o Os N0 ) (o) N /£> Gi o\ r\j 0 ) 0 N0 . G\ N_O
RORER o0 RO voe- O RO
L "“NZSN J 'N’I\\N“ H H ‘N)§N‘ H
o I O (o) | (0] O 1 )\ O
NG N SN o ~ NN SN H N7SN
i I Step 1: N-H:--O P Step 2: N-H--*N 2 )
N)\N)\N)\N : N/LN)\N)\N ) N)\NJ\N)\ NH4+
H

Fig. 3 Structural evolution of the OSs cathode during (dis)charging. (a) Voltage-capacity curve measured at 0.2 A g~2. (b) Ex situ FT-IR spectra. (c) O 1s
and (d) N 1s XPS spectra. (e) UV/vis spectra and images of the OSs cathodes in NH,OTF/H,O electrolytes at various electrochemical states. (f) Calculated
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obvious platforms could be observed in the GCD curve (Fig. 3a),
indicative of the two-step redox electrochemistry. The FT-IR
spectra (Fig. 3b) displayed vibration signals belonging to C—0
(1697/1778 em™") that sharply decreased to eventually dis-
appear during discharging (state A — B), but were almost
unchanged after further discharging (state B — C), alongside
the appearance of C-O species (1163 cm™"). This result indi-
cated the highly redox-active characteristics of the C—0 motifs
in the OSs. Meanwhile, the generated peak at 2854 cm *,
belonging to the H-bond stretching mode (N-H- - -0),'° showed
a strong uptrend during discharging and gradually lessened
during charging, validating the H-bond generation/disappear-
ance of the NH, -coordinated carbonyl species. Moreover, a
new signal (2923 ¢cm™ ') appeared that was assigned to N-H
species of the NH," ions during discharging, proving NH,"
uptake. These results confirmed the coordination between the
carbonyl motifs of the OS cathode and the NH," ions. Besides,
the vibration intensity of C=N at 1608 cm™ " showed a rever-
sible weakening/strengthening trend (state B — C; state

This journal is © The Royal Society of Chemistry 2025

C — D) during discharging/charging, while the opposite varia-
tion was observed for the C-N bands at 1097 cm™'. Signifi-
cantly, a new signal at 2956 cm ™" appeared upon discharging,
confirming the redox coordination between the C=N sites and
NH," ions. Overall, the C=0 and C=N motifs of the OS
cathode initiated reversible electrochemical redox reactions
with the NH," charge carriers.

Next, X-ray photoelectron spectroscopy (XPS) was performed
to explore the H-bonding reaction mechanism between the
NH," ions and C=O/C=N groups. In ex situ high-resolution
O 1s XPS spectra of the OSs cathode (Fig. 3c¢), C—O groups at
531.5 eV gradually weaken (state A — B) and are constant (state
B — C) during discharging, along with the formation of
C-O---H-N species at 533.0 eV, suggesting the redox inter-
action between NH," ions and carbonyl motifs. About ex situ
high-resolution N 1s XPS spectra of the OSs cathode (Fig. 3d),
the ratio of C=N motifs at 399.0 eV remains almost unchanged
(state A — B) and declines (state B — C). Meanwhile, a newly
emerged signal (400.3 eV), resulting from the generation of

Energy Environ. Sci., 2025, 18, 5397-5406 | 5401


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ee00823a

Open Access Article. Published on 23 April 2025. Downloaded on 10/22/2025 4:21:04 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

C-N---H-N, could be observed. After charging, the signals of all
the species reversibly returned to their initial levels through the
decoordination of NH," from the redox-active sites. Besides, the
ex situ XRD patterns and Raman spectra provided additional
proof of a two-step NH," coordination with the C—0 and C=N
groups of the OS cathode (Fig. S15, ESIT). In conclusion, two
findings were evident: (i) C—0 and C=N can be recognized as
redox-active sites for the cathodic electrochemical reactions;
(ii) the OS electrode undergoes a two-step-continuous NH,"
storage process, with C—=0 coordinating first and C—=N second.

UV/vis spectroscopy was next employed to study the dissolu-
tion behaviour of the OS cathode at five different voltage states
in NH,OTF/H,0 electrolyte. Here, no obvious absorption peaks
were observed in the UV/vis spectra and the colourless nature of
the NH,OTF/H,O electrolyte suggested the excellent anti-
dissolution of the OSs (Fig. 3e). Furthermore, electrochemical
impedance spectroscopy (EIS) was performed for the OS cath-
ode at different temperatures (7) (Fig. S16, ESIt) to obtain the
interfacial charge transfer resistance (R.,) for fitting the activa-
tion energy (E,) according to the Arrhenius equation,’® where E,
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reflects the interfacial coordination reaction process between
the redox-active groups of organic electrodes and ionic carriers
of electrolytes.?® Generally, a lower E, indicates a lower reaction
energy barrier, making it easier for ions to coordinate with the
redox-active groups of organics, which helps to achieve high-
kinetics redox reactions and efficient charge storage.”* NH,"
coordination had a E, of 0.16 eV (Fig. 3f), which was lower than
for the Zn>" reaction (0.34 eV). This result implies that high-
kinetics NH," uptake takes precedence over Zn>" at the redox-
sites of the OS cathode.

Considering the slight acidity of the NH,OTF/H,O electro-
lyte (pH 4.85), it was essential to probe H' reactions during
NH," electrochemistry. When replacing NH,OTF with HOTF/
H,O electrolyte with the same pH, the capacity of the Zn||OSs
battery was 6.5 mA h g~ ' (Fig. S17, ESIt). This demonstrates the
marginal role of H' in the energy-storage process of the OS
cathode, as also confirmed by the absence of Zn salts on the
cathode surface (Fig. S18, ESIf). In addition, the element
mapping images and XPS spectrum of the OS electrode at full
discharge (Fig. S19, ESIt) revealed the absence of Zn signals,
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indicating that Zn>" ions did not participate in NH," storage.
Therefore, NH," serves as the exclusive effective shuttling
carrier in NH,OTF/H,O0 electrolyte, which dominates the entire
electrochemical redox reaction of the OS cathode. Besides, the
experimental capacity of the OSs, excluding 3.3 mA h g~ for the
graphite conductive agent (Fig. S20, ESIT) and 6.5 mA h g~ for
H" storage, was 383.2 mA h g~ ', corresponding to a high
utilization (99.3%) of C—O/C—=N motifs and a 15 e~ redox
reaction. In general, OSs initiate a high-kinetics and stable two-
step 15 e~ NH,' charge-storage process, involving six C=0
coordinating with 6 NH," ions and then nine C=N couplings
with 9 NH," ions (Fig. 3g).

Next, density functional theory (DFT) simulations were
carried out to unravel the energy levels and redox activity of
the OSs. Molecular electrostatic potential (MEP) simulation of
an optimized OS skeleton (Fig. S21, ESIt) implied that the
electronegative six carbonyl and nine triazine units were dual
redox-active sites (red region) for NH," coordination (Fig. 4a).
The OSs showed a highly m-conjugated superstructure, as
revealed by the m-electron localization function (ELF-n), which
can facilitate efficient electron delocalization through the aro-
matic backbone (Fig. 4b). Theoretically, a higher n-conjugation
degree makes for a lower energy gap (AE) between the lowest

View Article Online
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unoccupied molecular orbital (LUMO) and the highest occu-
pied molecular orbital (HOMO). The AE value of the OSs was
2.51 eV, exhibiting the favourable electronic configuration of
the OSs to facilitate excellent electron-transfer efficiency with a
low energy barrier (Fig. 4c). The anisotropy of the induced
current density (ACID) calculation®* revealed that the clockwise
diamagnetic continuous current flowed across the whole organic
skeleton (Fig. 4d), reflecting the global n-aromaticity of the OSs.
The structural evolution of the OS cathode upon two-step
NH," (de)coordination was further clarified. During the first
discharge stage (step 1), six NH," ions coordinate with six
carbonyl sites by delivering a negative Gibbs free energy (AG)
of —6.76 eV (Fig. 4e). In the subsequent discharging process
(step 2), nine NH," charge carriers couple with nine imine
motifs of triazine units by a more negative AG value (—13.71 eV).
Step 1 has a lower AG value compared to step 2, suggesting that
step 1 and 2 can proceed sequentially. In accordance with the
minimal energy theory, a robust two-step 15 e~ redox process
was triggered in the OS cathode, corresponding to two pairs of
discharge platforms of the Zn||OSs cell (Fig. 2a and f). The
differential charge isosurfaces were employed to investigate the
binding nature of the NH,'-coordinated OSs (Fig. 4f). Based
on the Bader charge analysis,”" the charge accumulation and
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depletion among NH," ions and C=—0/C=N groups suggested
their strong coordination to form robust ligand configurations
involving notable charge shifts (2.67 e of state I; 6.21 e of state
10). The rapid kinetics of NH," ions was capable of maximizing
the utilization of the carbonyl/imine motifs in the ultralow-
coordination-barrier OSs, thereby enhancing the electrochemi-
cal activity and durability.

As discussed above, the OSs could achieve full utilization of
the high-density redox-sites, long-range low-barrier electron
delocalization, and electrochemical ultrastability, and under-
went two-step NH," storage in NH,OTF/H,0 electrolyte (Fig. 3g),
resulting in two redox couples at 0.69 V (6 e~ transfer in the first
step) and 1.01 V (9 e™ transfer in the second step). Such structural
and functional features make OSs promising to serve as both the
cathode and anode for building advanced all-organic NH,'-ion
batteries (AOBs, Fig. 5a), while avoiding excessive use and adverse
structural degeneration of the Zn anodes. As a proof of concept,
new-type symmetric AOBs were constructed using the original OSs
as the cathode, the reduced product of OSs (OSs-R) as the anode,
and 3 M NH,OTF/H,0 solution as the electrolyte. The charge-
storage process of the AOBs belonged to a rocking chair mecha-
nism, which operated in the form of a NH," shuttle between the
OS cathode and OSs-R anode. During the discharge process, the
0Ss cathode accepted NH," ions through the reduction of its
C—=0O0 groups, resulting in the formation of C-O bonds. Simulta-
neously, the OSs-R anode released NH," ions through the oxida-
tion reaction, which could convert into C—N bonds. The reverse
redox reactions occurred during the charge process with the
opposite structural evolution.

Next, electrochemical measurements were conducted to
evaluate the performances of the AOBs. The GCD curves of the
0Ss||0Ss-R battery displayed a discharge capacity of 213 mAh g *
at 0.2 A g~ ' (Fig. 5b, based on the mass loading of OSs in the
cathode). A high energy density of 80.9 W h kg™ " was obtained for
the OSs||OSs-R battery by determination of the integral area of the
GCD curve at 0.2 A g~ (Fig. 5b, based on the mass loading of OSs
in the cathode). With a 250-fold current density increase to
50 A g ', the capacity still retained 96 mA h g~', with high
electrochemical reversibility within 90 cycles (Fig. 5c). The high
capacity of the OSs||OSs-R cell is a key advantage over previously
reported organic full batteries,“>**° making it a formidable
choice for next-generation organic electrodes. Significantly, the
OSs||0Ss-R battery achieved an extraordinary cycling lifespan of
100 000 cycles with 90.3% capacity retention at 5 A g~ (Fig. 5d),
which is the highest value among the NH,"-hosting full batteries
reported to date (Fig. 5e)."'>®*® The comprehensive electro-
chemical performances of the OSs||OSs-R full cell, including its
superior capacity, excellent rate performance and ultralong life,
are far superior to those of the currently reported all-organic
batteries (Table S2, ESIT).

Conclusion

In conclusion, multi-H-bonded donor-acceptor self-assembled
OSs were designed as high-performance electrodes for AOBs.

5404 | Energy Environ. Sci., 2025, 18, 5397-5406
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Three-electron CA (H-bond acceptor) and six-electron HT
(H-bond donor) were integrated into lock-and-key supramole-
cular H-bonding networks via in-plane H-bonding and out-of-
plane n-m stacking interactions. The OSs showed low-energy-
barrier conjugated planar structures and long-range n-electron
localization pathways, allowing for full accessibility (99.3%)
of the carbonyl/imine redox-active sites with an ultralow activa-
tion energy (0.16 eV). Consequently, the OSs initiated a high-
kinetics and ultrastable 15 e~ NH,  coordination process,
delivering an ultrahigh capacity, large-current survivability,
and long-lasting cycle life. More importantly, the fabricated
OS electrode was further applied to construct superb symmetric
AOBs with a record capacity (213 mA h g~ ") and unprecedented
stability (100000 cycles). This study proposes a new route for
designing multi-redox-active and low-coordination-barrier
organic materials for advanced NH,'-ion batteries.
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