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The development of sustainable, high-safety, and low-cost energy storage systems has
recently stimulated growing interest in ammonium-ion batteries (AIBs) as a
promising option!’. Benefiting from their unique non-metal characteristic,
appropriate hydrated ionic radius, rapid diffusion kinetics, and unique hydrogen-
bond-mediated intercalation mechanism, the NH," charge carrier exhibits distinct
advantages in aqueous environments for energy storage'”’. However, the rational
design of anode host materials that simultaneously enable rapid ion transport and
efficient electron transfer remains a critical challenge. In particular, most widely
reported covalent organic frameworks (COFs) sufter from intrinsically low electrical
conductivity, low electron delocalization, and less electron redox, which severely
restrict the reversible capacity and cycling stability in AIBs™*.

In a recent work published in Science Advances, entitled “Rigid-flexible heptazine-
biguanide frameworks enable fast electron delocalization and low-steric-hindrance
ammonium-ion storage”, Prof. Liu and co-workers developed a novel rigid-flexible
polymeric heptazine-biguanide framework (HBF) as a high-performance anode for
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Figure 1. Mechanisms of multi-electron rigid-flexible HBFs for NH,* storage and prospects for high-performance COFs in AlBs. The figure

is adapted from™. Copyright © AAAS. HBFs: Heptazine—biguanide frameworks; COFs: covalent organic frameworks; AlBs: ammonium-ion
batteries.

NH, ' storage, as illustrated in Figure 1. By integrating planar n-conjugated heptazine units with rotational
biguanide linkers, the authors constructed a unique framework that synergistically combines fast electron
delocalization with reduced steric hindrance. The rigid heptazine domains provide extended n-conjugation
for rapid charge transport, while the flexible biguanide chains effectively expose redox-active C=N sites and
facilitate ion coordination. This cooperative design overcomes the intrinsic trade-off between conductivity
and active-site utilization in COFs.

Beyond materials design, the research provides fundamental insights into the NH,* storage mechanism in
COFs. The electrochemical energy-storage process is governed by reversible NH,* transport within the
electrode, confirming NH," is the dominant charge carrier rather than H'. As presented in Figure 1, the HBFs
architecture enables a highly reversible multi-electron storage process involving a seven-electron transfer,
governed by synergistic hydrogen-bond interactions and coordination with imine sites. Specifically, NH,*
storage proceeds via a stepwise binding process, where four NH," ions are initially accommodated by the
four C=N sites of the biguanide unit, followed by the binding of three additional NH " ions to the three C=N
sites of the heptazine unit. The mechanism not only stabilizes NH,* within the framework but also facilitates
rapid ion transport through dynamic hydrogen-bond networks. Meanwhile, the extended n-conjugation
significantly lowers the activation energy (0.15 eV) and ensures efficient electron delocalization', while the
flexible molecular chains minimize steric hindrance and enable nearly complete utilization of redox-active
sites (up to 99.6%). Consequently, the HBFs anode delivers an exceptional reversible capacity of 314 mAh-g”,
and ultralong cycling stability exceeding 120,000 cycles. More importantly, this work establishes a new design
paradigm by integrating rigid n-conjugated units with flexible coordination motifs, providing a viable
pathway toward high-performance organic electrode materials in COFs.
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Overall, this work highlights a promising strategy for advancing AIBs through rational conjugation
engineering in COFs. By simultaneously enabling multi-electron redox chemistry and efficient charge
transport, such rigid-flexible architectures effectively bridge the gap between molecular-level design and
device-level performance. Future efforts may focus on tailoring electronic structures, optimizing ion-
framework interactions, and extending this design principle to other COF systems. These advances are
expected to accelerate the development of next-generation sustainable energy storage technologies.
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