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Understanding how cation identity governs charge storage is critical for next-generation batteries beyond
lithium. Here we show that the amorphous Ca—Zn—-PTtSA coordination polymer functions as a universal
host for reversible electrochemical storage of all alkali-metal cations from Li* to Cs*, including the rare
case of reversible Rb* and Cs* electrochemical cycling in a positive electrode material. Despite the large
variation in ionic radius, all cations yield nearly identical redox potentials, full material utilization (~95
mAh g1, and low hysteresis. Elemental and spectroscopic analyses confirm a cation storage mechanism
without solvent co-intercalation. This behavior originates from the framework's amorphous flexibility and

. 4 215t 3 2026 the delocalized electronic structure of the conjugated sulfonamide ligand, which together enable weak,
eceive st January ) . . . . _ 9 > 1
Accepted 9th March 2026 reversible metal-ligand interactions and fast cation transport (D = 107" cm*“ s ). Consequently, M,—

Zn—-PTtSA delivers high-rate capability and long-term cycling stability across the entire alkali-metal

DOI: 10.1039/d6sc00585¢ series, providing a platform that decouples ion size from electrochemical performance and supports
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Introduction

Organic electrode materials emerge as attractive candidates for
next-generation energy storage, owing to their structural
tunability, sustainability, and ability to support multi-electron
redox chemistry."® A key challenge, however, is the scarcity of
versatile hosts capable of accommodating a wide range of
cations.”® This constraint arises from the different ionic sizes of
charge carriers. For example, moving from Li* to Na* or Ca**
systems requires different degrees of structural flexibility in the
host material imposed by the coordination environment of
hosted cations.”'® While crystalline materials often impose size
and structural restrictions, low-crystallinity or amorphous
phases can more readily adapt to larger ions."** For instance,
crystalline Zn-DOBDP (zn-(2,5-dioxido-1,4-
benzenediphosphonate) can store Li* and Na’, but not K',
underscoring the importance of lattice adaptability.’* Amor-
phous materials, both inorganic and organic compositions,
have therefore attracted growing attention as electrode hosts.
Their intrinsically disordered network enhances cation mobility
and enables reversible storage of large ions."*"” A representative
example is amorphous iron phosphate, which can host Li*, Na”,
K*, zn**, and Mg**, whereas its crystalline analog shows limited
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“cation-of-choice” battery chemistries.

capability for Na* storage.'? Nevertheless, gradual crystallization
during cycling has been found to undermine the long-term
stability.

Among organic electrodes, only a few systems have demon-
strated broad cation compatibility. For instance, polyimides
and polyanthraquinones have been shown to reversibly
accommodate Li*, Na¥, K*, Mg>*, and Ca®"."*2' However, as the
cation size increases, these materials typically exhibit reduced
utilization and rapid capacity fading, even under moderate
cycling rates. In addition, most are used primarily from their
oxidized phases (cation free), and reports of amorphous cation-
reservoir organic materials remain scarce. Finally, many of
these electrodes primarily host solvated or ion-paired cations,
which can reduce their practical energy densities.

To address this gap, we recently introduced conjugated
sulfonamide (CSA) coordination polymers derived from
benzene-1,2,4,5-tetrayltetrakis(methylsulfonylamide) (Hy-
PTtSA), a Wurster-type redox center.® These materials have
demonstrated the ability to host not only monovalent cations
but also divalent cations.”®' To date, only two amorphous
organic systems with such multi-cation storage versatility have
been reported: the CSA-based materials and frameworks
derived from 2,2',5,5'-tetrahydroxy-4,4’-biphenyl dicarboxylic
acid (He-THBPD), the latter one found to suffer nevertheless
from solubility issues.”* Notably, the amorphous sulfonamide
coordination polymers uniquely combine this broad cation
diversity with excellent cycling stability, fast kinetics, pure solid-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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state storage, and high operating voltages, establishing them as
a promising platform for multi-ion energy storage.*

Building on these insights, this study systematically explores
the storage of 1s-block cations (M"), from Li" to Cs’, departing
from an amorphous Ca-Zn-PTtSA coordination polymer phase.
We show that the Ca®" ions can be efficiently and quantitatively
replaced in situ by the corresponding M' cations through
electrochemical exchange, as confirmed by elemental analysis.
We investigate how the nature of the stored cation influences
key electrochemical properties, including material utilization,
galvanostatic charge-discharge profiles, working potential, rate
performance, and cation diffusion. The sulfonamide polymer
phase is found not only to efficiently accommodate large
cations such as Cs’, which is roughly twice the size of Li*, but
also exhibit fast cation diffusion (~10~° em” s™"). This high ion
mobility is attributed to the weak interactions between the
cations and the polymer backbone, highlighting the unique
combination of broad cation compatibility and fast transport
enabled by the amorphous framework.

Results and discussion
Storage mechanism

To investigate how the nature of the accommodated mono-
valent cation (M') affects electrochemical performance, we
selected the Ca-Zn-PTtSA coordination polymer (Fig. 1A) as the
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previously reported procedure.' This amorphous coordination
polymer has demonstrated excellent performance in Ca>* (and
other divalent cations) storage, with the mechanism thoroughly
studied. The coordination polymer is made of a backbone
formed by the coordination of the PTtSA"~ ligand with Zn>*
cations. To maintain charge balance, counter cations (in this
case Ca”") are weakly coordinated to the oxygen atoms of the
sulfonamide groups, giving rise to the Ca-Zn-PTtSA unit block.
Using the Ca®"-containing phase as the starting point allows
systematic replacement of Ca®>" with 1s-block monovalent
cations through in situ electrochemical cation exchange (Fig. 1B
and C), enabling a direct study of how cation nature affects
storage properties. This approach eliminates artifacts that
could arise from differences in polymer synthesis, such as
variations in solubility, structure, or topology, which would
make comparisons between independently synthesized M"
materials unreliable.

The storage mechanism of Ca-Zn-PTtSA relies on the
reversible two-electron redox process of the PTtSA*~ organic
linker. During the first charge step, the PTtSA*~ unit is oxidized
to PTtSA>, along with the extraction of Ca**, leading to the
formation of the Ca-depleted [1-Zn-PTtSA phase (O - void). If
the galvanostatic cycling is performed in an electrochemical cell
containing the corresponding M"* electrolyte (e.g;, 1 mol L ™"
MTFSI in propylene carbonate, PC), Ca** is removed from the
framework during the first charge step, while M" (Li", Na*, K,

starting electrode material, synthesized following our
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Fig. 1 (A) Schematic representation of the Ca—Zn—PTtSA sulfonamide coordination polymer structure. (B) Mechanism of monovalent cation

(M™) electrochemical exchange in Ca—Zn-PTtSA. (C) Comparison of monovalent cation sizes; the ratio of the size of the sphere is proportional to
cation size. (D) M*/Zn?* ratio in the electrode after five charge—discharge cycles. The ratios were determined by digesting the electrode after five
charge—discharge cycles, following washing with THF, and quantifying the corresponding metal content by ICP-OES (Tables S1 and S2).
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Fig. 2 (A) Galvanostatic charge—discharge profiles over the first five cycles using Ca—Zn—PTtSA as positive electrode material for Li*, Na*, K*,
Rb*, and Cs* storage. Electrolyte used was 1 mol L™t MTFSI in propylene carbonate electrolyte; electrodes cycled at current density of 10 mA gt
in a three-electrode Ca—Zn—PTtSA||Ag||AC cell. (B) The corresponding dQ/dV plots at cycle 5, stacked on top of each other with a rescaling
factor of 2 for visibility. (C) Charge—discharge polarization estimation for Cs* storage, as determined at the cycle 5, for a current density of
10 mA g% a larger hysteresis is noted for the 1st redox plateau. (D) Comparative analysis of polarization values of the 1st and 2nd plateaus for
each 1s-block cation system studied; as determined at the cycle 5, for a current density of 10 mA g™,

Rb" and Cs") is preferentially stored during the subsequent
cycling, yielding the corresponding M,-Zn-PTtSA phases. To
ensure complete substitution of Ca®>" by M", the electrode is
cycled at low active material loading (1.5 mg) in a large excess of
electrolyte (250 pL). Under these testing conditions, the M*/Ca”>*
ratio in the electrolyte is ~100, which drives the full cation
exchange in the electrode matrix (Fig. 1B). This preferential
storage of M" over Ca" is further driven by the slightly higher
mobility of M", owing to its lower charge density.**** The full
substitution of Ca** was confirmed by elemental analysis of the
electrodes after 5 charge-discharge cycles, which showed an
M'/Zn®" ratio of ~1.95 (Fig. 1D), with Ca®* remaining only at
trace levels (Tables S1, and 2). To validate this result, a control
experiment was carried out by electrochemically extracting
Ca®', removing and washing the electrode, and then assembling
a fresh cell with M" electrolyte. The electrochemical perfor-
mances obtained in this configuration were identical to that
observed for in situ replacement of Ca>" by M" (Fig. S1).

Electrochemical analysis of M" storage

A systematic study of all M' systems requires a universal
counter electrode that is not influenced by the nature of the
stored ions. For this purpose, a capacitive carbon counter
electrode was employed. Since the charge storage is capacitive,
it is minorly affected by the specific cation adsorbed at the

6926 | Chem. Sci, 2026, 17, 6924-6930

surface.” Capacitive carbon is commonly used as a counter
electrode in divalent systems, where the corresponding metal
anodes are unsuitable due to passivation layer formation. This
approach eliminates artifacts that could otherwise arise from
using metal anodes as counter electrodes.”” The galvanostatic
cycling analyses of Ca-Zn-PTtSA in corresponding M" electro-
lytes revealed a specific capacity of ~95 mAh g~ for all alkali
cations, corresponding to full material utilization (Fig. 2A). This
observation is consistent with elemental analysis of cycled
electrodes (Fig. 1D), which confirmed complete exchange of
Ca®" by M". This makes Ca-Zn-PTtSA a rare example of positive
electrode material capable of efficiently storing large cations,
such as Rb" and Cs".

Achieving such full utilization across the entire cation series
is remarkable, as larger cation sizes are usually considered to
reduce accessibility and slower diffusion, resulting in a drop in
material utilization. For example, in polyanthraquinones, the
material utilization decreases by nearly 50% when moving from
Li* to Ca®" storage, while in olivine iron phosphate phases
(FePO,) it drops by ~25% between Li" and K'.>'* Layered
ruthenium- and cobalt-based oxides have also been investigated
as positive electrode materials for large cations such as Cs" and
Rb". Although these can accommodate such ions, their practical
utilization remains very limited, below 20% of the theoretical
capacity, due to the large ionic size of the cations, which
restricts their intercalation into the layered structures.”® In

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(A) C-rate performance and long-term cycling stability of M,—Zn—-PTtSA electrode materials. (B) GITT plot of Ca—Zn—-PTtSA pristine

electrode materials during the first two cycles (and cation exchange) operated at a current density of 10 mA g™ for Cs* storage, with a 5 h
relaxation period following every 1 h duration of current injection or extraction. The insets show the OCV evolution during relaxation periods
within the high-potential and low-potential plateau regimes. (C) Average diffusion coefficients for M,—Zn—PTtSA materials, as determined from

GITT analysis.

contrast, M,-Zn-PTtSA shows no size-dependent limitations:
the material utilization remaining essentially unaffected by the
nature of the stored cation.

This observation is further supported by the galvanostatic
charge-discharge profiles, which are highly similar for all M
ions (Fig. 2A). The difference observed between the first and
subsequent cycles is not related to Ca**/M" exchange but is
intrinsic to the material itself. Specifically, during synthesis,
Ca®" is coordinated in a particular configuration within the
polymer. Upon electrochemical cycling, reinsertion occurs in
a different configuration, which enhances Ca®" mobility and
reduces the overpotential, as previously reported.”** Beyond the
first charge activation step, all systems exhibit two sloping
plateaus in the voltage profiles, corresponding to the sequential
reversible two-electron redox process of the PTtSA*™ ligand.”®
To evaluate and compare the working voltages of the different
M" systems, differential capacity (dQ/dV) plots were extracted
from the galvanostatic cycling experiments, measured in a 3-
electrode cell with a silver wire as pseudo-reference electrode
(Fig. 2B). All M" cations exhibit very similar dQ/dV profiles, with
two well-defined redox peaks corresponding to the sequential
two-electron redox processes of the PTtSA*~ ligand. Remark-
ably, no peak shift is observed across the different M* systems,
indicating that the redox potential remains essentially identical
for all stored cations, at about —0.55 V vs. Fe/Fc' (Fig. S2). This
corresponds to ~3.1 Vvs. Li'/Li or ~2.8 V vs. Na'/Na, which was
independently verified by assembling a Li-metal and Na-metal

© 2026 The Author(s). Published by the Royal Society of Chemistry

half-cell that yielded same average discharge potentials
(Fig. S3, and S4). Such invariance of the redox potential is
consistent with the nature of the coordination polymer: the
electronic charge being strongly delocalized, the counter
cations (M") remain weakly bound, with limited impact on the
electron density of the ligand.

Another parameter typically influenced by the nature of the
stored cation is the voltage hysteresis between charge and
discharge steps. In most systems, hysteresis increases with
cation size, as larger ions diffuse more slowly and face higher
kinetic barriers.”"*** For instance, in PTtSA-based systems, the
hysteresis between Li,—PTtSA and K,-PTtSA differs by ~100 mV,
while in FePO, the use of K" instead of Li" increases hysteresis
by nearly 300 mV.** In sharp contrast, M,-Zn-PTtSA exhibits
low hysteresis for all M" cations, comparable to what has been
reported for Ca*>" storage (Fig. 2C and D).** Specifically, the
hysteresis is ~70 mV for the first plateau and ~30 mV for the
second, when material is used at a current density of 10 mA g~ *.
This behavior is explained by two structural features of Ca-Zn-
PTtSA: (i) an amorphous open framework, which provides
flexibility to accommodate large cations, and (ii) the weak
interaction between the cations and the host structure, enabled
by electron delocalization within the organic linker.

These key features of conjugated sulfonamide coordination
polymer also account for their excellent rate capability and long-
term cycling stability (Fig. 3A). The combination of weak cation-
host interactions and a flexible amorphous backbone facilitate

Chem. Sci., 2026, 17, 6924-6930 | 6927
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(A) In situ electrochemical impedance spectroscopy (EIS) collected during the second charge and discharge cycle of the Ca-Zn—-PTtSA

electrode using 1 mol L™ KTFSI in propylene carbonate as electrolyte, and at a current density of 10 mA g~1. One EIS spectrum was recorded after
each electrochemical step, consisting of 1 h of charge or discharge followed by a 1 h rest period. (B) Ex situ FTIR spectra of the pristine Ca—-Zn—
PTtSA (Prist.), electrochemically oxidized [1-Zn—PTtSA (Ox.), electrochemically reduced Li,—Zn-PTtSA (Li*), and Cs,—Zn-PTtSA (Cs*) phases,
overlayed with the propylene carbonate spectra to highlight characteristic bands.

rapid M" diffusion, enabling efficient charge storage even at
high current densities. As a result, the material retains ~60% of
its capacity at a rate of 10C. Galvanostatic intermittent titration
technique (GITT) measurements further confirm the fast ion
transport, yielding diffusion coefficients on the order of 2 x
10~° em® s~" (Fig. 3B, C, S5 and S6). To note that these values
exceed those typically reported for Li" diffusion in benchmark
inorganic electrodes such as LFP and layered NMC oxides,
highlighting the peculiar transport properties of the amorphous
sulfonamide framework.”” Interestingly, the diffusion coeffi-
cients remain similar across the series of cations from Li" to
Cs'. This apparent invariance likely results from a balance of
two opposing effects: as the cation size increases, diffusion
should slow down due to steric constraints, yet the lower charge
density of larger cations reduces the interaction with the poly-
mer backbone, facilitating transport. These competing factors
effectively counteract one another, yielding comparable diffu-
sion coefficients for all M" cations. This finding aligns with the
C-rate tests, as any difference in ion diffusion between cations
would have led to corresponding variations in capacity
retention.

In terms of long-term cycling, all M" systems demonstrate
good stability at a 1C rate, with capacity retention exceeding
99.9% and coulombic efficiencies consistently above 99.9%.
Such stability is unusual for large cation storage, which typically
lead to rapid capacity fading. In many electrode materials, once
the large cation is extracted, the framework undergoes partial
collapse or irreversible structural rearrangements, making
subsequent reinsertion increasingly difficult.>® For instance, in
FePO,, Li' storage delivers excellent stability with >99% capacity
retention over 50 cycles, but when K is stored, retention drops
drastically to ~80% over the same duration.'” By contrast, the
amorphous and flexible framework of Ca-Zn-PTtSA tolerates
the insertion and removal of large cations without undergoing
such collapse, thereby maintaining both structural integrity and
electrochemical reversibility. This intrinsic resilience explains
the nearly perfect capacity retention observed across the full
series of 1s block cations, from Li* to Cs".

6928 | Chem. Sci, 2026, 17, 6924-6930

To further investigate the charge-storage mechanisms asso-
ciated with the different M" cations, in situ electrochemical
impedance spectroscopy (EIS) was performed for each system
(Fig. 4A and S7). The K' storage is discussed here as a repre-
sentative example, as similar trends were observed for all
investigated cations. As shown in Fig. 4A, during charge the
overall cell resistance progressively decreases, reaching
a minimum at the end of charge. Assuming that the contribu-
tions from electrochemically inactive cell components remain
relatively constant during cycling (separator, electrolyte, current
collectors), this decrease in resistance can be attributed to
changes occurring at the positive electrode. The observed
decrease in resistance is consistent with an increase in the
electronic conductivity of the electrode material upon progres-
sive oxidation. In principle, oxidation and extraction of K* ions
from the positive electrode framework are expected to reduce
the ionic conductivity, which should lead to an increase in cell
resistance. However, in the present case, the enhancement of
electronic conductivity clearly outweighs the decrease in ionic
conductivity, resulting in an overall reduction in the measured
resistance. This behavior can be rationalized by considering the
structural and electronic modifications induced by oxidation.
The removal of cations from the framework enables a more
favorable alignment between the PTtSA ligands and the Zn**
centers. Moreover, oxidation of the ligand promotes electronic
delocalization, improving orbital overlap, and thereby
enhancing charge-transport properties within the coordination
polymer.® Upon discharge, the resistance progressively
increases and returns to the initial value measured at the
beginning of the charge. This trend is consistent with the
reduction of the material and the associated decrease in elec-
tronic conductivity as the system returns to its reduced state.
The same qualitative mechanism is observed for all cation-
storage systems investigated in this study. However, a direct
and quantitative comparison between different stored cations
remains challenging. The measured impedance reflects the
combined contributions of all cell components, particularly the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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electrolyte, and the interfaces, which differ between systems
and can influence the overall cell resistance.

Complimentary, ex situ FTIR analysis was performed on
electrochemically cycled electrodes to investigate the redox and
ion-storage mechanisms (Fig. 4B and S8). During oxidation, the
sulfonamide bands shift toward higher wavenumbers, corre-
sponding to the extraction of calcium ions from the coordina-
tion polymer and the resulting increase in electron density on
the S=O groups (1207 and 1085 cm™"). A new vibrational band
associated with the C=N bond appears upon oxidation
(1312 em ™), consistent with the Wurster-type redox process of
the PTtSA®~ ligand.® Upon discharge, the C=N vibrational band
disappears, and the sulfonamide bands shift back toward lower
wavenumbers, indicating the recoordination of metal ions to
the sulfonamide groups. Interestingly, the sulfonamide bands
observed for Li* and Cs* storage are identical (1095 cm ") but
slightly shifted compared to the pristine material (1085 cm ™ %);
with similar trend observed across the full M,-Zn-PTtSA series
(Fig. S8). This shift can be attributed to the difference in charge
between monovalent and divalent cations, with the latter
exhibiting a stronger polarizing power character. These spec-
troscopic results align with the electrochemical performance, as
no major differences were observed among the various cations,
suggesting weak and reversible metal-ligand coordination in all
cases. Moreover, no propylene carbonate bands were detected
in any discharged electrodes (Fig. 4 and S8).2* Together with
elemental analysis confirming the absence of anion co-
intercalation (Fig. 1), these results demonstrate that Li*, Na*,
K', Rb", and Cs" are stored in pure solid-state (non-solvated)
within the coordination polymer framework.

The electrochemical cation-exchange approach developed
here was primarily used to investigate the impact of the stored
cation on the electrochemical performance, while avoiding
artefacts that may arise from material synthesis. Indeed,
synthesis can lead to variations in phase purity, polymer chain
length, and related structural features, which can have an
impact performance. However, this approach is not ideally
suited for practical cell design. To address this limitation,
equivalent coordination polymers, analogous to Ca-Zn-PTtSA
but incorporating the cation of interest, can instead be obtained
directly through chemical synthesis. As representative exam-
ples, we explored here the direct chemical synthesis of Na,-Zn-
PTtSA and Cs,-Zn-PTtSA. These can be obtained through an
acid-base reaction followed by cation exchange, similarly to the
reported synthesis of Ca-Zn-PTtSA (the detailed synthesis is
described in the SI). The electrochemical performance of these
chemically synthesized derivatives was found to be equivalent
to that obtained through electrochemical cation exchange
(Fig. S9).

Conclusions

In summary, the amorphous Ca-Zn-PTtSA coordination poly-
mer serves as a universal host for reversible electrochemical
accommodation of all alkali-metal cations from Li* to Cs*,
including the rare case of reversible Rb" and Cs" storage. Across
the series, the materials achieve full utilization with similar

© 2026 The Author(s). Published by the Royal Society of Chemistry
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redox potentials and low polarization, highlighting an unusual
level of cation versatility among organic and inorganic elec-
trodes. Independent of cation size, storage proceeds via a purely
solid-state mechanism without solvent co-intercalation. The
combination of an amorphous, flexible framework and a delo-
calized electronic structure support weak and reversible metal-
ligand interactions, enabling fast ion transport and stable
cycling even for large cations. Finally, direct chemical synthesis
of Na,-Zn-PTtSA and Cs,-Zn-PTtSA yields electrochemical
behavior comparable to that obtained via electrochemical
cation exchange, supporting future development of practical
post-lithium battery systems.
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