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Sodium-based batteries are gaining increasing attention due to the abundant availability of sodium, among

these, sodium-metal batteries (SMBs) are a promising solution. However, the development of suitable

electrode materials for SMBs remains a significant challenge. Organic materials such as two-dimensional

covalent organic frameworks (2D COFs) have emerged as promising electrodes due to their vast

versatility, although their sodium storage mechanism remains poorly understood. In this work, the

sodium storage mechanism of a b-ketoenamine anthraquinone-based COF (DAAQ-TFP), employed as

a cathode for SMBs, is unveiled through a combination of electrochemical, physicochemical, and

computational studies. In contrast with previous studies suggesting a capacitive storage mechanism, our

results reveal a combination of pseudocapacitive and faradaic processes. Molecular dynamic simulations

combined with ex situ X-ray diffraction studies confirmed that sodium storage occurs via interaction

with carbonyl groups located within the COF channels rather than through intercalation between the

COF layers. Moreover, electrode calendering experiments demonstrate that the faradaic contribution is

governed by the porous COF structure. Finally, the redox inactivity of the carbonyl groups of the b-keto

units is demonstrated through both computational and electrochemical measurements. These results

further reinforce the role of anthraquinone units as the sole active sites responsible for sodium storage in

this type of organic electrode materials.
Introduction

Lithium-ion batteries (LIBs) depend on critical raw materials,
which are expensive and geographically concentrated in limited
areas of the world, raising concerns over supply chain stability,
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cost evolution and mining environmental impact.1,2 As the
demand for sustainable energy storage grows, sodium-ion
batteries, and particularly sodium-metal batteries (SMBs), are
emerging as a promising alternative to LIBs, especially in the
context of renewable energy sources integration.3–5 Indeed, the
interest in SMBs technology lies in the abundant, reduced
environmental impact, enhanced energy density, and cost-
effective nature of sodium.6 Nonetheless, the larger atomic
radius of sodium compared to lithium introduces signicant
challenges in the search for suitable electrode materials that
can accommodate the structural deformations associated with
sodium-ion insertion and extraction.7 In this context, organic
materials have emerged as promising candidates for the
development of next-generation sodium-metal batteries due to
their inherent structural tunability.8–11 Among these, two-
dimensional covalent organic frameworks (2D COFs) are
porous organic polymers which are insoluble in battery elec-
trolytes and can incorporate multiple electroactive moieties and
conjugated linkers, enabling precise tuning of their electro-
chemical properties.12–14 In particular, redox-active COFs have
emerged as promising cathode materials for sodium ion
storage.12,15,16 Although some anthraquinone-based COFs have
been previously studied as an anode in sodium-based
This journal is © The Royal Society of Chemistry 2026
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batteries,17 the detailed sodium storage mechanism in this type
of COF-based electrode remains unclear.

In this work, the sodium-ion storage mechanism of a b-
ketoenamine-linked anthraquinone-based COF (DAAQ-TFP) is
unveiled, while its electrochemical performance as a positive
electrode is evaluated. The performance of DAAQ-TFP has been
benchmarked against other COF-based and anthraquinone-
based organic cathodes reported for sodium-metal batteries
(Tables S1 and S2), a wide range of specic capacity values is
reported in the literature with the highest values corresponding
to slow cycling rates. The DAAQ-TFP COF delivers very good
values of capacity at the highest cycling rate reported along with
retention values above 90% aer almost 5000 cycles. However,
the main aim of this work is to achieve a comprehensive
understanding of the charge storage mechanism by evaluating
the role of structure and morphology on the capacitive and
faradaic processes occurring in DAAQ-TFP. Electrochemical
impedance spectroscopy (EIS), cyclic voltammetry (CV), ex situ
X-ray diffraction (XRD) and molecular dynamics (MD) simula-
tions are employed to determine the nature of ion interactions
with the carbonyl groups located in the COF channels, while
ruling out any intercalation process within the COF layers. The
role of porosity in the faradaic component of ion storage is
claried by modulating the electrode porosity via calendering
and experimentally characterizing it using small-angle X-ray
scattering (SAXS). Finally, the electrochemical inactivity of the
carbonyl groups of the b-keto units is demonstrated experi-
mentally through electrochemical characterization and
corroborated by density functional theory (DFT) calculations.

Results and discussion
Synthesis and characterization of DAAQ-TFP

DAAQ-TFP COF was synthesized by adapting a reported sol-
vothermal method, enabling the polymerization of 2,6-di-
aminoanthraquinone (DAAQ) and triformylphloroglucinol
(TFP) in good yields (Fig. 1a).18,19 The simulated powder X-ray
diffraction (PXRD) pattern from the model with AA stacking
mode was found to be comparable to the experimental one,
achieving a satisfactory Pawley renement (Fig. 1b and Table
S3). To further validate the material's crystallinity and conrm
the indexing of the reection peaks, wide-angle X-ray scattering
(WAXS) analysis was performed, revealing diffraction peaks at
3.5°, 5.9°, 7.0°, and 26.0°, which correspond to the (100), (110),
(210), and (001) crystal planes, respectively (Fig. S1). Fourier
transform infrared spectroscopy (FTIR) was used to conrm the
characteristic IR bands of DAAQ-TFP COF, showing intense
bands at 1242 cm−1 and 1560 cm−1 related to C–N and C═C
stretching vibrations, respectively. Additionally, the peak at
1618 cm−1 is attributed to the carbonyl stretching of the
anthraquinone unit, in agreement with previous reports
(Fig. S2).20

The porous nature of DAAQ-TFP COF was investigated
through N2 adsorption and desorption isotherms at 77 K
(Fig. S3). The Brunauer–Emmett–Teller (BET) surface area was
determined using the BETSI analysis, yielding a value of 984 m2

g−1 with a pore size distribution in the range of 1.3–2.1 nm
This journal is © The Royal Society of Chemistry 2026
(Fig. S4–S5).21 To gain deeper insights into the porosity of the
material, small-angle X-ray scattering (SAXS) analysis was con-
ducted. The electron density contrast between the COF frame-
work and its pores generates X-ray scattering, producing
distinct peaks in the scattering vector (q) region. Low-q values
correspond to larger pore sizes, while high-q values indicate
smaller pores. The SAXS prole (Fig. 1c) reveals microporosity
and mesoporosity, as evidenced by the presence of peaks in the
high-q region, with a primary peak at 2.5 nm−1, alongside two
additional peaks at 4.3 nm−1 and 5.2 nm−1.22 These values were
used to determine the pore diameters of DAAQ-TFP (eqn (S1)),
yielding values of 2.5, 1.5, and 1.2 nm, respectively. Notably, the
pore sizes determined by SAXS and gas sorption measurements
are in full agreement.23,24

The thermal stability of DAAQ-TFP COF was investigated by
thermogravimetric analysis (TGA) performed under inert
atmosphere (N2) with signicant mass loss only above 400 °C
(Fig. S6).25 Scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) were performed to investi-
gate the morphology and particle size of the material, revealing
micrometre-sized particles (Fig. 1e, d, S7a and b). Energy-
dispersive X-ray spectroscopy (EDX) further conrmed the
homogeneous distribution of the expected elements present in
the COF (Table S4).
Charge storage mechanism

The sodium storage mechanism and diffusion kinetics were
experimentally analysed through cyclic voltammetry (CV), as
shown in Fig. S8. The rst three cycles are presented to provide
insight into the evolution of the redox processes. During the
anodic sweeps, only one peak should be expected, as observed
in the storage process of lithium in the same molecule.18

However, two well-dened oxidation peaks appear at approxi-
mately 1.50 V (labelled as A) and 1.95 V (labelled as B), which
might be related to the redox activity of topologically different
carbonyl groups in the DAAQ units.18 The corresponding
cathodic peaks (B0 and A0) during the reduction sweeps conrm
the high reversibility of the redox reactions. Moreover, the
consistent overlap of the CV curves upon cycling indicates
a stable electrochemical behaviour, with no additional signals
related to structural or compositional changes of the material.

To gain deeper insight into the sodium storage mechanism
of DAAQ-TFP, CV measurements were performed at different
scan rates, as shown in Fig. S9. The curves maintain similar
proles across different rates, with only a slight increase in
polarization observed at higher rates, indicating favourable
reaction kinetics and stable electrochemical behaviour.26 The
contributions of both capacitive and faradaic (diffusion-
controlled) processes were qualitatively evaluated using the
power-law relationship (I = avb) between the peak current (I)
and the scan rate (v), by tting the data to eqn (S2) and (S3),27,28

as shown in Fig. S10. This approach is only valid if the peak
current vs. scan rate is linear, which is conrmed by the R2

values obtained as shown in Fig. S11. In general, a b value close
to 0.5 suggests a diffusion-controlled process, characteristic of
ion insertion/extraction between COF layers or channels,
J. Mater. Chem. A, 2026, 14, 7706–7721 | 7707
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Fig. 1 (a) Synthesis of DAAQ-TFP COF. (b) Experimental and simulated PXRD patterns of DAAQ-TFP-COF, and Pawley refinement. (c) SAXS
analysis and pore size distribution of DAAQ-TFP-COF. (d and e) TEM images of DAAQ-TFP COF.
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whereas a b value approaching 1 indicates a (pseudo)capacitive
mechanism, mainly associated with surface reactions.29 Fig. S10
illustrates the logarithmic relationship between the peak
7708 | J. Mater. Chem. A, 2026, 14, 7706–7721
current and the scan rate, along with the corresponding linear
ts. The calculated b values for peaks A and B in the anodic
scans, as well as A0 and B0 in the cathodic scans, are in the range
This journal is © The Royal Society of Chemistry 2026

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta08017g


Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 4
/7

/2
02

6 
8:

06
:3

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
of 0.82 to 1.10, which supports a reaction mechanism mainly
governed by surface-controlled reactions, likely due to sodium-
ion adsorption at active sites.30 It is worth noting that peaks A
and A0 exhibit a greater capacitive contribution compared to
peaks B and B0. This difference will be discussed in more detail
considering the EIS results. Meanwhile, the relationship
between peak current and the square root of the scan rate
(Fig. S12a) displays a linear trend with R2 > 0.997. This linearity
likely arises from the presence of a faradaic contribution to
sodium-ion storage, in addition to the capacitive mechanism
described earlier, indicating a mixed pseudocapacitive behav-
iour. Accordingly, the Na+ ion diffusion coefficients (DCV) were
determined by means of Randles–Sevçik method (eqn (S4)).31

The obtained values of DCV are reported in Fig. S12b, showing
sodium-ion diffusion coefficients in the order of 10–12 cm2 s−1,
which are only slightly lower than those previously reported for
the same DAAQ-TFP COF for lithium-ion battery (10–11 cm2

s−1).18,32,33

The capacitive contribution to the current response was
quantied using the Dunn method, using eqn (S5).34,35 The
current response I (V) at a given potential can be deconvoluted
into two distinct contributions: surface-controlled processes
(k1n) and diffusion-dependent (k2n

1/2) contributions, where n

represents the scan rate, and k1 and k2 are constants associated
with each mechanism. By transforming eqn (S5) into its linear
form (eqn (S6)), these parameters can be extracted, allowing for
the quantication of their relative contributions to the storage
mechanism. Fig. S13 illustrates the relative contributions of
capacitive and faradaic processes at varying scan rates for peak
A and B. As n increases, the capacitive contribution becomes
more pronounced (due to reduced time for sodium-ion diffu-
sion at high scan rates), conrming that the current response is
largely governed by surface-induced processes.36–38 Notably,
peak A exhibits a consistently higher capacitive contribution
across all scan rates, in agreement with the b values reported in
Fig. S10. By contrast, peak B demonstrates a stronger faradaic
character, indicating some extent of Na+ ion diffusion within
the COF structure. These ndings suggest that at ∼1.50 V the
dominant process is surface-controlled adsorption, whereas at
∼1.95 V sodium storage also involves Na+ insertion into the COF
matrix. This is consistent with peak A being assigned to inter-
action of sodium ions with carbonyl groups located on the
exterior of the COF, while peak B corresponds to the interaction
of sodium ions with carbonyl groups within the COF pores.

To better dene the charge storage mechanism of DAAQ-
TFP, the interfacial behaviour of the material was further eval-
uated by impedance spectroscopy (see SI File and Fig. S14 for
further details). The method used so far to identify the storage
mechanisms is well established and widely used in the battery
community. However, it is also known that the Dunn method
may lack sufficient accuracy when dealing with ohmic drops,
scan rate effects and complex systems that show capacitive and
faradaic behaviour. This limitation can be overcome by per-
forming advanced analysis of the EIS results to conrm the
respective capacitive and faradaic contributions to the charge
storage mechanism. To this end, multiple impedance
measurements were acquired at selected SoCs during (de)
This journal is © The Royal Society of Chemistry 2026
sodiation, corresponding to the potential regions where
electrochemical processes occur. Then, the complex impedance
spectra (Zre vs. −Zim) were transformed into complex capaci-
tance spectra (Cre vs. −Cim) by means of eqn (1), allowing
simultaneous monitoring of both capacitance and
impedance:39,40

CðuÞ ¼ 1

juZðuÞ (1)

In line with the previous discussion, the dQ dE − 1 vs. E plot in
Fig. 2a highlights the two main processes occurring upon
cycling: capacitive charge storage behaviour in the low-potential
region (peaks A and A0) and reversible faradaic diffusion-limited
charge storage at high potentials (peaks B and B0). By comparing
both complex capacitance and complex impedance dispersions
(Fig. 2b–e), a clear symmetry is discerned between the AC
dispersions, according to the examined potential region.
Measurements performed at peaks A and A0 (Fig. 2b and d) show
a semicircle in the Cole–Cole capacitance plots and a blocking-
like behaviour in the Nyquist impedance plots (insets). The
blocking-like behaviour observed in the Nyquist diagram indi-
cates minimal faradaic charge transfer, with the electrode
behaving predominantly like a capacitor (charge accumulation
without signicant redox reactions). The presence of semi-
circles in the Cole–Cole diagrams, along with the blocking-like
behaviour in the Nyquist, reects relaxation processes associ-
ated with pseudocapacitive effects arising from double-layer
formation. Deviations from ideal semicircles in the Cole–Cole
diagram are ascribed to surface roughness or heterogeneities.
Hence, the combination of limited faradaic contributions and
capacitive relaxation processes strongly supports the assump-
tion of a reversible capacitive-like behaviour at low potentials.
Conversely, when observing peaks B and B0 (Fig. 2c and e), the
Nyquist impedance data show a semicircular shape, indicating
the presence of a nite charge-transfer resistance in parallel
with capacitance, which is a hallmark of a faradaic electro-
chemical process. When converting the dispersions to the Cole–
Cole capacitance diagrams (insets), a vertical “blocking-like”
shape is displayed. This behaviour is not anomalous, as the
extracted capacitance does not correspond to a true constant
double-layer, but it rather reects the interplay between the
charge-transfer resistance and double-layer effects at the inter-
faces, the latter still being dominant. Under these assumptions,
the system would indeed show a relatively vertical response in
the capacitance domain even if the impedance data reveal the
presence of a semicircular feature.40–42 Hence, this supports the
observation of a reversible faradaic contribution present at high
potentials.

Finally, to evaluate the presence of multiple unconvoluted
processes for all semi-circular features, the distribution of
relaxation times (DRT) (Fig. 2g and i), or distribution of differ-
ential capacitance (DDC) (Fig. 2f and h), functions were calcu-
lated through Tikhonov regularization, as better illustrated in
the SI Section (Fig. S15).43 These ndings, combined with the
voltammetry measurements, unambiguously conrm the over-
all pseudocapacitive charge storage mechanism of DAAQ-TFP
COF when used as a cathode material in SMBs: the current
J. Mater. Chem. A, 2026, 14, 7706–7721 | 7709
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Fig. 2 (a) dQ dE − 1 vs. E plot of the 10th galvanostatic cycle, highlighting the capacitive (green) and faradaic (blue) regions, as well as the
acquisition points for PEIS measurements. (b–e) Cole–Cole complex capacitance (green) and Nyquist complex impedance (blue) plots asso-
ciated with the related potentials regions; (f–i) DDC (green) and DRT (blue) functions calculated from the semicircles in the Cole–Cole and
Nyquist dispersions.
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response in this system is the result of a charge storage mech-
anism similar to that of a conventional capacitor (apparent
capacitance from a transient electrochemical double layer), but
faradaic in nature (charge-transfer from an electrochemical
redox reaction).44
7710 | J. Mater. Chem. A, 2026, 14, 7706–7721
Hence, these features likely arise from the surface adsorp-
tion of Na+ ions at the carbonyl groups in the organic frame-
work, coupled to diffusion inside the open structure with
faradaic reaction. To provide more insights on the sodium
storage mechanisms, comparative ex situ XRD analyses (Fig. 3a)
This journal is © The Royal Society of Chemistry 2026
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Fig. 3 (a) PXRD patterns of the electrode at different states of charge: pristine (purple), sodiated (blue), and desodiated (green). Magnification of
the 10–30° 2q range in the inset. (b) Spatial distribution of sodium ions (orange) and COF atoms (purple) extracted from a 200 ns MD trajectory
and projected onto the XY plane (parallel to the COF layers), represented as the logarithmic density distribution function.
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were conducted on pristine, sodiated, and desodiated elec-
trodes, to determine whether sodium diffusion occurs through
intercalation between layers or insertion through the stacked
pores of the COF structure. The interlayer distance (d-spacing)
was calculated using Bragg's Law (eqn (S7)) based on the peak
corresponding to the (001) reection, as summarized in Table
S5. The obtained values, ranging from 3.4 to 3.5 Å, show no
signicant variation, suggesting that intercalation does not
occur. This is further supported by prior studies on 2D mate-
rials, where ion intercalation is typically accompanied by
a marked expansion of the interlayer spacing and, in some
cases, structural exfoliation. For example, in graphite using
sodium diglyme electrolytes, the pristine material displays
a diffraction peak at 26.4°, corresponding to a d-spacing of 3.38
Å. Upon full sodiation, the most intense reection shis to
22.87°, indicating a periodic expansion to 11.65 Å— an effect
that is clearly absent in our system, as better illustrated in the
inset of Fig. 3a.45

Furthermore, theoretical calculations support that Na+ ions
are preferentially conned within the pore channels of the COF
This journal is © The Royal Society of Chemistry 2026
structure, without intercalating between the stacked layers. DFT
geometry optimizations yielded and interlayer distance of 3.3 Å,
which increase up to 3.58 ± 0.05 Å at room temperature MD
simulations. On the other hand, Fig. 3b depicts the distribution
of sodium ions within the COF structure, showing distinct, non-
overlapping spatial domains for each species: sodium is
distributed along the COF channels, but the ions are never
present in the interlayer space. Furthermore, Fig. S16 shows the
distribution of the polar angle dened by the sodium ions and
the different elements of the COF structure within the rst
sodium-coordination shell, as described in the SI. The distri-
butions rapidly become negligible for polar angles lower than
45° and higher than 135°, indicating that sodium atoms are
located parallel to the COF layers, rarely ever directly above or
below them. We conclude from the MD trajectory analysis that
the Na+ is hosted within the COF structure but outside the
interlayer region.

Previous studies have reported a controversial role for the
C]O groups of the b-keto units in the sodium storage mecha-
nism.17 To clarify this, we performed DFT calculations to
J. Mater. Chem. A, 2026, 14, 7706–7721 | 7711
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investigate the storage mechanism at the atomic level. The
model consisted of two layers of the DAAQ-TFP COF unit cell,
comprising 6 DAAQ and 4 TFP units. Fig. S17 shows the elec-
trostatic potential of the structure, dened as the sum of the
Hartree potential and the local pseudopotential. Local minima
are located near all oxygen atoms. Notably, deeper potential
wells are observed near the anthraquinone oxygens compared
to those near TFP units. Fig. S18 shows the electron density
difference between the reduced and neutral COF structures,
with the added charge clearly localized on the anthraquinone
Fig. 4 (a) Schematic representation of the sodiation mechanism of DA
obtained from DFT-based geometry optimizations for two representati
Binding energies of sodium atoms at successive sodiation stages. Energy
red markers indicating sodium coordination to oxygen atoms on DAAQ

7712 | J. Mater. Chem. A, 2026, 14, 7706–7721
oxygen atoms. These results indicate the dominant role of
DAAQ units in Na+ storage.

To further explore Na+ interaction with the COF, geometry
optimizations across various sodiation stages was performed,
following the workow described next. Fig. 4a illustrates the
schematic reaction mechanism involved in the sodiation
process of the DAAQ-TFP COF. For the rst sodiation stage, the
sodium atom was placed in two different sites. First, Na+ was
placed next to an oxygen atom of a DAAQ unit. Aer relaxation,
it coordinates between the two COF layers, interacting with
AQ-TFP COF. (b) Final binding energies and optimized configurations
ve structures at the initial sodiation stage, side views in the insets. (c)
levels correspond to different structural configurations, with green and
and TFP units, respectively.

This journal is © The Royal Society of Chemistry 2026
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DAAQ oxygens in the adjacent plane (see Fig. 4b). Second, the
sodium atom was placed next to the TFP unit, and another
geometry optimization was performed. Comparing the binding
energy of both cases shows that the DAAQ-coordinated cong-
uration is energetically more favourable. For the second sodia-
tion stage, a second sodium atom was added near
uncoordinated oxygen atoms, building various new congura-
tions upon the most stable structure from the rst stage.
Following structural relaxations, the most energetically favour-
able conguration is revealed. Subsequent sodiation stages are
constructed in a similar manner, positioning an additional Na
atom to the previous stage conguration, next to uncoordinated
oxygens. Fig. 4c summarizes the calculated binding energies up
to the seventh sodiation stage, consistently favouring DAAQ-
coordinated congurations by at least 0.4 eV. The binding
energy signicantly increases at stage seven (over 30%), indi-
cating a less favourable interaction, and corresponds to a TFP-
coordinated conguration. However, upon extending our
model to three COF layers, this trend is reversed, and DAAQ-
coordination again becomes more stable, as depicted in
Fig. S19. At this stage, the DAAQ-coordinated conguration
shows both lower binding energy and higher reduction poten-
tial, supporting a sequential Na+ insertion with predicted 2 : 1
Na : DAAQ ratio for full sodiation. Furthermore, we can
conclude that the Na+ storage mechanism proceeds via stepwise
coordination to DAAQ units, with negligible contribution from
TFP units. This DAAQ preference in Na+-COF interaction is
further supported by MD simulations. The coordination
number (CN) of Na+ ions with DAAQ oxygen atoms is signi-
cantly higher than TFP oxygens, 0.23 vs. 0.04, respectively (see
Fig. S20). Fig. S21 provides a clear, step-by-step visualization of
the sodiation process in the DAAQ-TFP COF, offering improved
clarity regarding the underlying electrochemical mechanism.

To further verify that carbonyl groups of the b-keto units do
not inuence the electrochemical performance of the DAAQ-
TFP cathode, the TFP molecule was evaluated separately in
a half-cell conguration. As shown in the cyclic voltammograms
recorded at the 1st, 5th, 10th, and 20th cycles (Fig. S22a),
multiple redox peaks were detected. During the rst cycle,
a broad irreversible signal appears at approximately 0.75 V,
which can be attributed to the formation of the solid electrolyte
interphase. Two reversible peaks centered at 0.7 V and 0.01 V,
corresponding to Na+ insertion and pore lling within the
carbon matrix of C65 used as a conductive additive (30 wt%) in
the electrode formulation, were observed (a CV measurement
on just C65 and PVDF is reported in Fig. S23 for comparison). In
contrast, the oxidation peak at 2.3 V, associated with the
hydroxyl groups in TFP, lacks a corresponding reduction peak,
indicating an electrochemically irreversible process. The
progressive decline in its intensity over cycling further suggests
a continuous loss of active functional groups. Charge/discharge
tests (Fig. S22b) reinforce the electrochemical inactivity of TFP,
as evidenced by its low specic capacity and rapid capacity
fading within just ve cycles. Notably, although hydroxyl groups
are present in the TFP molecule, they are eliminated during
COF synthesis via condensation, meaning their electrochemical
contribution is absent even in the initial cycles, conrming that
This journal is © The Royal Society of Chemistry 2026
TFP does not participate in the redox activity of the COF but
only serves as structural binding bridges, enhancing the
mechanical stability of the framework.

In addition, an analogous COF in which the anthraquinone
moiety was replaced by an anthracene unit (denoted Da-TFP-
COF) was synthesized and fully characterized by PXRD, FTIR,
and TGA (Fig. S24–S26).46 The electrochemical performance
of Da TFP-COF was evaluated under the same galvanostatic
conditions used for DAAQ-TFP (0.3 A g−1). As shown in
Fig. S27a, the cyclic voltammetry of Da-TFP-COF, recorded at
0.2 mV s−1, exhibits no signicant redox features, in contrast to
the pronounced redox peaks observed for DAAQ-TFP. This
observation is consistent with the discharge proles of Da-TFP-
COF in Fig. S27b, obtained under the same conditions, which
show a reversible capacity below 5 mA h g−1 over 1000 cycles,
indicating negligible electrochemical activity. These results
clearly conrm that the TFP moieties do not contribute to the
charge-storage mechanism and that the electrochemical activity
of DAAQ-TFP originates exclusively from the anthraquinone
units.
Impact of porosity on the sodium storage mechanism

To further assess the inuence of porosity on pseudocapacitive
sodium-ion storage, the pristine electrode was calendered to
reduce its thickness and increase its packing density, thereby
limiting pore accessibility and modulating ion transport path-
ways. The morphological changes induced by a 50% reduction
in the original electrode thickness were analysed via SEM, as
shown in Fig. 5a and b. The pristine electrode exhibits a highly
porous texture with an interconnected network of voids, and
loosely packed well-dened 3D structures. By contrast, aer
calendering, the electrode surface becomes signicantly
smoother and more compact, with a notable reduction in
surface roughness. The compression-induced densication
likely decreases ion-accessible active sites, possibly hindering
sodium-ion diffusion towards COF channels. Indeed, following
calendering, a loss of crystallinity in the COF structure was
observed, as indicated by the PXRD patterns (Fig. 5c). The
characteristic low-angle diffraction peak, typically assigned to
the (100) reection, disappeared, while the peak at 26.0°
remained visible but with signicantly reduced intensity.

WAXS analysis conrmed the presence of the material's
characteristic peaks (Fig. 5d); however, they appeared broader
and signicantly less intense compared to the pristine elec-
trode, indicating a reduction in crystallinity. The differences
observed between the PXRD and WAXS patterns can be attrib-
uted to the distinct measurement geometries and sensitivities
of the two techniques, since WAXS operates in transmission
mode, whereas PXRD relies on Bragg–Brentano geometry.
Despite these differences, both methods consistently indicate
a loss of structural order, as reected in the broadening and
weakening of the characteristic COF diffraction peak.

SAXS analysis, focused on the low-q region associated with
grain-level structures, enabled the extraction of key structural
parameters, including the radius of gyration (Rg), to elucidate
differences between the two samples (Fig. S28a and b). All tting
J. Mater. Chem. A, 2026, 14, 7706–7721 | 7713
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Fig. 5 Structural characterization of the electrode before and after calendering. (a and b) SEM images of the pristine and calendered electrode,
compressed to 50% of its original thickness. (c) PXRD patterns and (d) WAXS profiles comparing the structural features of the pristine and
calendered electrodes. (e) Comparison of the pristine and calendered electrodes over an extended q range, encompassing the microporous
region.
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parameters are reported in Table S4, with the most relevant
values discussed here.47,48 The calendered electrode exhibited
a higher cluster Rg compared to the pristine one (Table S6),
indicating that the pristine sample is less compact and more
loosely arranged at the aggregate level in the electrode. The
increase in cluster size aer calendering suggests the formation
of larger, more interconnected aggregates. Conversely, the
primary Rg value was lower in the pressed electrode implying
that, aer compression, the primary units, referring to the
individual particles of the COF, have become more compact or
smaller. The mechanical force applied during pressing may
7714 | J. Mater. Chem. A, 2026, 14, 7706–7721
have caused fragmentation or compaction of the COF particles.
Furthermore, the mass fractal dimension signicantly
increased in the pressed electrode compared to the pristine one
(Table S6), indicating a reduction in void spaces between
particles, resulting in a more compacted material, with particles
organized into a denser structure, increasing the mass distri-
bution within the aggregate.

Analysis of the high-q region, which probes smaller struc-
tural features and porosity, further corroborates these ndings.
A pronounced decrease in the intensity of the rst scattering
peak was observed for the calendered electrode compared to the
This journal is © The Royal Society of Chemistry 2026
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pristine sample (Fig. 5e), reecting a reduction in porosity as
a result of the calendering process. Collectively, these ndings
point to a partial occlusion of the pores following calendering,
potentially affecting the material's porosity and structural
integrity, which would likely decrease ion-accessible active sites
and hinder sodium-ion diffusion towards COF channels.49

Therefore, the Na+ storage mechanism of the calendered elec-
trode was investigated through CV at different scan rates within
the 1–3 V potential window (Fig. 6a). Similar to the pristine
sample, two distinct redox peaks are observed at approximately
1.5 and 1.9 V. However, the intensity ratio between these peaks
is quite different when compared to the pristine electrode,
suggesting a potential alteration in the sodium-ion storage
mechanism induced by the densication process.41

Thus, the voltammograms were analysed using eqn (S2) and
(S3), following the power-law relationship between peak current
and scan rate (Fig. S29a). The logarithmic plot of peak current
versus scan rate (Fig. S29b) reveals b values close to 1, con-
rming the predominance of pseudocapacitive charge storage.
Noteworthy, the b values for peaks A and A0 are slightly lower
than those observed for the pristine electrode. This decrease
may be attributed to the reduction in surface-accessible pores
following calendering, which limits the number of active sites
available for Na+ adsorption. As for the correlation between
Fig. 6 (a) Cyclic voltammetry of the DAAQ-TFP cathode recorded at diff
term cycling performance over 500 cycles at a current rate of 2C, comp
different volume percentages.

This journal is © The Royal Society of Chemistry 2026
peak current and scan rate, a linear relationship (R2 value of
0.99) is still observed for all redox peaks (Fig. S29a). However,
the analysis of peak current as a function of the square root of
scan rate (Fig. S30) exhibits a nonlinear dependence, indicating
loss of signicant faradaic contributions. These ndings
suggest that sodium-ion storage in the calendered electrode is
primarily governed by a surface pseudocapacitive mechanism.
When calendering, the pressure-induced structural modica-
tions reduce the accessibility of the DAAQ-TFP COF's intrinsic
channels to Na+ ions, thereby disfavouring diffusion-driven
insertion processes.
Electrochemical performance

To the best of our knowledge, this study presents the rst
evaluation of DAAQ-TFP COF for use as the cathode for sodium-
metal batteries. The electrochemical performances of the
material were assessed in coin cell conguration, employing
sodium metal as the counter electrode and 1 M NaPF6 in
DEGDME as electrolyte. Galvanostatic cycling was conducted at
a current density of 2C (1C = 151 mA h g−1) within the 1–3 V
potential range, and the results are presented in Fig. 6b,c. The
pristine electrode demonstrated outstanding cycling stability,
retaining a high specic capacity of approximately 120 mA h g−1

at 2C over 500 cycles with no signicant capacity fade or
erent scan rates. (b) Galvanostatic charge–discharge profiles. (c) Long-
aring the pristine electrode with calendered electrodes compressed to

J. Mater. Chem. A, 2026, 14, 7706–7721 | 7715
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failures, highlighting its potential application not only for
lithium-ion batteries, as already reported in the literature, but
also as a promising candidate for sodium-metal batteries in
next-generation energy storage systems.18,25,32,50

To further investigate the inuence of calendering on
electrochemical performance, electrodes with varying thickness
reduction (0–55%) were prepared, and their galvanostatic
charge–discharge proles at the 10th cycle are shown in Fig. 6b
for comparison. Long-term cycling over 500 charge/discharge
cycles highlights the remarkable stability and high coulombic
efficiency of all samples, reecting the structural integrity of the
COF framework (Fig. 6c). However, increasing electrode
compression led to a progressive decline in practical specic
capacity, decreasing from 120 mA h g−1 for the pristine elec-
trode to 45 mA h g−1 for the most compressed one. This
reduction is likely attributed to hindered ion insertion, as pore
collapse restricts access to the internal COF channels. Notably,
at a 55% thickness reduction, the specic capacity dropped to
nearly one-third of that of the uncompressed electrode,
underscoring the crucial role of porosity in enabling effective
sodium storage.

Rate capability tests were conducted to evaluate the inu-
ence of calendering-induced densication on the electro-
chemical performance of the material at different current
densities. The electrodes were cycled at progressively increasing
currents (C/10 to 2C) for 5 cycles each and eventually restoring
the C/10 rate, to assess the material capacity recovery (Fig. S31).
The pristine electrode exhibited the highest performance,
delivering an initial specic capacity of 140 mA h g−1 at C/10. A
few activation cycles were required to stabilize the initial
coulombic efficiency. Upon increasing the current density up to
2C, the capacity gradually declined and stabilized at
120 mA h g−1, reecting excellent rate capability and cycling
stability. This behaviour is likely attributed to the combined
contribution of pseudocapacitive and faradaic processes.50

Notably, upon returning to C/10, the capacity was not only fully
restored, but slightly enhanced (∼150 mA h g−1), highlighting
the remarkable structural stability and reversibility of the COF.
When the electrode underwent 25% and 35% thickness reduc-
tion, the electrochemical performance remained comparable,
with specic capacities of ∼125 mA h g−1 at C/10. The slight
decrease compared to the pristine electrode suggests that
moderate densication partially reduces Na+ storage sites by
compressing the COF's porous network. Nevertheless, good rate
capability and capacity retention across different current
densities are still exhibited. A more pronounced impact was
observed at 50% volume reduction electrode, which suffered
from lower CE at C/10 and a signicant drop in performance,
suggesting that excessive densication hinders Na+ insertion by
further restricting ion transport pathways within the DAAQ-TFP
structure. At 55% thickness reduction, the electrochemical
behaviour changed drastically. The specic capacity dropped
substantially to ∼45 mA h g−1 at C/10 and remained nearly
constant across all current densities from C/5 to 2C. This
plateau-like trend may suggest that Na+ insertion into the COF
framework was severely restricted, leading to a transition
toward a surface-controlled capacitive process as the dominant
7716 | J. Mater. Chem. A, 2026, 14, 7706–7721
charge storage mechanism.51–53 Overall, an excessive compres-
sion of the pores ($50%) seems to drastically limit Na+ storage,
leading to a severe loss of capacity compared to the pristine
electrode.

Based on the reversible discharge at 0.3 A g−1, the DAAQ-TFP
cathode delivers a gravimetric energy density ofz195 Wh kg−1,
consistent with values reported for organic redox polymers and
COF-based electrodes (150–250 Wh kg−1), though lower than
those of inorganic Na-metal cathodes.1,32,54,55 Using the
measured electrode area, loading, and thickness, the corre-
sponding volumetric energy density is z32 Wh L−1, reecting
the intrinsically low density and high porosity of COF materials.
Upon calendaring, the volumetric energy density more than
doubled, demonstrating effective densication, albeit with
a partial trade-off in electrochemical performance due to
a reduced capacitive contribution.

Cathode utilization was further evaluated as a function of
both C-rate and electrode densication, as shown in Tables S7
and S8. The results indicate that although calendering signi-
cantly enhances volumetric energy density, excessive densi-
cation increasingly limits ion transport and active-site
accessibility, leading to reduced utilization. Galvanostatic
charge–discharge proles for the pristine electrode and elec-
trodes with varying volume-reduction percentages resulting
from calendaring are shown in Fig. S32.
Ex situ analysis

The exceptional electrochemical stability of the pristine elec-
trode was further examined through ex situ SEM analysis, as
shown in Fig. S33. Images acquired at different magnications
(Fig. S33a–f) reveal that the electrode surface and morphology
remain almost unchanged aer 500 charge–discharge cycles.
Notably, no signs of cracking, delamination, or structural
degradation are observed, indicating a good mechanical integ-
rity of the COF-based electrode as formulated. This morpho-
logical and textural preservation directly correlates with the
outstanding electrochemical stability of the material, as the
absence of deterioration may ultimately contribute to long-term
cycling performance. Electrodes ex situ PXRD analysis reveals
some extent of peak broadening, suggesting an increase in
structural disorder relative to the pristine electrode, likely due
to accumulated stress within the crystalline domains aer
prolonged electrochemical cycling. Nevertheless, the charac-
teristic diffraction pattern of DAAQ-TFP is visible even aer 500
cycles, highlighting its high structural stability during repeated
cycling at high currents (Fig. S33g).

Long-term cycling stability was further evaluated over an
extensive 4775 charge/discharge cycles at a current density of 2C
(Fig. 7a), with performance compared against an electrode
subjected to 50% volume reduction (Fig. S33). Aer a brief
activation phase, the pristine COF-based electrode demon-
strated outstanding electrochemical stability, consistently
delivering a specic capacity of approximately 120 mA h g−1 and
maintaining a coulombic efficiency close to 100%. Notably, no
signs of degradation, cell failure, or dendrite formation were
observed throughout the test, underscoring the robustness of
This journal is © The Royal Society of Chemistry 2026
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Fig. 7 (a) Long-term cycling performance of the DAAQ-TFP cathode at a current density of 2C over 4900 cycles, illustrating both specific
capacity and coulombic efficiency. (b–g) XPS analysis comparing the surface chemical composition of the electrode before and after cycling: (b)
C 1s spectrumof the pristine electrode; (c) C 1s spectrum after cycling; (d) O 1s spectrumof the pristine electrode; (e) O 1s spectrum after cycling;
(f) F 1s spectrum of the pristine electrode; (g) F 1s spectrum after cycling.

This journal is © The Royal Society of Chemistry 2026 J. Mater. Chem. A, 2026, 14, 7706–7721 | 7717
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Fig. 8 Ex situ Raman measurements performed on DAAQ-TFP at (a) 3 V and after discharging to 2 V and 1 V, with focus (b) on the C]O region.

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 4
/7

/2
02

6 
8:

06
:3

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the material under prolonged cycling conditions. Remarkably,
even aer 4775 cycles, the electrode retained 91.2% of its initial
capacity, with a coulombic efficiency reaching 99.99%, under-
scoring the remarkable structural robustness of the COF.

Ex situ X-ray photoelectron spectroscopy (XPS) was per-
formed on both pristine and cycled electrode to investigate the
chemical composition of the cathode-electrolyte interphase
(CEI). As shown in Fig. 7b–g, both electrodes exhibit charac-
teristic C 1s signals corresponding to the COF and the carbo-
naceous matrix of C65. Specically, the spectra reveal the
presence of C–C bonds at 284 eV, C]C and C–H bonds from
graphitic-like structures at 285.5 eV, a C]O peak at 288.5 eV,
and a C–F signal from the PVDF binder at 290.5 eV (Fig. 7b and
c).56,57 The O 1s spectra (Fig. 7d and e) further conrm these
assignments, displaying complementary signals related to C–O
bonds. However, aer cycling, an additional peak emerges at
approximately 537 eV, suggesting the formation of sodium
uorophosphate species, likely resulting from electrolyte
decomposition.58,59 This aligns well with the increased propor-
tion of C–O bonds observed in the C 1s spectra aer cycling.
Notably, the F 1s spectra (Fig. 7f and g) reveal signicant
changes upon cycling. Alongside the characteristic F–C bond at
∼687 eV (corresponding to the C–F peak at 290.5 eV in the C 1s
spectra), a new peak appears at around 685 eV, with an atomic
percentage of 73%. This signal may be attributed to the
formation of NaF, which is a key component in the CEI of Na-
ion batteries.60 The presence of a NaF-rich inorganic CEI is
particularly benecial, as NaF is known to enhance ionic
conductivity, stabilizing the CEI, and mitigate side reactions
between the COF and the electrolyte.7 Indeed, the formation of
a stable CEI also helps suppress dendrite growth, thus
contributing to the remarkable long-term stability observed
upon cycling.50

Ex situ Raman spectroscopy was performed on theDAAQ-TFP
COF at selected potentials (3.0, 2.0, and 1.0 V vs. Na/Na+) to
monitor structural changes associated with sodiation (Fig. 8a).
Particular attention was given to the C]O stretching region
(Fig. 8b). When the electrode is sodiated and then fully de-
7718 | J. Mater. Chem. A, 2026, 14, 7706–7721
sodiated (3.0 V), the C]O vibration appears at 1660 cm−1;
upon discharge to 2.0 V, this band shis to 1658 cm−1, and
further sodiation to 1.0 V results in a nal shi to 1657 cm−1.
This progressive red-shi of the carbonyl stretching mode is
consistent with the coordination of Na+ to the carbonyl oxygen
atoms, which weakens the C]O double bond and lowers its
vibrational energy. In parallel, peak broadening is observed: the
full width at half maximum increases from 12.48 cm−1 (3.0 V) to
14.40 cm−1 (2.0 V) and 14.65 cm−1 (1.0 V). Such broadening is
typically attributed to increasing structural disorder and
a distribution of Na+–O coordination environments during ion
uptake, therefore indicating that carbonyl groups act as the
redox-active coordination sites for reversible Na+ storage in the
DAAQ-TFP framework.61–63
Conclusion

In this study, the electrochemical behaviour of DAAQ-TFP COF
as an organic cathode material for sodium-metal batteries was
systematically investigated for the rst time. A comprehensive
characterization, including X-ray diffraction, small-angle X-ray
scattering, cyclic voltammetry, and electrochemical imped-
ance spectroscopy, as well as DFT-based electronic structure
calculations and classical MD simulations, was employed to
elucidate the sodium storage mechanism in this material,
which, up to date, had remained controversial. The results
conrmed that the redox process involves two distinct contri-
butions: one associated with a surface-controlled capacitive
mechanism and the other governed by a pseudocapacitive
insertion process with a faradaic contribution. Furthermore,
the effect of electrode densication through calendering was
evaluated, revealing that compression hindered sodium-ion
diffusion by reducing pore accessibility. The pristine electrode
exhibited outstanding cycling performance, maintaining 91.2%
of its initial capacity aer almost 4800 charge/discharge cycles
at 2C, with nearly 100% coulombic efficiency. Although DAAQ-
TFP COF exhibits a moderate theoretical capacity
(151 mA h g−1) and operating voltage, it achieves exceptionally
This journal is © The Royal Society of Chemistry 2026
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high utilization (z145 mA h g−1 at C/10) and retains
outstanding rate capability (z120 mA h g−1 at 2C), along with
excellent cycling stability and robust structural integrity.
Importantly, the goal of this work is not merely to maximize
electrochemical performance, but to elucidating the sodiation
mechanism within the COF, thereby providing fundamental
insights that support the advancement of COF-based materials
for realistic sodium–organic battery applications. These nd-
ings highlight the great potential of DAAQ-TFP COF as a prom-
ising cathode material for next-generation sodium-organic
batteries.
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