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Layered-columnar cathode materials for
sodium-ion batteries

Xiaolin Zhao1,2, Yi Li1,2, Youwei Wang1,2, Erhong Song 1,2, Ruguang Ma 3 &
Jianjun Liu 1,2,4

The advancement of cathode materials possessing high-rate capability and
extended cycle life is crucial for the viability of large-scale energy storage in
sodium-ion batteries. A layered-columnar material NaFe[O3PCH(OH)CO2] is
designed with 2D grid-like channels for sodium ion migration. Operating on
the Fe2+/Fe3+ redox reaction, NaFe[O3PCH(OH)CO2] exhibits a reversible spe-
cific capacity of 106.1mAh g-1 after 50 cycles within the voltage range of
1.5–4.2 V, reaching 93.4% of the theoretical specific capacity. Experimental and
theoretical investigations show that NaFe[O3PCH(OH)CO2] exhibits low-strain
characteristics during discharge and charge processes. The presence of stable
C-P covalent bonds between organic layers and inorganic columns ([FeO6] and
[CPO3]) plays a pivotal role in achieving its long cycle life. Even under high
current density of 240mAg–1, it maintains satisfactory capacities, delivering
61.6mAh g–1 after the 1000th cycles, indicating a capacity retention rate of
92.2% with only 0.0078% loss per cycle. This study indicates that layered-
columnar structuredesignoffers a viable strategy for thedevelopment of high-
performance positive electrode material for sodium-ion batteries.

Rechargeable sodium-ion batteries (SIBs) have garnered significant
attention as a promising option for large-scale electrochemical energy
storage due to the abundance and lower cost of sodium compared to
lithium1–3. Several materials, including transition metal oxides4,5,
organic compounds6,7, polyanionic compounds8,9, and Prussian blue
analogs10 have been investigated as Na-ion host positive electrodes.
Despite great advancements, cathode materials still encounter chal-
lenges such as limited insertion/extraction of Na-ions, irreversible
phase transitions, and even structural collapse11,12. These issues could
result in low capacity, serious battery polarization, and rapid capacity
fading during cycling. Hence, there is a critical need for the develop-
ment of advanced positive electrode materials, particularly those
based on open structures.

The migration dynamics of sodium ions and stability of the
structural frameworkplay an important role in the energydensity, long

cycle life and high-rate performance of positive electrode materials.
The Layered structures13 with two-dimensional migration channels
provide rapid ion transport, but they suffer from structural change
even collapse during Na+ de/intercalation. The tunnel structures14 and
olivine-type structures15,16, characterized by one-dimensional diffusion
channels, offer impressive cycle stability but at the cost of inherently
slower ionic diffusion rates. Encouragingly, a layered-columnar struc-
ture containing organic phosphoric acids andmetals can balance ionic
migration with structural stability, which organic chains arranged in a
layered periodic arrangement as the bottom and top of the layered-
columnar structure, robust pillars composed of inorganic units that
create 2D grid-like channels. The utilization of 2D grid-like channels
facilitates rapid migration of Na+ ions without destroying channel
structure due to the flexibility of the organic chains and rigidity of
pillars, thereby reducing strain and preventing collapse during cycling.
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Herein, we present a positive electrodematerial with phosphoryl-
based layered-columnar structure, NaFe[O3PCH(OH)CO2], which
demonstrates high specific capacity and long cycle life for sodium ion
batteries. Through a one-step hydrothermalmethod, we synthesized a
material with a stable framework and low strain that allows for rever-
sible full charge and discharge of sodium ions. Based on the redox
reaction of Fe2+/Fe3+ , NaFe[O3PCH(OH)CO2] exhibits a reversible spe-
cific capacity of 106.1mAh g–1 after 50 cycles. The completely deso-
diumated structure, Fe[O3PCH(OH)CO2], maintains kinetic stability
and achieves long cycle life. Even at current density of 240mAg–1, the
material displays satisfactory capacity retention of 92.2% with a spe-
cific capacity of 61.6mAh g–1 after 1000th cycles, equivalent to a decay
rate of 0.0078% per cycle. The Fe2+/Fe3+ redox reaction, confirmed by
both experimental XPS and calculated magnetic moments, is respon-
sible for the high electrochemical performance of NaFe[O3PCH(OH)
CO2] in the voltage range of 1.5-4.2 V. DFT calculations show that the
other layered-columnar structures NaTM[O3PCH(OH)CO2] (TM= Mn,
Co, Ni) have similar theoretical specific capacities and sodium ion
migration barriers as NaFe[O3PCH(OH)CO2]. Meanwhile, the layered-

columnar structures composed of 3-phosphonopropionic acid has a
lower sodium ion migration barrier. This work demonstrates that
designing layered-columnar structure is an effective route for devel-
oping high-performance positive electrode materials of sodium ion
batteries.

Results
Structural characterization
As shown in Fig. 1a, the foundation of layered-columnar structures lies
in organic phosphoric acid, particularly its phosphate groups (-PO3)
extending outward along the organic chain17,18, which serve as the rigid
pillars of the structural framework. These phosphate groups are
inherently rigid, contributing to the stability of the framework. Parti-
cularly, the C-P bond in organophosphates exhibits ultra-high thermal
stability19, further enhancing the structural robustness. Consequently,
2-hydroxyphosphonoacetic acid (HPAA =H2O3PCH(OH)CO2H)

20 has
garnered attention, where phosphoryl of HPAA extending outward
along the organic chain are able to form a layered-columnar structure
with iron metal atoms. Moreover, inexpensive HPAA can be used to

Fig. 1 | The structure analysis of NaFe[O3PCH(OH)CO2]. a The layered-columnar
structure with 2D grid-like channels composed of metal and organic phosphoric
acid. b Rietveld refinement of powder XRD Cu Kα. (λCu-Kα = 1.54056Å) for
NaFe[O3PCH(OH)CO2] sample, experimental data in black dots, calculated curve in

red and difference curve in olive. c The crystal structure of NaFe[O3PCH(OH)CO2]
along (010) direction. d Comparison of Fourier Transform Infrared Spectroscopy
(FTIR) of NaFe[O3PCH(OH)CO2] powder with NaFe[O3PCH(OH)CO2] electrode.
High-resolution X-ray Photoelectron Spectroscopy (XPS) of e. Fe 3 d.
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form NaTM[O3PCH(OH)CO2] (TM= Mn, Fe, Co, Zn) materials with
relatively high yields and favorable crystalline by the one-step hydro-
thermal method with transitionmetals21. The powder X-ray diffraction
(PXRD) characterization of synthesized NaFe[O3PCH(OH)CO2] sample
is performed and the powder XRD patterns are further analyzed by
Rietveld refinement using FullProf software22. As shown in Fig. 1b and
Table S1, the fitted curves are well consistent with the original XRD
patterns with good reliability factor values (Rwp = 9.56%, Rp = 7.37%),
demonstrating that the obtained single-phase samples are of high
purity. As a result, the NaFe[O3PCH(OH)CO2] lattice is confirmed by
Rietveld refinement to be an orthorhombic system of the Pbca space
group with the lattice parameters a = 10.2608Å, b = 9.7297 Å,
c = 10.8549 Å and α = β = γ = 90°, consistent with previous X-ray dif-
fraction results23 (a = 10.267, b = 9.733 Å, c = 10.862 Å, α = β = γ = 90°).
The three strongest diffraction peaks at 19.98°, 30.19°, and 31.62°
correspond to the crystal planes (021), (222), and (213), respectively.
The refined structure of NaFe[O3PCH(OH)CO2] formed by the phos-
phoryl organic and Fe2+ ions is shown in Fig. 1c, which contains poly-
anions and sodium cations. Organic chains (L =O3PCH(OH)CO2) are
arranged in layers along the c-axis, with polyhedral [FeO6] and [CPO3]
interlocking like pillars within the layers, forming a layered-columnar
structure. Charging-compensated Na cations are located at the voids
where the [CPO3] tetrahedron are aligned along the b-axis. The [FeO6]
octahedra are distorted, a consequence of their coordination from
three separate phosphonate ligands, two carboxylates and one
hydroxyl. This coordination involves all the oxygen atoms from the L3–

ligand, which monodentately connect to iron ions. The Fe-O bond
lengths in [FeO6] range from 2.03 to 2.27 Å, which are close to the
range of bond lengths in inorganic iron phosphate24. The [NaO6]
octahedronhas four oxygens fromphosphate and two fromcarboxylic
acid and hydroxyl, respectively. Sodium ions are expected to migrate
in the ab plane of the layered-columnar structure.

The chemical composition of the synthesized NaFe[O3PCH(OH)
CO2] is investigated by FTIR analysis, as shown in Fig. 1d. There is
only a medium band around 3003 cm–1, which originates from the
O-H stretching vibration of hydroxyl groups25. The peak at 2928 and
1273 cm–1 corresponds to C-H stretch vibration and bend vibration
for alkyl groups26. Additionally, a very strong band around 1562 cm–1

and a medium band near 1370 cm–1 are attributed to the
asymmetrical and symmetrical stretching vibrations of carboxylate
group (-COO-)25,27,28. There are also stretching vibration bands at
1176 cm–1 (v(P=O))21,28, 1144 cm–1 (v(P-O))21, 1076 cm–1 (v(C-C/C-
OH))29,30, 980 cm–1 (v(P-O))21, 798 cm–1 (vs(C-P))31. In addition,
NaFe[O3PCH(OH)CO2] electrode and pristine powder maintain the
similar characteristic absorption peaks of the functional groups,
including the vibrations peaks of O-H, C-H, -COO– and -PO3 group.
These results indicate that the organic functional groups of HPAA
are not destroyed during the electrode fabrication process. More
importantly, the NaFe[O3PCH(OH)CO2] with layered-columnar fra-
mework structure is achieved by C-P and Fe-O-P bonds, exhibiting an
obvious layered structure with alternating organic and inorganic
arrangements, which benefits utilizing the advantages such as flex-
ibility of organic structure, electrochemical activity and stability of
inorganic structure. As shown in Fig. 1e and Fig. S1, five peaks cor-
responding to P, C, O, Fe, and Na of NaFe[O3PCH(OH)CO2] are
observed. In addition, the peaks of Fe 2p3/2 and Fe 2p1/2 at 710.7 and
724.6 eV demonstrated the presence of Fe2+ in NaFe[O3PCH(OH)
CO2]

32,33. TG-DSC and XRD curves of Fig. S2 showed that
NaFe[O3PCH(OH)CO2] had almost no weight loss below 380 °C
under N2 atmosphere and the structural framework remains
unchanged. It is not until 390 °C that NaFe[O3PCH(OH)CO2] an
exothermic behavior with weight loss. High decomposition tem-
peratures greater than 380 °C confirm the excellent chemical and
thermal stability of NaFe[O3PCH(OH)CO2] with C-P and Fe-O-P
bonds. The morphology of the synthesized NaFe[O3PCH(OH)CO2] is

characterized by scanning electron microscopy (SEM) Figure S3. It
exhibited a typically bulkmorphology, composed of dense and thick
sheets. Furthermore, STEM-EDX elemental mapping images and XRF
(Table S2) verified the uniform distribution of C, O, P, Na, and Fe in
NaFe[O3PCH(OH)CO2]. The homogeneous dispersion of Na and Fe
elements reaffirms that the functional groups in organ-phosphines
can effectively adsorb metal ions through strong coordination.

Electrochemical investigations
The electrochemical properties of NaFe[O3PCH(OH)CO2] positive
electrodes are thoroughly studied in half-cells, within the working
voltage range of 1.5–4.2V (versus Na+/Na). At a current density of
12mAg–1), the electrode delivered high capacities of 132.0, 107.9, and
106.1mAh g–1 at the 1st, 2nd, and 50th cycle, respectively (Fig. 2a). The
specific capacity of the conductive agent (Super P) during charging
and discharging is only ~7mAhg–1 in Figure S4, which means that it
only plays a role in enhancing the conductivity of the activematerial. A
irreversible capacity (24.1mAh g–1) is attributed to SEIfilm formation in
the first cycle34 and the irreversible specific capacity could be
reduced by immersing the electrode into the electrolyte for a periodof
time before cycling. As shown in Figure S5, the infiltration of the elec-
trolyte not only reduces the irreversible specific capacity of
the NaFe[O3PCH(OH)CO2] (24.1→ 18.9mAhg–1), but also increases
the discharge specific capacity of the NaFe[O3PCH(OH)CO2]
(106.1→ 132.0mAh g–1) during the first 20 cycles. The specific capacity
is very stable in the subsequent cycles, reaching 93.4% of the theore-
tical specific capacity (113.6mAh g–1), along with a high average Cou-
lombic efficiency of 99.8%, indicating that the NaFe[O3PCH(OH)CO2]
can achieve almost complete intercalation/de-intercalation of sodium
ions. More importantly, NaFe[O3PCH(OH)CO2] has a higher reversible
specific capacity thanmetal-organic frameworkmaterials Na2Fe(C2O4)
F (69.4mAh g–1)35、Na2Fe(C2O4)(HPO4) (75mAhg–1)36 andNa2Fe(C2O4)
(SO4)·H2O (104mAhg–1)37. Under electrochemical conditions,
NaFe[O3PCH(OH)CO2] exhibits a reversible specific capacity of
137.5mAh g–1 after 20 cycles as a positive electrode for Li-ion batteries,
while also maintaining structural framework integrity (Fig. S6).
Therefore, Li-ion battery positive electrode materials with layered-
column structure can be prepared by electrochemical ion exchange
method. The rate performance of NaFe[O3PCH(OH)CO2] positive
electrode is plotted in Fig. 2b, c. The reversible discharge capacity of
NaFe[O3PCH(OH)CO2] positive electrode is 89.1, 85.9, 83.5, and
81.8mAh g-1 at current density of 24mAg–1, 36mAg–1, 48mAg–1 and
60mAg–1, respectively. Meanwhile, the capacity gradually decreased
as the current density continued increasing to 120mAg–1, 240mAg–1,
and 360mAg–1, but also recovered to 94.0mAhg–1 when the rate
returned to 12mAg–1, indicating a favourable rate performance.
Typical cyclic voltammogram (CV) curves of the NaFe[O3PCH(OH)
CO2] electrode in 1st, 2nd, and 3rd cycles are recorded at a scan rate of
0.5mV s–1 (Fig. 2d). During the de-intercalation/intercalation of Na-
ions, a pair of peaks at 3.01/2.42V is observed in the electrochemical
processes, corresponding to Fe2+/Fe3+ redox reaction. Based on the
charge transfer resistance of the EIS at different temperature (Fig. S7
and Table S3), the activation energy (Ea) for sodium extraction/inser-
tion is calculated. Obtained relatively high activation energy
(~63.4 kJmol−1) for charge transfer may be the main reason for the
voltage polarization38. The overlapping of these curves indicated the
good cyclic stability of the positive electrode. In addition, the long-
term cycling performance is investigated as well. In Fig. 2e, the initial
increase in capacities is attributed to the activation process, where the
Na-ion transport is gradually facilitated by increased contact between
the active material and electrolyte. Under current density of
240mAg–1, NaFe[O3PCH(OH)CO2] achieved high capacities of
61.6mAh g–1 and satisfactory capacity retention of 92.2% at the 1000th
cycle. Therefore, layered-columnar structure enables high rate and
high reversible specific capacity of polyanionic materials.
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The CV curves at different scanning rates, Galvanostatic inter-
mittent titration technique (GITT) and electrochemical impedance
spectroscopy (EIS) are employed to study the migration dynamic of
sodium ions in NaFe[O3PCH(OH)CO2]. The sodium ion diffusion
coefficient DNa can be calculated from the Randles-Sevcik equa-
tion:IP = 2:69× 105n3=2ACD1=2

Na ν
1=2, IP is the peak current (A), ν is the

potential scan rate (v s−1), n is the total number of electrons reacted per
mole in the electrochemical process (n = 1), A is the effective area of
electrode (1.5386 cm2), C is the intrinsic concentration of Na+

(0.01255mol cm−3). Obtained the peak anodic and cathodic currents
from the CV curves of NaFe[O3PCH(OH)CO2] at 0.05-3mv s−1 (Fig. 2f),
whichareplotted as a linear function versus the square root of the scan
rate in Fig. 2g. Substituting the slopes in Fig. 2g into Randles-Sevcik
equation, the diffusion coefficient are 3.07 × 10−12 and 3.43 × 10−12 cm2

s–1 for cathodic and anodic current peaks, respectively, which are in the
same order of magnitude as the ion mobility coefficients obtained by
ESI (2.24 × 10−12) in Fig. S8. It is noteworthy that NaFe[O3PCH(OH)CO2]
pellet without any additives andmodifications have high intrinsic ionic
conductivity (~10–5 S cm−1) and low activation energy (0.195 eV) based
on EIS tests (Fig. S9 and Table S4). As shown in Fig. 2h, the sodium ions
diffusion coefficients between 10–12.2 and 10–10.6 cm2 s–1 within the vol-
tage window of 1.5–4.2 V are obtained based on the GITT curves of
NaFe[O3PCH(OH)CO2] material for the charge and discharge at the 20
cycles (Fig. S10). More importantly, the migration coefficients of

NaFe[O3PCH(OH)CO2] are of a similar order of magnitude to those of
NASICON-type positive electrodematerials as well as P2-phase layered
materials (Table S5). Therefore, the excellent migration kinetics of
NaFe[O3PCH(OH)CO2] is confirmed by EIS, CV curves and GITT
analysis.

Characterization of structural evolution
In order to reveal the energy storage mechanism of NaFe[O3PCH(OH)
CO2], in-situ XRD contour plots (Fig. 3a) are performed during the
initial cycle and second charge processes to track the structural evo-
lution of the material. As can be seen, the (200), (022), (212) and (241)
peaks exhibited negligible shifts from pristine state to a charge of
4.2 V. Furthermore, there are no discernible changes during the Na+

insertion processes even at low voltage of 1.5 V. In Fig. S11, the max-
imum variation values of lattice constants c, a and volume from
charging (full detachment) to discharging (full insertion) obtained by
Rietveld refinement method are 0.32%, –0.22%, and 0.11%, respec-
tively. These findings demonstrate that the reversible extraction/
insertion of Na ions does not cause a phase transition reaction in
NaFe[O3PCH(OH)CO2], indicating that thematerial possesses excellent
structural stability and rigidity. Further, FTIR analysis are conducted to
examine the structural evolution of the NaFe[O3PCH(OH)CO2] elec-
trode during the charging and discharge process (Fig. 3b). The analysis
revealed a strong absorption band at 1576 cm–1 and medium

Fig. 2 | ElectrochemicalmeasurementsofNaFe[O3PCH(OH)CO2] inNahalf-cells.
a Galvanostatic charge-discharge curves at 12mA g–1. b Galvanostatic charge-
discharge curves for 50 cycles at different current densities of 12, 24, 36, 48 and
60mAg–1. c Rate performance under different current densities. d CV curves in
different cycles at a scan rate of 0.5mV s−1. eCycling performance at 240mAg–1 for

1000 cycles. f CV curves of NaFe[O3PCH(OH)CO2] at scan rate of 0.05-3mV s–1,
respectively. g The fitting curves between the peak current (IP) and the square root
of the scan rate (ν1/2). h Na+ diffusion coefficient calculated from GITT curve as a
function of voltage.
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absorption bands near 1363 and 1268 cm–1, which are attributed to the
asymmetrical and symmetrical stretching vibrations of -COO–, and the
bending vibration of C-H. The P=O and P-O stretching and bending
bands appeared in the region of 1195–980 cm–1 before discharge. It is
noteworthy that new peaks at 1770 and 1799 cm–1 in the electro-
chemical process, which corresponding to the C=O stretching vibra-
tion mode of the EC molecule in electrolyte solutions39,40. The ex-situ
XPS of C 1 s, O 1 s and Na 1 s also confirmed the breakdown of the
electrolyte. As shown in ex-situ XPS of Fig. S12, the C 1 s spectra are
mainly affected by the signals of the activematerial, binder (PVDF) and
carbon additive constituents41. When charged to 4.2 V, a new peak
appears at a binding energy of 290.4 eV in the O 1 s spectra, whichmay
correspond to the -C-O- functional group of alkoxy compounds42.
Additionally, two characteristic peaks in the Na 1 s spectra may be
associated with NaClO4/Na2CO3 and NaCl/NaF, suggesting the forma-
tion of CEI due to electrolyte decomposition. More importantly, the
binding energies of ex-situ XPS still maintained the peaks corre-
sponding to functional groups (-COO-, C-H, C-P, P=O/P-O and Fe-O-P)
that similar to the XPS of powder structures in Fig. S1, which indicate
low activity of the organic ligands. When the NaFe[O3PCH(OH)CO2]
electrode is charged to 4.2 V and discharged to 1.5 V, there are no
changes in intensity of -COO-, C-H, C-P and -PO3

2- vibrational peaks of
ex-situ FTIR, reflecting that organic building blocks (-COO-, C-OH, C-P
and -PO3

2-) do not participate in electrochemical reactions at the vol-
tage of 4.2–1.5 V.

The ex-situ high-resolution XPS results of Fe 2p in different
charge/discharge status are analyzed and presented in Fig. 3c. The

high-resolution Fe 2p spectrum from the pristine NaFe[O3PCH(OH)
CO2] positive electrode displayed two peaks at 710.3 and 724.8 eV,
corresponding to the 2p3/2 and 2p1/2 peaks for Fe2+, respectively, along
with a characteristic satellite peak at 712.3 eV. Upon charging to 4.2V,
the Fe 2p3/2 and Fe 2p1/2 binding energy shifted positively to 711.8 and
725.0 eV, indicating an increase in the Fe oxidation state from Fe2+ to
Fe3+. Furthermore, the valence state of Fe changed from +3 to +2 after
discharging, consistent with the above CV shown in Fig. 2d. Therefore,
the Fe cation is redox-active site. Based on the above analyses, the
sodium storage mechanism of NaFe[O3PCH(OH)CO2] electrode upon
the whole Na+ extraction/insertion process could be described as fol-
lowed: NaFe2+[O3PCH(OH)CO2] ↔ Na1-xFex

3+Fe1-x
2+[O3PCH(OH)CO2] +

xNa+ + xe-.

Theoretical analysis of electrochemical activity
The periodic DFT calculations are performed to elucidate the elec-
trochemical activity ofNaFe[O3PCH(OH)CO2]. Theunit cell parameters
of NaFe[O3PCH(OH)CO2] are calculated as a = 10.087, b = 9.763 Å,
c = 10.753Å, α = β = γ = 90° and the maximum deviation from the
experimental lattice parameter is 1.75%, indicating the accuracy of the
DFT method. All possible configurations of Na1-xFe[O3PCH(OH)CO2]
(x = 1/8, 2/8, ···, 7/8, 8/8) are then ranked according to the electrostatic
energies obtained by Supercell software. In Fig. S13, there is only one
most stable structure ofNa1-xFe[O3PCH(OH)CO2] atx = 1/8, 2/8, 7/8 and
8/8. However, when x = 3/8, 4/8, 5/8 and 6/8, Na1-xFe[O3PCH(OH)CO2]
has several structures and the top three structures with the lowest
electrostatic energies at each concentration are used for DFT

Fig. 3 | The structural evolution and redoxmechanism of the NaFe[O3PCH(OH)
CO2]. a In-situ XRD contour plots versus voltage profile of NaFe[O3PCH(OH)CO2]
during the initial cycle and second charge. b Ex-situ FTIR spectrum of

NaFe[O3PCH(OH)CO2] before and after charging and discharging. c The ex-situ
high-resolution of Fe 2p during charging and discharging.
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calculations, corresponding the most stable structures of Na1-
xFe[O3PCH(OH)CO2] (x = 1/8, 2/8, ···, 7/8, 8/8) are shown in Fig. 4a and
Fig. S14. Based on the de-intercalation sites of sodium ions, it is known
that sodium ions are preferentially removed from the co-side config-
uration of [NaO6]-[NaO6], which reduces the repulsive force between
sodium ions. All sodium ions in the Na1-xFe[O3PCH(OH)CO2] (x = 1/8, 2/
8, ···, 7/8, 8/8) lattice are ordered to occupy the settled sites, so that all
Na/vacancy are ordered in the ground state structure. As shown in
Fig. S15, both the inorganic chain composed of [FeO6] and [CPO3] and
the hydrogen bonding between the organic ligands along the b-
direction can stabilize the desodiated structure. In addition, the aver-
age bond length of Fe-O in [FeO6] decreases during sodium ions
removal (Fig. S16), which is attributed to the iron oxidation. The
elongation of some P-O bonds (Fig. S17) in the local structure has the
potential to compensate for the shortening of Fe-O bonds, resulting in
little change in structural volume during sodium ion de-embedding. In
Fig. 4b, the dynamic changes of the Fe-O, C-P, and P-O bond lengths in
the completely sodium-free structure (Fe[O3PCH(OH)CO2]) at high
temperature of 473K reveal that rigid pillars vibrate only at equili-
brium positions to maintain structural stability. The phonon spectra
are analyzed to determine the kinetic stability of Fe[O3PCH(OH)CO2].

As shown in Fig. 4c, all phonon dispersion frequencies in the entire
Brillouin zone are positive, indicating that the framework structure of
Fe[O3PCH(OH)CO2] is stable, which is the key factor for achieving full
charge and discharge for long cycles in NaFe[O3PCH(OH)CO2].

The voltages of Na1-xFe[O3PCH(OH)CO2] (x = 1/8, 2/8, ···, 7/8, 8/8)
based on the change of Gibbs free energy are further calculated using

the formula V =
ENa1�x Fe2 ½O3PCHðOHÞCO2 � + xENa�ENax Fe2 ½O3PCHðOHÞCO2 �

x e� , with the refer-
ence to Na metal. The de-intercalation of sodium ions results in mul-
tiple voltage plateaus in the range of 2.51‒3.32 V (Fig. 4d), which
corresponds to the wide oxidation peak observed in the CV curve of
Fig. 2d. The average charging voltage of 2.97 V is close to the experi-
mental value of 3.01 V. It isworthmentioning thatwhen sodium is used
as a pseudo-reference electrode, its self-overpotential arises from
kinetic limitations, surface side reactions and interfacial
instabilities, resulting in deviations of its actual potential from the
theoretical value. Despite the theoretical specific capacity of
113.6mAhg−1 obtained from the de-intercalation of 8 Na-ions,
the reversible specific capacity of 106.1mAh g−1 achieved experimen-
tally indicates almost full charge and discharge of the
NaFe[O3PCH(OH)CO2] layered-columnar material.

Fig. 4 | First principles calculation of NaFe[O3PCH(OH)CO2]. a The Na-ions de-
intercalation sites and the structural evolution of Na1-xFe[O3PCH(OH)CO2] (x = 2/8,
4/8, 6/8, 8/8). b The distributions of the Fe-O, C-P and P-O bond lengths in
Fe[O3PCH(OH)CO2] are calculated fromAIMDsimulations at 473K.The inset shows
the distribution of different chemical bonds in the structure. c. Phonon dispersions
calculated by using the 2 × 2 × 2 supercell. d The calculated voltage plateaus of Na-

ions extraction and the fitting voltage curve. e The 2D ionic conductivity pathways
transport of sodium inNaFe[O3PCH(OH)CO2] based on the BVSE calculations. BVEL
maps with isosurfaces (yellow) drawn at the 0.05 eV level above Emin. Computed
diffusion barrier of f. Na1 toNa1g. Na1 to Na2. Na diffusion paths between the initial
and final images are shown with yellow spheres in the unit cell.
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It is critical to elucidate the Na+ diffusionmechanism in this newly
designed NaFe[O3PCH(OH)CO2] material. Therefore, the Na-ion
mobility in the material is examined using a combination of the
bond valence site energy (BVSE) method and the climbing image-
nudged elastic band (CI-NEB) technique. Figure 4e shows the BVSE
results on Na-ions mobility in the ab plane (yellow area).
NaFe[O3PCH(OH)CO2] has two distinguishable sodium sites, resulting
in two kinds of Na+ hopping pathways of Na1→Na1 and Na1→Na2. The
CI-NEB of Fig. 4f, g displays the diffusion profiles of the octahedral-
octahedral hopping paths (Na1→Na1) and the neighboring octahedral
sites (Na1→Na2) of Na, respectively. The bottleneck size from Na1→
Na1 is larger than that of Na1→Na2 (Fig. S18), resulting in a smaller
migration energy barrier of Na1→Na1 (0.43 eV) compared to that of
Na1→Na2 (0.96 eV) on the 2D grid-like channels. It is interesting to
note that the migration barrier of sodium ions increases
(0.43→0.89 eV) as the sodium ion content decreases (Fig. S19), which
explains why the migration coefficient of sodium ions decreases dur-
ing charging and increases during discharging (Fig. 2h). Thus, CINEB
and BVSE calculations confirm that the layered-columnar structure
favors the migration of sodium ions, resulting in a satisfactory sodium
ion migration coefficient.

To elucidate the redox mechanisms underlying Na-ion extraction
in NaFe[O3PCH(OH)CO2], electronic structure analysis is carried out,
including calculations of magnetic moment, density of states (DOS),
and different charge density maps of Na1-xFe[O3PCH(OH)CO2] (x =0,
0.25, 0.5, 0.75), as depicted in Fig. 5. As shown in Fig. 5a, each iron atom
inNaFe[O3PCH(OH)CO2] and Fe[O3PCH(OH)CO2] is in a high spin state
with a magnetic moment of 3.595 μB and 4.011 μB, respectively, which

are close to the magnetic moments of Fe2+ (3.6 μB) and Fe3+ (4.0 μB) in
[Fe4

2+Fe2
3+(OH)12]

2+·[CO3
2–·3H2O]

43. Therefore, the valence state of iron
ions increases during the desodiumation process. It is worth men-
tioning that NaFe[O3PCH(OH)CO2] and Fe[O3PCH(OH)CO2] have the
lowest energies when the spin states of the two neighboring irons are
all antiparallel (Table S6), which is in accordance with the
Goodenough-Kanamori-Anderson rule. In addition, Fe2+ is the redox
active site of NaFe[O3PCH(OH)CO2] during the processing of Na-ions
extraction, which is also verified by DOS and different charge density
map. The occupied orbitals of iron atoms are mainly distributed near
the Fermi energy level (Fig. 5b), which is favorable for the loss of
electrons during oxidation reactions. Following the extraction of
sodium ions, the occupied orbitals of iron atoms become non-
occupied. The differential charge density map in Fig. 5c clearly
shows the charge transfer between iron and sodium atoms. The pre-
sence of sodium ions increases the positive charge of iron atoms in the
NaFe[O3PCH(OH)CO2] crystal structure, indicating that iron atoms
gain electrons. As x increases from 0 to 0.75, the positive charge of
some iron atoms inNa1-xFe[O3PCH(OH)CO2] disappears, indicating the
loss of electrons.

Mn, Co and Ni in the NaTM[O3PCH(OH)CO2]
21,44 family exhibit

similar specific capacities as Fe, along with comparable two-
dimensional migration barriers of sodium ions (Fig. S20). In addition,
3-phosphonopropionic acid can also be combined with transition
metals such as Zn45, V46, and Cu47 to create layered-columnar struc-
tures. As illustrated in Fig. S21a, the [CPO3] tetrahedra are alternately
arrangedwith [TMO4] or [TMO6] units, while the charge-compensating
sodium ions occupy the voids of the transitionmetal polyhedral layers.

Fig. 5 | Evolution of the electronic structure in NaFe[O3PCH(OH)CO2]. a The
changes in valence state andmagneticmoment (μB) of Fe with the extraction ofNa-
ions. b Density of state of Na1-xFe[O3PCH(OH)CO2] (x =0, 1). Shaded areas indicate
orbitals occupied by electrons and unshaded areas indicate orbitals not occupied
by electrons. c The charge density difference of Na1-xFe[O3PCH(OH)CO2] (x =0,

0.25, 0.5, 0.75), green and purple represent the positive and negative 0.02 e/Å3

isosurfaces, respectively. The yellow, red, cyan, gray, lavender and pink balls
represent sodium, oxygen, iron, carbon, phosphorus and hydrogen atoms,
respectively.
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The organic ligands serve as a binder linking the upper and lower
polyhedral layers. BVSE calculations reveal that these layered-
columnar structures feature two-dimensional sodium ion migration
channels (Fig. S21b). The NaVO[O3P(CH2)2CO2] structure exhibits the
lowest two-dimensional migration barrier of 0.395 eV, as well as the
shortest migration paths for NaCu[O3P(CH2)2CO2]. Consequently, the
layered columnar structure not only enables the storage of ions based
on the redox of active transitionmetals, but also the feature of low ion
mobility barrier is expected to be applied in all-solid-state batteries.

Discussion
In this work, we synthesized the layered-columnar frameworkmaterial
NaFe[O3PCH(OH)CO2] by one-step hydrothermal method to achieve
high-rate capability and long cyclic life of phosphoryl Na+-ion positive
electrode material. The rigid inorganic chain composed of [FeO6] and
[CPO3] and the hydrogen bonding between the organic ligands con-
tributed to the kinetic stability of the fully desodiated structure
Fe[O3PCH(OH)CO2] after full charging. Electrochemical performance
characterization revealed that NaFe[O3PCH(OH)CO2] demonstrated a
reversible specific capacity of 106.1mAh g-1, which is 93.4% of the
theoretical specific capacity, after full charge and discharge of sodium
ions. Additionally, the stable framework of the completely desodiated
structure and the low strain of the structure during the charge and
discharge allowed for long cycle life of NaFe[O3PCH(OH)CO2], with
satisfactory capacities of 61.6mAhg−1 after the 1000th at current
density of 240mAg−1, respectively. Furthermore, NaFe[O3PCH(OH)
CO2] exhibited a voltage plateau of 3.01 V generated by the redox of
Fe2+/Fe3+, which meets the requirements of high voltage in positive
electrode materials. In addition, DFT calculations reveal that the
layered-columnar structures with the organic ligand of
3-phosphonopropionic acid have a lower sodium ion migration bar-
rier, which are expected to be applied to all-solid-state batteries.
Overall, this study demonstrates that designing phosphoryl layered-
columnar materials provides an effective approach for developing
high-performance positive electrode materials for sodium ion
batteries.

Methods
Materials
FeSO4·7H2O (Aladdin, ≥99.95%metals basis), NH4Cl (Aladdin, ≥99.99%
metals basis), NaF (Aladdin, ≥99.99%metals basis) and CH(OH)(CO2H)
(PO3H2) solution (Aladdin, 50% in H2O) are purchased from Aladdin
Shanghai. Deionizedwater fromMilli-Q purification system. The purity
of sodium metal negative electrode with a thickness of 0.45 ± 0.1 nm
and a diameter of 15.6mm is more than 99.7%, as supplied by Canrd.

Synthesis of NaFe[O3PCH(OH)CO2]
A mixture of FeSO4·7H2O (0.278 g, 1.0mmol), NH4Cl (4.86 g,
90mmol), NaF (0.798 g, 19mmol), CH(OH)(CO2H)(PO3H2) solution
(1.4mL, 2.0mmol), and H2O (20.0mL) is stirred, then transferred to a
50mL Teflon-lined stainless-steel autoclave and heated at 150 °C for
96 h. At the end of the hydrothermal reaction, a colorless precipitate
and a yellowish supernatant are produced. The yellowish supernatant
is an aqueous solution of unreacted 2-hydroxyphosphonoacetic acid,
while the colorless precipitate is the target product NaFe[O3PCH(OH)
CO2]. The colorless precipitate is extracted with a filter of SHB-III
vacuum pump under constant rinsing with deionized water, further
dried at 120 °C for 24 h to obtain pure colourless powders.

Electrochemical measurements
The activematerialsNaFe[O3PCH(OH)CO2] areball-milledwith Super P
(weight ratio of 7.5:2.5) at a speed of 400 rpm for 12 h in planetary ball
mill (QM-3SP04). The obtainedmixture is thenmixedwith Super P and
polyvinylidene fluoride (PVDF, ARKEMA) binder that to dissolve in N-
methyl-2-pyrrolidone (NMP: Aladdin, anhydrous ≥99.5%) solution at a

weight ratio of 8:1:1, then evenly coated on the Al foil (16 μmthickness)
by automatic coating machine (MSK-AFA-IIID) at 20 °C and dried in a
vacuum oven at 100 °C for 12 h. The precision disc cutting machine
(MSK-T10) is used to cut active material coated Al foil into uniformly
sized positive electrode. The mass, diameter and thickness of the
active materials in positive electrodes are 2.7 ± 0.3mg, 14mm and
20μm. The sodium metal negative electrode covered with a remo-
vable protective film which protects the sodiummetal from oxidation
and can be removed before assembling the coin cells.

The CR2032 coin cells are assembled in an argon-filled glovebox
where the content of O2 and H2O is less than 0.1 ppm. The cells are
composed of Na negative electrode, NaFe[O3PCH(OH)CO2] positive
electrode,WatermanGF/Cglassfiber separators (16mmdiameter) and
150μl cm−2 electrolyte (1mol/L NaClO4 in a 1:1 mixture of ethylene
carbonate (EC) and dimethyl carbonate (DMC) with 5.0% FEC).
NaFe[O3PCH(OH)CO2] positive electrode is also transferred to a coin-
type cell (CR2032) using a Li metal negative electrode and 1M LiPF6 in
a 1:1 volumetric mixture of ethylene carbonate (EC) and ethyl methyl
carbonate (EMC) electrolyte. Galvanostatic discharge-charge tests are
performed at 25 ± 2 °C using LAND electrochemical testing system in
battery thermostat box (LBI-300CH). Cyclic voltammetry (CV) mea-
surements are carried out on Bio-logic VSP between 1.5 V and 4.2 V at a
scan rate of 0.5mV s−1. We conduct multiple batches of electro-
chemical performance tests on the coin cells to ensure the reliability
and reproducibility of the results.

The NaFe[O3PCH(OH)CO2] powders are cold pressed into the
sheet with a thickness of 0.062 cm and an area of 1.304 cm2 under
270MPa. Ionic conductivity of NaFe[O3PCH(OH)CO2] sheet without
any additivity and modification is determined using electrochemical
impedance spectroscopy (EIS), which is conducted over a frequency
range of 1MHz to 10Hz, with an amplitude of 10mV and 10 points per
decade at a quasi-stationary potential condition after open-circuit
voltage for 5minutes via an AUTOLAB PGSTAT302N electrochemical
workstation. In addition, the EIS of a coin cell consisting of a
NaFe[O3PCH(OH)CO2] positive, a Na negative and electrolytes is also
tested at a frequency range of 0.01–106Hz, utilizing an amplitude of
10mV and 10 points per decade. The coin cells are allowed to equili-
brate at open-circuit voltage for 5min before beginning the EIS
measurements.

Characterizations
The crystal structures of materials are examined by powder X-ray
diffraction (XRD, Bruker D8 Advance) using Cu Kα (λCu-
Kα = 1.54056 Å) radiation between 10° and 90° with a scan speed of
2° min−1. The Rietveld refinement for crystal structure is conducted
by using FullProf program22 with the Thompson–Cox–Hastings
pseudo-Voigt peak shape functions48. For in-situ XRD experiments
we have developed our own 35mm inner diameter electrochemical
cell, equipped with a Be window as a current collector, operating in
reflection geometry. The in-situ cell is charged/discharged at current
density of 12mA g−1 with a sampling interval of 30min for X-ray
collection. The morphology of the samples is investigated by scan-
ning electron microscope (SEM, FEI Verios G4). The elemental dis-
tribution is characterized by energy dispersive spectrograms (EDS).
The samples used for both the ex-situ XPS and ex-situ FTIR spec-
troscopy measurements are obtained from positive electrodes in
coin cells with different states of charge and discharge. Each coin cell
after 5 h of resting is discharged/charged to the target voltage at
current density of 12mA g−1. Subsequently, the cells are disassembled
in a glove box filled with argon (H2O ≤0.1 ppm, O2 ≤0.1 ppm) to
obtain positive electrodes. All positive electrodes are washed three
times with 1,2 dimethylethane (DME) and subsequently dried in a
vacuum at 60 °C for 12 h to eliminate any remaining solvents. These
positive electrodes are exposed to air for less than 5 s. XPS mea-
surements are conducted using an ESCALAB Xi+ X-ray photoelectron
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spectrometer (Thermo Fischer, USA) employing Al Kα X-ray radiation
(hv = 1486.6 eV). Thermo Avantage software is used for data acqui-
sition and subsequent processing. Fourier transform infrared spec-
troscopy (FTIR) measurements are performed using a Thermo
Scientific Nicolet iS20 spectrometer equipped with a diamond ATR
module. The wavelength range is 4000 to 750 cm−1 with a resolution
of 4 cm−1 and 32 scans. Thermal analyses (TG-DSC) are carried out
using a HITACHI STA200 simultaneous thermal analyzer. Samples
(10mg) are placed in a Al2O3 crucible with an identical and empty
crucible used as the reference, and heated from 25 °C to 800 °C at a
rate of 10 °C per minute in a nitrogen atmosphere.

Density functional theory calculations
The first-principles calculations are conducted within the formalismof
spin-polarization density functional theory (DFT) and the generalized
gradient approximation (GGA) of the exchange-correlation function as
formulated by Perdew, Burke, and Ernzerhof49. The valence electron
−ion interaction is treated by the projector augmented wave (PAW)
potential50 in the Vienna Ab initio Simulation Package (VASP)51,52. The
vanderWaals-augmented density functional theory (vdW-DFT) is used
to modify exchange and correlation energies53. For the organic mate-
rials, the function of DFT is limited because of the proverbially poor
ability to depict the long-range van der Waals (vdW) interaction
between the molecules54. So the empirical dispersions of Grimme
(DFT-D2) is applied to account for the long-range vdW interactions55.
The DFT+U approach has been successfully applied in systems with
strongly correlated d and f electrons. The Ueff values of 3.9 for Fe
are taken.

The wave functions are expanded in plane-wave basis set up to a
kinetic energy cutoff of 520 eV. Brillouin-zone integrations are per-
formed by using the k-point sampling of theMonkhorst-Pack scheme
with a 2 × 2 × 2 grid56. The convergence of total energy with respect to
the kinetic energy cutoff and the k-point sampling has been carefully
examined. The convergence criterion of energy and structural
relaxation are set as less than 1.0 × 10−5eV and 0.01 eV/Å, respectively.
Minimization of the total energy is realized with a full relaxation of
the atomic positions and cell parameters for each structure.

Ab initio molecular dynamics (AIMD) simulations are conducted
for a duration of 20 ps at a temperature of 473 K, utilizing an NVT
ensemble57. This NVT ensemble maintains constant values for the
number of atoms (N), volume (V), and temperature (T) within the
system. Bond lengths are measured at every time step, which is set to
0.5 fs. To control computational expenses, a G-centered k-point mesh
of 1 × 1 × 1 is employed for sampling the Brillouin zone within a 1 × 1 × 1
crystal cell.

The phonon dispersion calculations are performed by using the
Parlinski–Li–Kawazoe methodology implemented in the PHONOPY
code58, based on the Hellmann–Feynman forces calculated with the
VASP code. The force constants are determined from the
Hellmann–Feynman forces induced by the displacement of an atom in
a sufficiently large supercell (2 × 2 × 2). The phonon frequencies and
polarization vectors are then obtained by diagonalizing the dynamical
matrices. In this work, the atomic displacements are set to 0.01 Å. The
minimum energy path (MEP) for Na-ions migration is obtained from
the climbing image nudged elastic band (CINEB)59 methodwith a force
convergence tolerance of 0.01 eVÅ−1. The BVSE calculations are per-
formed using the SoftBV code60 and the visualization of isosurfaces is
carried out using VESTA software61.

Data availability
The data generated from this study are included in the Supplementary
Information/Source Data file. Source data for this study are also
available as a separate Source Data file with this paper. Source data are
provided with this paper.
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