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Sodium-ion batteries (SIBs) have emerged as promising candidates for large-scale energy storage systems
owing to the abundant and low-cost sodium resources. Among various cathode materials, Prussian blue
analogues (PBAs) show great promise due to their three-dimensional open framework and easy
synthesis process. However, critical challenges including limited electron transfer, blocked electronic
pathways between particles, excessive lattice water content, and structural instability during cycling
significantly compromise their electrochemical performance. Herein, we have developed a lead
hexacyanoferrate/carbon nanotube composite (POHCF/CNTs) through rational interface design to
improve the electrochemical performance. The PbHCF/CNTs electrode exhibits a four-electron transfer
capacity based on the redox reaction of ppo/2+ through a reversible intercalation—conversion
mechanism. This innovative configuration delivers a high initial reversible capacity of 161.8 mA h g*1 at
20 mA g~ and good cycling stability with 95.8 mA h g™ retained after 250 cycles at 100 mA g~ (64%
capacity retention), along with enhanced structural reversibility confirmed by operando XRD analysis.
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Introduction

The increasing global energy demands have heightened the
focus on developing cost-effective and high-performance
rechargeable battery systems."® Sodium-ion batteries (SIBs)
are emerging as particularly promising candidates for grid-scale
energy storage applications, owing to sodium's natural abun-
dance and significantly lower material costs compared to
lithium counterparts.*” Substantial research efforts have been
directed toward developing advanced cathode materials
through structural engineering and interface optimization
strategies, with particular emphasis on layered transition metal
oxides, polyanionic compounds, organic compounds, and
Prussian blue analogues (PBAs).*** Among these, PBAs
demonstrate exceptional potential due to their unique open
framework structure, facile synthesis process, and tunable
redox chemistry.””"” However, the limited electron transfer,
high crystalline water and vacancy content in PBAs result in low
capacity and poor cycling stability, impeding their widespread
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application in SIBs.'®*° Therefore, it is crucial to develop high-
capacity PBA cathode materials with long lifespan for the next
generation of SIBs.

The typical chemical formula of PBAs is A,  M[Fe(CN)g];_q
yOy-nH,0, (A = Na, K, M = transition metal ions such as Fe, Co,
Ni, Cu, Zn, etc., [1 = Fe(CN)s vacancies usually occupied by
H,0, 0 <x <2, 0 <y < 1).>* Based on the structure of the two
redox-active sites, M**/M*" and Fe*'/Fe’*, the PBAs predomi-
nantly involve single-electron transfer (M = Cu, Co, Zn, etc.) and
double-electron transfer (M = Mn, Fe, Cr, etc.), with respective
theoretical capacities of approximately 85 mA h g™ ' and
170 mA h g '.>*?® Recent studies have shown that Na, ,,-
MnFe(CN), exhibits a specific capacity of 134 mA h g ' at
a current density of 0.05C as a cathode for SIBs, demonstrating
good rate performance.” Nevertheless, challenges such as
electron-connecting channel between blockages poor electron
conductivity, structural instability, electrolyte side reactions,
and low capacities have impeded the widespread utilization of
PBAs in SIBs.***' To overcome these obstacles, extensive
research has focused on the structural optimization of PBAs,
carbon composites, and the enhancement of metal ions bound
to N atoms within the -C=N- group, aiming to enhance Na-
storage capacity and electrochemical performance.**¢
However, these approaches remain constrained by the intrinsic
two-electron transfer limitation of conventional transition
metal redox centers.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Herein, we report a breakthrough in multi-electron redox
chemistry enabled by a lead-based hexacyanoferrate (Pb,-
Fe(CN)s, PbHCF) synthesized via a scalable co-precipitation
approach. The material features a three-dimensional open
framework with exceptional reversible Na-storage capabilities.
To further enhance electrochemical performance, a composite
cathode material (PbHCF/CNTs) was engineered by integrating
the PbHCF framework with carbon nanotubes (CNTs), thereby
constructing an uninterrupted conductive network. The unique
hierarchical structure of this Pb-based ferrocyanide not only
facilitates efficient Na" migration and diffusion but also effec-
tively accommodates substantial volume variations during
cycling. Electrochemical characterization revealed that the
PbHCF/CNTs composite achieves an enhanced sodium-storage
capacity via a four-electron transfer mechanism centered on the
Pb>*/Pb° redox couple. The composite demonstrates superior
specific capacity retention (95.8 mA h g~ after 250 cycles at
100 mA g~ ', corresponding to 85% capacity retention), cycling
stability, and rate capability compared to pristine PbHCF.
Mechanistic investigations employing multimodal character-
ization techniques (operando XRD, in situ FTIR, and ex situ XPS)
confirmed that the in situ generation of metallic lead (Pb°)
during discharge significantly improves electron transport
kinetics while promoting Na" diffusion. Furthermore, a full-cell
configuration using hard carbon as the anode (HC|PbHCF/
CNTs) demonstrated promising practical performance, high-
lighting its potential for energy storage applications. This
innovative multi-electron redox strategy with synergistic inter-
calation-conversion reaction mechanism provides a generaliz-
able design paradigm that could be extended to other
ferrocyanide-based coordination materials for advanced elec-
trochemical energy storage systems.

Results and discussion

PbHCF nanoparticles with a three-dimensional layer network
structure were synthesized using a facile co-precipitation
method. To address the inherent conductivity limitations, we
strategically integrated carbon nanotubes (CNTs) during the
nucleation stage of PbHCF, forming PbHCF/CNTs composites.
This strategic integration enabled the establishment of
a continuous conductive pathway throughout the hybrid matrix
while maintaining structural integrity. The crystallographic
properties of both pristine PboHCF and PbHCF/CNTs compos-
ites were systematically investigated using X-ray diffraction
(XRD). Rietveld refinement analysis of the PbHCF/CNTs XRD
pattern, as shown in Fig. 1a, confirmed the preservation of the
orthorhombic phase with Cmcm space group (PDF#48-0225),
demonstrating high crystallinity.®” The refined unit cell
parameters for PbHCF are shown in Table S1,T specifically, a =
7.163998 A, b = 7.163998 A, ¢ = 5.431422 A, a = v = 90°, 8 =
120°, and V= 241.41 A%, Characteristic diffraction peaks at 14.3°
(100), 16.3° (001), 21.7° (101), 24.9° (110), 29.9° (111), and 33.3°
(201) remained consistent between the PbHCF/CNTs composite
and pristine PbHCF (Fig. S17), indicating that CNT incorpora-
tion did not compromise the intrinsic three-dimensional
network architecture.*®** Fig. 1b illustrates the fundamental
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building blocks of the PbHCF framework, comprising PbNg
polyhedra and FeCg4 octahedra interconnected through cyanide
(C=N) bridges. High-resolution transmission electron micros-
copy (HRTEM) analysis (Fig. 1c) revealed interplanar spacings of
0.298 nm and 0.615 nm, corresponding to the (111) and (100)
crystallographic planes, respectively. The measured interfacial
angle of 44.2° between these planes aligns well with theoretical
values for the orthorhombic system in the XRD patterns of
PbHCF/CNTs (Fig. 1a). To elucidate the enhanced conductivity
mechanism, we performed first-principles calculations on the
electronic structures of both materials. As shown in Fig. 1d,
pristine PbHCF exhibits semiconducting behavior with a direct
bandgap of 2.97 eV from the density of state (DOS) calculations.
Remarkably, CNTs integration substantially reduced this
bandgap to 0.93 eV (Fig. S27), suggesting improved charge
carrier mobility. This theoretical prediction was experimentally
validated by two-terminal device measurements (Fig. S371),
revealing a sixfold enhancement in conductivity from 0.23 S
m™~" for PbHCF to 1.41 S m~" for the PbHCF/CNTSs composite.
The synergistic combination of CNT-mediated electron trans-
port and preserved crystalline framework accounts for this
significant conductivity improvement.

The spectral characteristics of PbHCF/CNTs were analyzed
using Raman and Fourier-transform infrared (FTIR) tech-
niques. Raman spectra in Fig. 2a displayed characteristic
vibrations at 186 cm ™" (v (Fe-C)), 2159 cm ™' (C=N stretching),
and 2050 cm ™' (Fe-CN-Fe), with a distinct Pb-N coordination
peak at 400 cm™*. The emergence of D-band (1348 cm™ ') and G-
band (1588 cm™') signatures confirmed CNTs incorporation
and interfacial interactions with the PbHCF matrix.** FTIR
analysis (Fig. 2b) further validated structural preservation,
showing a strong absorption peak at 2028 cm™" in PbHCF/CNTs
associated with C=N, and characteristic absorption peaks at
594 cm™ ' and 425 cm™* attributed to Fe-C and Pb-N bonds,
respectively.” The vibrational modes of PbHCF/CNTs were
found to be identical to those of PbHCF, indicating that the
incorporation of CNTs did not alter the structural composition
of PbHCF. Pristine PbHCF exhibited distinct O-H stretching
vibrations at 1618 cm ™" and 3620 cm ™", indicating the presence
of crystal water in the metal-organic framework. Remarkably,
these hydration signatures disappeared in the PbHCF/CNTSs
composite, suggesting that CNT incorporation -effectively
suppresses lattice vacancy formation and enhances structural
stability. This observation was also corroborated by thermog-
ravimetric analysis (TGA). As shown in the TGA (Fig. S47),
PbHCF has almost no weight loss before 100 °C and a weight
loss of 3.7% before 200 °C, which may be related to the loss of
intercalated water. The weight drops significantly from 200 °C
to 354 °C, which is due to the loss of coordination water.
Notably, the total water content (8.0%) in PbHCF was substan-
tially lower than typical PBAs, and complete hydration elimi-
nation occurred upon CNT integration. The calculated CNT
mass loading in the PbHCF/CNTs reached 12.8%, consistent
with the improved structural integrity observed in XRD
patterns.

The chemical composition and surface electronic states of

PbHCF/CNTs were further investigated using X-ray
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Fig.1 (a) Structural refinement of XRD patterns of PoHCF/CNTSs; (b) crystal structure of PoHCF consisting of layer structure with PbNg (blue) and
FeCe (orange) polyhedra; (c) HRTEM image of PbHCF/CNTs; and (d) DOS of PbHCF.
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Fig. 2 (a) Raman and (b) FTIR spectra of KHCF, PbHCF, and PbHCF/CNTs; (c) Pb 4f XPS spectra of the PoOHCF/CNTs; (d) diagram of the
coordination structure and bond length of POHCF; (e) the 2D electrons density mapping of PbHCF and KHCEF; (f) SEM, (g) HRTEM images and (h)
elemental mappings of POHCF/CNTs.
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photoelectron spectroscopy (XPS). The survey spectrum in
Fig. S57 confirmed the presence of Pb, Fe, C and N elements. We
can find four different peaks in the high-resolution XPS spec-
trum of Pb 4f in Fig. 2c. It is clear that the two main peaks at
138.65 eV and 143.5 eV are attributed to Pb" 4f,,, and Pb™ 4f;,,
respectively. In addition, there is a weak double peak at 140.1 eV
and 145.2 eV for Pb" 4f,, and Pb" 4f;),, suggesting surface
oxidation during synthesis. Fe 2p XPS spectra with diffraction
peaks at 708.75 eV and 721.55 eV was also observed in Fig. S5b, T
which can be attributed to Fe 2p,,, and Fe 2p;/,, respectively.
Analysis of the C Is peaks (Fig. S5ct) at 284.45 eV, 285.25 eV,
286.15 €V, and 290.45 eV revealed the presence of C-C, C-N,
C=N, and C-F bonds in the PbHCF/CNTs samples, confirming
the presence of CNTs. Furthermore, the XPS N 1s spectra
(Fig. S5d1) showed peaks corresponding to C-N at 397.85 eV
and C=N at 400.1 eV, indicating the presence of cyano ligand N
in the samples.** As shown in Fig. 2d, upon coordination with
ferrocyanide, PbHCF exhibits shortened C-N (1.1848 A) and Fe-
C (1.8690 A) bond lengths compared to that of the pristine
KHCF (Fig. S6%), thereby enhancing the structural stability.
Density functional theory (DFT) calculations (Fig. 2e) revealed
enhanced electron delocalization through Pb-mediated charge
redistribution, effectively lowering activation energy for redox
processes. This unique PbHCF structure facilitates the
exchange of effective electrons, leading to highly reversible
redox reactions and ultimately contributing to enhanced elec-
trochemical performance.

The morphology and structure of PbHCF/CNTs and PbHCF
samples were studied by Scanning electron microscopy (SEM)
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and TEM. The PbHCF/CNTs have a size of about 700 nm (Fig. 2f
and S77), which is evenly distributed and larger than PbHCF
(~500 nm, Fig. S8t). This was due to the incorporation of CNTs,
which resulted in improved crystallinity and size uniformity,
consistent with XRD results (Fig. 1a and S1%). Further examina-
tion of Fig. 2g and S91 showed that PbHCF/CNTs were mono-
dispersed in the CNTs network, forming a chain-like architecture
through CNT-guided heteroepitaxial growth. This unique
microstructure is caused by nucleation and growth of PbHCF
heterosites in carbon nanotubes during synthesis. The strong
adhesion of PbHCF to CNTs promoted the electronic contact
between PbHCF and CNTs and established a continuous
conductive network. Elemental mapping (Fig. 2h) confirmed
homogeneous spatial distribution of Pb, Fe, C, and N throughout
the composite, validating the successful construction of three-
dimensional conductive frameworks. The energy dispersive X-
ray spectroscopy data presented in Fig. S107 and the results
from inductive coupled plasma-optical emission spectrometry
(ICP-OES) in Table S2t confirm the alignment of the chemical
composition with the structural formula. This hierarchical
architecture of PbHCF/CNTs accounts for the enhanced charge
transfer kinetics observed in electrochemical testing.

The electrochemical properties of PbHCF/CNTs and pristine
PbHCF electrodes were systematically investigated within the
voltage range of 1.1-3.8 V through cyclic voltammetry (CV),
galvanostatic charge-discharge (GCD), and electrochemical
impedance spectroscopy (EIS). As illustrated in Fig. 3, the
PbHCF/CNTs composite demonstrates significantly enhanced
electrochemical performance compared to PbHCF, validating
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Fig.3 (a) CV curves of PbHCF/CNTsat 0.1 mV s~ (b) charge/discharge curves of PbHCF/CNTs at 20 mA g~%; (c) EIS curves of both PbHCF/CNTs
and PbHCF; (d) cycling performance at 100 mA g~ of PbHCF/CNTs in SIBs.
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the synergistic effect induced by CNT incorporation. In the CV
analysis (Fig. 3a), PbHCF/CNTs exhibits highly reversible redox
behavior, as evidenced by the near-overlapping curves after the
initial cycle. The slight deviation observed in the first cycle is
attributed to electrolyte reduction and subsequent solid elec-
trolyte interphase (SEI) layer formation. Two distinct cathodic
peaks at 2.59 V and 3.46 V correspond to a two-step sodium
storage mechanism involving the reduction of Pb** to Pb°,
accompanied by Na,Fe(CN)s generation.** Conversely, the
anodic scan reveals two oxidation peaks at 1.35 V and 3.36 V,
confirming the reversible nature of these redox transitions. The
GCD profiles of PbHCF/CNTs depicted in Fig. 3b exhibit two
distinct discharge plateaus consistent with the CV results. The
higher overpotential exhibited by the PbHCF/CNTs electrode in
the initial cycle is likely due to the formation of SEI film and
electrochemical activation. Notably, PbHCF/CNTs demon-
strates enhanced cycling stability and lower polarization during
the initial three cycles compared to PbHCF (Fig. S11f). The
composite's exceptional rate capability is further demonstrated
across current densities of 20-500 mA g~ (Fig. S121), delivering
reversible capacities of 161.8, 142.7, 120.6, 95.4, and
54.3 mA h g~ ' respectively. Remarkably, 97% of the initial
capacity (156.3 mA h g ') is recovered when returning to
20 mA g ', indicating excellent structural stability. When
compared to other PBA-based electrodes as shown in Table S3,f
the PbHCF/CNTs cathode demonstrates superior electron
transfer and a higher initial reversible capacity.

EIS analysis (Fig. 3c) reveals that PbHCF/CNTs possesses
significantly lower charge-transfer resistance (144.7 Q) than
PbHCF (269.8 Q), accounting for its enhanced rate performance.
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Long-term cycling tests at 100 mA g ' (Fig. 3d) demonstrate
a gradual capacity decline from 150.2 to 95.8 mA h g~ " over 250
cycles, corresponding to 64% capacity retention. GITT analysis
(Fig. S131) reveals stable Na* diffusion coefficients (10 '°-10""*
cm? s~ 1) during (de)intercalation processes, suggesting efficient
ion transport kinetics. This enhanced ionic mobility originates
from the three-dimensional conductive network formed by CNTs
interwoven with PbHCF particles. The interconnected architec-
ture establishes electron-rich pathways that facilitate direct
electron transfer to active sites while providing structural rein-
forcement, as supported by previous reports.*®* The Na" kinetic
behavior of PbHCF/CNTs was also investigated using CV curves
at different scanning rates (Fig. S14t). As the scanning rate
increases, the shapes of the CV curves are almost the same.
However, the cathode peak moves towards a higher value, while
the anode peak moves negatively, which is caused by polariza-
tion. It indicates that the charge storage process of PbHCF/CNTs
electrode is controlled by Faraday intercalation. While, as the
scanning rate increases, the capacitive effect gradually takes the
lead, indicating that PbHCF/CNTs can promote rapid charge
transfer and enhance the diffusion ability of Na', thereby
ensuring good rate performance for Na-storage.

The electrochemical reaction mechanism and structural
evolution of PbHCF/CNTs electrodes were comprehensively
elucidated through a multiscale characterization strategy inte-
grating operando XRD, in situ FTIR, and ex situ XPS analyses.
Operando XRD (Fig. 4a and b) captures the dynamic crystallo-
graphic phase transitions during the initial cycle. As the
discharge proceeds, the diffraction peaks associated with
PbHCF are gradually diminishing. At 1/4 of the discharge
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Fig. 4 (a) Charge/discharge curves of PbHCF/CNTs at 20 mA g~%; (b) operando XRD results of PbHCF/CNTs during the first cycle; (c) schematic
diagram of redox mechanism of PbHCF/CNTs cathode materials; (d) in situ FTIR contour map of PbHCF/CNTs during the first cycle; (e)

schematic diagram of energy changes during discharging processes.
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capacity (Dis. —1.4 V), the electrode retains the PbHCF struc-
ture, with a Na/Pb elemental ratio of approximately 1:2
(Fig. S15). When discharged to 1.3 V (Dis. —1.3 V), a HRTEM
image (Fig. S16at) revealed a crystal plane with a spacing of
0.28 nm, likely corresponding to the (111) crystal plane of the
Na,PbHCEF structure, which is a slightly smaller than that of the
PbHCF, consisting with the XRD results in Fig. S17.f Upon
discharging to 1.1 V (Dis. —1.1 V), the completely disappearance
of characteristic PbHCF diffraction peaks (e.g., 17.8° (200))
coincides with the emergence of a new broad Bragg reflection at
31.2° (JCPDS 04-0686), unequivocally confirming metallic Pb
formation. However, there is no obvious lattice patterns were
observed in the HRTEM image (Fig. S16bf), which can be
attributed to the poor crystallinity of the discharge product.
Notably, the full restoration of pristine XRD patterns at 3.8 V
charging state demonstrates exceptional structural reversibility.
As schematically illustrated in Fig. 4c, the Na-storage process
proceeds via two sequential stages: (1) initial Na* insertion into
PbHCF vacancies with minimal structural distortion via inter-
calation process, generating intermediate phases NaPb,Fe(CN),
and Na,Pb,Fe(CN)s; (2) subsequent conversion reaction
yielding Na,Fe(CN)s and Pb. The whole charge-discharge
process involves a four-electron transfer electrochemical reac-
tion, which has high reversibility and structural integrity.
Furthermore, XRD peaks in Fig. S187 indicate minimal changes
and good crystallinity of the PbHCF electrode after 100 cycles,
demonstrating its structural stability. This indicates that the
three-dimensional network structure of PbHCF/CNTs electrode
material can effectively adapt to the volume changes and ensure
robust structural integrity throughout the cycle.
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To probe the ligand coordination dynamics, in situ FTIR
(Fig. 4d) tracks the evolution of the Fe-C=N-Pb stretching
vibration at 2065 cm ‘. The gradual blueshift of this peak
during discharging reflects the weakening of Pb** coordination,
while its reversible restoration upon charging corroborates the
redox reversibility. Complementarily, ex situ XPS (Fig. S197)
confirms the Pb**/Pb’ redox couple participates in electron
transfer, whereas Fe centers remain redox-inactive throughout
cycling, aligning with the proposed mechanism. The sodium
storage mechanism of Pb,Fe(CN), was further verified by ex situ
XPS analysis. The valence state of Pb changes from Pb** to Pb°
during discharge and returns to oxidation state during
charging, which further verifies the four-electron transfer
mechanism of Pb,Fe(CN)e.* It is worth noting that the valence
state of Fe (Fig. S19b}) remains unchanged throughout the
charge and discharge process. First-principles calculations
further rationalize the energy landscape, as shown in Fig. 4e.
PbHCF undergoes sequential two-electron reduction to form
intermediate HCF, followed by Na' intercalation into the
Fe(CN)e framework to stabilize Na,HCF. The progressively
decreasing binding energy along this pathway thermodynami-
cally favors the four-electron reaction sequence.

In order to demonstrate the practical application of PbHCF,
full cells were assembled with PbHCF/CNTs as the cathode and
pre-sodiated hard carbon (HC) as the anode (HC|[PbHCF/CNTs,
Fig. 5a). During discharge, Na" ions are released from the HC
anode and migrate to the cathode, driving the sequential
conversion of PbHCF to Na,Fe(CN)s and metallic Pb via the
established four-electron mechanism. Reverse ion transport
during charging regenerates the original phases, confirming the
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(a) Schematic diagram of HC||PbHCF/CNTSs full cell; (b) charge/discharge curves of Na||HC and Na||PbHCF/CNTs half cells; (c) charge/

discharge curves of HC||PbHCF/CNTs full cell for the first three cycles at 20 mA g% (d) soft pack batteries light up “PbHC" LEDs.
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system's intrinsic reversibility. The complementary charge/
discharge profiles of individual HC and PbHCF/CNTs half-cells
(Fig. 5b) exhibit compatible operating potentials (0.01-1.0 V vs.
Na'/Na for HC; 1.5-3.8 V vs. Na'/Na for PbHCF/CNTS), ensuring
effective full-cell operation within 0.9-3.8 V. At 20 mA g, the full
cell delivers initial discharge/charge capacities of 122.3/
114.5 mA h g~ ! (Fig. 5¢c), corresponding to an initial coulombic
efficiency of 93.6%. The near-overlap of voltage profiles across
three consecutive cycles underscores exceptional reaction
reversibility. The energy density of this system based on the
PbHCF/CNTs cathode and HC anode active material is calculated
to be approximately 117.5 Wh kg™ * (based on the active materials
of the anode and cathode), surpassing the values of most reported
PBA-based full cells.®'* Long cycling (Fig. S207) reveals capacity
stabilization at 78.7 mA h g ' after 50 cycles with coulombic
efficiency approaching 100%, indicative of stable interfacial
kinetics. Notably, a laboratory-scale HC||PbHCF/CNTs pouch cell
(Fig. 5d) successfully illuminated an LED display labeled “PbHC”,
providing tangible evidence of the system's energy delivery
capability. This practical demonstration, combined with the
benign cost structure of PBAs, positions PbHCF/CNTs as a viable
cathode candidate for scalable SIB technologies.

Conclusions

In conclusion, a new cathode material (PbHCF/CNTs) with
significant potential for SIBs was synthesized using a straightfor-
ward co-precipitation method. The unique architecture syner-
gistically integrates multi-electron redox chemistry with
nanoscale conductive networks, where the Pb*"/Pb° redox couple
enable a four-electron transfer mechanism while the CNT matrix
ensures rapid charge transport and strain accommodation. This
configuration delivers exceptional electrochemical performance,
including a record-high initial capacity of 161.8 mA h g™*
(20 mA g~") among Prussian blue analogues (PBAs), a good rate
capability (54.3 mA h g™' at 500 mA g '), and 64% capacity
retention after 250 cycles. Operando XRD and in situ FTIR analyses
confirm the structural reversibility through continuous PbHCF
< Na,Fe(CN), phase transitions and stable ligand coordination
during cycling. Practical viability is further evidenced by full-cell
configurations (HC||PbHCF/CNTs) achieving 114.5 mA h g*
cathode capacity and successful powering LED demonstrations.
Our findings establish a new paradigm for PBA-based cathodes,
highlighting the critical roles of multi-electron transfer reactions
and conductive nanostructure in overcoming the capacity—
stability trade-off.
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