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Defect-free-induced Na+ disordering in electrode materials 
Jian Peng,a,b ‡ Mingyang Ou,a, ‡ Haocong Yi,a, ‡ Xueping Sun,a, ‡ Yuanpeng Zhang,c, 
‡ Bao Zhang,d Yu Ding,e Feng Wang, e Songqi Gu,f Carlos Alberto López,g Wang 
Zhang,a Yi Liu,a Ju Fang,h Peng Wei,a Yuyu Li,a Ling Miao,d Jianjun Jiang,d Chun 
Fang,a Qing Li,a María Teresa Fernández-Díaz,i José Antonio Alonso,j Shulei 
Chou,b and Jiantao Hana,*

For reaching a high-performance of electrode materials, it is generally believed that understanding the structure evolution 
and heterogeneous alignment effect is the key. Presently, a very simple and universal applicable self-healing method is 
investigated to prepare defect-free Prussian blue analogs (PBAs) that reach their theoretical capacity as cathode materials 
for sodium-ion batteries (SIBs). To direct imaging the local structure and dynamic process at the atomic scale, we deliver a 
fast ion-conductive nickel-based PBA that enables rapid Na+ extraction/insertion within 3 minutes and capacity retention 
nearly 100% over 4000 cycles. This guest-ion disordered and quasi-zero-strain nonequilibrium solid-solution reaction 
mechanism provides an effective guarantee for realizing long-cycle life and high-rate capability electrode materials that 
operate via reversible two-phase transition reaction. Unconventional materials and mechanisms that enable reversible 
insertion/extraction of ions in low-cost Metal-organic frameworks (MOFs) within minutes have implications for fast-charging 
devices, grid-scale energy storage applications, materials discovery, and tailored modification.

Introduction
The increased consumption of fossil fuels and the intermittent 
nature of renewable energy resources energy requires low-cost 
and long-life energy storage systems for grid-connected 
stationary systems.1-4 Recently, SIBs have attracted special 
attention in the scientific and industrial fields as alternatives to 
lithium-ion batteries (LIBs) because of the virtually 
inexhaustible and ubiquitous nature of sodium resources. The 
major challenge of SIBs is to find new cathode materials with a 
higher specific capacity and longer lifespan. Recent studies on 
cathode materials for SIBs have given performances 
comparable to their LIB counterparts.5-8 High-performance 
cathode materials for SIBs should have an efficient sodium-ion 
insertion/extration processes because of the larger size of the 
Na+ (2.04 Å) versus Li+ ions (1.52 Å).9-11 To date, much effort has 
been spent on material thermodynamic characteristics, but less 
on kinetic processes due to the difficulties to capture the 
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Broader context

Renewable energy has attracted much attention due to increasing concerns about the sustainability of fossil fuels and environmental issues. Developing 
sustainable and friendly ESSs is a great challenge in the 21st century. Lithium-ion batteries (LIBs) have replaced traditional energy storage devices 
especially in portable electronic devices and electric vehicles. However, the large-scale renewable energy requires a low-cost and high-safety energy 
storage systems, and the increasing demands for lithium have brought about rising cost of lithium resources. Recently, SIBs have been paid significant 
attention as a promising candidate for large-scale ESSs due to the abundance and low cost of sodium resources. The application of the new synthesis 
method has prepared new materials, and the defect chemistry of electrode materials has been deeply understood for the first time, which opens up a 
new route for the design of electrode materials.
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metastable and intermediate phases during electrochemical 
cycling.7, 12, 13

More than 20,000 metal-organic frameworks (MOFs) with 
different constituents, sizes, geometries, and functionalities 
have been reported and applied in various fields such as 
catalysis, energy storage, and medicine.14 MOFs are made by 
linking organic and inorganic units through strong bonds with a 
large pore aperture even up to 98 Å, which makes them become 
desirable candidates as host materials for rechargeable battery 
systems.15-18 Prussian blue analogs (PBAs, NaxM1[M2(CN)6]1-yy 
nH2O, M1/M2 = Fe, Co, Ni, Mn etc.;  represents a vacancy) are 
a large family of low-cost transition-metal hexacyanoferrate 
MOFs with strong structural stability, open 3D structure, and 
abundant redox-active sites that have been widely studied as 
electrode materials for both aqueous and nonaqueous SIBs.19-24 
PBAs are typically divided into the one-electron transfer type 
(M1 = Zn, Ni and M2 = Fe, Co, Mn) and two-electron transfer type 
(M1/M2 = Mn, Fe, Co). Thus, PBAs could reach a one/two-
electron redox capacity corresponding to an approximate 
theoretical capacity of 85 and 170 mAh g−1, respectively.25-28 
Due to their high average voltage and specific capacity ( 450 
Wh kg-1), two-electron transfer type PBAs are competitive 
candidates to the level of LiFePO4 for high energy density 
applications. While one-electron transfer type PBAs are 
desirable choices for long lifespan and fast-charging devices due 
to their negligible structure distortion and stability with the 
electrolytes.29-31

Goodenough and co-workers recently demonstrated that 
Na2Fe[Fe(CN)6] could deliver a considerably high capacity of 
~160 mAh g−1 with an average potential of 3.10 V32. Cui25 
reported that Na2Mn[Mn(CN)6] has a highly reversible specific 
capacity of 209 mAh g−1 with an average potential of ~3.5 V 

corresponding to 730 Wh kg−1, exceeding those of olivine 
LiFePO4 (530 Wh kg−1) and spinel LiMn2O4 (430 Wh kg−1) used in 
commercial LIBs. These metrics make SIBs a promising 
alternative to LIB counterparts.25, 33 However, most PBAs suffer 
from low capacity and short lifespan due to the adverse effects 
caused by [Fe(CN)6]3-/4- vacancies and heterogeneous molecules 
in the lattice (e.g., coordinated water). These issues severely 
deteriorate the electrochemical properties of PBAs.34-36 The 
adverse effects of the defects and heterogeneous molecules are 
threefold: 1) An increasing number of [Fe(CN)6]3-/4- vacancies 
would bring more heterogeneous molecules and decrease 
active Fe2+/3+ redox sites, resulting in fewer sites to host Na+ and 
poor capacity.32, 34, 37, 38 2) The coordinated H2O molecule could 
dissolve into the electrolyte, causing the deterioration of 
organic solvent and even producing safety hazards. In addition, 
the crystallization water may impede Na+ transport into the 
lattice occupying the interstitial space of PBAs.37, 39 3) The 
crystal structure may become unstable, fragile, and even 
collapse during the charge/discharge process due to the 
randomly distributed vacancies breaking the connection of M1-
CN-M2 bonds and forming a defective and distorted framework. 
Furthermore, the electronic conduction along M1-CN-M2 could 
be interrupted by the presence of [Fe(CN)6]3-/4- vacancies, 
resulting in an increased Ohmic polarization and blockage of 
ions during the Na+ insertion/desertion process.33, 40 Thus, it is 
necessary to understand the heterogeneous molecular 
chemistry in PBAs at the atomic scale to efficiently tackle poor 
electrochemical properties and side reactions.
Here, using a self-healing method, we first prepared defect-free 
PBA frameworks with a highly ordered M1-CN-M2 structure. The 
PBAs exhibit excellent cycling and rate performance via Na+ ion 
disordering with a quasi-zero-strain nonequilibrium two-phase 

Fig. 1 | Structure analysis of SC-NiHCF. a, Neutron diffraction (ND) refinement pattern. b, Pair distribution function fitting. c, Ni K-edge XANES spectra of the as-
prepared samples, and Ni foil and NiO references. d, e, Crystal structure of SC-NiHCF; FeIII is gold, NiIII is silver, O is red, and Na is blue. f, Fourier transform of 
EXAFS spectra at Ni K-edge with k3-weight for the as-prepared samples.
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transition mechanism. We investigate both the origin of the 
quasi-solid-solution behavior and the structure-property 
relationships in the PBA family, especially the heterogeneous 
molecular characteristics using neutron powder diffraction 
(NPD), pair- distribution function (PDF), and extended X-ray 
absorption fine structure (EXAFS) techniques. We further 
investigate the sodiation mechanism and the effect of 
heterogeneous molecules based on multi-cycle in-situ X-ray 
diffraction (XRD), thermodynamic analysis, and density 
functional theory (DFT) calculation. A two-phase transition 
quasi-solid-solution sodiation mechanism and the side-effect of 
heterogeneous molecules are demonstrated. As a result, the 
single-electron-type PBAs reach their theoretical capacity 
alongside excellent rate performance and cycling stability of 
~93.3% capacity retention over 4000 cycles at 5 C. These results 
lay the foundation for the development of MOF-based SIBs in 
the grid-scale energy storage field. 

Results and discussion
Structural characterization of Ni-based Prussian blue analogs

In many materials, the crystal structure is dynamically 
disordered with cations free to rotate because electric fields 
screening of the cations are much more effective when they are 
free to rotate. This is consistent with our results showing that 
the nickel-based PBAs exhibit geometric distortion and a 
disorder phenomenon41. A stronger atomic interaction of MOF 
can potentially accommodate strain and stress and stabilize the 
configuration during the insertion and extraction of Na+. 
Meanwhile, polyhedron distortion could adjust electronic 
tunneling among neighboring orbitals and facilitate the transfer 
of electrons. MOFs exhibit low electrochemical polarization as 
ionic and electronic conductors. The neutron diffraction 
patterns of the SC-NiHCF (SC stands for second crystallization) 
samples were refined with FullProf software to characterize 
their crystal structure and heterogeneous molecules42. Fig. 1a 
presents the neutron powder diffraction pattern and Rietveld 
refinement. The refined structure model is shown in 
supplementary Fig. 4. The results show that the SC-NiHCF 
structure is the monoclinic phase can be described within the P 
21/n space group (a = 10.3043(5) Å, b = 7.4024(3) Å, c = 
7.1707(3)Å, β = 92.5010(5)°).43 The transition metal ions, Ni and 
Fe, are located at the 2a (0, 0, 0) and 2d (0, 0.5, 0.5) 
crystallographic positions, respectively. The atomic 
coordinates, site occupancies, and lattice parameters are 
shown in Table S1, and the number of non-coordinated water 
molecules has been estimated based on the refined number of 
oxygen atoms. The water molecules (or their oxygen atoms) are 
likely to be statistically positioned at (¼, ¼, ¼) and (¼, ¼, ¾). The 
results suggest a lack of H-bond interactions that would stabilize 
or ignore H atoms due to a lack of lone electron pairs close to 
the hydrogen atoms in the structure; the H2O molecules are 
located close to Na atoms and form a square plane shape.
The stoichiometry refined from the NPD data agrees with the 
experimental values from the combination of thermo-
gravimetric measurements and ICP-OES results (Table S3). The 

monoclinic SC-NiHCF shows higher Na+ content, lower amount 
of [Fe(CN)6]3-/4- defects and, crystal water molecules compared 
with the cubic CP-NiHCF. The local structure is illustrated in Fig. 
1d and e. Owing to the superior accommodation of Na+, the 
angles of Ni-N-C and N-C-Fe distorted from the typical 180 
to 172.6 and 166.2, respectively. 
The TGA (Supplementary Fig. 3b) shows that the weight loss of 
SC-NiHCF is 9.8% from room temperature to 300C, which is 
lower than that of the nickel-based PBAs prepared via the 
typical method41, 44. The weight loss could be assigned to the 
adsorbed water and interstitial water in the [Fe(CN)6]3-/4- 
vacancies. This further suggests that SC-NiHCF has a perfect 
crystal structure with fewer vacancies. 
Supplementary Fig. 3a shows that the diffraction peaks of (220), 
(420), and (440) obviously split because of the decreased 
symmetry and the enlarged elementary cell caused by the 
increased number of Na+ per formula unit. As shown, the peaks 
of both HQ-NiHCF (HQ stands for high-quality) and SC-NiHCF are 
very strong and sharp due to the lower amount of [Fe(CN)6]3-/4- 
defects (Supplementary Fig. 4). There are also revealed by NPD 
and PDF as supplementary Fig. 5 shown. Both neutron 
diffraction and PDF patterns of SC-NiHCF are more pronounced, 
indicating less [Fe(CN)6]3-/4- defects in SC-NiHCF. The chemical 
formulas of the SC-NiHCF prepared by the new self-healing 
method are identified by three independent methods.  
Supplementary Table 2 shows the chemical formulas: i.e., 
Na1.64Ni[Fe(CN)6]0.92*1.83 H2O (by ICP-OES and TGA), and 
Na1.48Ni[Fe(CN)6]0.97*1.52 H2O (ND). These data suggest that the 
average amount of the [Fe(CN)6]3-/4- defects are quite low, ~3% 
versus ~26% of the typical co-precipitation method. Even PBAs 
prepared by a chelating agent/surfactant-co-assisted 
crystallization method still have 13% defects (Supplementary 
Table 4). 
The super-low crystal defect degree of SC-NiHCF may guarantee 
the effective maintenance of the crystal structure integrity 
during the Na+ insertion/extraction process during the 
cycling.41, 45 Here, the presence of sufficient amounts of 
[Fe(CN)6]3-/4- ions and the high-temperature hydrothermal 
process could play significant roles in the kinetic process of 
crystal growth and self-healing. The hydrothermal reaction 
offers active energy to the [Fe(CN)6]3-/4- ions in the solution to 
occupy the vacancies in the crystal lattice of PBAs and obtain 
well-crystallized samples with hierarchically broad 
nanoparticles. 
Supplementary Fig. 3c shows the Fourier transform infrared (FT-
IR) spectra of the three samples with typical features of PBAs. 
There are broad bands located at ~2090 cm−1 together with the 
Raman peaks at ~2093 and 2127 cm−1 attributed to the CN 
group bonding with the Ni and Fe ions. The peaks located at 
~1620 and 3550 cm−1 are due to the H-O-H and O-H bending 
modes of water molecules.37, 46 Remarkably, the defect-
suppressed SC-NiHCF reveals smaller peaks at ~3500 cm−1 
versus the defect-rich CP-NiHCF (CP stands for co-precipitation), 
which further confirms the above ND, and TGA results indicating 
fewer zeolitic and ligand water molecules occupying the crystal 
framework of SC-NiHCF PBAs. 
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PDF pattern was fitted using RMCProfile based on reverse 
Monte Carlo (RMC) algorithm. Fig. 1b shows the PDF pattern  
(with RMC fit also presented in supplementary Fig 6-8): The first 
peak lies at ~1.1 Å and corresponds to C-N bonding. The second 
peak at 2 Å corresponds to Fe-C and Ni-N bonding. The third 
peak at 2.7 Å is O-related bonding (O-C, O-N, O-Na), and the 
fourth peak at about 3.15 Å is mainly due to Fe-N and Ni-C 
bonding. The fifth peak at 3.7 Å is related to Fe-O, Ni-O, C-N, N-
Na, and C-Na bonding (Supplementary Fig. 11). The 
protuberance at about 4.32 Å implies a broad peak 
corresponding to Na-Ni and Na-Fe bonding. This suggests a huge 
displacement value for Na+, which further has been confirmed 
by Reitveld-like small box fitting using PDFgui program. 
Supplementary Fig.10 and supplementary Fig.11 show refined 
patterns in different range of real space. However, the 
goodness of fit varies as the fitting range changes as 
supplementary Fig.11 shows, implies local structure exists. 
Thus, “big box” modeling is performed to investigate the local 
structural features of NiHCF.  Supplementary Fig. 6 shows 
refined patterns based on different starting configuration and 
supplementary Fig. 7 displays the derived partial PDFs, all of 
which prove the goodness of fitting. To further investigate the 
structural feature of Na ions, bond angle analysis and 
displacement analysis are performed. Generally, Na ions were 
assumed to be distributed over specific crystallographic 4(e) 
sites with a harmonic thermal vibration around the equilibrium 
positions and with Na-Na-Na bond angle equal to 94.4°. 
However, our in-depth analysis based on RMC simulation 
indicates the asymmetric bond angle displacement around 87. 
57°, as shown in supplementary Fig. 8. Besides, the Kernel 
density plots of Na displacement in Supplementary Fig. 9 shows 
the irregular shape, implying the huge asymmetric anharmonic 
thermal vibration around 4(e) sites. Further, the Kernel density 
plot of Na displacement in X-Z plane displays two discrete area 
(Supplementary Fig. 9 b), implying two individual sites of Na in 
X-Z plane and proving frustrated feature in NiHCF. Such effect 
suggests Na density is not localized at 4(e) sites but looks like a 
“disordered lattice liquid”.47

To evaluate the change of local electronic and geometric 
structures of the metal elements in the samples, X-ray 
absorption fine spectroscopy (XAFS), including X-ray absorption 
near-edge spectra (XANES) and extended X-ray absorption fine 
structure (EXAFS), was performed both at the Ni K-edge and Fe 
K-edge (Supplementary Fig. 12). The XANES profiles at the Ni K-
edge for CP-NiHCF and SC-NiHCF samples are shown in Fig. 1c 

along with Ni foil and NiO references. The absorption energies 
and the white-line peak profiles in prepared samples are quite 
different from the features of Ni2+ in the NiO reference due to 
the significantly different local environments. Furthermore, 
there is a significant decrease in the white-line intensity for the 
CP-NiHCF versus the SC-NiHCF. Its absorption energy also 
slightly shifts to lower energy, indicating a weak metal-ligand 
effect between Ni atoms and the neighbor ligands. Also, the 
intensities of the EXAFS oscillations in CP-NiHCF (Fig. 1f) are 
lower than that of SC-NiHCF, which demonstrates lower 
crystallinity or the non-saturated coordination nature in CP-
NiHCF. 
The corresponding Fourier transform EXAFS (FT-EXAFS) spectra 
at Ni K-edge without phase correction is shown in Fig. 1f. The 
peaks located at 1.8, 2.8, and 4.6 Å can be assigned to Ni-N, Ni-
C, and Ni-Fe contributions, respectively. The intensities of the 
main peaks in CP-NiHCF are lower than that of SC-NiHCF. 
Ignoring the thermal effects, these changes can be caused by 
the structural changes in the Debye-Waller effect or the non-
saturated coordination numbers. The EXAFS fitting parameters 
are listed in Table 1 via quantitative structural analysis for all 
samples. The coordination number of Ni-N bond in CP-NiHCF 
(4.5) is lower than that of SC-NiHCF (6.0) despite being by a 
subtle higher Debye-Waller factor. Therefore, both the XANES 
and EXAFS features for prepared samples demonstrate the 
defective nature of CP-NiHCF. This is consistent with the above 
analysis results.
The 3D stacking morphologies with a narrow particle size 
distribution of ~700 nm for SC-NiHCF are observed by scanning 
electron microscopy (SEM) and are shown in Supplementary 
Fig. 15. Close examination revealed that each secondary particle 
assembly comprised many regular cubic nanoparticles oriented 
with different angles. Owing to the different surface energies 
and random arrangement of the vacancies, the precursor grows 
into a hierarchical structure with secondary particles with rich 
boundaries. This can provide abundant electrode-electrolyte 
interfaces for the migration of Na+ ions to further realize rapid 
ionic transfer and enhanced volume energy densities.48, 49 The 
HR-TEM and elemental mapping (Supplementary Fig. 16) verify 
that the N, Fe, Ni, Na and are uniformly distributed in the 
sample further suggesting crystal integrity and high purity.50, 51

Half-cell performance

As the cyclic voltammetry (CV) curve shown in Supplementary 
Fig. 17, SC-NiHCF displays a pair of well-defined and symmetric 
oxidation/redox peaks upon reversible insertion/extraction of 

Table 1 | Structure parameters extracted from the EXAFS fitting results of samples.

Sample Shell N R (Å) ΔE0 (eV) Δ2 (Å2) R factor (%)

CP-NiHCF Ni-N 4.5 (±0.2) 2.03 (±0.002) −3.0 (±0.4) 0.003 (±0.001) 0.0011

SC-NiHCF Ni-N 5.8 (±0.1) 2.04 (±0.002) 1.0 (±0.3) 0.003 (±0.001) 0.0012

N, coordination number; R, the distance between absorber and backscatter atoms; ΔE0 (eV), edge-energy shift (the difference between the sample and that of the 
theoretical model); 2, Debye-Waller factor (a measure of the thermal and structural disorder in absorber-scatter distances). Error bounds (accuracies) for the 
structural parameters obtained by EXAFS spectrum are estimated as N ± 20%; R ± 20%, 2± 20%, and ΔE0 ± 20%.
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Na+ inside the structural framework, which is attributed to the 
redox reaction of Fe2+/Fe3+. In contrast, the Ni ion is 
electrochemically inert within the voltage window 
corresponding to the typical Na2Ni[Fe(CN)6].52

The electrode performances of SC-NiHCF and CP-NiHCF in 
sodium cells are compared in Fig. 2b and d. From 2.0 to 4.0 V, 
CP-NiHCF delivers 67 mAh g−1 of initial capacity at the rate of 8.5 
mA g−1. In comparison to the CP-NiHCF and HQ-NiHCF, the SC-
NiHCF has a better electrode performance due to the lower 
content of zeolite water and fewer [Fe(CN)6]4- vacancies53. Fig. 

2a and Fig. 2c show typical structure model of CP-NiHCF and SC-
NiHCF respectively where [Fe(CN)6]4- is lost and replaced by H2O 
in CP-NiHCF as shown at Fig. 2a. The reversible discharge 
capacity of SC-NiHCF reaches ~83 mAh g−1, which corresponds 
to approximately 97.6% of the theoretical capacity based on a 
single-electron redox process of Fe2+/Fe3+ couple. Moreover, 
SC-NiHCF can give a very high-capacity retention of 90% at the 
current density of 20 C.
The electrode performance is greatly influenced by adding the 
FEC (fluoro-ethylene carbonate) content into the electrolyte  

Fig. 2 | Electrochemical analysis of CP-NiHCF and SC-NiHCF electrode. a, Ball stick pattern of CP-NiHCF. b, Charge/discharge voltage profiles of CP-NiHCF and SC-NiHCF at a 
current density of 0.1 C (1 C = 80 mA g−1). c, Ball stick pattern of SC-NiHCF. d, Rate capability of CP-NiHCF and SC-NiHCF from 1 to 20 C. e, Long-term cycling performance of SC-
NiHCF in different electrolytes.
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(Fig. 2e and supplementary Fig. 18-22). Both half-cells using 
electrolyte with 2% and 5% FEC deliver superior cyclic stability 
(97% of initial capacity after 850 cycles and 93.3% after 4000 
cycles, respectively). This suggests that the presence of FEC in 
the electrolyte could improve the electrochemical performance 
of the cells due to the formation of denser SEI films promoted 
by the FEC.48 The dual electrons transfer type cobalt-based PBAs 
synthesis through this self-healing method also achieved their 
theoretical specific capacity as shown in supplementary Fig. 23-
24 which proves that this method is universally appliable. 
Further electrochemical performance enhancement might be 
achieved through optimizing the salts, solutions54 and 
additives55 of the electrolytes for practical market applications.
Sodium-ion storage mechanism

The sodium storage mechanism of SC-NiHCF was studied across 
multiple cycles via in-situ X-ray diffraction (XRD) tests with a Cu 
K X-ray source as shown in Fig. 3 and supplementary Fig. 26-
27. This experiment probes the structural evolution during Na+ 
insertion and extraction. Fig. 3a shows that the peak and 
intensity shifts retain cyclic variation indicating the quasi-solid 
solution reaction mechanism6. Remarkably, the peaks at (200), 
(400), and (420) show a shift in the patterns that are negligible 
and mainly attributed to the “quasi-zero-strain” characteristics 
of Ni-based PBAs and the slightly reversible shift of the lattice 
parameters of SC-NiHCF from 10.315 to 10.039 Å. The negligible 
lattice distortion is advantageous because large-scale volume 
variation and stress-strain leads to the collapse of the crystal 
framework during cycling, resulting in the irreversible capacity 
fading. 
The (200), (220), (400), and (420) peaks slightly shift to high 
diffraction angles during the charging processes, which is a 

result of the Na+ extraction from the crystal framework of SC-
NiHCF, and the intensity of these peaks increases markedly. 
Interestingly, the (200) and (220) doublets converge into a 
single peak located at ~24, which is related to the phase 
transition from monoclinic to cubic symmetry along with of the 
lattice parameter decreased from 10.315 to 10.039 Å.49, 56 
During the discharge process, the four peaks gradually shift to 
low diffraction angles, i.e., to their initial position, and the single 
(200) splits into the (200) and (220) peaks corresponding to the 
phase transition from cubic to monoclinic. Remarkably, the 
reversible phase transitions and high reversibility of the Na+-ion 
migration are equal over the following 10 cycles.
DFT calculations were applied to understand the inner 
mechanism of Na+ storage and migration in the PBA framework. 
Fig. 4a indicates 3 possible Na+ interstices denoted as 8c, 24d, 
and 32f with Wyckoff notations in the space group Fm-3m for 
the cubic unit cell can host Na+.57 In the 3-site types, 8c provides 
the largest free space, and 24d offers the smallest. 
Furthermore, the sodiation potential of the Na adatom in both 
perfect and defect-rich Ni-Fe PBA frameworks is calculated by 
DFT. The sodiation potential (Vs) of the Na adatom in the 
framework is calculated as follows:
Vs = - (ENa–PBA – EPBA - ENa), (1)
where ENa–PBA, EPBA, and ENa are the total energies of one Na 
adatom adsorbed in the framework, the free framework, and 
the Na bulk, respectively. In the perfect Ni-Fe PBA framework, 
the most stable site (the highest sodiation potential) for Na 
adsorption is the 24d with a voltage of about 3.28 V. All 
calculated sodiation potentials in the perfect framework are 
above 2.5 V. However, the sodiation potential decreases 
dramatically with an increasing number of defects in the 

Fig. 3 | In situ XRD analysis of SC-NiHCF under cycling at current densities of 40 mA g−1. a, Contour maps of in situ XRD during the first 10 cycles. bd, Image plots of the (220), 
(400), and (420) reflections during the first 10 cycles. e, Galvanostatic charge/discharge curves at the current density of 40 mA g−1. f, The corresponding charges of the lattice 
parameter. g, Structural evolution of SC-NiHCF during the charge/discharge process.
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framework. The sodiation potential in the 24d site around the 
defects is only about 1.01 V. Therefore, the defects in the Ni-Fe 
PBA framework are unfavorable for its use as a cathode. 
The effect of defects on Na-ion diffusion was also investigated. 
Two Na-ion diffusion pathways are considered (Fig. 4): (1) Na 
ions pass through the defect-center along an axis (Fig. 4c); (2) 
Na ions transfer along an S-shaped pathway that bypasses the 
nearest defect center (Fig. 4d). The corresponding Na-ion 
diffusion behavior in the perfect PBA framework was also 
studied. As shown in Fig. 4e, Na ion that diffusing through the 
S-shaped pathway shows a lower energy barrier in both 
frameworks, which indicates that the S-shaped route is 
preferable for Na-ion diffusion. Moreover, the Na-ion diffusion 
around the defect center energy barrier is much higher than 
that of perfect PBA. The large energy difference (2.68 eV) across 
the defect-center leads to sluggish Na-ion migration. Thus, the 
decrease in defect density in the PBA framework is favorable for 
Na-ion migration resulting in the much-enhanced rate 
performance of SIB. 
SC-NiHCF achieves an excellent rate performance via a solid 
solution mechanism. Fig. 4e and d show a “snapshot” of SC-
NiHCF in time of the structure where the distortion of the 
polyhedral framework structures is obvious.26, 58, 59 The models 
produced by using total scattering data represent the structure 
at an instant of time, and any ions undergoing motion appear 
“frozen”60. Information regarding the static and dynamic 
disorder could be extracted from the refinement of RMC 
configuration into a single unit cell. Fig. 4f shows the 

distribution cloud of all atoms in NiHCF. The results indicate that 
the displacement of sodium is huge along the c-axis. Although 
the structure of NiHCF has been studied in detail,49, 61, 62 the 
structural relationships among the different components are 
not well understood due to experimental limitations. 
The current-voltage curves under different rates (0.120 C) 
indicate that SC-NiHCF undergoes a solid-solution 
transformation mechanism. The solid-solution mechanism is 
more dynamically favorable than the typical two-phase 
mechanism, which is kinetically limited due to two-phase 
nucleation. Growth and ion diffusivity are limited when the ion 
goes through a moving phase boundary. 
The aforementioned PDF data and RMC simulation suggest that 
frustrated sodium ions are disordered. displaying liquid-like 
sublattice.  The role of frustration63 could flatten the energy 
landscape, preventing locking of ions in deep energy minima, 
resulting in local split-site and rapid phase-transformation 
behavior64. Thus, the disordered sodium ions will lose their 
long-range correlation when far from equilibrium conditions65. 
They could then randomly and rapidly exchange their sites, 
resulting in an excellent rate performance. To investigate the 
relationship of sodium and water, we performed local 
correlation coefficient calculations. Local correlation 
coefficients (LCCs) represent the probability of finding an atom 
within a specific crystallographic shell. This allows the detection 
of solute arrangements in complex solid solutions. The solute 
atom pairs are more likely to be local neighbors at higher values, 
thus, larger solute clusters can occur with increased 

Fig. 4 | DFT calculation and thermomechanical analysis. a, Theoretical perfect crystal structure of Ni-based Prussian blue analogs with four possible interstices: 8c (body-
centered), 24d (face-centered), 32f-1, and 32f-2 (32f-1 displaced from 8c positions toward N-coordinated corner; 32f-2 displaced from 8c positions toward C-coordinated 
corner). b, Defect crystal structure of Ni-based Prussian blue analogs with two additional interstices in the face-center and N/C-coordinated corner. c, d, Side views of two 
possible Na+ migration paths in perfect and defect crystal structure, respectively. e, Corresponding migration energy of the two paths in different crystal structures. f, Thermal 
polarization analysis of atoms in the structure of SC-NiHCF.
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probabilities.66 Local correlation coefficients (LCC) were 
calculated (Table 2). The calculation details are in the 
supporting information. The calculation results show that the 
LCC parameter of Na-Na pairs equals 0.3758. This is larger than 
that of any other atomic pairs and suggests that sodium ions are 
most likely together. However, the LCC parameter of the Na-O 
atomic pair is 0.126. 
As mentioned above, there are more neighboring atom pairs at 
higher values. This result indicates that within the specific shell, 
the oxygen seems to be close to sodium while sodium tends to 
be away from oxygen. Thus, most sodium atoms are distributed 
individually, while a small number of sodium ions are 
surrounded by a large amount of H2O molecules. Whether the 
disorder and frustration originating from complex interaction of 
Na and water or host distortion needs deeper understanding 
and is beyond the scope of this study. Our results indicate local 
symmetry lowering could prevent Na from settling into low-
entropy arrangement and resulting Na sublattice frustration, 

which may be a promising recipe for the designing of high-rate 
cathode materials.
According to the in-situ XRD and DFT calculations, the high 
reversibility and fast migration rate of sodium-ion shortage 
performance can be attributed to the following reasons: (1) the 
excellent cycling stability (0.1675% capacity fading per 100 
cycles) is due to the “quasi-zero-strain” characteristics of SC-
NiHCF that undergoes a negligible lattice distortion from 10.315 
to 10.039 Å (~2.68% volume change) during the full Na+ 
insertion/extraction process. Consequently, the negligible 
structural distortion could prevent the fracture of the PBA 
framework and ensure a superior cycling life. (2) The PBAs 
prepared via self-healing significantly reduce the content of 
[Fe(CN)6]3-/4- vacancies and water molecules, which makes the 
frameworks of PBAs vulnerable and fragile, leading to the 
collapse of the water molecules and organic electrolytes during 
the side reaction. This consequently enhances their cycling 
performance. (3) The DFT and thermal analysis results indicate 

Table 2 | The generalized multicomponent short-range order parameter calculation.

Bond Neutron model X-ray model

O-O 0.2239 0.3104

O-Na 0.2740 0.2609

Na-Na 0.3758 0.3014

Na-O 0.126 0.127

Fig. 5 | Na+ migration paths for three kinds of PBAs. a, A schematic of Na+ migration paths in defect-rich CP-NiHCF blocked by H2O molecules and defects. b, Schematic of low-
speed Na+ migration paths in defect-suppressed HQ-NiHCF. c, Schematic of high-speed Na+ migration paths in defect-free Na+ disordered SC-NiHCF.
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that the migration energy of Na ions in a water-rich structure is 
higher than that in the water-suppressed framework because 
the rapid movement of Na ions is hindered by the water 
molecules in the lattice of SC-NiHCF. Therefore, fast Na ion 
migration could be realized by reducing the number of water 
molecules by tuning the synthesis and possible Na+ ion 
migration mechanism in three kinds of PBAs are displayed in Fig. 
5, in which the unhindered 3D Na-ion fast diffusion occurs in the 
defect-free and disordered frameworks of SC-NiHCF (Fig. 5c).
Full cell performance

Fig. 6a exhibits the charge/discharge curves matchup of SC-
NiHCF and NaTi2(PO4)3 (NTP) (10% excess) full cells. Fig. 6b 
shows that the initial charge and discharge capacity of the SC-
NiHCF cathode at a current density of 8.5 mA g−1 were 95.1 and 
69.8 mAh g−1, respectively, corresponding to the initial CE of 
73.4%. This value is attributed to irreversible reactions and the 
formation of Na+-permeable solid electrolyte interface (SEI) 
layers on both electrodes43. The rate capability of the SC-
NiHCF/NTP full cell is shown in Fig. 6d and supplementary Fig. 
25. Note that the specific capacity remains nearly 44 mAh g−1 at 
the current density of 1700 mA g−1, which corresponds to 67% 
of the reversible capacity at the rate of 17 mA g−1. Fig. 6c shows 
that the full cell delivers 82.8% of the initial capacity over 500 
cycles at the current density of 170 mA g−1. This brilliant rate 
and cycle performance are superior to any reported PBA-base 

full-cell suggesting the enormous potential of SC-NiHCF as SIB 
cathode for fast-charging grid-scale energy storage applications 
and higher energy density full cells could be obtained by pairing 
SC-NiHCF with other kinds of anode materials. 

Conclusions
In summary, PBAs are model three-dimensional MOFs prepared 
via a novel self-healing synthesis method. They exhibit high 
specific capacity, excellent fast-charging ability, and long 
lifespan as cathode materials for SIBs. Multiple characterization 
experiments and DFT calculations demonstrate that the local 
structure and guest cation behavior on the atomic scale are 
highly susceptible to the crystal ambient environment and 
content of water molecules. These are critical to open 
topologies and provoke Na+ migration barriers. The as-prepared 
defect-free PBAs electrode materials have cation disorder sites 
and large host sites and can effectively avoid volume distortion 
during the insertion/extraction processes. Thus, they exhibit 
fast-ionic conduction ability for sodium-ion intercalation and a 
prolonged cycle life via a quasi-zero-strain nonequilibrium two-
phase transition mechanism. The facile synthesis, low-cost, and 
superior electrochemical performance of our PBAs make them 
competitive cathode materials for grid-scale energy storage 
applications.

Fig. 6 | The electrochemical performance of SC-NiHCF/NTP full-cell. a, Half-cell charge and discharge voltage profiles of SC-NiHCF and NTP at a current density of 0.1 C (1 C = 
80 mA g−1). b, Full-cell charge and discharge curves at a current density of 0.1 C. c, Long-term cycling performance at a current density of 2 C. d, Rate performance of the full-
cell at a current density range of 0.220 C (specific capacity calculated by the cathode mass).
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