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precipitation process. The as-obtained cathode exhibits an improved electrochemical performance compared to homogeneous NaxMnFe(CN)6• nH2O, delivering a high reversible specific capacity of 110 mA h g -1 at 0.2 C and outstanding cycling stability (93% retention after 1000 cycles at 5 C).

The improvement of electrochemical performance can be attributed to its robust microstructure that effectively alleviates the electrochemically induced stresses and accumulated damage during sodiation/desodiation and thus prevents the initiation of fracture in the particles upon long term cycling. These findings render a prospective strategy to develop high-performance electrode materials for sodium-ion batteries.
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Sodium ion batteries (SIBs) have been gaining increased attention as a potential energy storage device. [START_REF] Goodenough | The Li-Ion Rechargeable Battery: A Perspective[END_REF][START_REF] Scrosati | Lithium-ion batteries. A look into the future[END_REF][START_REF] Zuo | A High-Capacity O2-Type Li-Rich Cathode Material with a Single-Layer Li2MnO3 Superstructure[END_REF][START_REF] Hwang | Sodium-ion Batteries: Present and Future[END_REF] Compared to lithium, sodium is available abundantly and relatively inexpensive, thereby reducing the cost of the electrode material. Moreover, sodium has similar electrochemical properties to lithium and maintains a good reversibility in a variety of host materials. Hence, significant efforts are being undertaken to commercialize SIBs for large-scale energy storage (EES) systems. Recently, a SIBs system with a power rating of 30 kW/100 kWh was installed in China. [START_REF] Hu | A New Emerging Technology: Na-Ion Batteries[END_REF] Nevertheless, long-term cycling stability of SIBs still remains a challenge. Mechanical degradation is commonly observed in both cathode and anode materials of Li-ion batteries, which is the leading contributor of capacity decay of batteries. [START_REF] Ebner | Visualization and Quantification of Electrochemical and Mechanical Degradation in Li Ion Batteries[END_REF][START_REF] Aifantis | Capacity fade in Sn-C nanopowder anodes due to fracture[END_REF][START_REF] Aifantis | Mechanical Stability for Nanostructured Sn-and Si-Based Anodes[END_REF][START_REF] Aifantis | Stable Crack Growth in Nanostructured Li-batteries[END_REF][START_REF] Xu | Electrode Side Reactions, Capacity Loss and Mechanical Degradation in Lithium-Ion Batteries[END_REF] Fracture of the electrodes is caused by volume expansions, phase transformations, formation of oxygen vacancies and surface corrosion of the active materials upon intercalation. [START_REF] Aifantis | Fracture of Nanostructured Sn/C Anodes during Li-insertion[END_REF][START_REF] Mcgrogan | Electrochemomechanical Fatigue: Decoupling Mechanisms of Fracture-Induced Performance Degradation in LiXMn2O4[END_REF][START_REF] Qi | Chemically Induced Crack Instability When Electrodes Fracture[END_REF][START_REF] Hao | Oxygen Vacancies Lead to Loss of Domain Order, Particle Fracture, and Rapid Capacity Fade in Lithium Manganospinel (LiMn2O4) Batteries[END_REF] Such mechanisms have been experimentally observed in cathode materials (LiNi1/3Mn1/3Co1/3O2, LiMn2O4, LiFePO4) for LIBs, [START_REF] Hao | Oxygen Vacancies Lead to Loss of Domain Order, Particle Fracture, and Rapid Capacity Fade in Lithium Manganospinel (LiMn2O4) Batteries[END_REF][START_REF] Qu | Nanomechanical Quantification of Elastic, Plastic, and Fracture Properties of LiCoO2[END_REF][START_REF] Yu | Dependence on Crystal Size of the Nanoscale Chemical Phase Distribution and Fracture in LixFePO4[END_REF] , and although their volumetric expansions are less than 10% (2.0% expansion along c direction for LiNi1/3Mn1/3Co1/3O2 [START_REF] Yan | Intragranular Cracking as a Critical Barrier for High-Voltage Usage of Layer-Structured Cathode for Lithium-Ion Batteries[END_REF] , 7% expansion for LiFePO4 [START_REF] Xu | Factors Affecting Li Mobility in Spinel LiMn2O4-A First-Principles Study by GGA and GGA Plus U methods[END_REF] , and 6.77% expansion for LiFePO4 [START_REF] Wang | Cracking Causing Cyclic Instability of LiFePO4 Cathode Material[END_REF] ), repeated lattice expansion and contraction during electrochemical cycling leads to accumulation of damage which subsequently leads to mechanical degradation of the electrode.

Due to the larger ionic radius of Na + from Li + , the electrode during sodiation/desodiation is subjected to larger volumetric strains and more complicated multi-phase transformations than those during lithiation/delithiation. [START_REF] Wang | Microstructural Evolution of Tin Nanoparticles during In Situ Sodium Insertion and Extraction[END_REF][START_REF] Gu | Probing the Failure Mechanism of SnO2 Nanowires for Sodium-Ion Batteries[END_REF] This suggests that mechanical degradation may result in more severe damage in cathode materials during the charge/discharge process in SIBs. Our previous research revealed that the maximum effective von Mises stress in a layered-type TiS2 cathode was four times higher during sodiation than lithiation and numerous cracks were observed with electron microscopy after continuous electrochemical cycling. Therefore, understanding the mechanical degradation as well as (de)sodiation-induced fracture of cathodes is essential in achieving long-term stability in SIBs. To date, a systematic investigation on the effect of the cathode mechanical properties to the electrochemical performance of SIBs is lacking.

Prussian blue and its analogues (PBAs) with a unique 3D open-framework are promising cathode materials for SIBs. [START_REF] You | High-Quality Prussian Blue Crystals as Superior Cathode Materials for Room-Temperature Sodium-Ion Batteries[END_REF][START_REF] Wang | A Superior Low-Cost Cathode for a Na-Ion Battery[END_REF][START_REF] Lu | Prussian Blue: a New Framework of Electrode Materials for Sodium Batteries[END_REF] These materials have a general formula of AxMyFe(CN)6• nH2O, abbreviated as MHCF, (A is the alkali cation and M is a divalent or trivalent transition metal), in which six-fold C-coordinated Fe and six-fold N-coordinated M are connected by CN ligands, forming Fe-C≡N-M linked open-frameworks and large interstitial sites. The wide channels and weak interaction between the Na + ion and the cyanide triple bonds in such a unique structure allows fast Na + diffusion. Among PBAs, NaxMnFe(CN)6 (MnHCF) exhibits a high redox potential and high theoretical capacity of 171 mAh/g, which is comparable to commercial LiFePO4 cathodes in LIBs. [START_REF] Xiao | Theoretical Study of the Structural Evolution of a Na2FeMn(CN)6 Cathode upon Na Intercalation[END_REF][START_REF] Song | Removal of Interstitial H2O in Hexacyanometallates for a Superior Cathode of a Sodium-Ion Battery[END_REF][START_REF] Pan | Room-Temperature Stationary Sodium-Ion Batteries For Large-Scale Electric Energy Storage[END_REF][START_REF] Matsuda | A Sodium Manganese Ferrocyanide Thin Film For Na-Ion Batteries[END_REF] However, a capacity decay is observed experimentally, as previous reports [START_REF] Gao | Stabilizing a High-Energy-Density Rechargeable Sodium Battery with a Solid Electrolyte[END_REF][START_REF] Yang | Structure Optimization of Prussian Blue Analogue Cathode Materials for Advanced Sodium Ion Batteries[END_REF][START_REF] Moritomo | Enhanced Battery Performance in Manganese Hexacyanoferrate by Partial Substitution[END_REF] show that only a 30% capacity retention is achieved after 200 cycles at 0.5 C in liquid electrolyte, which has been attributed to structural instabilities that take place during electrochemical cycling.

Participation of both Fe and Mn sites in redox reactions results in lattice distortion and changes the C≡N bond length. Moreover, the structural instability of MnHCF is also caused by the crystal Jahn-Teller (J-T) distortion of Mn 3+ (t2g 3 eg 1 ) [START_REF] Moritomo | Li + Intercalation of Manganese Ferrocyanide as Investigated by In situ Valence-Differential Absorption Spectroscopy[END_REF] and volume changes (~8.5%) [START_REF] Moritomo | Enhanced Battery Performance in Manganese Hexacyanoferrate by Partial Substitution[END_REF] during cycling. In addition to structural changes, dissolution of Mn species in the organic electrolyte leads to surface corrosion of the electrode. [START_REF] Gao | Stabilizing a High-Energy-Density Rechargeable Sodium Battery with a Solid Electrolyte[END_REF] All these factors would be expected to contribute to local fracture and mechanical degradation of the PBA electrode, leading to capacity decay. It is known that Ni 2+ is electrochemically inert in Na2NiFe(CN)6 (NiHCF) and Fe is the only redox active site, making the Fe-C≡N-Ni bond extremely stable. Earlier studies have shown that NiHCF undergoes zero lattice strain (volume change ~ 0.29%) during sodiation/desodiation and displays excellent cycling stability (90% capacity retention over 1000 cycles). [START_REF] Pan | Room-Temperature Stationary Sodium-Ion Batteries For Large-Scale Electric Energy Storage[END_REF] In the present study a concentration-gradient composition is proposed as an effective approach to solve the mechanical degradation and improve the electrochemical cyclability for cathodes of sodium-ion batteries. Concentration-gradient NaxNiyMn1-yFe(CN)6• nH2O (g-NaxNiyMn1-yFe(CN)6• nH2O), in which Ni gradually increases while Mn decreases from the interior to the particle surface, is synthesized by a facile co-precipitation process. The NiHCF shell does not experience volume changes upon sodiation and was anticipated to increase the mechanical stability of the MnHCF rich core that undergoes volume changes upon cycling. Phase field modelling is employed to capture the internal stresses developed during cycling and correlate mechanical with electrochemical stability. In addition to testing the performance of these PBA materials in a half cell, a full cell was also fabricated and tested using either graphite or TiS2 as the anode. Concentration-gradient particles of g-(NiMn)HCF were prepared via a scalable coprecipitation process, as described in Figure 1a. Ni 2+ solution was slowly pumped into the Mn 2+ to obtain a mixture with increasing Ni 2+ concentration. The resultant mixture of Ni 2+ /Mn 2+ was precisely pumped into Na4Fe(CN)6 solution to form a precipitate under constant magnetic stirring.

As a result, concentration-gradient particles with a Ni-rich surface and Mn-rich core were obtained (Figure1b). By adjusting the molar ratio of Ni 2+ and Mn 2+ (1:9, 3:7, 1:1), a series of gradient Nax(NiyMnz)HCF with different stoichiometries were synthesized. Thermogravimetric analysis (TGA) (Figure S1) and ICP-OES (Table.S1) were carried out to determine the composition of the obtained materials, which were identified as Na1.17(Ni0.12Mn0.88)[Fe(CN)6]0.79• 1.5H2O, Na1.37(Ni0.28Mn0.72)[Fe(CN)6]0.84• 2.39H2O and Na1.81(Ni0.59Mn0.41)[Fe(CN)6]0.95• 3.3H2O. The molar ratio of Ni/Mn in these materials was found to be close to the molar ratio of Ni 2+ /Mn 2+ mixture used in the synthesis. We denoted them as g-(Ni0.1Mn0.9)HCF, g-(Ni0.3Mn0.7)HCF and g-(Ni0.5Mn0.5)HCF. Figure S2 shows the X-ray diffraction (XRD) patterns of the gradient materials as well as the homogeneous MnHCF and NiHCF. The splitting diffraction peaks for MnHCF at around 23.7° and 37.9° are a notable characteristic of monoclinic phases (P21/n space group). From MnHCF to NiHCF, the diffraction peak shifted to a higher angle with increasing the Ni content in the materials. This is due to the radius of Ni 2+ (0.69Å) being smaller than that of Mn 2+ (0.83Å), leading to the shrinkage of the lattice for compounds with higher Ni contents. Fourier-transform infrared spectroscopy (FTIR) was performed to probe the chemical structure of the obtained materials. The absorption peak at 2085 cm -1 in FTIR (Figure S3) revealed the characteristic stretching vibration of the cyanide (Fe-C≡N-M, M=Mn, Ni) group. Since the electronegativity of Ni (1.91) is higher than Mn (1.55), the substitution of Ni with Mn could induce an inductive effect, which lead to the blue shift of the peak. With increasing the Ni concentration, the absorption peak gradually shifted to a higher wavenumber.

Scanning transmission electron microscopy (STEM) was carried out to determine the local composition and distribution of transition metals within a single particle. All the particles displayed a typical cubic nanostructure. Figure 1c-e shows the EDS (electron diffraction spectroscopy) line scan and the corresponding STEM images of g-(Ni0.1Mn0.9)HCF (Figure1c), g-(Ni0.3Mn0.7)HCF (Figure1d) and g-(Ni0.5Mn0.5)HCF (Figure 1e) particles. The results reveal that all samples display the similar trend of distribution of Ni and Mn in the particle, where the Ni concentration increases gradually from the center towards the surface, and the Mn concentration is low on the surface but increases near the center of the particle. The gradient distribution of the transition metal in the particle is further confirmed by EDS element mapping (Figure 1f, Figure S4). Compared with the homogeneous distribution of Fe, the Ni and Mn are heterogeneously distributed between the center and surface. However, the intensity ratio of Ni/Mn is different from the designed ratio and the ICP-OES results. It might be due to the different solubility between MnHCF (Ksp~ 10 -3 ) and NiHCF (Ksp~10 -16 ), leading to the formation of NiHCF particles that mixed with the gradient materials. As shown in Figure S5, g-(Ni0.1Mn0.9)HCF comprises of microcubes of similar sizes. STEM images and the corresponding linear scan results of homogeneous (Ni0.1Mn0.9)HCF and (Ni0.3Mn0.7)HCF samples are shown in Figure S6, in which Ni, Fe and Mn elements exhibit a flat intensity along the linear scan, indicating the homogenous distribution of element from inner to the surface. These observations confirm that the synthesis method employed here can be applied to a wide range of Ni:Mn compounds to form a gradient particle with a controllable composition.

Figure 2 compares the electrochemical performance of gradient composites with different

Ni:Mn ratios and the homogeneous phase of MnHCF and NiHCF in Na half-cells. Figure 2a shows the initial galvanostatic charge/discharge voltage profile of cycled cells at 0.2 C. NiHCF displays a voltage plateau at ~ 3.4 V during charge and ~ 3.2 V during discharge, which is associated with the redox reaction of Fe 2+/3+ -C≡N-Ni. The initial charge and discharge capacities of NiHCF are 55 mAh/g and 60 mAh/g, respectively. Although the capacity exhibited by NiHCF is lower when compared with gradient materials and MnHCF, NiHCF retains nearly 100% of its capacity after 100 cycles at 0.2 C (Figure 2b), displaying superior cycling stability. For the MnHCF cathode, two plateaus are observed (Figure 2a): the voltage plateau at 3.4V /3.2V for charge / discharge shows similar redox reactions as seen in NiHCF, and are attributed to the redox pair of Fe 2+/3+ -C≡N-Mn.

In addition, a higher voltage plateau at 3.7V / 3.5 V (Figure S7) for charge / discharge is related to the redox reaction of Fe-C≡N-Mn 2+/3+ . Figure S8 shows the charge/discharge (Figure S8a) and differential capacities versus voltage (dQ/dv) curves (Figure S8b) of MnHCF cathodes during cycling. Structural reconstruction characteristics of loss of interstitial water from crystal structure causes the higher voltage plateau to decrease by 0.2V over initial cycling.

Owing to two active redox sites of Fe 2+/3+ and Mn 2+/3+ in Fe-C≡N-Mn, MnHCF exhibits the highest reversible capacity, however, its capacity retention is poor. As shown in Figure 2b, the discharge capacity of MnHCF decreases rapidly from 122 mAh/g to 64 mAh/g, corresponding to a capacity retention of a meagre 52.5% after 100 cycles. The voltage plateaus become shorter and a larger overpotential is observed upon cycling. These inferior electrochemical properties of MnHCF in liquid electrolytes are consistent with previous reports. 29 Different Ni:Mn ratios in the concentration-gradient cathodes, bring about changes in the reversible capacity and the voltage plateau. The voltage profiles (Figure 2a) of g-(Ni0.5Mn0.5)HCF, g-(Ni0.3Mn0.7)HCF and g-(Ni0.1Mn0.9)HCF reveal two plateaus at 3.4V /3.2V and 3.7V / 3.5V when cycled between 2.0-4.1 V. The presence of the 3.2 V plateau is indicative of the Fe 2+/3+ redox couple which delivers a similar capacity to the homogenous MnHCF and NiHCF, whereas the high voltage plateau (3.5V/3.7V) associated with the redox couple of Mn 2+/3+ becomes longer with the reduction of Ni in the particle. The reversible capacities (Figure 2b) of g-(Ni0.1Mn0.9)HCF, g-(Ni0.3Mn0.7)HCF and g-(Ni0.5Mn0.5)HCF are 110 mAh g -1 , 98 mAh g -1 and 82 mAh g -1 at 0.2 C, respectively. It is seen that capacity decreased with the increasing Ni:Mn ratio and a lower Coulombic efficiency (C.E.) was seen in initial cycles, which might be attributed into the decomposition of electrolyte. The gradient-concentration materials showed a lower initial capacity than MnHCF, however, an improved cycling performance with a capacity retention of 95%, 93% and 96% after 100 cycles was observed, which is considerably higher than that of MnHCF (52.5%).

Such a trend was expected since NiFCH has a better stability, whereas MnHCF a higher capacity, however, the ability of just a small addition of Ni to increase the stability so drastically was not anticipated. As shown in Figure S9, in comparison with the gradient materials, the non-gradient materials (Ni0.1Mn0.9)HCF and (Ni0.3Mn0.7)HCF display capacity retentions of 86% and 84% after 100 cycles, respectively. The long-term cycling stability was evaluated by galvanostatic charge/discharge tests at 0.5C for the first-two cycles and then at 5 C for 1000 cycles (Figure 2c). The g-(Ni0.3Mn0.7)HCF cathode delivered a high capacity retention of 93% after 1000 cycles (The capacity retention was calculated based on the value of 5C in Figure 2c). Comparing the XRD patterns for this cathode (Figure S10) from before and after cycling showed that no apparent changes occurred after 1000 cycles, in accordance with the stable long-term cycling performance of the gradient composite.

The rate capability of the obtained materials was evaluated at different current densities ranging from 0.5 C to 10 C in the voltage range of 2.0 ~ 4.1 V at room temperature. As shown in Figure 2d, the capacity of the MnHCF cathode decreased rapidly with increasing the current density from 100 mAh/g at 1 C to 60 mAh/g at 10 C. In contrast, the g-NiMnHCF samples maintained most of their capacity and showed excellent rate capabilities in a wide range of current densities. The separation of the potential (Figure S11) between charge and discharge increased slightly with increasing the C-rate, implying the weak polarization and overpotential during the electrochemical process. A discharge capacity of 110 mAh g -1 and 100 mAh g -1 was observed for the g-(Ni0.1Mn0.9)HCF cathode at 0.5 C and 1 C, respectively, and decreased slightly with increasing the C-rate. The electrode exhibited a high capacity of 72 mAh g -1 at 10 C, corresponding to a 78% capacity retention at 1 C. Although the g-(Ni0.5Mn0.5)HCF cathode delivered the lowest specific capacity at 0.5 C due to the inactivity of Ni 2+ , it exhibited the least capacity decay with an increase in current density, indicating the excellent high-rate capability.

Figure 2e compares the normalized capacity (Q/Q0) of the samples at different current densities. Q is the capacity at different C-rates, and Q0 is the capacity of electrodes at 1 C. The normalized capacity of g-NiMnHCF was higher than that of the MnHCF cathode at current densities ranging from 2 C to 10 C. The g-(Ni0.5Mn0.5)HCF cathode retained 78% of its capacity when cycled at 10 C against just the 67% retention MnHCF. This further supports the excellent electrochemical performance of gradient materials (g-(Ni0.1Mn0.9)HCF, g-(Ni0.3Mn0.7)HCF and g-(Ni0.5Mn0.5)HCF) in terms of cycling stability and rate capability achieved, with minimal sacrifice of the specific capacity when compared with homogenous MnHCF. The high rate capability is determined by a fast ion diffusion and charge transfer in the electrode during the electrochemical process. The diffusion coefficient of Na + (DNa+) in the cathode (g-(Ni0.1Mn0.9)HCF and MnHCF) was estimated from cyclic voltammograms (CV) with varying scan speeds by the Randles-Sevcik method. [START_REF] Tang | Kinetic analysis on LiFePO4 thin films by CV, GITT, and EIS[END_REF][START_REF] Rui | Analysis of the Chemical Diffusion Coefficient of Lithium Ions in Li3V2(PO4)3 Cathode Material[END_REF] As shown in Figure S12, the DNa+ value in the g-(Ni0.1Mn0.9)HCF cathode during sodiation and desodiation was 4.8×10 -11 cm 2 s -1 and 5.9×10 -11 cm 2 s -1 , respectively, which is higher than DNa+ in the pure MnHCF cathode (2.4×10 -11 cm 2 s -1 for sodiation and 3.8×10 -11 cm 2 s -1 for desodiation). Therefore, the gradient substitution by Ni enhanced the Na + diffusivity in the electrode, resulting into the faster rate capability. Scanning electron microscopy (SEM) was performed to determine the initiation and propagation of fracture in the PBA cathodes upon cycling. Figure S13 shows the morphology of active particles for the MnHCF (Figure S13a) and g-(Ni0.1Mn0.9)HCF (Figure S13b) cathodes before cycling. As shown in Figure 3, the MnHCF particles retained their cubic shape and size upon cycling, however, the morphology of their surface changed and became rougher/coarser. Such morphological changes can be attributed into the dissolution of Mn 2+ into the organic electrolyte, [START_REF] Gao | Stabilizing a High-Energy-Density Rechargeable Sodium Battery with a Solid Electrolyte[END_REF] leading to corrosion of the surface. MnHCF active particles exhibited no obvious signs of fracture after 10 cycles, however small-scale crack initiation and propagation was observed from 20 cycles (Figure 3b ande). After 50 cycles (Figure 3c), fracture was observed in almost every particle. The cracks appeared on the face center of each particle. The crack width after 100 cycles (Figure3g) was measured to be ~ 100 nm. These experimental observations can interpret the capacity decay that is seen in Figure 2b after 100 cycles. It is expected that the structural changes in the form of phase transitions and/or volume expansions during sodiation can induce strain/stress in the active particles, resulting in mechanical damage and capacity fade.

Moreover, comparing the XRD patterns at different states of charge (Figure S14a) showed that splitting peaks at ~23.7° and 37.9° in the pristine electrode are merged into sharp single peaks at the charged state, due to the phase transformation from monoclinic to cubic. The peaks of the charged electrode shifted to a slightly lower angle, suggesting the expansion of the lattice during the Na + extraction process. All diffraction peaks returned to their pristine state after complete sodiation, illustrating that the phase transformation was reversible during charge/discharge, however, the electrode suffered a ~8.5% volume change during this process (as determined by refining the XRD peaking with the Fullprof software), which is consistent with previous studies. [START_REF] Song | Removal of Interstitial H2O in Hexacyanometallates for a Superior Cathode of a Sodium-Ion Battery[END_REF] These structural changes would contribute to the fracture of the active particles. Such fracture disrupts the electronic conductivity and ionic diffusion in the electrode, moreover corrosion causes parasitic side reactions on the newly formed surfaces, thus leading to a continuous capacity fade.

In contrast, the gradient material g-(Ni0.1Mn0.9)HCF cathode retained its structural integrity during cycling, as no obvious cracking was observed after 100 cycles (Figure 3h). To gain a thorough understanding of crack formation, finite element simulations were performed to model diffusion-induced stresses and damage in active particles during repeated electrochemical cycles using the model presented in Ref [START_REF] Rethore | A Multiphysics Model that can Capture Crack Patterns in Si Thin Films Based on Their Microstructure[END_REF]. Considering symmetry, only oneeighth of the cubic particle was modelled. As shown in Figure S17a, the letter "O" marks the center of the particle. Two different compositions MnHCF and g-NiMnHCF were considered. Since both materials undergo a two-phase reaction mechanism (monoclinic to cubic phase transition) during sodiation/desodiation, at each intermediate state the active particle was treated as a core-shell-like cubic structure, where the core region was the pristine part and the shell region was the de-sodiated region. Contour plots (Figure 4a andb) of the normalized Na + concentration (CNa + ) obtained by the concentration-dependent diffusivity equation (as shown in Eq-S1) show a sharp phase reaction and steep distribution of CNa + , which would cause an abrupt change of stresses in the two-phase regions; where the core region is under compressive (negative) stress while the shell is under tensile (positive) stress during desodiation (as shown Figure 4d ande). Therefore, there is a jump of the hydrostatic stress (σh=tr(σ)/3) at the de-sodiation reaction front. Figure 4c compares the diagonal distributions of CNa + in MnHCF and g-NiMnHCF. The profile for CNa + is less steep for g-NiMnHCF than for MnHCF due to the faster diffusion of Na + in g-NiMnHCF. It should also be noted that g-NiMnHCF has a much lower volume expansion (0.29%) than that of MnHCF (8.5%).

Both factors lead to a significantly lower Von Mises stress than in MnHCF.

The von Mises stress (σv) distribution was investigated since it's the main factor contributing to plastic deformation and fracture. Figure 4(d-e) depicts the contour plots of the modulated von Mises stress (σvm=sign(σh)×σv where sign(σh) represents the sign function of σh and its value is 1 when σh >0 and -1 when σh<0) for MnHCF and g-NiMnHCF at a 50% state of charge (SOC). The maximum value for σv is located near the core(pristine)-shell(sodiated) interface. Figure 4f compares the σvm distributions along the diagonal direction on the surfaces of the particle. The maximum σv is also observed at the center of the cubic particles, however, there is an appreciable difference in the magnitude of the observed stress in MnHCF (607 MPa) and g-NiMnHCF (165 MPa). The maximum σv in MnHCF is nearly 4 times of that in g-NiMnHCF. It should also be noted that for g-NiMnHCF, the region under tension is of very limited volume contrary to what occurs in MnHCF (Figure 4f). Almost the entire external surface of MnHCF is under tension whereas in g-NiMnHCF only the region near the vertex is in compression.

The damage evolution is further simulated to understand the impact of different compositions on the mechanical degradation of the particles. Since no pre-existing cracks or flaws were considered in the simulation, the damage profiles are similar during initial cycling, for both homogeneous and gradient cathodes, as shown in Figure S18 and Figure 4g-h, which demonstrate the damage profiles of MnHCF and g-NiMnHCF after the 1 st and 10 th cycle, respectively. A scalar phase-field variable d ranging from 0 to 1 (d=0 for unbroken/intact state, and d=1 for fully broken damaged state) is defined. Damage in MnHCF was localized near the center of the external surfaces as well as near the center of the particles, while damage in g-NiMnHCF particles, was confined to the center of the cell (Figure 4h). Figure S18 shows that the maximum damage increased upon cycling for both MnHCF and g-NiMnHCF, however, the damage values at the particle center and surface center of MnHCF increased to 6.35% and 4.83% after 10 cycles, which is much higher when compared with g-NiMnHCF (1.96% and 0.79%, respectively). g-NiMnHCF exhibited alleviation of accumulated damage in the vicinity of the face center. Figure 4i shows the damage distribution of MnHCF and g-NiMnHCF along the diagonal line on the top surface after 1 and 10 cycles, respectively. Similar damage profiles were observed, however, the magnitudes were significantly different; the maximum damage values for MnHCF being 1.52% and 4.92% and for g-NiMnHCF being 0.31% and 0.80% after 1 and 10 cycles, respectively. Both homogenous and concentration-gradient particles demonstrate about a 3-fold increase in maximum damage over the 1 st and 10 th cycle, even though for the g-NiMnHCF it is negligible. Fracture is likely to occur in regions showing increased damage upon cycling, and therefore if the simulation for the homogeneous materials was run over 20 cycles, cracks would nucleate as in the experimental images. However, due to computational costs simulations were stopped after 10 cycles. In Figure 4 it is seen that the predicted damage value is significantly low in g-NiMnHCF particles, and no cracks were anticipated. Therefore, g-NiMnHCF has a much better mechanical performance than MnHCF. Sodium metal is not an ideal anode for commercial batteries due to its high reactivity with the electrolyte and dendrite formation [START_REF] Zhao | Recent Developments and Insights into the Understanding of Na Metal Anodes for Na-Metal Batteries[END_REF] , which results in safety issues. Carbon-based materials such as hard carbon and graphite are commonly used as anodes for Na-ion full cells. However, the potential plateau of hard carbon is close to the plating potential of Na, leading to the formation of Na dendrites during the charge process. [START_REF] Liu | Exploring Competitive Features of Stationary Sodium Ion Batteries for Electrochemical Energy Storage[END_REF][START_REF] Jache | Use of Graphite as a Highly Reversible Electrode with Superior Cycle Life for Sodium-Ion Batteries by Making Use of Co-Intercalation Phenomena[END_REF] In testing the present gradient PBAs in a full cell, graphitic anodes were considered first, which cycle only in glyme electrolyte. In Figure S15a and b it is seen that a capacity of 125 mAh g -1 and a low initial Coulombic efficiency (C.E.) of 70% were obtained after the first cycle. In Figure S15c it is seen that although the g-(Ni0.1Mn0.9)HCF/graphite full cell displayed a stable discharge capacity within 100 cycles, it delivered a low C.E. of 50%. Therefore, activation of the graphite anode is required before coupling with the cathode to assemble a full cell. Our previous research demonstrated that TiS2/Na half-cells presented superior electrochemical performance in carbonate-based electrolyte. Herein, therefore a layered-type TiS2 with particle size of ~ 5 μm (Figure S16b) was chosen as the anode.

The strong (001) diffraction peak (Figure S16a) implied a highly preferred orientation along the c-axis direction and good S-Ti-S layer stacks. Using TiS2 in a half Na-ion cell allowed to obtain a high reversible capacity of 200 mAh g -1 at 0.5C, initial Coulombic efficiency (95%), cycling stability and rate capability (157 mAh g -1 at 5 C, 122 mAh g -1 at 10 C ), as seen in Figure S16c-d.

A full cell, as illustrated in Figure 5a, was therefore assembled by using g-(Ni0.1Mn0.9)HCF as the cathode, TiS2 as the anode and 1 M NaPF6 in EC/DMC with 5% FEC as the electrolyte. Figure 5b shows charge/discharge profiles of voltage vs. normalized capacity for g-(Ni0.1Mn0.9)HCF and TiS2 electrodes. The voltage difference between the two electrodes determines the working voltage of the full cell. As shown in Figure 5c, the full cell presents two potential profiles at ~1.2 V and ~2.1V. The initial charge and discharge capacities were 127 mA h g -1 and 112 mA h g -1 at 0.5 C in the potential range of 0.5-2.6V, exhibiting a high initial C.E. of 88.1%. High C.E. benefits from the highly reversible nature of both the cathode and anode materials. The cycling stability of the full cell was examined at 1C. As shown in Figure 5d, the reversible capacity of the cathode in the full cell reached 110 mA h g -1 and a capacity retention of 87.5% was observed over 100 cycles.

Figure 5(e-f) shows that the capacity decreased slightly as the rate increased from 0.5 C to 10 C. At 5 C and 10 C, it still achieved a capacity of 88 mAh g -1 and 70 mAh g -1 , implying excellent rate capability. Comparing with the performance of full cells reported in previous studies (Table S3), our results show a superior rate capability, initial C.E and stability, which indicates a great advance over the state-of-the-art of sodium-ion batteries. The output voltage of the full cell is lower than the organic cell using carbon and alloying anode, but it is in the stable potential window of the aqueous electrolyte, making it feasible to run in an aqueous electrolyte. The aqueous SIBs based on these materials will be studied in-depth in further work.

In conclusion, concentration-gradient materials g-NiMnHCF were successfully synthesized via a facile co-precipitation process, resulting in a Ni rich shell and Mn core. The expansion of NiHCF upon sodiation is less than 1%, whereas that of MnHCF is 8.5%, hence this gradient microstructure allows to buffer the core volume changes. The as-obtained gradient microstructure cathodes exhibited outstanding cycling stability and rate capability, when compared with the homogenous MnHCF cathodes. SEM images revealed that after twenty cycles cracks initiated and propagated at the center of the MnHCF particles, but no damage occurred in the g-NiMnHCF. The superior electrochemical performance of g-NiMnHCF could therefore be attributed to its stable structure and fast ionic diffusivity, which reduce the mechanical degradation induced by diffusion at the reaction front during charge/discharge. The experimental data were interpreted with phase field modeling which showed that g-NiMnHCF experiences lower von Mises stresses and hydrostatic stress levels and negligible damage, while MnHCF with a uniform composition undergoes higher stresses, and the damage tends to localize at regions close to the particle center and face centers. The maximum damage for MnHCF is more than 3 times as that for g-NiMnHCF.

As a result, g-NiMnHCF shows better damage tolerance and its mechanical degradation due to excessive stresses can be effectively retarded. In concluding, a full cell using TiS2 as the anode and g-NiMnHCF as the cathode was shown to have an outstanding initial Coulombic efficiency, capacity retention and rate capability, demonstrating potential practical applications in energy storage. Therefore, designing gradient composition materials is an effective approach to improve the stability of PBA cathodes. We also believe that this approach can be reasonably extended to other electrode materials to solve the mechanical degradation in LIBs and SIBs.
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