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Three-dimensional compositional heterogeneities in sodium layered cathode materials were 

demonstrated to achieve good battery performance and exhibit depth-dependent charge 

compensation and metal migration.  
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Broader Context 

Sodium ion batteries hold the potential to revolutionize the field of energy storage by enabling 

cheap and abundant layered transition metal oxide cathodes. However, high energy cathode 

materials must be designed to reduce the performance gap between sodium ion batteries and 

commercial lithium ion batteries. Multicomponent cathode materials with homogeneous 

distribution of transition metal ions has been the acclaimed way of synthesizing layered cathodes 

for alkali metal ion batteries. Instead of following the traditional route, this study focuses on 

developing three dimensional heterogeneous distribution of transition metal ions to promote high 

performance sodium layered cathodes. Three dimensional heterogeneity was manifested to 

improve the cycle life and specific capacity of Na0.9Cu0.2Fe0.28Mn0.52O2. We investigated the 

chemical environment of the material as a function of depth and state of charge. We further 

investigated the pathway of capacity fading and found that Mn segregation to the surface of 

particles might account for the capacity fading upon prolonged cycling. Thus, our study provides 

insight into the effect of transition meal heterogeneity in the performance of cathode materials as 

well as enlightens a path towards further stabilizing Mn based layered oxide materials. 
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Abstract 

Affordable sodium ion batteries hold great promise for revolutionizing stationary energy storage 

technologies. Sodium layered cathode materials are usually multicomponent transition metal 

(TM) oxides and each TM plays unique roles in operating cathode chemistry, e.g., redox activity, 

structural stabilization. Engineering the three-dimensional (3D) distribution of TM cations in 

individual cathode particles can take advantage of depth-dependent charging mechanism and 

enable a path towards tuning local TM–O chemical environments and building resilience against 

cathode–electrolyte interfacial reactions that are responsible for capacity fading, voltage decay 

and safety hazards. In this study, we create 3D compositional heterogeneity in a ternary and 

biphasic (O3-P3) sodium layered cathode material (Na0.9Cu0.2Fe0.28Mn0.52O2). The cells 

containing this material deliver stable voltage profiles, discharge capacities of 125 mAh/g at 

C/10 with almost no capacity fading after 100 cycles and 75 mAh/g at 1C with negligible 

capacity fading after 200 cycles. The direct performance comparison shows that this material 

outperforms other materials with similar global compositions but different mesoscale chemical 

distributions. Synchrotron X-ray spectroscopy/imaging and density functional theory studies 

reveal depth-dependent chemical environments such as charge compensation and strength of 

orbital hybridization. Finally, 3D spectroscopic tomography enlightens the path towards 

optimizing multicomponent sodium layered cathode materials, that is to prevent the migration of 

TMs upon prolonged cycling. The study reports an inaugural effort of multifaceted and 

counterintuitive investigation of sodium layered cathode materials and strongly implies that there 

is plenty of room at the bottom by tuning nano/meso scale chemical distributions for stable 

cathode chemistry. 
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1. Introduction 

Electrochemical energy storage technologies are revolutionizing the way that our society 

generates and consumes energy, particularly in the area of clean and renewable energy. The 

infinite variety of storage demands necessitate a range of battery chemistries that can target the 

specific performance criteria of each application.  For example, grid energy storage and electric 

vehicles call for different battery solutions although they both require high energy/power density, 

low cost, long cycle life and excellent safety1. Grid energy storage would require much cheaper 

battery chemistries that are capable of levelling peak load and adjusting intermittency of 

renewable energy resources2–4, whereas electric vehicles would require the ones that can deliver 

a good accelerating power and a long cruising distance5. Sodium ion batteries and lithium ion 

batteries are considered excellent batteries of choice for grid energy storage4 and electric 

vehicles6, respectively. The design of these batteries can  follow the dual-intercalating rocking 

chair configuration, and importantly, layered oxides are considered one of the most promising 

cathode materials for both families of batteries4,7,8. In fact, the advancement of sodium and 

lithium layered cathodes have synergistically promoted each other, since the synergistic design 

of materials is possible due to their similar local coordination chemistry4,7–10. However, there are 

major differences between these two chemistries. More options of stoichiometry and transition 

metals (TMs) are available for sodium layered cathodes compared to those for the lithium 

counterparts3,11–13, including flexibility in the type of intercalating ion14. Furthermore, sodium 

layered cathodes exhibit distinct voltage profiles, such as multiple voltage plateaus, due to the 

larger Na+ ionic size and charge ordered configuration in sodium layered oxides15–19 which result 

in suppressed specific capacity and low rate capability20. These unique characteristics of sodium 

layered cathodes open up enormous opportunities for studying the fundamental processes of 

alkali metal ions interacting with layered oxide materials as well as for improving sodium ion 

batteries for practical applications.  

 Universal to many battery chemistries, interfacial reactions between a layered oxide 

cathode and electrolytic solution impact cathode electrochemical properties thus influencing the 

overall performance of a battery. Typical interfacial reactions include but not limited to 

generation of cathode–electrolyte interphases (CEIs)21,22, electrolyte decomposition23–25, and 

surface reconstruction of cathode particles26,27. These reactions, along with other factors such as 
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crack formation28,29 and dissolution of transition metal cations30,31, impede the effort to increase 

the energy/power density and cycle life of alkali metal ion batteries. Numerous methods have 

been proposed to tackle these challenges, including surface coating32,33, elemental 

substitution34,35 and three-dimensional (3D) compositional control36,37. In particular, we have 

witnessed a number of successful examples towards engineering the surface of cathode particles 

(e.g., coating, metal segregation) for lithium ion batteries32,34–36,38. However, the parallel effort in 

sodium counterparts has been rather limited. To make further progress in sodium ion batteries, 

sodium layered cathode materials must be stabilized against undesired interfacial reactions. A 

recent study by Meng and coworkers showed that a thin layer of Al2O3 coating on layered P2-

Na2/3Ni1/3Mn2/3O2 could effectively improve Coulombic efficiency and decrease cell 

impedance39. Most recently, our group applied a facile “cocktail” method to create conformal 

artificial CEI layers on O3-NaNi1/3Fe1/3Mn1/3O2 materials, which improved cycle life, shelf life 

and voltage stability40. TMnd orbitals undergo dynamic evolution upon electrochemical charging 

and discharging, which then influences the O2p occupancy through the TMnd–O2p orbital 

hybridization and alters the surface reactivity of cathode particles towards electrolytic solution. 

These processes contribute to the well-known problems of metal dissolution31 and surface 

reconstruction27 in alkali metal ion cathode materials. A layered oxide cathode material usually 

consists of multiple types of TMs, and the d orbitals of each TM have different degrees of 

hybridization with the local O2p orbitals. Therefore, an alternative approach for stabilizing 

interphases is to modify TM distribution at surfaces thus minimizing the participation of oxygen 

anions in the charge compensation. Such an approach has been found successful in lithium 

layered cathodes such as LiNixMnyCozO2 materials, for example, gradient distribution of 

cations41 and selective metal segregation37. We conjecture that an equivalent approach for 

sodium layered cathode materials can potentially generate new insights into developing high-

energy and long-life sodium ion batteries.  

 In this study, we adopted a simple approach to synthesize Na0.9Cu0.2Fe0.28Mn0.52O2 

materials with a heterogeneous 3D metal distribution, characterized by 3D full-field transmission 

X-ray microscopy (TXM). The best battery performance was achieved for the 

Na0.9Cu0.2Fe0.28Mn0.52O2 material synthesized from the precursor with Cu-enriched surface (i.e., 

CFM-Cu). The cells containing this material delivered practical discharge capacities of 125 

mAh/g at C/10 with zero capacity fading after 100 cycles and 75 mAh/g at 1C with only 
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negligible capacity fading after 200 cycles.  These materials exhibited depth-dependent charge 

compensation that was not reported in the literature39,42,43. We also probed the degradation 

mechanism of these materials and discovered that inhibiting metal migration is critical for 

achieving stable cathodes. We anticipate that the present study can enlighten the path towards 

designing compositional heterogeneities for high-energy and long-life sodium ion batteries. 

2. Experimental Methods 

2.1.Material synthesis  

Precursors of Na0.9Cu0.2Fe0.28Mn0.52O2 were synthesized by a co-precipitation method in 

four different procedures using salt solutions of CuSO4•5H2O (Sigma Aldrich, 98%), 

MnSO4•H2O (Sigma Aldrich, 99%) and FeSO4•7H2O (Sigma Aldrich, 99%) and NaOH as a base 

solution. In the first procedure, all three transition metals were precipitated simultaneously to 

form a mixed hydroxide, and the resulting sample is referred as CFM-H. For other procedures, 

two transition metals were first precipitated together (Cu-Mn, Fe-Mn or Cu-Fe) followed by the 

precipitation of the third transition metal (Fe, Cu or Mn, respectively), thus coating the third 

metal on the mixed hydroxide of the other two. The material with Fe-Mn precipitation followed 

by Cu precipitation is referred as CFM-Cu, Cu-Mn precipitation followed by Fe precipitation as 

CFM-Fe, Cu-Fe precipitation followed by Mn precipitation as CFM-Mn. The salt and base 

solution concentrations were kept consistent for every synthesis variation. 0.097M CuSO4 

solution, 0.136M FeSO4 solution and 0.253M MnSO4 solutions in 150 mL water were used for 

all the syntheses. Taking the precursor synthesis of CFM-Cu as an example, a salt solution with 

FeSO4 and MnSO4 in water was prepared and kept under nitrogen protection. A 0.5M aqueous 

solution of NaOH with NH3•H2O (molar ratio of NaOH/NH3•H2O was 1.2/1) in 150 mL water 

was prepared and also kept under nitrogen protection. This must be noted that NH3•H2O was 

utilized only in the synthesis of CFM-Cu to better control the pH value. NH3•H2O was however 

not used in any other syntheses because of the tendency of Cu to complex with NH3 when Mn is 

in solution. The complexing problem can be avoided in CFM-Cu because during Cu precipitation 

no Mn is present in the solution. For all other syntheses, the presence of Mn in solution causes 

Cu to complex with NH3 and thus lowers the yield of precipitate with significant deviation from 

the intended composition. The salt solution of Fe and Mn and the base solution were 

simultaneously pumped into the starting solution (80 mL aqueous solution of NaOH and 
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NH3•H2O with the molar ratio of NaOH/NH3•H2O=1.2/1 and pH value was adjusted to 10.5 by 

H2SO4) at a drop rate of ~2 mL/min with continuously stirring at 700-800 rpm and heating at 50 

°C. The drop rate of the base solution was frequently tuned to allow the reaction to take place at 

pH 10.5±0.2, until the pH stabilized. After the precipitation of Fe and Mn was complete, Cu was 

subsequently precipitated onto the mixed hydroxide of Fe and Mn at the same stirring rate, 

temperature and pH value. The final precipitate was then collected, washed and filtrated with DI 

water and dried in vacuum oven overnight at 100 ºC. The dried precursor was then mixed with 

nanosized Na2CO3, first by gently mixing the precursor and Na2CO3 using mortar and pestle and 

then by mixing in a speed mixer at 1500 rpm for ample amount of time to ensure thorough 

mixing.  The mixed precursor with Na2CO3 was then calcined in a box furnace at 850 ºC for 10 

hours to obtain the final CFM-Cu Na0.9Cu0.2Fe0.28Mn0.52O2 powder. 

Chemical desodiation was performed on CFM-Cu to mimic the deintercalation of Na+ 

from the lattice through the electrochemical method. NO2BF4 in acetonitrile was used as the 

oxidant solution for chemical desodiation. Two solutions of oxidant NO2BF4 were prepared with 

the oxidant being equal to 50 mole% and 75 mole% of Na0.9Cu0.2Fe0.28Mn0.52O2. CFM-Cu was 

then dispersed in the oxidant solutions and stirred in an Ar-filled glovebox for 24 hours at room 

temperature. The desodiated samples were then transferred out of the glovebox, centrifuged, 

dried overnight in a vacuum oven and then pressed into pellets for X-ray Raman spectroscopy 

measurements. 

2.2.Materials Characterization  

The morphology of the materials was evaluated by scanning electron microscopy (FEI 

Quanta 600 FEG) operated with an accelerating voltage of 5 kV. The instrument is equipped 

with a Bruker EDX and capable of taking images in both back-scattered and secondary electron 

modes. The global elemental composition of all four materials was evaluated through ICP-AES 

analysis. The ICP instrument is a Spectro ARCOS SOP (side-on or radial view of the Plasma 

interface) made by Spectro Analytical Instruments, Inc. The instrument has a relative standard 

deviation within 2% higher than background equivalent concentration for multiple sequential 

elemental analysis. The powder XRD patterns of the Figures 1 and S1 were acquired on a 

PANalytical X-ray diffractometer with the Cu Kα (λ=1.5406 Å) radiation. Soft X-ray absorption 

spectroscopy (XAS) measurements were performed on the 31-pole wiggler beamline 10-1 at 
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Stanford Synchrotron Radiation Lightsource (SSRL) using a ring current of 350 mA and a 1000 

l·mm spherical grating monochromator with 20 µm entrance and exit slits, providing ∼1011 ph·s-1 

at 0.2 eV resolution in a 1 mm2 beam spot. Data were acquired under ultrahigh vacuum (10-9 

Torr) in a single load at room temperature using total electron yield (TEY), where the sample 

drain current was collected. All spectra were normalized by the current from freshly evaporated 

gold on a fine grid positioned upstream of the main chamber. XAS samples were mounted on an 

aluminum sample holder with double-sided carbon tape in an Ar-filled glovebox, and transferred 

to the load-lock chamber in a double-contained container, using a glove bag purged with argon 

for the transfer. Hard XAS measurements (Cu and Mn K-edge XAS) were performed in 

transmission mode using a Si (220) monochromator at the SSRL Beamline 4-1. The absorption 

energy was calibrated by using the first inflection points in the spectra of Mn metal foil reference 

at 6539 eV for Mn K-edge and Cu metal foil reference at 8979 eV for Cu K-edge.  The hard 

XAS Fe K-edge spectra were carried out in transmission mode at Beamline 20-BM-B of the 

Advanced Photon Source. The incident beam was monochromatized by using a Si(111) fixed-

exit, double-crystal monochromator. The full-field transmission X-ray microscope (TXM)44 on 

Beam Line 6-2c at SSRL was used to perform 3D tomography and spectroscopic imaging 

analysis of heterogeneous CFM-Cu. The energy range on the instrument is ~4.5 to 13 keV, 

capable of spectroscopic imaging of transition metals in cathode materials and also of absorption 

contrast imaging of other materials. 3D elemental mapping was accomplished via acquisition of 

tomography above and below the X-ray absorption edge of the transition metals45,46. The 

segmentation of the 3D elemental maps is performed based on the quantitative analysis of the 

histogram of the 3D data (Figure S13). The elemental maps were first binarized before the 

elemental associations were evaluated. An in-house developed software package known as 

TXM-Wizard was used for the analysis of all the TXM data47. X-ray Raman Spectroscopy on 

Beam Line 6-2b at SSRL was used to obtain O K-edge spectra of chemically desodiated CFM-

Cu samples. The incident beam was monochromatized with two monochromators including 

Si(111) and Si(311) as well as collimating and focusing optics.  

2.3.Electrochemical Characterization  

Composite cathodes were prepared by thoroughly mixing a slurry of active powder (80 wt%), 

carbon black (15 wt%), polyvinylidene fluoride (PVDF, 5%) and 1-methyl pyrrolidone (NMP) 
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solvent and casting the slurry onto carbon-coated aluminum foils. The coated aluminum foils 

were then dried in a vacuum oven at 120 °C overnight and stored in an argon-filled glovebox 

(H2O<0.5 ppm, O2<0.5 ppm). Hard carbon material was supplied by an independent supplier. A 

slurry was prepared with 90% hard carbon, 5% PVDF binder and 5% carbon black and casted 

into a carbon coated aluminum foil. The coated foil was then dried in vacuum oven overnight at 

120°C. The pre-sodiation of the hard carbon anode was performed using Na metal anode at 100 

µAh rate for 60 hours.    CR2032 coin cells were assembled using Whatman glass fibers as the 

separator, pure Na foil (Alfa Aesar) as the anode and a saturated solution (~ 0.56M) of NaPF6 in 

propylene carbonate (PC) as the electrolytic solution. The full cell with bare hard carbon used 

1:1 weight ratio of EC DEC and 1M NaClO4 as the salt. The pre-sodiated hard carbon still used 

saturated solution of NaPF6 (0.56M) with PC as the electrolyte. The performance of coin cells 

was measured using a Wuhan Land Battery Testing System at room temperature. The charge and 

discharge rate were set based on 100 mAh/g as the base capacity (1C current density is 100 

mA/g-active material). All the electrochemical data including specific capacity and middle 

voltage were processed through the LANDdt software. Middle voltage is defined at the voltage 

where half of the discharge capacity is obtained. The middle voltage analysis enables monitoring 

the growing cell impedance due to side reactions during electrochemical cycling. The electrodes 

were removed from coin cells, rinsed with dimethyl carbonate and dried in an argon-filled 

glovebox for synchrotron X-ray studies. The electrodes were sealed under argon and then 

transferred to the synchrotron beamlines using a homemade system to prevent exposure to air 

and moisture. 

2.4.Computational details  

We have performed first-principles plane-wave pseudopotential calculations based on density-

functional theory (DFT), as implemented in Quantum Espresso simulation package48, for Na-ion 

battery materials. The calculations made use of the spin-dependent generalized gradient 

approximation of Perdew, Burke, and Ernzerhof (PBE)49, including Hubbard-U corrections 

following the formalism developed by Dudarev et al.50. The ultra-soft pseudopotential51 with 

energy cutoff of 650 eV and 2x2x1 supercell with a 6x6x2 Γ-centered k-point mesh for Brillouin 

zone were used in our calculation. The atomic ratio Cu:Fe:Mn=3:4:5 (corresponding to Na1-

xCu0.25Fe0.33Mn0.42O2) was used for modeling crystal structure of sodium layered cathode material 
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and a large number of cation arrangements have been considered by using the enumeration 

method by Hart et al52,53. The unit cell and atomic positions of all structures in the Na-ion battery 

materials were optimized until the atomic forces were less than 0.025eV/Å. Because the sodium 

layered cathode material studied in this work shows significant heterogeneity, it is difficult to 

model heterogeneity with a moderate size of supercell. The chosen size of 2x2x1 supercell with 

certain atom ratio (although slightly different from nominal composition of samples) is more 

likely to show the electronic properties of supercell with homogeneity in long-range scale (e.g., 

supercell is repeating in large scale), but at the same time with short-range local feature of 

heterogeneity within the supercell (namely, non-equilibrium sites for transition metals). 

The optimized crystal structure is presented in Figure S14a and corresponding desodiation 

phases have been determined by ranking their total energy at each composition. We perform the 

charge-transfer analysis for the desodiation process (Figure S14a-c), the effective charge on 

atoms for each state are obtained by Bader method54. The relative transfer charge for transition 

metal in Na1-xCu0.25Fe0.33Mn0.42O2 is calculated as 

∆e� = ��,����� −	��,���������� 

where ��,
����� is the average charge of transition metal � with composition x. The obtained transfer 

charges for each transitional metal averaged within supercell are shown in Figure S14c. While 

for local charge distribution of transition metals at different sites in the supercell, they are shown 

in Figure S15. 

 

3. Result and Discussion 

3.1. Physicochemical Characterization of Pristine Materials 

Instead of synthesizing layered transition metal oxides as one single solid solution, 

adopting a synthesis method that introduces heterogeneity in the distribution of transition metals 

may provide a new avenue for tuning the electrochemical performance of layered oxide cathodes 

for alkali ion batteries41,55. CFM-Cu was chosen to study how the heterogeneity plays roles in the 

electrochemistry and interfacial phenomena of transition metal oxide cathodes.  
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ICP-AES analysis revealed that the global chemical compositions of all four materials 

(CFM-Cu, CFM-Mn, CFM-Fe and CFM-H) are close to the nominal composition (Cu: Fe: Mn = 

0.2:0.28:0.52) (Table S1). 

 

Figure 1. Physicochemical characterization of the pristine CFM-Cu powder. (a) XRD pattern of 

the pristine CFM-Cu powder. (b) SEM micrographs of the pristine CFM-Cu powder. (c) Soft 

XAS spectra (TEY mode) of the pristine CFM-Cu powder, where the peak labeled with “*” 

originated from the surface carbonate species. 

The heterogeneous nature of these materials was evident from the XRD patterns. The 

XRD pattern of CFM-Cu revealed that it was not a single phase material, rather a mixture of an 

O3 phase and a P3 phase (Figure 1). Similar type of XRD pattern was also observed for CFM-Fe 

and CFM-H whereas CFM-Mn is mostly O3 phase (Figure S1). The Rietveld refinement was 

not performed due to the fact that any lattice model would fail to account for the heterogeneous 
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nature of these materials (Figures 2 and 3 discussed later). Nevertheless, the peaks were 

assigned to different crystallographic planes based on previous reports43,56. 

The agglomeration of the submicron-sized CFM-Cu primary particles did not result in 

secondary particles of well-defined morphology. The secondary particles were mostly random 

shaped (Figure 1b). In contrast, other three materials differed greatly in morphology from CFM-

Cu (Figures S2, S3 and S4). CFM-Fe, CFM-Mn and CFM-H all had nearly spherical secondary 

particles. The drastically different morphology of CFM-Cu compared to other three materials can 

be attributed to the synthesis method of the precursors. Precursor synthesis of CFM-Cu was 

aided by NH4OH, whereas for all other syntheses, NH4OH was eliminated to avoid complexing 

of Cu with NH3 that can significantly lower the yield of the product. As discussed in the 

Experimental Method, CFM-Cu was the only synthesis variation that could avoid the 

complexing of Cu. The absence of NH4OH might have aided the formation of spherical particles 

in CFM-Fe, CFM-Mn and CFM-H. 

Soft XAS was performed to understand the oxidation states of transition metals and 

surface oxygen speciation in the pristine CFM-Cu powder (Figure 1c). Soft XAS in the TEY 

mode probes mostly the surface region of particles, with 5-10 nm depth sensitivity57. The spectra 

revealed that the material is predominantly populated with Cu2+, Fe3+ and Mn4+ at the surface. 

The region of interest in the O K-edge XAS is the pre-edge region in the range of 530-540 eV 

because it provides information about the TM3d–O2p hybridization and carbonyl groups. The O 

K-edge peak marked with an “*” is attributed to the transition to π*(C=O) in the carbonate 

group. The carbonate could have originated either from unreacted sodium carbonate or reaction 

of lattice Na+ with atmospheric CO2 and moisture. We also observed a clear sign of TM3d–2Op 

hybridization in the O K-edge XAS spectrum. The deconvolution of Mn3d–O2p, Fe3d–O2p and 

Cu3d–O2p hybridization states was not attempted because of the complex arrangement of the 

transition metals in the crystal lattice which was compounded by the heterogeneous nature of the 

material. After the material was processed into an electrode (the corresponding XAS spectra are 

shown in Figure S5), Mn4+ was somewhat reduced, which was likely associated with the redox 

reaction between NMP and cathode particles during the electrode formulation. The relative 

intensity of the carbonate π*(C=O) compared with that of  TM3d-O2p hybridization decreased 
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after the electrode formulation, indicating that the electrode formulation could effectively leach 

away some surface carbonate species58.  

 

 

Figure 2. Transmission X ray tomography of CFM-Cu to analyze the mesoscale 3D elemental 

distribution and association. (a-d) 3D elemental distribution of CFM-Cu particles after 

calcination. The 3D structure of the particle was visualized by (a) single energy tomography. The 

multi energy tomography data with elemental sensitivity are visualized in (b-d) using virtual 

slice through the center of the particles, with blue, green and red representing (b) Mn, (c) Fe and 

(d) Cu, respectively. (e) The relative concentrations of the 3D elemental association calculated 

by using absorption correlation tomography. 
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We then quantified the 3D compositional heterogeneity for the pristine CFM-Cu powder 

using transmission X-ray microscopy (TXM) (Figure 2). The representative slices through the 

3D volume of the secondary particle are shown in Figures 2b-d. All of the TMs were present at 

the individual secondary particle level, but their distributions were not identical. Subsequently, 

we quantified elemental associations for individual voxels throughout the secondary particle by 

performing a correlation analysis of the absorption coefficient as a function of the X-ray energies 

(above and below the K-edges of all the three transition metal elements, see Experimental 

Methods). As shown in Figure 2e, the material contains significant single metal association with 

Mn only association being the highest (23.73%). The Mn-Fe-Cu association was only 37.01% for 

the pristine CFM-Cu powder. More than 30% of the total voxels contain single transition metal 

(Cu only, Fe only and Cu only).  Furthermore, we constructed elemental association maps to 

directly visualize the compositional heterogeneity in 3D (Figure 3). A large number of 

nanodomains deviated from the global CFM-Cu stoichiometry (Cu: Fe: Mn=0.2:0.28:0.52). 

While the bulk of secondary particles contains mostly Cu-Fe-Mn ternary phases, the surface 

contains phases of both single metal and binary metal associations (Figure 3b). Therefore, one 

can conclude that we have obtained a highly heterogeneous chemical distribution for the CFM-

Cu material, which forms a chemical basis for studying the impact of compositional 

heterogeneity on battery performance. However, the elemental associations of various 

nanodomains can be further tuned through thermal annealing59, pH and composition control, 

which opens up plenty of room for new research opportunities in the field of compositionally 

heterogeneous layered oxide materials. 
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Figure 3. 3D elemental association maps of the pristine CFM-Cu powder generated using 

transmission X ray tomography. (a) 3D visualization of the elemental associations from different 

angles showing that the surface is dominated by single metal and binary metal associations, and 

(b) 2D elemental association maps cut through the particle at different depths to show the 

different elemental associations between the bulk and the surface. The bottom bars show the 

color codes for different elemental associations.  

3.2. Electrochemical Performance Evaluation  
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Figure 4. Electrochemical performance evaluation of CFM-Cu in Na half-cells. (a) 

charge/discharge curves at various cycles of CFM-Cu at (left) C/10 and (right) 1C rates in the 

voltage window of 2-4V vs Na+/Na. (b) specific discharge capacities and Coulombic efficiencies 

of Na half-cell containing CFM-Cu at (left) C/10 and (right) 1C rates, (c) discharge energy and 

energy efficiency of CFM-Cu at (left) C/10 and (right) 1C rates, (d) middle voltage profiles of 

CFM-Cu vs Na+/Na at C/10 and 1C rates for CFM-Cu, and (e) rate capability of CFM-Cu at 

different C rates, where symmetric charging and discharging rates were applied.   
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We studied the electrochemical performance of CFM-Cu to provide evidence that 

compositional heterogeneity can potentially offer a choice of designing cathode materials with 

good electrochemical performance. The cells containing CFM-Cu delivered initial specific 

discharge capacities of 125 mAh/g at C/10 and 75 mAh/g at 1C in the voltage range of 2-4V vs 

Na+/Na (Figure 4a). These specific capacities are superior or comparable to those reported for 

materials with similar transition metal system43,60,61. The cells with CFM-Cu also delivered 

stable cycling with almost zero capacity fading after 100 cycles at C/10 and only negligible 

capacity fading after 200 cycles at 1C (Figure 4b). It is rarely reported for a material which does 

not undergo any significant capacity fading after so many cycles at a slow charging/discharging 

rate such as C/10. Cells with CFM-Fe, CMF-Mn and CFM-H all had reasonably good 

electrochemical performance but were slightly inferior to that of CFM-Cu in terms of specific 

discharge capacity and cycle life (Figures S7-S9). CFM-Fe, CFM-Mn and CFM-H delivered 

initial specific discharge capacities of 89.7 mAh/g, 77.5 mAh/g and 91.7 mAh/g at C/10, 

respectively.  In terms of cycle life at C/10, CFM-Fe, CFM-H and CFM-Mn showed capacity 

retentions of 83.2%, 88.9%, 94.6% after 100 cycles, respectively. At 1C rate, CFM-Fe, CFM-Mn 

and CFM-H showed capacity retentions of 79.7%, 81.5% and 89.3% after 200 cycles, 

respectively. To summarize, compared to other similar materials reported in the literature, not 

only did our best performing CFM-Cu delivered better or comparable cycle life and specific 

capacity but also the other three materials had comparable electrochemical performance43,60,61. 

Low first-cycle Coulombic efficiency is one of the characteristics of O3 type layered 

oxide cathodes62. However, the first-cycle Coulombic efficiency of CFM-Cu was impressively 

99.3% at C/10. We hypothesize that the reason lies mostly in the biphasic nature of the material. 

CFM-Cu is a mixture of both O and P phases, where the first cycle Coulombic efficiency is low 

for O3 type materials but it is usually high for P type materials63. Thus we achieved synergetic 

effects in the biphasic CFM-Cu material for a high first-cycle Coulombic efficiency. This may 

help maintain sodium inventory in practical sodium ion batteries.  

The cells containing CFM-Cu delivered a high discharge energy of 370 Wh/kg at C/10 

and 220 Wh/kg at 1C (Figure 4c). The initial discharge energy at C/10 provided by CFM-Fe, 

CFM-Mn and CFM-H were around 290 Wh/kg, 240 Wh/kg and 300 Wh/kg, respectively 

(Figures S7b-S9b). The specific energy delivered by these three materials at 1C was lowered to 
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around 180 Wh/kg, 175 Wh/kg and 190 Wh/kg, respectively (Figure S7b-S9b). The middle 

voltage profile for CFM-Cu was stable at approximately 3.1 V for C/10 and 3.25 V for 1C 

(Figure 4d). The reason for lower middle voltage at C/10 could be that at the slower 

charge/discharge rate (C/10), the capacity gain at the low voltage range (2.0-2.3 V) was 

significantly larger compared to that at 1C (compare voltage profiles in Figure 4a). Similar 

voltage plateau has previously been reported in the literature.15,64. However, we suspect that in 

this low voltage region (2.0-2.3V), kinetically driven processes play a dominant role. Slower 

charge/discharge rate like C/10 supports these processes. Hence, the capacity gain at the lower 

voltage at C/10 was significantly larger than that at 1C. Nevertheless, when the battery is 

discharged to lower than 2V at 1C, the low voltage plateau is further extended and the discharge 

capacity almost catches up with that of C/10 (Figure S6), thus further supporting our hypothesis. 

Subsequently, we investigated the rate capability of the CFM-Cu material (Figure 4e), 

where we used identical charging and discharging rates at each given rate. At C/10, the initial 

specific discharge capacity was 127 mAh/g, whereas 76.2 mAh/g was delivered at 1C. The drop 

in the specific capacity between these two charging/discharging rates was 40%. Even though the 

drop was somewhat high, the capacity retention after full cycling at all C rates was impressive. 

Instead of losing capacity after full cycling, it increased slightly. The material delivered a 

specific capacity of 129 mAh/g at the very last cycle which indicates a capacity retention of 

101.6%. This result illustrates the excellent rate capability of the material and implies that the 

material is capable of effectively handling different charging/discharging rates under practical 

conditions.  

In order to provide further evidence of the practical applicability of CFM-Cu, we 

fabricated a full cell with the as prepared cathode material, using bare hard carbon and pre-

sodiated hard carbon anodes. Pre-sodiation of hard carbon is usually done in order to account for 

the low first cycle Coulombic efficiency observed in bare hard carbon anodes65–67. The cycling 

performance of the material at 1C rate in terms of discharge capacity, discharge energy and 

middle voltage were evaluated for both full cells and is presented in Figure S10.  Using the bare 

hard carbon, CFM-Cu in a full cell delivered 63 mAh/g initial capacity at 1C rate. The middle 

voltage and energy density derived from the material were about 3.1 V and 193 Wh/kg 

respectively. While the full cell with the pre-sodiated hard carbon delivered performance close to 
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that of a Na half-cell. The material in such a full cell could deliver a discharge capacity of 

71mAh/g, a middle voltage of 3.2-3.3V and an energy density of 220 Wh/kg. This implies that 

with the advent of better anode materials, the potential of a cathode material in a full-cell can be 

completely realized. In summary, the heterogeneous CFM-Cu material can deliver reasonably 

high battery performance, implying that a homogeneous chemical distribution may not be crucial 

for achieving high performance cathode materials. 

 

3.3. Depth Dependent Chemical Evolution  

 

Figure 5. Surface sensitive soft XAS spectra (TEY mode) of CFM-Cu for (a) Cu L-edge, (b) Fe 

L-edge, (c) Mn L-edge, peaks labelled as A and B gradually changed in intensity as a function of 

charge and (d) O K-edge at different states of charge in the first charge cycle at C/10 rate.  Color 

scheme: black spectra: pristine electrode, red spectra: charged to 2.75V, green spectra: charged 

to 3.6V and blue spectra: charged to 4.0V. 

The surface of cathode particles has distinct chemical environments compared to the 

bulk, leading to drastically different charge compensation mechanism in alkali metal ion oxide 

cathode materials, i.e., depth-dependent charge compensation mechanism57,68. On the other hand, 

such mechanism also results in depth-dependent fading processes in cathode materials. For 
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example, the surface undergoes structural transformation27 and the bulk undergoes extensive 

cation mixing69. Here we applied a combination of soft XAS, hard XAS, XRS and TXM to probe 

the depth-dependent charge compensation and fading mechanism for the heterogeneous CFM-Cu 

material at various states of charge and after prolonged cycling. 

Surface sensitive soft XAS was used to investigate the evolution of TM oxidation states 

at different states of charge. At the top surface probed by the TEY mode, Cu remained relatively 

unchanged during charging and discharging processes (Figure 5a and Figure S11a), 

maintaining its +2 oxidation state70. Fe in the surface region was predominantly in Fe3+ oxidation 

state71, during both charge and discharge (Figure 5b and Figure S11b). Admittedly, we are 

aware that the differentiation of Fe3+ from Fe4+ using Fe L-edge soft XAS is challenging. The 

challenge is amplified by the fact that the Fe L-edge spectrum overlaps significantly with that of 

F K-edge72. The fluorine species originated from the electrolyte decomposition, PVDF binder or 

NaPF6 residual. Mn was the most active among all the three transition metals at the surface. Mn 

was in the Mn4+ oxidation state27 in the pristine powder (Figure 1c) and was slightly reduced 

after the CFM-Cu was processed into the electrode (Figure S5). During the early stage of the 

charging process, Mn underwent continuous reduction up to 2.75 V (compare the peak intensities 

in higher and lower energy side in Figure 5c). Upon the subsequent charging to 4 V, Mn was 

gradually oxidized, which can be seen by the increased intensity of the higher energy shoulder (B 

in Figure 5c) of the Mn L3-edge. We conjecture that such a dynamic evolution of Mn oxidation 

states was attributable to the competing process between the Mn reduction by interfacial reaction 

and the Mn oxidation by the sodium deintercalation of Mn-rich nanodomains during the charging 

process. Subsequently, Mn underwent reduction upon discharging (Figure S11c). As soft XAS 

in the TEY mode probed the surface region of the electrode, the observation suggested that the 

Mn redox process was irreversible at the surface, which is likely associated with the fading 

process of the cathode material (more discussion later). The pre-edge peak associated with the 

TM3d–O2p hybridization followed the similar trend as the Mn redox process (Figure 5d). This 

peak intensity decreased up to 2.75 V. Then the intensity of this peak experienced a gradual 

increase upon further charging to 4 V. The intensity of this peak decreased during the subsequent 

discharging (Figure S11d). While Fe and Cu experienced minimal changes at the surface, the 

concurrent evolution of TM3d–O2p hybridization and Mn oxidation state implies that Mn and O 

were strongly correlated and dominated the cathode–electrolyte interfacial reactions.  
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Figure 6.  Hard XAS spectra of CFM-Cu for (a) Cu K-edge, (b) Fe K-edge and (c) Mn K-edge at 

different states of charge during the first charge cycle at C/10 rate. The inset shows the zoom-in 

of the boxed portion of the spectra.  

 

Figure 6 shows the hard XAS spectra of the three transition metal elements at different 

states of charge during the first charging cycle at C/10 rate. Unlike what we have observed in the 

soft XAS, hard XAS revealed that Cu and Fe were electrochemically active in the bulk. The Cu 

K-edge spectrum shifted gradually to higher energy side revealing that Cu2+ was undergoing 
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oxidation (Figure 6a). On the way to discharge, the spectrum shifted to the lower energy side 

indicating reduction (Figure S12a). Fe K-edge spectrum also showed a shift to the higher energy 

side during the charging process (Figure 6b) and a corresponding shift to the lower energy side 

during the discharge process (Figure S12b). However, in case of Mn K-edge spectrum, no 

observable shift was monitored during either the charge (Figure 6c) or the discharge (Figure 

S12c), thus reflecting the electrochemically inactive nature of Mn4+ in the bulk. It should be 

noted that Mn was redox active at the surface (Figure 5c), but the contribution from the surface 

was too trivial to create any observable change in the Mn K-edge XAS. In contrast, according to 

our DFT computational study, in a compositionally homogeneous material, all three transition 

metals are expected to exhibit redox activity (Figure S14c). Thus, the comparison reveals that 

compositional heterogeneity can influence the charge compensation mechanism of 

multicomponent materials. 

Considering the fact that, in the theoretical model, the repeating unit is supercell, in long-

range scale, it shows homogeneity, see for example, element-averaged charge transfers of Cu, Fe, 

and Mn with reduction of Na composition (Figure S14c). However, within a supercell, the sites 

for transition metals even with the same element are not equilibrium, it is highly possible to 

show short-range heterogeneity due to the localization of d orbitals and local feature of 

coordination with the changes of Na composition, as shown in differences of local charge 

transfer of transition metal (Figure S15) and the shift of band edge of transition metals in 

conduction band (Figure S16, S17). If the supercell is enlarged, the local feature of short-range 

heterogeneity will be more significant. Therefore, although our DFT calculations are utilizing a 

relative small supercell, it clearly shows the long-range homogeneity, but also shows local 

feature of short-range heterogeneity. For the case of remarkable heterogeneity of nanoparticles as 

shown in experiments, the significant electronic heterogeneity is thus expected. That may shed 

some light on the electronic origin of electrochemical performance of nanoparticles with high 

heterogeneity.  
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Figure 7. Oxygen K-edge X-ray Raman spectra of CFM-Cu at different chemically desodiated 

states; the arrow sign indicates the rising intensity of the TM3d–O2p peak with increasing 

desodiation level.  

 

 X-ray Raman spectroscopy (XRS) was performed on different chemically desodiated 

states of CFM-Cu to understand the chemical evolution of TM3d–O2p bond in the bulk of the 

particle during Na deintercalation. During chemical desodiation, the removal of sodium and 

change in oxidation states of the transition metals happen in a similar way as in electrochemical 

desodiation. Figure 7 shows the O K-edge spectra of pristine, 50% desodiated and 75% 

desodiated CFM-Cu. The strength of TM3d-O2p hybridization was significantly more intense in 

the bulk (Figure 7) compared to the surface (Figure 1c) in the pristine powder, indicating 

different oxygen chemical environment from the surface to the bulk. The spectra clearly show a 

gradual change in the pre-edge peak intensity of O K-edge, indicating a dynamic electronic 

rearrangement in the TM3d–O2p hybridization in the bulk of the material upon sodium 

deintercalation. At higher desodiation level, the intensity of the TM3d–O2p peak increased. Soft 

XAS of CFM-Cu at different states of charge provided evidence of oxygen being active at the 

surface of the particles, dictating cathode-electrolyte interfacial reactions (Figure 5d). The XRS 

gave verification that oxygen was not only active at the surface but also in the bulk of the 
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particles of CFM-Cu. We believe that the oxygen activity in the bulk was attributed to the 

TM3d–O2p hybridization in the present case. In summary, the combination of soft XAS, hard 

XAS and XRS revealed the different chemical environments between the surface and the bulk of 

CFM-Cu particles. Cu and Fe in the bulk were responsible for charge compensation and 

discharge capacity whereas Mn dominated the surface processes. Meanwhile, the strength of 

hybridization of TM3d―O2p got stronger from the surface to the bulk. 

3.4. Phase Segregation and Transition Metal Migration  

Thus far, we have demonstrated that the heterogeneous nature of CFM-Cu resulted in 

good electrochemical performance and showed depth-dependent charge compensation 

mechanism. However, this material still inevitably suffered from capacity fading upon prolonged 

cycling (>400 cycles). TXM analysis was performed on the material after 400 cycles at 1C rate 

to elucidate the failure mechanism and to enlighten a pathway for further stabilizing CFM-Cu.  
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Figure 8. Transmission X-ray tomography of CFM-Cu to analyze change in elemental mapping 

and elemental association after 400 cycles at 1C rate. (a) 3D morphology of the CFM-Cu particle 

after cycling rendered from single energy tomography data. The visualization of elemental 

distribution in cycled CFM-Cu is conducted using multi energy tomography, with blue, red and 

green representing (b) Mn, (c) Fe and (d) Cu, respectively. (e) The relative concentrations of 

each elemental association in the cycled CFM-Cu particles as calculated by using absorption 

correlation tomography. 

 

The transition metal association in various nanodomains differed significantly from those 

of pristine CFM-Cu powders. Most noticeably, the Cu-Fe-Mn association decreased and single 

metal association of Mn increased (Figure 8e). Both two metal and single metal associations in 
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various nanodomains also differed to varying degree from those of the pristine powder (compare 

Figure 8e with Figure 2e). Furthermore, as evident from the 3D elemental distribution of the 

particles after cycling, both Cu and Fe had been mostly confined in the bulk of the particles 

while Mn stretched from the bulk to the surface (Figure 8b), indicating Mn migration to the 

surface of particles. 

 

 

Figure 9. 3D elemental association maps of CFM-Cu generated using transmission X ray 

tomography after long term cycling (400 cycles at 1C rate) in a Na half-cell to visualize changes 

in elemental associations. (a) 3D resolved elemental associations at the surface of CFM-Cu after 

long term cycling, (b) 2D perception of the elemental associations in planes cut through the 

particle from the surface to the bulk at different depths. The bottom bars show the color codes for 

different elemental associations.  

 

Figure 9 shows the 3D elemental association maps of CFM-Cu particles in various 

nanodomains after 400 cycles. This provides further evidence on Mn migration to the surface. 

Unlike pristine powder, Figure 9a shows that the surface of the particle was mostly populated 

with Mn only association (compare Figure 3a with Figure 9a).   The subsequent decrease in 

three metal association (Cu-Fe-Mn) bring to light the probable phase segregation in the material. 
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Thus, the failure mechanism in CFM-Cu is likely related to Mn segregation from Cu-Fe-Mn 

association and its consequential deposition and reduction at the surface of cathode particles, 

which is consistent with the observation of soft XAS, hard XAS and XRS. Similar metal 

segregation was reported by some of our coauthors on lithium/manganese rich NMC materials73. 

Therefore, these results collectively provide compelling evidence that stabilizing the material 

against phase segregation and elemental migration on long term cycling could be a path towards 

more stable sodium layered cathode materials. 

 

4. Conclusion 

A homogeneous or defined distribution of transition metal cations has been considered the rule 

of thumb for developing high performance multicomponent cathode materials in alkali metal ion 

batteries. Counterintuitively, we reported a good performing sodium layered cathode material 

resulting from a highly heterogeneous 3D elemental distribution. The material investigated 

(CFM-Cu) had almost no capacity fading at C/10 after 100 cycles and only negligible capacity 

fading at 1C after 200 cycles. We thoroughly studied the dynamic chemical environments of the 

transition metals and oxygen anions as a function of depth upon charging and discharging, and 

discovered that the heterogeneity in transition metal distribution also led to depth-dependent 

charge compensation mechanism in the material. Depth-dependent charge compensation was 

evident from the disparity in redox activity of transition metals from the surface to the bulk. Mn 

mostly dictated the cathode-electrolyte interfacial reactions while Cu and Fe contributed to the 

overall charge compensation process of the material in the bulk. In addition, our combined 

experimental and theoretical studies also revealed that compositional heterogeneity can influence 

the charge compensation mechanism of multicomponent materials. Finally, we further evaluated 

the fading mechanism of the material and found that Mn segregation to the surface of particles 

was possibly responsible for capacity fading upon prolonged cycling. Therefore, our work not 

only demonstrated the effect of compositional heterogeneity on developing stable layered 

transition metal oxide cathodes but also provided a direction to further stabilize Mn-containing 

sodium layered cathode materials.  
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