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A B S T R A C T   

Sodium-ion containing layered metal oxides have shown excellent performances as a high-energy cathode ma-
terial for sodium-ion batteries. However, the role of 3d metal cations as well as their interactions in this materials 
system have not been well understood, which also limits their performance improvement. In this study, we 
systematically investigated the electrochemical behaviors and the roles of metal cations of layered Nax(-
Cu–Fe–Mn)O2 system with variable 3d transition metal elemental compositions. We observed three apparent 
phenomena. Firstly, a strong co-relationship between the pristine valence state of manganese (Mn) and the 
reversible capacity was observed, with the highest reversible capacity reaching 190 mA h g− 1 for the composition 
(i.e., Na0.75(Cu0.1Fe0.1Mn0.8)O2) with the lowest pristine valence state of Mn. Secondly, it was observed that the 
average potential of the Nax(Cu–Fe–Mn)O2 system decreased with the increase of iron (Fe) composition. Thirdly, 
adding a proper amount of copper (Cu) was found to promote the rate performance and cyclability of the 
electrode material. To understand the underlying mechanism for such composition-dependent electrochemical 
behavior, we characterized the capacity of the electrode as a function of potential evolution and analyzed its 
relationship with the interactions between the metal cations. Interestingly, we found the variation in the Mn/Fe 
ratio could result in shifts in the redox potentials of Fe3+/Fe4+ and Mn3+/Mn4+ couples, which might be asso-
ciated with superexchange interaction and Jahn-Teller effect. These findings shed light on design of new layered 
metal oxides for batteries with improved performances.   

1. Introduction 

The continuous consumption of the limited lithium and cobalt 
sources have forced researchers to reconsider the feasibility of sodium 
ion batteries (SIBs) to reduce the usage of cobalt and lithium [1–3]. The 
electrochemical insertion/extraction of sodium into/from materials has 
been firstly reported in early 1980s [4–6]. Since then, many reports have 
been proposed recently about the performance of sodium systems 
[7–11]. Sodium-containing layered metal oxides (NaxTMO2, TM refer to 
3d transition metal) are promising cathode materials to promote the 
performance of SIBs. This system is generally categorized into two main 
groups: O3 type and P2 type, according to Na site (octahedral or pris-
matic site) and stacking of oxygen layer, respectively [6]. Unlike 
lithium-containing layered metal oxides, unitary sodium-containing 3d 
transition metal (TM) oxides are often electrochemically active, 

especially NaCrO2 and NaFeO2 that are totally non-active in lithium 
systems [12,13]. But the unitary TM oxides deliver relatively low 
reversible capacities not exceeding 120 mA h g− 1. Despite the Mn-based 
layered metal oxides have much higher reversible capacities, often 
above 180 mA h g− 1 [9,14], they still suffer from poor air stability for 
practical applications due to the low solvation energy of Na-ion [15]. It 
is necessary to improve the properties of sodium-containing layered 
metal oxides through TM cation engineering. Several studies have 
shown that incorporation of copper can effectively improve the air 
stability of layered metal oxides [16–18]. Especially, Yao et al. reported 
a Cu-doped TM cation mixed NaNi0.45Cu0.05Mn0.4Ti0.1O2 exhibiting an 
increase of 20 times in stable air-exposure period and 9 times in capacity 
retention cycles, and even retaining its structure and capacity after being 
soaked in water [18]. The combination of Fe and Mn was also proved to 
have the ability to expand the capacity [7,19,20]. In order to improve 
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their battery performance while promote the air stability, the combi-
nation of Cu–Fe–Mn TMs is promising for the high-performance 
sodium-containing layered metal oxides. 

Although many studies have been carried out with various compo-
sitions of layered metal oxides, the basic guidance or design principles 
for optimizing the synthetic system and identification of the underlying 
interactions are still not fully understood. In general, most of studies 
trend to mix TM cations in wide and random range to determine the best 
composition of layered metal oxides. This trial and error-based method 
has well worked for lithium systems since electrochemically active TM 
cations (Mn, Co, and Ni) at arbitrary ratios do not influence the for-
mation of rocksalt phase. However, the sodium systems are much more 
complex since Na content is flexible, and explorable TM cations are also 
variable. Most TM cations engineered for sodium systems are not sys-
tematic to allow determination of optimal composition and reveal the 
inner mechanisms. For the combination of Cu–Fe–Mn TMs, although 
several studies have confirmed that this series of layered metal oxides 
deliver good air stability, the reversible capacity of these layered metal 
oxides are only around 100 mA h g− 1 [16–18,21,22]. It is mainly 
because that the roles of TMs on battery performances and their inner 
interactions are still unknown. The research of ternary or more layered 
metal oxides is urgent for a new perspective to understand and promote 
their properties. 

In this study, the composition of TM cation was developed based on 
the composition diagram showing Nax(Cu–Fe–Mn)O2 system (CFM) 
performance as a function of the variation of cation contents. Since 
contents and pristine valence states of 3d TMs directly correlate with the 
electrochemical performance of sodium containing layered metal ox-
ides, we can directly observe the relationship between the battery per-
formances and cation distributions, also the interaction of metal cations 
by our experimental design. From our study, P2–Na0.75(Cu0.1Fe0.1Mn0.8) 
O2 with lowest Mn valence state delivered the highest energy density of 
499 Wh kg− 1 and capacity of 190 mA h g− 1. The increase in Cu content 
fraction can improve the rate and cycling performances. This was ach-
ieved by decreasing the capacity since copper is electrochemically non- 
active in sodium-containing layered metal oxides. The interactions be-
tween TM cations were directly observed in dQ/dV profiles. The 
superexchange and Jahn-Teller distortion induced by neighbor TM 
cation interactions were used to explain the variations in the electronic 
structures based on molecular orbital theory. 

2. Results and discussion 

We firstly developed a content diagram to design the cation 
composition as shown in Fig. 1. A 0.75 Na content of Nax(Cu–Fe–Mn)O2 
can lead to a formation of P2 phase layered metal oxides by solid-state 
reactions. A typical crystal structure of P2 type layered metal oxide is 
depicted in Fig. 1a. A hexagonal lattice with space group P63/mmc was 
recorded. For Na-containing layered metal oxides, P2-type often illus-
trated better battery performances than O3 type, especially for binary or 
ternary systems. This could be attributed to the electrostatic repulsions 
of prismatic site Na-ion, inducing special ordering P2 phase and 
benefiting Na-ion diffusion. The content of sodium showed a little in-
fluence on cathode performance for crystal structure P2 phase, as pre-
viously reported [20,23]. This phenomenon will also be confirmed later 
through battery performance. Since solid-state reaction was utilized to 
prepare the materials, the valence states of copper and iron in 
Na0.75(Cu–Fe–Mn)O2 must be bivalent and trivalent, respectively. On 
the other hand, valence state of manganese must be at mixed state 
(trivalent and tetravalent) to preserve charge conservation. Besides, the 
corresponding ratio of Mn3+/Mn4+ was determined according to con-
tent fractions of copper, iron, and sodium. Hence, the valence state of 
Mn could be tuned by adjusting the contents of Fe and Cu in 
Na0.75(Cu–Fe–Mn)O2 system. Afterward, the area was divided to select 
the optimal region of TM based content phase diagram (Fig. 1b). Most 
areas of the content diagram can be forbidden due to the tetravalent of 
maximum valent state of Mn. The Fe/Cu poor area was then discarded to 
guarantee the roles of Fe and Cu on battery performance. The Mn rich 
area was also ruled out due to the intrinsic poor air stability of sodium 
manganese oxides. Besides, the elimination of Fe/Cu poor area and Mn 
rich area would also prevent experimental errors and increase accuracy. 

In order to reflect the influence of three TM contents on battery 
performance, seven composition points were selected to cover any 
possible effects induced by TM cations. The targeted compositions and 
their corresponding Mn valence state of Na0.75(Cu–Fe–Mn)O2 were then 
designed according to Fig. 1. For simplicity, Cu/Fe/Mn ratio was used as 
the designation. Through Rietveld refinement of observed XRD patterns 
(Fig. 2), the majority phase of obtained layered metal oxides can be 
confirmed to be P2 phase. Note that a small amount of O3 phase 
appeared as content of iron increased (Table 1), which were obvious for 
Na0.75(Cu0.1Fe0.5Mn0.4)O2 (CFM-154, 37 wt% O3 phase) and 
Na0.75(Cu0.2Fe0.3Mn0.5)O2 (CFM-235, 22 wt% O3 phase). Thus, CFM- 
154 and CFM-235 would be defined as P2 + O3 phase in our study. 
The formation of O3 phase can be attributed to the increased content of 

Fig. 1. Cation engineering of Nax(Cu–Fe–Mn)O2. (a) schematic illustration of Nax(Cu–Fe–Mn)O2. (b) composition diagram of Na0.75(Cu–Fe–Mn)O2. Color dash lines 
refer to equivalence state of Mn as marked by corresponding valence state. 
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Fe. Since Fe3+ cannot be oxidized to Fe4+ in the layered metal oxides 
during the solid-state reactions, it prefers a stoichiometric O3 phase 
(atomic ratio, Na:TM = 1:1) rather a Na-defect P2 phase (atomic ratio, 
Na:TM < 1:1). Thus, it can be deduced that the rich iron content pro-
moted the formation of O3 phase for sodium-containing layered metal 
oxides. Trace amounts of CuO (CFM-226, CFM-235 and CFM-316) were 
identified as listed in Table 1. Here we suspected that there is an amount 
threshold to incorporate Cu into the M − O layers of sodium-containing 
layered metal oxides, which needs further investigation. From Table 1, 
we can find that the incorporation of Fe ion dramatically increased cell 
volume cell parameters while incorporation of Mn or Cu had no such 
effect. 

The full XPS spectra (Fig. 3a) corroborated the composition of CFM- 
118, 217, and 316. To determine whether the manganese valence state 
was tuned by composition variation, XPS spectra of Mn 2p3/2 were fitted 
and the results are displayed in Fig. 3b. The nominal Mn valence states 
were estimated to 3.44+, 3.64+ and 3.92+ for CFM-118, 217 and 316, 
respectively. The fitting results indicated that the proposed composition 
strategy truly tuned the valence states. However, the fitting values 
deviate from the nominal Mn valence states. Although XPS spectra is 
sensitive to the surface state, the obtained layered metal oxides were 
stable enough to prevent them from attack of moisture. But surface 
defects should also be easily formed. We suspect this is part of reason for 
the deviation. We further check the valence states of Fe and Cu as shown 
in Fig. 3c and d. The spectra of Fe 2p3/2 and Cu 2p3/2 peaks and their 
related satellites’ peaks can confirm that the Fe cations were trivalent 
and Cu cations were bivalent. We should also notice that there were 
some CuO formed when the Cu content increased. Thus, for the devia-
tion of nominal and actual valance states of Mn, we suspected that it 
should be caused by the simulation error, the surface defect and 
incomplete reaction of Cu. 

The morphology of Nax(Cu–Fe–Mn)O2 system was further studied 
and the results were gathered in Fig. 4. The scanning electron micro-
scopy (SEM) images (Fig. 4a–c) depicted similar morphologies of CFM- 
118, CFM-217, and CFM-316. From SEM images, we can see that the 
particle size of as-synthesized specimens varied from several hundred of 
nanometers to tens of micrometers. CFM-118 was further studied by 
transmission electron microscopy (TEM). A hexagonal particle (Fig. 4d) 
was selected to take SAED pattern (Fig. 4e). This particle can be iden-
tified as single crystal grown along the [001] direction, consistent with 
our previous characteristic study of layered metal oxide crystal struc-
ture. Atomic investigation on structure of CFM-118 was demonstrated 
along [011] and [001] direction (confirmed by FFT patterns, insets) as 
shown in Fig. 4f and g respectively. The interlayer spacing was recorded 
around 0.56 nm (Fig. 4f), consistent with XRD results and confirming no 
defects in M − O layer (Fig. 4g). (The selected areas for oriented TEM 
images were also presented in Fig. S1.) The EDS mapping images (Fig. 4h 
and i) confirmed the uniform 3d TM element distribution in CFM-118. 

The electrochemical performances of Nax(Cu–Fe–Mn)O2 system 
were studied, and the results are displayed in Fig. 5. To clarify the in-
fluence of Na content as mentioned above, we firstly tried to prepare a 
series of nominal compositions of Na0.8(Cu0.1Fe0.1Mn0.8)O2, 
Na0.9(Cu0.1Fe0.1Mn0.8)O2 and Na1(Cu0.1Fe0.1Mn0.8)O2 using the same 
method to prepare Na0.75(Cu0.1Fe0.1Mn0.8)O2. Then we obtained the 
corresponding XRD patterns as shown in Fig. S2a. It can be confirmed 
that these four samples are all pure P2 phase. As shown in Figs. S2b and 
S2c, the increase of Na content lead to a decrease of cyclability. We 
further focused on the battery performance of Na0.75(Cu–Fe–Mn)O2. The 
charge/discharge profiles (2nd cycle) of CFM following the order of Mn 
valence states are presented in Fig. 5a (The profiles of 1st cycle were 
collected in Fig. S5.). The highest reversible capacity was delivered by 
CFM-118, reaching 193 mA h g− 1 with energy density of 499 Wh kg− 1 

and average potential of 2.58 V. The lowest reversible capacity of 91 mA 
h g− 1 was induced by CFM-316, with energy density of 252 Wh kg− 1 and 
average potential of 2.76V. 

To further investigate the possible inter-relationships of TMs, 

Fig. 2. Rietveld refinement of Nax(Cu–Fe–Mn)O2 XRD patterns. Dot, observed; 
black, fitted; red, difference; bar, Bragg reflections. 
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including capacity vs. pristine Mn valence state and average potential vs. 
Cu content, the capacities as a function of average potentials of CFMs 
were plotted and the results were gathered in Fig. 5b with marked equal- 
energy-density lines. Firstly, the delivered capacities were highly 
correlated with the Mn pristine valence state. The lower valence of Mn 
induced a higher reversible capacity. The capacities of CFM-136, 217 
and 226 appeared close to each other due to their similar pristine Mn 
valence states (Fig. 1). These data were also consistent with those of 
other published reports dealing with high-capacity Mn-based oxides, 
which intended to increase the capacity by producing low pristine Mn 
valence states [24,25]. For Nax(Cu–Fe–Mn)O2 system, the order of the 
remaining Na+ ion repelled the insertion of additional Na+ ions. The low 
pristine Mn valence state was helpful to extract more Na+ ions from the 
matrix to yield high capacities by the layered systems with low pristine 
Mn valence states. A few reported Mn-based layered metal oxides with 
high pristine Mn valence state like Na0.67Mg0.28Mn3.85+

0.72O2 delivered 
high capacities [26]. The latter was due to oxygen anion redox reaction 
with special electronic configurations, which is not discussed here. 
Secondly, for the roles of Fe and Cu contents, the proposed results 
showed no correlation with the reversible capacity. The contents of Fe 
and Cu mainly impacted the average potentials. In Fig. 5b, the increase 
in Cu content dramatically promoted the average voltage for CFM-154, 
235 and 316 systems while the increase of Fe content declined the 
average voltage for CFM-118, 136, and 154. This will be further dis-
cussed in the mechanism based on dQ/dV results. 

The rate capabilities of CFMs were shown in Fig. 5c. The variation of 
Cu–Fe–Mn compositions did not significantly influence the rate capa-
bilities. However, the increase in Cu can promote rate performance. 
Nevertheless, the cycling performance of CFM might dramatically be 
improved by increasing the Cu content (Fig. 5d). Although the addition 
of Cu can improve the air stability and cyclability, Cu is electrochemi-
cally non-active in layered metal oxides [27]. The addition of excess Cu 
to layered metal oxide like CFM-316 would lead to excellent cyclability 
and rate capability at the expense of the decline in capacity. The 
development of nanostructured layered metal oxides, such as gradient 
composition may be an effective way to improve the battery perfor-
mance while maintaining low Cu content [28]. The electrochemical 
impendence spectroscopy (EIS) was used to investigate the charge 
transfer at the electrodes and the data are presented in Fig. S3. An 
equivalent circuit was established to analyze the states of cycled elec-
trodes (insert in Fig. S3) [11,29–31]. The solid electrolyte interface (SEI) 
resistance (RS) and charge transfer resistance at the anode (RA) and 
cathode (RC) were fitted to evaluate the states of cycled electrodes. 
Overall, Cu might effectively restrain the increase in RS. In other words, 
Cu might improve the cyclability of Nax(Cu–Fe–Mn)O2. 

The TM cation redox reactions of Nax(Cu–Fe–Mn)O2 were further 
qualitatively studied based dQ/dV curves. The redox peaks were 
composed of redox couples Mn3+/Mn4+ and Fe3+/Fe4+. Thus, the redox 
reactions can be divided into four areas (marked with colors), as shown 

in Fig. 6. The unitary Fe and Mn-based layered metal oxides have been 
well investigated [13,14]. The redox reaction potential of Fe3+/Fe4+

couple was estimated to 3.3 V for NaFeO2 while that of Mn3+/Mn4+

occurred in the voltage window of 1.5–3.8 V with about half capacity 
delivered at the voltage plateau of 2.3 V. Although CFM-154 and 
CFM-235 were confirmed to be P2 + O3 phase, it is noted that no dis-
charged capacities were found upon the Fe reduction potentials from all 
layered metal oxides while the Fe reduction potentials of CFM-154 and 
CFM-235 were the lowest values of all layered metal oxides. Thus, The 
dQ/dV profiles still can be utilized to investigate the capacity distribu-
tion of Nax(Cu–Fe–Mn)O2 system as a function of the potential. 
Although we mainly focus on the potential evolution for the dV/dQ 
curves, the reversible capacities of Mn and Fe redox couples were still 
calculated out by integrating corresponding areas as listed in Table S2. 
The reversible capacities based on Mn3+/Mn4+ redox couples gradually 
decreased as pristine valence state of Mn increased. Besides, the 
decrease of reversible capacities of Mn3+/Mn4+ redox couples was not 
related to Mn content (proved by case of CFM-316). The redox potentials 
of Mn3+/Mn4+ and Fe3+/Fe4+ shifted with the variation of TM content 
distribution. CFM-154 showed the highest oxidation potential of 
Mn3+/Mn4+ (2.44 V) and lowest reduction potential of Fe3+/Fe4+ (2.98 
V). By comparison, the corresponding values of CFM-118 were 2.24 V 
and 3.61 V, respectively. The diffusion coefficients of these two redox 
couples were calculated and the values are displayed in Fig. S4. It can be 
seen that the variation of TM cation contents revealed no significant 
influence on the kinetics of redox couples. For Fe3+/Fe4+ redox couples, 
their reduction potentials were highly dependent on Fe contents (Fig. 6). 
Elevated Fe contents dramatically induced lower reduction potentials of 
Fe3+/Fe4+. However, the oxidation potentials of Mn3+/Mn4+ were not 
sensitive to the Mn content but higher Fe contents can increase the 
oxidation potential of Mn3+/Mn4+. 

For the split of redox potentials of different TM cations, it can also be 
observed in the lithium-containing layered metal oxides, such as LiCoO2, 
Li(Ni–Co–Mn)O2, and Li(Li–Ni–Co–Mn)O2. However, the charge/ 
discharge voltage plateau of lithium-based system looked generally 
sloping. By comparison, unitary P2-NaxCoO2 or P2-NaxVO2 depicted 
several split voltage plateaus [32,33]. This would be linked to the strong 
electrochemical properties of sodium-containing layered metal oxides, 
which were strongly related to Na+ distribution in M − O interlayer. The 
strong electrostatic Na+-Na+ and Na+-M3+/M4+ repulsions led to com-
plex phase evolution as a function of sodium content, endowing 
dependent electronic structures of TMs on different phase domains. The 
interesting phenomenon was the voltage plateau evolution of binary or 
ternary sodium-containing layered metal oxides [34–36], which also 
became sloping. However, the most important issues of literature 
dealing with binary or ternary systems were associated with the 
deceased redox potential of Fe3+/Fe4+ as Fe content increased, as well as 
shifted Mn3+/Mn4+ redox peaks, that agreed well with our results. 

The atomic interaction mechanisms were proposed to elucidate the 

Table 1 
Phases and their corresponding compositions, space group, cell parameters and standard deviations deduced from the Rietveld refinement for Na0.75(Cu–Fe–Mn)O2.  

Items Phases Space Group Cell parameters Rwp (%) Rp (%) 

a (Å) b (Å) c (Å) β (o) V (Å3) 

CFM-118 P2 P 63/m m c 2.8876(1)  11.2095(9)  80.951(7) 8.74 6.19 
CFM-136 P2 P 63/m m c 2.9043(1)  11.2145(2)  81.926(5) 8.63 5.77 
CFM-217 P2 P 63/m m c 2.8887(1)  11.1813(3)  80.804(5) 7.85 5.55 
CFM-226 P2, 99.35 wt% P 63/m m c 2.8967(1)  11.1826(2)  81.264(7) 7.18 5.06 

CuO, 0.65 wt% C 1 2/c 1 4.5343(37) 3.4620(23) 5.1098(10) 98.946(37) 79.241(43) 
CFM-154 P2, 62.231 wt% P 63/m m c 2.9160(1)  11.2126(2)  82.569(5) 6.91 4.94 

O3, 37.769 wt% R − 3 m 5.7545(5)   29.743(1) 41.531(4) 
CFM-235 P2, 75.49 wt% P 63/m m c 2.9064(1)  11.1753(2)  81.758(5) 5.48 4.12 

O3, 22.678 wt% R − 3 m 5.7646(8)   29.566(1) 41.285(6) 
CuO, 1.830 wt% C 1 2/c 1 4.5380(58) 3.4731(27) 5.0849(62) 98.933(56) 79.174(72) 

CFM-316 P2, 97.292 wt% P 63/m m c 2.8937(1)  11.1755(3)  81.046(4) 8.04 5.58 
CuO, 2.708 wt% C 1 2/c 1 4.5939(22) 3.4534(10) 5.0927(8) 99.389(15) 79.714(24)  
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dependence of the redox potential evolution on cation content based on 
molecular-orbital theory as shown in Fig. 7. The Fermi level (EF) is 
related to the electrochemical redox potential, and band structure of 
electrode material dominates the voltage profile of batteries. For layered 
metal oxides, the M − O interactions would dictate the properties 
regardless of M-M interactions since the TMs was located at the oxygen 
octahedral site (Fig. 7). The Na-ion intercalation reaction-induced phase 
transition (or Na-ion ordering) did not directly affect the M − O 

interaction due to the strong ionic bonding of Na–O. Thus, the influence 
of Na+ ion ordering evolution during charge/discharge process was 
ruled out. Considering Fe3+/Fe4+ and Mn3+/Mn4+ as active redox 
couples, two composition phases, Mn-rich and Fe-rich, were taken into 
account (Fig. 7a and b). The triangular magnetic lattices with antifer-
romagnetic of ABO2 type compounds have been previously studied 
[37–40]. The Néel state of α-NaFeO2 exhibited at low temperature with 
strong paramagnetic properties at room temperature [39,40]. For 

Fig. 3. XPS Spectra of Nax(Cu–Fe–Mn)O2. (a) full XPS spectra CFM-118, CFM-217, CFM-316. (b) Mn4+ and Mn3+ amount estimation (Lorentzian-Gaussian, 80%). (c) 
XPS spectra of Fe. (d) XPS spectra of Cu. 
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Fig. 4. Morphological characterizations of Nax(Cu–Fe–Mn)O2. (a,b,c) SEM images of CFM-118, CFM-217 and CFM-316. (d) TEM image of CFM-118. (e) SAED pattern 
of particle of (d). (f,g) HRTEM image of CFM-118, insets: FFT patterns. (h) STEM images. (i) EDS mappings. 

Fig. 5. Electrode performances of Nax(Cu–Fe–Mn)O2. (a) charge/discharge profiles (2nd cycle, 0.05C). (b) voltage vs capacity for CFM. (c) rate performances (0.05C, 
0.1C, 0.5C, 1 C, 2C, 4C and 8C). (d) cycling performances (rate: 0.05C). 
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α-NaMnO2, the Jahn-Teller effect of Mn3+(t2g
3 eg

1) cation resulted in 
nonequivalent Mn–Mn exchange pathways. The Jahn-Teller distorted 
Mn3+ cations formed strong one-dimensional antiferromagnetic chains 
[37,38]. For Nax(Cu–Fe–Mn)O2 system, the antiferromagnetic to para-
magnetic transition can impel the vanishing superexchange interaction 
from Mn-rich phase to Fe-rich phase at room temperature (Fig. 7a and c). 
For antiferromagnetic Mn-rich phase, the d-d coulombic repulsion of 
next-to-nearest neighbor cations with opposite spin (superexchange) 
induced lager Δ term [41]. Hence, the redox potential of Fe3+/Fe4+

couple of Mn-rich phase was superior to that of paramagnetic Fe-rich 
phase. The shift in redox potential of Mn was related to the coopera-
tive Jahn-Teller distortion (Fig. 7b and d), becoming pronounced due to 
possible formation of superstructure in Fe-rich phase [42]. The 

pronounced Jahn-Teller effect further split eg and t2g bands of Mn3+ ion, 
leading to small redox potential shifts of Mn in Fe-rich phase (Fig. 7b and 
d). The TMs interactions of layered metal oxides were pretty complex, 
and the proposed model may not be helpful to explain other systems 
beyond Fe–Mn. However, the design concept will help future optimi-
zation and improvement of electrode materials. 

3. Conclusions 

The data obtained with Nax(Cu–Fe–Mn)O2 system provided new 
perspectives for improving the cathode performance by cation engi-
neering. A cation composition diagram was developed to study the 
possible influence of cation content fractions on Cu–Fe–Mn based 
layered metal oxides. The systematical study of Nax(Cu–Fe–Mn)O2 ca-
pacity, average potential, rate capability and cyclability demonstrated 
its promise as cathode of SIBs. The low pristine Mn valence state can 
dramatically improve the capacity while Cu can enhance both the rate 
capability and cyclability. The interactions of TM cations were discussed 
based on potential shifts of the redox couples. The proposed mechanisms 
based on superexchange and Jahn-Teller effect would hopefully explain 
the potential evolution of layered metal oxides and other materials. The 
development of SIB would also contribute to other emerging energy 
technologies [43,44]. 

4. Methods 

Synthesis. Nax(Cu–Fe–Mn)O2 systems were synthesized by the solid- 
state reaction. Briefly, stoichiometric sodium nitrate (NaNO3), copper 
nitrate (Cu(NO3)2⋅2H2O), iron nitrate (Fe(NO3)3⋅9H2O) and manganese 
nitrate (Mn(NO3)2⋅4H2O) were dissolved in distilled water according to 
the atomic ratio of Nax(Cu–Fe–Mn)O2. The resulting solutions were then 
heated at 120 ◦C to evaporate the water overnight. The obtained solids 
were firstly combusted at 600 ◦C for 2 h, and after hand-grounding, the 
powders were calcined at 900 ◦C for 1 min to prevent volatilization of 
sodium. 

Characterization. The morphologies of Nax(Cu–Fe–Mn)O2 were 
characterized by field emission scanning electron microscopy (FE-SEM, 
QuantaF400) and transmission electron microscopy (TEM, FEI Tecnai 
F20), respectively. An X-ray photoelectron spectroscopy (XPS, PHI 
Model 5802) was used to identify the elemental chemical states of 
Nax(Cu–Fe–Mn)O2. An inductively coupled plasma mass spectrometry 
(ICP-MS, Agilent Technologies 7900) was used to determine the element 
ratios of Nax(Cu–Fe–Mn)O2 by measuring diluted aqua regia solutions 
dissolved with samples. A Rigaku (RU300) diffractometer with Cu Kα 
radiation source (λ = 0.1540598nm) was employed to collect the X-ray 
diffraction (XRD) patterns. Structural analysis was carried out using 
GASA-II. The Nax(Cu–Fe–Mn)O2 specimens as cathode materials were 
assembled in CR2016-type coin cells placed in an Ar-filler glovebox. The 
electrolyte consisted of 1 M NaClO4 in propylene carbonate and the 
anode was metallic sodium. Glass microfiber filters (Whatman, GF/F) 
were used as the separators. The cathode was prepared by coating Al foil 
(mass loading, 2–4 mg cm− 2) with a slurry consisting of 80 wt% Nax(-
Cu–Fe–Mn)O2, 10 wt% PVDF (HSV900, Arkema) and 10 wt% carbon 
black (BP2000, Cabot) dispersed in N-Methyl-2-pyrrolidone (NMP). The 
electrochemical performances of Nax(Cu–Fe–Mn)O2 electrodes were 
measured by Land battery testing system and BioLogic VSP electro-
chemical workstation. The operating voltage windows were set from 1.5 
to 4.6 V. The rate capabilities were measured at 0.05C, 0.1C, 0.5C, 1 C, 
2C, 4 C and 8 C. The applied current density 1 C was 245 mA g− 1, which 
was defined on the basis of one electron redox of TMs in the 
Na0.75(Cu–Fe–Mn)O2 (approximately 245 mA h g− 1). The electro-
chemical impedance spectroscopies were measured from 106 to 10− 2 Hz 
and fitted by the software (EC-Lab V10.44). 

Fig. 6. Electrochemistry of Nax(Cu–Fe–Mn)O2, dQ/dV curves (2nd cycle).  
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Supplementary data to this article can be found online at https://doi. 
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Fig. 7. The band structure of Nax(Cu–Fe–Mn)O2 and related mechanisms. (a,b) Molecular orbital diagrams of Mn-rich and Fe-rich phases. (c,d) corresponding 
proposed band structures. The (M–O)* or M* refers the antibonding band and (M–O) refers to the bonding band. 
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