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Sodium-ion batteries (SIBs) have attracted a surge of attention as 

the potential alternative replacing lithium-ion batteries (LIBs). 

However, the current cathodes of SIBs suffer from problems of 

limited capacity, capacity decay, inferior cycling performance and 

structural instability. Na2RuO3 is known for the high capacity 

including both cationic redox and anionic redox processes. Here we 

show a general method for improving the sodium storage 

performance of Na2RuO3 via Mn doping. A series of Na2Ru1-xMnxO3 

are explored through X-ray diffraction (XRD), galvanostatic charge-

discharge test, electrochemical impedance spectroscopy (EIS) 

measurements and so on. The results exhibit that a suitable Mn 

doping (x=0.1) enhances the kinetics and structural stability of the 

electrode, accounting for a superior electrochemical performance. 

Our findings pave a simple method to develop the advanced 

cathodes for SIBs with a long lifespan and large capacity.  

Increasing attention has been paid on the development of SIBs 

recently.1-5 SIBs are regarded as the potential substitutes of LIBs due 

to the similar electrochemical properties between sodium and 

lithium and the abundant reserves of sodium compared with lithium. 

The layered LiCoO2 cathode has been firstly commercialized by Sony 

Corporation.6 It acquired a huge success and the Li-family cathodes 

have remained active in our daily lives. The successful experiences in 

LIBs can be introduced to design the high-power storage materials 

for SIBs. The layered NaxTMO2 (TM=transition metal) are considered 

to be the most promising cathodes.7-18 However, they suffer from 

severe capacity decay mainly caused by the undesired phase 

transition stemming from the large size of sodium.19-21 Thus, the 

structural stability is an important issue for developing large capacity 

and high reversible cathodes. 

There is one type cathode of LIBs possessing the large capacity, 

which is called Li-rich layered cathode. Compared with other typical 

cathodes including sole cationic redox process during cycling for 

charge compensation, Li-rich layered cathode presents both cationic 

and anionic processes during cycling, which therefore delivers more 

lithium ions and then the high capacity. The oxygen in the lattice of 

Li-rich layered cathodes will be oxidized from O2- to a higher valence 

of On- (0 ≤ n < 2). Tarascon et al. firstly observed the forming of O2
2- 

by means of scanning transmission electron microscopy (STEM), 

presenting a better understanding of oxygen behaviour.22 Our 

previous work also confirmed the O-1-O-1 bonds forming mainly along 

the c axis directly by in-situ Raman and in-situ XRD, enriching the 

evidence of the anionic redox behaviour in Li-rich layered cathodes.23 

There are many cathodes reported based on this creative notion, 

such as Li3IrO4 and Li3NbO4-based system.24-28 The successful 

experience in Li-rich cathodes can be reasonably ported to sodium-

rich cathodes. Our group reported a sodium-rich layered material 

Na3RuO4 as the cathode with reversible anionic redox process.29 

Yamada et al. utilized Na2RuO3 as the cathode of SIBs.30, 31 Na2RuO3 

is a typical sodium-rich cathode which can be written as 

Na(Na1/3Ru2/3)O2 with [NaRu2] arrays in transition metal layers. The 

format of Na2RuO3 is similar to Li2MnO3, the electrochemical process, 

however, is different.32, 33 Mn, with the valence of 4+, cannot be 

oxidized further during charging.34 While Ru can be oxidized from 4+ 

to 5+. Yamada et al. confirmed there are both cationic redox (Ru4+) 

and anionic redox (O2-) processes in Na2RuO3. Tarascon et al. 

reported Sn4+-doped Na2RuO3 compounds.35 Song et al. studied 

Na2Ru0.95Zr0.05O3 by substitution of Zr for Ru.36 The materials show 

electrochemical activity benefiting from the high electronic 

conductively of Ru and special Na-rich structure. However, the 

improvement of electrochemical performance for these doped 

cathodes is not pronounced. 

Herein, we apply Mn-doped Na2RuO3 as the cathodes of SIBs 

and explore the influence of different content Mn on Na2RuO3. 

The results show that an appropriate Mn doping can elevate the 
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kinetics and structural stability of Na2RuO3, promoting the 

electrochemical performance. The facile method opens the way 

to design the Na-rich layered materials with large capacity and 

long-life cycling stability.  

The XRD patterns of the series Na2Ru1-xMnxO3 (x = 0, 0.1, 0.3, 

0.5, 0.7 and 1) are firstly displayed in Figure 1. The simulated 

standard Na2RuO3 and Na2MnO3 pattern are also shown for 

comparing. The peaks of Na2RuO3 can be indexed well with O3 

type structure (space group: R-3m) defined by Delmas with 

undetectable superlattice peaks locating from  20o to 30o.37 It 

is clear that when x value is larger than 0.3, there is one 

additional peak appearing near 16o (more obvious in Figure 1b), 

indicating the material contains two phases. This peak grows up 

with the increasing x value, meanwhile, the (003) peak of O3 

type decreases progressively. The additional phase coincides 

with Na2MnO3 phase (space group: C2/m) meaning that the 

Na2MnO3-type structure dominates the whole structure when x 

value is large. The heterogeneous system may result from the 

large radii difference between Mn4+ (0.53 Å) and Ru4+ (0.62 Å).38 

However, the material also shows a single phase when the x 

value is lower than 0.3, consistent well with the layered O3 type 

structure. The Mn/Ru distribution should be not ordered 

because there is no evidence of superlattice peaks.30 The SEM 

(scanning electron microscope) images also display the 

difference between these materials, as shown in Figure 1c-1h. 

The morphology of sample x = 0 is irregular. When x increases 

to 0.1, the particles present uniform and regular layered blocks, 

indicating a homogeneous phase. However, there appear some 

small particles on the layered blocks when x changes to 0.3, 

implying that there exists impurity in the sample. More obvious 

phenomena are captured when x is larger than 0.3. The 

morphologies are similar for the sample x = 0.5, 0.7, and 1, 

containing the predominant small particles affixing on the big 

blocks. To further confirm the difference of Na2Ru1-xMnxO3, 

transmission electron microscope (TEM) was performed. The 

results are shown in Figure S1. Similar with SEM results, the 

samples when x < 0.3 show clear layered structure highlighted 

by the yellow rectangle, especially the sample x = 0.1. The 

sample x = 0.3 emerges more than one phase evidenced by the 

inserted selected area electron-diffraction pattern. When x > 

0.3, the TEM images show another crystal lattice marked by the 

pink rectangle. The results are consistent well with that of SEM 

and XRD. 

  

Figure 1. (a) XRD patterns of Na2Ru1-xMnxO3 with simulated Na2RuO3 and Na2MnO3. (b) XRD patterns of (a) with an enlarged scope of 2 from 15o to 18o. The 

SEM images of Na2Ru1-xMnxO3 for (c) x = 0, (d) x = 0.1, (e) x = 0.3, (f) x = 0.5, (g) x = 0.7, and (h) x = 1. 

The typical galvanostatic potential curves of Na2Ru1-xMnxO3 

are shown in Figure 2a, with the initial two cycles at the current 

density of 10 mA g-1. The x value is 0, 0.1, 0.3, 0.5 and 0.7 from 

bottom to up. There are three key points should be noticed. The 

first is capacity. For the theoretical capacity of traditional 

cathodes, it is calculated by the cationic redox process 

(Ru4+/Ru5+ for here). The theoretical capacity is assigned by the 

green area in Figure 2a and the maximum capacity is decided by 

the number of sodium-ions which is labelled by the red dot line. 

For the overview, the capacity increases regularly with the 

increase of x value. Note that the content of Ru decreases when 

the x value increases, which means the theoretical capacity 

based on Ru redox decreases, as shown in the gradient green 

area. Synchronously, the capacity beyond the theoretical value, 

where the additional one belongs to the oxygen redox, 

increases with the increasing x value. For the sample x = 0.5, the 

capacity is larger than the maximum value, which is ascribed to 

the electrolyte decomposition. The second is the plateau of the 

oxygen redox reaction. Li-rich layered materials have a 

significant symbol of a  4.5 V long plateau attributing to the 

oxygen redox in the first cycle which is different from 

subsequent cycles.39-42 For the series of Na2Ru1-xMnxO3, this 

plateau is located at  4.0 V and the plateau prolongs when x 

value increases, demonstrating the Mn-doped Na2RuO3 can 

activate the oxygen behaviour. The higher content of Mn is, the 

higher capacity releases when we focus on the first charge 

process. The reversibility of the capacity is an important factor 

we concern, which is the key point three. Figure 2a displays the 
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irreversible sodium ions compared the first charge and 

discharge processes. The irreversible values are 0.22, 0.41, 0.43, 

1.25 and 1.01 for the sample x = 0, 0.1, 0.3, 0.5 and 0.7, 

respectively. The sample x = 0 shows the best reversibility 

during the first cycle. And the reversibility deteriorates with the 

increasing content of Mn, especially when x value is higher than 

0.5. To explore the reason influencing the capacity reversibility, 

dQ/dV curves are performed in Figure 2b. The samples exhibit 

the analogous curves in the first cycle, thus we focus on the 

second cycle and their derivate dQ/dV curves. The apparent 

difference in Figure 2b is highlighted by the dot black rectangle. 

There are some peaks locate beyond 3.5 V when x is larger than 

0.1, indicating the phase transitions in these materials.43-45 The 

undesired phase transitions deteriorate the structural stability 

and aggravate the failure of the capacity eventually. For 

comparison, there are no peaks above 3.5 V for the sample x = 

0 and 0.1, evidencing that there is no phase transition at high 

potential. Especially, the galvanostatic potential curves of 

sample Na2MnO3 (x = 1) are shown in Figure S2. The charge 

capacity is only  30 mAh g-1, corresponding to 0.17 Na+ per 

formula, far less than 2 Na+ in the formula. There are many 

peaks in dQ/dV curves, indicating the Mn redox process and 

undesired phase transitions. Additionally, the dQ/dV curves of 

the first cycle for Na2Ru1-xMnxO3 are shown in Figure S3. Note 

that the XRD of Na2MnO3 is not coincided well with the 

simulated Na2MnO3, demonstrating that the phase of Na2MnO3 

is unstable and impure. It is intelligible that the structure of 

Na2Ru1-xMnxO3 would be unstable when x increased, 

corresponding to the phase separation in Figure 1 and phase 

transitions in Figure 2b. The comparison of different Na2Ru1-

xMnxO3 with charge capacity, discharge capacity and coulombic 

efficiency for the first cycle are shown in Figure S4. The gap 

between charge and discharge capacity expands with x 

increases (except x = 1), representing the irreversibility. The 

electrochemical performance of the samples x = 0 and 0.1 are 

better than others apparently. 
 

 

 

 

 

 

 

 

Figure 2．(a) The typical galvanostatic potential curves of Na2Ru1-xMnxO3 for 
the initial two cycles at the current density of 10 mA g-1. The potential window 
is from 1.5 V to 4 V for sample x = 0 and from 1.5 V to 4.3 V for other samples. 

(b) The corresponding dQ/dV curves with the second cycle derived from (a). 

 

Figure 3. Electrochemical performance of Na2Ru1-xMnxO3. Typical 

galvanostatic charge-discharge profiles of (a) x=0, (b) x=0.1, (c) x=0.3, (d) 
x=0.5 and (e) x=0.7. The current density is 20 mA g-1. (f) The resistances of 
different cathodes of Na2Ru1-xMnxO3 by using 4-point conductivity with error 

bar. 

To deeply compare the electrochemical performance of Na2Ru1-

xMnxO3, the galvanostatic profiles at the current density of 20 mA g-1 

are exhibited for the initial 30 cycles in Figure 3. The electrodes 

deliver the discharge capacity of 110.2, 130.4, 88.8, 41.1, and 76.7 

mAh g-1 at the 30th cycle for the sample x = 0, 0.1, 0.3, 0.5 and 0.7 

respectively. The corresponding capacity retention after 30 cycles 

are 74.0%, 81.0%, 57.7%, 28.6%, and 55.8%, respectively. The sample 
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x = 0.1 displays the largest capacity and highest capacity retention at 

a low current density, followed by the sample x = 0. For the high Mn 

content (x  0.3) samples, the structures are unstable and suffer from 

the undesired and severe phase transitions, resulting in inferior 

capacity performance. The cycling curves of Na2Ru1-xMnxO3 for the 

initial 30 cycles are shown in Figure S5. The changing trend of 

discharge capacity for the sample x = 0.1 is gentle with a flat gradient. 

However, the samples with high Mn content exhibit serious degrade. 

The sample x = 0.1 exhibits the best electrochemical performance of 

all samples. To further investigate the difference between the 

sample x = 0.1 and other samples, the resistances of different 

cathodes were tested by using 4-point conductivity. The results are 

shown in Table S6 and Figure 3f. The resistance of sample x = 0.1 is 

smaller than others, indicating the great improvement of 

conductivity. Additionally, EIS curves of Na2Ru1-xMnxO3 for the 

pristine half-cells and the cells after 100 cycles at the current density 

of 100 mA g-1 with suitable fitting are also shown in Figure S7, further 

indicating the superior kinetics when doping suitable Mn.   

 

Figure 4. Electrochemical performance of Na2Ru0.9Mn0.1O3. (a) Typical 
galvanostatic charge-discharge profiles at the current density of 100 mA g-1. 
(b) The cycling performance for the sample x = 0.1 at the current density of 

100 mA g-1. (c) The galvanostatic charge-discharge profiles at the different 
densities of 20, 50, 100 and 200 mA g-1. (d) The rates performance at the 
different current densities. 

In view of the best behaviour shown in the sample x = 0.1, we 

continue to focus on its cycling performance at high current density, 

the results are shown in Figure 4. The sample displays a capacity of 

108.1 mAh g-1 after 100 cycles at the current density of 100 mA g-1, 

presenting a capacity retention of 75.72% and a stable coulombic 

efficiency of  97.7%. The rates performance was obtained at 

different current densities of 20, 50, 100 and 200 mA g-1 respectively 

for every 10 cycles. The corresponding capacities for the first cycle at 

every current density are 160.4, 105.8, 77.3 and 57.3 mAh g-1, 

respectively (the corresponding normalized curves of discharge 

capacity are shown in Figure S8 for comparison). The capacity 

recovers to a high level of 112.6 mAh g-1 after returning the current 

density from 200 mA g-1 back to 20 mA g-1, demonstrating the good 

structural stability of the sample. Further, ex-situ XRD pattern of 

sample x = 0.1 after 100 cycles at the current density of 100 mA g-1 is 

revealed, as shown in Figure S9. The corresponding pattern of 

Na2RuO3 is also uncovered for comparison. The peaks of cycled 

Na2RuO3 degrade severely, indicating a shift of structure from 

crystalline to amorphous, which is related to the performance decay. 

There also exists phase transition from O3 structure of pristine to 

O3+P3 mixed structure of the cycled electrode, evidenced by the split 

of (003) peak. For the sample x = 0.1, the changing trend is analogous 

to that of Na2RuO3. However, the peaks maintain tough and the 

structure preserves well crystallinity. Both the high kinetics during 

cycles and good crystallinity accounts for a favorable electrochemical 

performance of the sample x = 0.1. Furthermore, the comparison 

among Mn-doped, Zr-doped, and Sn-doped Na2RuO3 are displayed in 

Table S10, demonstrating a superior improvement by Mn-doping. 

Conclusions 

In summary, a series of Mn-doped Na2RuO3 with different 

concentration are investigated as cathodes for SIBs. A suitable 

Mn-doped Na2RuO3 (x = 0.1) has a positive effect on the 

electrochemical performance. The charge capacity of the first 

cycle is prolonged obviously with increased Mn content. 

However, the high content of Mn attenuates the structural 

stability of the sample, companied by undesired phase 

transitions at high potential and evident capacity fade. The 

sample x = 0.1 exhibits the best capacity retention of 81.0% 

after 30 cycles at 20 mA g-1 and delivers the highest capacity of 

108.1 mAh g-1 after 100 cycles at 100 mA g-1. The 4-point 

conductivity, EIS and ex-situ XRD results disclose that a suitable 

Mn amount enhances the kinetics and good crystallinity of the 

electrode, accounting for a better electrochemical performance. 

Our findings pave a simple method to improve the performance 

of Na2RuO3, promoting the development of Na-rich layered 

electrodes for SIBs with a long lifespan and large capacity in the 

future. 
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