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Abstract: Aqueous sodium-ion batteries have shown desired properties of high safety 

characteristics and low-cost for large-scale energy storage applications such as smart grid, 

because of the abundant sodium resources as well as the inherently safer aqueous electrolytes. 

Among various Na insertion electrode materials, tunnel-type Na0.44MnO2 has been widely 

investigated as a positive electrode for aqueous sodium-ion batteries. However, the low 

achievable capacity hinders its practical applications. Here we report a novel sodium rich 

tunnel-type positive material with a nominal composition of Na0.66[Mn0.66Ti0.34]O2. The 
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tunnel-type structure of Na0.44MnO2 obtained for this compound was confirmed by XRD and 

atomic-scale STEM/EELS. When cycled as positive electrode in full cells using 

NaTi2(PO4)3/C as negative electrode in 1M Na2SO4 aqueous electrolyte, this material shows 

the highest capacity of 76 mAh g-1 among the Na insertion oxides with an average operating 

voltage of 1.2 V at a current rate of 2C. These results demonstrate that Na0.66[Mn0.66Ti0.34]O2 

is a promising positive electrode material for rechargeable aqueous sodium-ion batteries. 

 
1. Introduction 

The concerns of global climate changing and environmental issues have inspired intensive 

research on energy storage technologies and their applications on electric vehicles and smart 

grid aiming the better utilization of renewable energy sources such as wind and solar. The 

rechargeable battery is one of the most important fields for large-scale electric energy 

storage1,2. The most common rechargeable battery systems are lithium ion batteries (LIBs) 

with high energy density, high cycling efficiency and cycle stability. Although the LIBs have 

been successfully developed for portable electronics and electric vehicles, their applications 

for large-scale energy storage systems for smart grid still face significant challenges, due to 

cost, safety and cycle life issues3-5. As a result, sodium-ion batteries (SIBs) with similar 

intercalated electrochemistry to LIBs have been regarded as a promising alternative for such 

large scale applications due to the low cost and naturally abundant of the Na resources6-13. In 

particular, room temperature aqueous sodium-ion batteries have been focused on, because the 

aqueous electrolyte is inherently safer and more environmental friendly with potential to 

achieve higher power density than organic electrolytes 14-30. Unlike in non-aqueous system the 

batteries can operate in a wide voltage range, the stable operating voltage window of the 

aqueous system is rather narrower. Suitable electrode materials for aqueous system should be 

operated in potential located between the H2 and O2 evolution potential31. In addition, the 

chemical stability of the electrode materials in H2O is another important aspect needs to be 

considered, which also restricts the suitable candidates as electrode materials for such 

batteries. Therefore, only few workable positive and negative electrode materials have been 

reported for aqueous SIBs, such as NaxMnO2
32-42, Prussian blue analogues18-23 etc. For the 

positive electrode materials, Na0.44MnO2 with a tunnel structure is of particular interest and 

importance due to its unique structure with large channels, which is desirable for Na 

extraction/insertion, as well as its chemical and electrochemical stability in aqueous 

electrolytes34, 38, 39. The crystal structure of Na0.44MnO2 (Na4Mn9O18) is isostructural with 

Na4Mn4Ti5O18, which was first specified by Mumme43. This structure belongs to the space 
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group Pbam with orthorhombic symmetry36, 44-46. The tunnel structure consists of double and 

triple rutile-type chains which are formed by edge-sharing MnO6 octahedra as well as single 

chains of corner-sharing MnO5. There are two types of tunnels in the structure: one is the 

small tunnel which is fully occupied by Na+ ions, the other is the large S-shape tunnel which 

is half filled by Na+ ions. Portion of the Na+ ions located in S-shape tunnels can be reversibly 

extracted and reinserted, providing a capacity of 30~40 mAh g-1 in aqueous electrolytes as 

reported in the literature34, 38, 39. In fact, additional sodium ions can be reversibly inserted in 

the large S-tunnels by adjusting the redox reaction to fit with the operating voltage window of 

the aqueous system. Therefore, a higher capacity might be achievable if the tunnel structured 

framework can be further utilized. 

Here, we report a stable Na-rich, Ti-substituted tunnel-type Na0.66[Mn0.66Ti0.34]O2 positive 

electrode material, synthesized through a simple solid state reaction method. To the best of 

our knowledge, this material demonstrates the highest reversible capacity of 76 mAh g-1 (2C-

rate) among the oxide electrode materials reported in aqueous SIBs with small polarization. It 

also exhibits excellent cyclic performance in full cells when coupled with the NaTi2(PO4)3/C 

negative electrode, making it a quite promising positive electrode material for aqueous SIBs. 

 

2.Results 

2.1.Crystal structure of Na0.6[Mn0.66Ti0.34]O2. If all sodium ions in the Na0.44MnO2 (Mn3.56+) 

electrode can be extracted, the theoretical capacity would be 122 mAh g-1, corresponding to 

sodium composition range of 0 to 0.44. However, in practical cells, only half of these sodium 

can be cycled, because further sodium ion extraction would cause the damaging event of O2 

evolution. On a simple consideration, if the valence state of the Mn in the as-synthesized 

tunnel-type material is lower than Mn3.56+ in Na0.44MnO2 (Mn3.56+), more sodium might be 

extracted and a higher capacity could be achieved, because the lower potential of the redox 

reaction of Mn ions can be utilized to prevent the O2 evolution. Our recent work indicates that 

in Ti-substituted Na0.44[Mn1-xTix]O2 (x= 0.11, 0.22, 0.33, 0.39, 0.44, 0.56) samples the 

average valence state of Mn decreases with increasing Ti content. Ti atoms are inactive and 

remain at Ti4+ state46. It is known that the lowest achievable valence state of Mn is Mn3+ for 

manganese oxides synthesized under high temperature calcination in air. By controlling the 

ratios of Mn/Ti and Na/(Ti+Mn) in Nax[MnxTi1-x]O2 (0.44≤x<0.66), the valence state of Mn 

could be obtained at Mn3+. A series of Nax[MnxTi1-x]O2 (x=0.44, 0.50, 0.55, 0.60, 0.63, 0.66) 

samples was synthesized by solid state reaction method. Supplementary Fig. 1 shows the 

XRD patterns of Nax[MnxTi1-x]O2, the phase purity was sensitive to the ratios of Mn/Ti and 
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Na/(Ti+Mn) in the reactants. When the Mn/Ti ratio is too low or Na/(Ti+Mn) ratio is too high, 

a small amount of impurities was observed. This indicates that at elevated temperatures 

during synthesis, there is a narrow optimized composition range for sodium to form the 

tunnel-type phase. The structure of tunnel phase with high sodium content has rarely been 

explored in the literature. Therefore, the crystal structure of the Na0.66[Mn0.66Ti0.34]O2 will be 

discussed in details in the following. 

Synchrotron X-ray powder diffraction data of these samples was collected at X 14A beamline 

at NSLS by using rotational capillary mode with a wavelength of 0.7798 Å. The as-collected 

diffraction data can be best indexed by using space group Pbam with lattice parameters 

a=9.21556(4), b=26.4903(8), c=2.87499(6). A further whole pattern Le Bail fitting was 

carried out to extract the corresponding (hkl) file for structure solution by using charge 

flipping algorithm in super flip. All atom positions were successfully identified, as can be 

seen in Fig. 1c. The obtained structure was used as initial model for further Rietveld 

refinement. The refined diffraction pattern is shown in Fig. 1a, and detailed structure 

information can be found in Supplementary Table 1, indicating that the as prepared 

Na0.66[Mn0.66Ti0.34]O2 is isostructural with a typical tunnel-type Na4[Mn4Ti5]O18 

(Na0.44[Mn0.44Ti0.56]O2). A small amount of impurity phase exists, however, its exact 

composition and structure cannot be identified and it is most likely to be NaxTiO2 as proposed 

in previous research work40. The Na site occupancies in Na0.66[Mn0.66Ti0.34]O2 were precisely 

determined by the refinement. It is found that the Na at the Na(1) site is fully occupied, which 

is different from the observation in Na0.44[Mn0.66Ti0.34]O2 where the Na1 site is not fully 

occupied. The Na occupancies at the Na(2) and Na(3) sites are higher than the ideal 

occupancy of 0.5 in Na0.44[Mn0.44Ti0.56]O2 but not fully occupied, due to the short distance and 

strong repulsion between these sites, especially the short Na(3)-Na(3) distance, as illustrated 

in Fig.1c. The total Na content calculated on the basis of the refinement is around 0.56, which 

is close to the designed composition during synthesis. Here we use the Na0.66[Mn0.66Ti0.34]O2 

as a nominal composition. The Ti/Mn cation stoichiometry in each individual transition metal 

sites was also determined from the Rietveld refinement. It was revealed that Mn(1), Mn(2), 

Mn(3) and Mn(4) sites were co-occupied by Mn3+/Mn4+ and Ti4+ in a disordered arrangement, 

while the Mn(5) site was solely occupied by Mn3+. Therefore, the material will not be 

expected to possess charge ordering as Na0.44MnO2 proposed in the early report36,45,46.  

Advanced spherical aberration-corrected electron microscopy (STEM) experiments were 

carried out at atomic scale to further study the structure47. Fig. 2a shows the high-angle 

annular dark field (HAADF) image of the pristine Na0.66[Mn0.66Ti0.34]O2 recorded along the 
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[001] zone axis, with a clear indication of the typical tunnel structure. The large S-shaped 

tunnel and small hexagonal tunnel formed by MnO6 and MnO5 polyhedral can be clearly 

visualized. In addition, five different transition metal sites and three sodium sites are evidently 

distinguished in the image. To accurately confirm the Mn/Ti sites and their valence states, 

electron energy-loss spectrum (EELS) was performed. Fig. 2b, 2c display the corresponding 

EELS profiles of Mn-L2, L3 and Ti-L2, L3 edge for the pristine Na0.66[Mn0.66Ti0.34]O2 

samples. It can be deduced that Mn and Ti are typically Mn3+ and Ti4+ states respectively. 

From the atomic-scale EELS shown in Fig. 2d, it can be found that Mn(1), Mn(3), Mn(4) are 

occupied by both Mn and Ti while Mn(2) site is mainly filled with Mn ions. At Mn(5) site, no 

signal from Ti can be seen. These results are in good agreement with the refinement of XRD 

pattern. 

2.2.Sodium storage performance. The sodium storage performances of 

Na0.66[Mn0.66Ti0.34]O2 were tested first in non-aqueous electrolyte media using 

Na0.66[Mn0.66Ti0.34]O2|Na half cells cycled in the voltage range of 2.5–3.9 V under a current 

rate of 0.1C (11.8 mA g-1). The typical charge-discharge curves shown in Fig. 3a exhibit a 

sloping voltage profile, significantly different from that of the un-substituted Na0.44MnO2 

where multiple plateaus are usually observed. The Mn3+/Mn4+ charge ordering existed in 

Na0.44MnO2 has been destroyed due to the disordered Mn/Ti arrangement in 

Na0.66[Mn0.66Ti0.34]O2, which is in consistent with the Rietveld refinement results. The half-

cell delivers a reversible capacity of ca. 74 mAh g-1 (corresponding to 0.28 Na insertion per 

formula unit), much higher than that of the Na0.44[Mn0.44Ti0.56]O2|Na half-cell at the same cut-

off voltage (ca. 50 mAh g-1)46. This proves that additional Na+ ions were successfully 

incorporated into Na0.66[Mn0.66Ti0.34]O2 and can also be reversibly inserted into the tunnel 

structure. The average Na storage potential is found to be around 3.2 V vs. Na+/Na, located 

between that of O2 and H2 evolution (2.297 and 3.527 V vs. Na+/Na at neutral pH) to avoid 

water oxidation during electrochemical cycling. Therefore, this material is suitable to be used 

as the positive electrode application in aqueous electrolyte system. 

An aqueous sodium-ion full cell was constructed using Na0.66[Mn0.66Ti0.34]O2 as the positive 

electrode and NaTi2(PO4)3/C as the negative electrode. The full cell charged and discharged 

between 0.3-1.7 V delivers a much higher reversible capacity of ca. 76 mAh g-1 at current rate 

of 2C, which is the highest among all materials reported for positive electrodes in aqueous 

sodium-ion batteries to date. It also gives an average operating voltage of 1.2 V, which is 

comparable to that of the Prussian blue analogues18-23. The Na storage performance of the 

reference material Na0.44[Mn0.44Ti0.56]O2 in aqueous electrolyte was also tested and the results 
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are shown in Fig. 4 in comparison with Na0.66[Mn0.66Ti0.34]O2. A reversible capacity of 45 

mAh g-1 was obtained for Na0.44[Mn0.44Ti0.56]O2 electrode, which is much lower than that of 

Na0.66[Mn0.66Ti0.34]O2 electrode, when cycling under the same current rate of 2C in a voltage 

range of 0.3-1.7 V. This result is in good agreement with non-aqueous sodium-ion battery test. 

The rate capability of the Na0.66[Mn0.66Ti0.34]O2 electrode was also evaluated in full cells and 

the results are shown in Fig. 4c. The Na0.66[Mn0.66Ti0.34]O2|NaTi2(PO4)3/C full cell exhibits 

excellent rate performance. A specific capacity of approximately 54 mAh g-1 was achieved at 

a high rate of 10C (6 min charging/discharging), which is about 71% of the capacity at 2C 

rate. It is worthwhile to note that the Na0.66[Mn0.66Ti0.34]O2 sample particles used in this study 

are mainly in micron size, further optimization of rate performance could be possible if 

particle size is further optimized. For aqueous sodium-ion batteries, the capacity fading at low 

rates observed in most of aqueous full cell systems is caused by either partial dissolution of 

electrode materials, or oxidation of the anode in its sodium-inserted state by dissolved oxygen 

or oxygen generated from overcharged cathode. It is interesting to find that the 

Na0.66[Mn0.66Ti0.34]O2 demonstrates excellent long-term cycling stability under relative low 

rate. As shown in Fig. 4d, the Na0.66[Mn0.66Ti0.34]O2|NaTi2(PO4)3/C full cell exhibits a stable 

cycling behavior over 300 cycles with capacity retention of 89% at a current rate of 2C. The 

Coulombic efficiency after initial cycles can reach nearly 99%.As far as we know, tunnel-

type Na0.66[Mn0.66Ti0.34]O2 exhibits the highest gravimetric capacity and excellent cyclic 

stability among the sodium containing oxide positive electrode materials for aqueous sodium-

ion batteries. 

 

3.Discussion 

Manganese-oxygen-sodium ternary system (for Na/Mn < 1) has been well studied in Parant's 

previous work, whereas the tunnel Na0.44MnO2 was first identified in the NaxMnO2 phase 

diagram and found to be thermodynamically stable under high temperature for x<0.532,33,48,49. 

A higher sodium occupancy of x>0.5 in tunnel NaxMnO2 is energetically unfavorable due to 

the repulsion of the sodium ions within the S-shape tunnels36. However, it is interesting to 

note that the Ti-substituted Na0.66[Mn0.66Ti0.34]O2 can stabilize the tunnel structure while 

allowing a higher sodium content than that in NaxMnO2. The formula of the 

Na0.66[Mn0.66Ti0.34]O2 can be written as Na0.66[Mn3+
0.66Ti4+

0.34]O2, where all the Mn ions are in 

Mn3+ state. This is quite different from that in un-substituted Na0.44MnO2 

(Na0.44Mn0.44
3+Mn0.56

4+O2). It is known that Mn3+ possesses two particular features: (1) It has 

four unpaired electrons with parallel spin, giving the ion a large magnetic moment; and (2) It 
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exhibits large Jahn-Teller distortion due to the single occupancy of a degenerate eg orbital. 

Both are important factors in deciding the energy difference between different structures50. 

This is well demonstrated in LiMnO2 (Mn3+) that the structure stabilizes the orthorhombic 

phase rather than monoclinic layered phase, and low valence doping ( such as Zn2+ or Ni2+ ) 

introduces Mn4+ ions that perturb the magnetic arrangement thus enhancing the monoclinic 

layered structure51. This may also be the reason that why Na0.66[Mn0.66Ti0.34]O2 can be 

stabilized in orthorhombic tunnel structure.  

Another interesting aspect is that the Mn3+/Mn4+ charge ordering observed in Na0.44MnO2 is 

destroyed because of the very similar ionic ratio between Mn3+ and Ti4+ and substantially 

large difference in redox potential between Mn3+/Mn4+ and Ti3+/Ti4+ as discussed in our recent 

work52, leading to a random arrangement of Mn3+ and Ti4+ on all octahedral sites in 

Na0.66[Mn0.66Ti0.34]O2. Therefore, the Na0.66[Mn0.66Ti0.34]O2 half-cell exhibits a sloping voltage 

profile, unlike the Na0.44MnO2 where multiple plateaus were observed during Na 

extraction/insertion related to a series of phase transitions (charge ordering and/or 

Na+/vacancy ordering). To further understand the structural changes in Na0.66[Mn0.66Ti0.34]O2 

during Na extraction and insertion, in situ XRD experiment was performed on a 

Na0.66[Mn0.66Ti0.34]O2|Na half-cell in a wide voltage range of 1.5-3.9 V (vs. Na+/Na) and the 

results are presented in Fig. 5. Most of the XRD reflections (e.g.,(040), (210), (140), (201)) 

display continuous peak shift during Na extraction/insertion. There is no evident appearance 

of a new phase formation upon Na extraction/insertion from/into Na0.66[Mn0.66Ti0.34]O2 in a 

wide Na content range. The main tunnel structure of the Na0.66[Mn0.66Ti0.34]O2 was maintained 

during the entire charge/discharge process without obvious structure transformation. This is 

similar to the phase transition behavior revealed in our recent work on Na0.44[Mn0.44Ti0.56]O2
46. 

In particular, the phase evolution exhibits a symmetric behavior between the charge and 

discharge processes in the voltage range of 2.7-3.9 V, showing that the phase evolution 

proceeds through a solid solution reaction upon the initial charge process until 3.9 V and 

reversibly through the almost identical solid solution pathway to the pristine structure upon 

discharge to 2.7 V. It indicates a high structure stability of Na0.66[Mn0.66Ti0.34]O2 during Na 

extraction and insertion, which can explain the excellent cycle performance in both non-

aqueous and aqueous electrolyte. Furthermore, the solid solution phase transition behavior53, 

which is induced by Ti-substitution, is also expected to enhance the high-rate capability and 

cycling stability of the Na0.66[Mn0.66Ti0.34]O2 material. 

 

4. Conclusion 
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In summary, Na0.66[Mn0.66Ti0.34]O2 was successfully designed and synthesized by a simple 

solid-state method and its structure was systematically studied using synchrotron powder 

XRD, atomic-scale STEM and EELS. It retains the orthorhombic structure (space group: 

Pbam), which is similar to the structure of tunnel-type Na0.44MnO2 and distinguished from 

P2-Na0.66MnO2 with layered structure (space group: P63/mmc). It has been found that 

Na0.66[Mn0.66Ti0.34]O2 can be used as a positive electrode material for aqueous sodium-ion 

batteries. In particular, it shows the highest reversible capacity of ca. 76 mAh g-1 at a current 

rate of 2C among all the oxide electrode materials, with an average operating voltage of 1.2 V 

when coupled with NaTi2(PO4)3/C negative electrode in aqueous sodium-ion batteries. 

Another appealing feature is that the material retains tunnel structure without phase 

transformation during Na extraction and insertion, which ensures the prolonged cycle stability. 

The Na0.66[Mn0.66Ti0.34]O2|NaTi2(PO4)3/C aqueous sodium ion full cell demonstrates excellent 

cycle performance with very small capacity decay after 300 cycles. We believe that 

Na0.66[Mn0.66Ti0.34]O2 with outstanding performance represents a novel and attractive positive 

electrode material that would open a new approach for the development of low cost and non-

toxic aqueous sodium-ion batteries for large-scale electrical energy storage systems. 

 
Experimental section: 

Material synthesis: The resulting material was prepared by a solid state reaction using 

precursors of Na2CO3 (99%), Mn2O3 and TiO2 (99.5%). An excess of 2mol% Na2CO3 was 

used to compensate the Na loss during high temperature synthesis. The starting materials were 

ground in an agate mortar and pressed into pellets under pressure of 20 MPa. Then the pellets 

were heated at 900 oC for 12 h in an alumina crucible. NaTi2(PO4)3 sample was prepared by a 

sol-gel method. Stoichiometric amounts of NaNO3, NH4H2PO4 and citric acid were dissolved 

in deionized (DI) water. Then, a diluted solution of tetrabutoxytitanium in ethanol was poured 

into the solution to reach the final stoichiometry under vigorously stirring. After the solvent 

evaporation, the gel precursor was annealed at 700 oC for 12 h under an air atmosphere. The 

carbon-coated NaTi2(PO4)3 sample was prepared by a chemical vapour deposition (CVD) 

method. The NaTi2(PO4)3 powders were put into a quartz tube furnace and a toluene (C7H8) 

vapour was carried by Ar gas. The pyrolysis temperature for toluene was kept at 800 oC for 6 

h, respectively. The carbon content in the NaTi2(PO4)3/C composite was about 6% by mass. 

 

Characterizations: In situ and ex situ XRD experiments were performed at beamline X14A 

with a 1D linear position sensitive detector at a distance of about 1.4 m to the sample center 
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and a wavelength of approximately 0.78 Å. Detailed in situ experimental configurations are 

reported in our previous paper54. Structure of Na0.66[Mn1-xTix]O2 was directly solved from 

synchrotron powder XRD data by using charge flipping method in Jana 2006 (superflip 

implemented). All atoms including O were successfully identified. This compound was found 

to have essential similar crystal structure as Na0.44[Mn1-xTix]O2 compounds, however, almost 

no anisotropic peak broadening was found for this sample. Further Rietveld refinement was 

carried out in TOPAS 4.2 with similar procedure mentioned in the previous paragraph. During 

refinement, atomic displacement of Na, Mn and Ti was fixed, while all other parameters 

including atomic positions and site occupancies were refined simultaneously until the 

refinement converged. A JEM-ARM200F STEM fitted with a double aberration-corrector for 

both probe-forming and imaging lenses is used to perform HAADF imaging, which was 

operated at 200 kV. The convergence angle was 25 mrad and the angular range of collected 

electrons for HAADF imaging is about 70-250 mrad.  

 

Electrochemistry: For test in non-aqueous electrolyte, the working electrode was prepared 

by spreading the slurry of the active materials (75 wt. %), acetylene black (15 wt. %) and the 

polyvinylidene fluoride (PVDF) (10 wt.%) binder on Al foil. The working electrodes were 

dried at 100 oC under vacuum for 10 h. The electrolyte is 1 M NaClO4 in EC: DEC (4:6 in 

volume). The coin-type (CR2032) cells were assembled with pure sodium foil as the counter 

electrode, and a glass fiber as the separator in an argon-filled glove box. For test in aqueous 

electrolyte, the positive and negative electrodes were fabricated by mixing 75wt. % active 

materials with 20wt. % acetylene black and 5wt. % polytetrafluoroethylene (PTFE, Aldrich). 

The mixtures were pressed into titanium mesh. The electrolyte is 1 M Na2SO4 (Alfa) in DI 

water (pH=7) purged with N2 flow for 1 h before use in order to remove the dissolved O2. The 

full cells (CR2032) were assembled with Na0.66[Mn0.66Ti0.34]O2 positive electrode and 

NaTi2(PO4)3/C negative electrode in a nitrogen-filled glove box (O2 content is below 10 

ppm).The weight ratio of cathode and anode was 1.45:1. The loadings for the positive and 

negative electrodes are 3.915 mg and 2.45 mg, respectively. The charge and discharge 

measurements for both non-aqueous and aqueous batteries were carried out on a Land 

BT2000 battery test system (Wuhan, China) in a voltage range of 2.5–3.9 V and 0.3–1.7 V 

under room temperature.  
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Figures and Tables: 
 

 
Figure 1 | Structure of Na0.66[Mn0.66Ti0.34]O2. (a) The Rietveld plot (λ = 0.7785 Å) for 

refined Na0.66[Mn0.66Ti0.34]O2 synchrotron XRD pattern with experimental data in black dots, 

calculated curve in red and difference curve in olive. The inset shows the typical SEM image 

of the as-synthesized sample. A rod-like structure was revealed with average diameter of 0.5 

μm and length of 6 μm. Scale bar: 10 μm. (b) Na0.44[Mn0.66Ti0.34]O2 and (c) 

Na0.66[Mn0.66Ti0.34]O2, sodium occupancy can be visualized by the filled in of the dark color 

on each individual sodium sites.  

 
Figure 2 | STEM imaging. (a) General view of the crystal structure and view along [001] 

zone axis. Electron energy-loss spectra (EELS) for (b) Mn-L2,3 and  (c) Ti-L2,3 edges for the 

pristine Na0.66[Mn0.66Ti0.34]O2 (d) The STEM-EELS image of Na0.66[Mn0.66Ti0.34]O2. 
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Figure 3 | Sodium storage performance of Na0.66[Mn0.66Ti0.34]O2 electrodes in non-

aqueous solution. (a)The typical discharge/charge curves at a current rate of 0.1C in the 

voltage range of 1.5 and 3.9 V versus Na+/Na. (b) Long-term cycling performance at a current 

rate of 0.1C for the Na0.66[Mn0.66Ti0.34]O2 electrode. 

 
Figure 4 | Storage performance of full cells in aqueous electrolyte. The typical 

charge/discharge curves in the voltage range of 0.3 and 1.7 V for (a) 

Na0.44[Mn0.44Ti0.56]O2|NaTi2(PO4)3/C and Na0.66[Mn0.66Ti0.34]O2|NaTi2(PO4)3/C full cells (b) at 

a current rate of 2C; (c) Rate performance of Na0.66[Mn0.66Ti0.34]O2|NaTi2(PO4)3/C full cell 

cycled in the voltage range of 0.3-1.7V at various current rates. (d) Cycling performance of 

Na0.66[Mn0.66Ti0.34]O2|NaTi2(PO4)3/C full cell at the current rate of 2C. 
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Figure 5 | Structure evolution upon Na extraction/insertion. In situ XRD patterns collected 

during the first discharge/charge of the Na0.66[Mn0.66Ti0.34]O2|Na half-cell under a current rate 

of C/10 at a voltage range between 1.5 and 3.9 V. For comparison, the 2θ angle has been 

converted to values corresponding to the more common laboratory Cu Ka radiation (χ = 1.54 

Å). 

 
Table 1: The electrochemical performance of various electrodes in aqueous electrolyte cells. 

Cathode Average 

Voltage 

Capacity (mAh/g) Current 

rate 

Initial 

efficiency 

ref 

Na0.44MnO2 1.1 V 

(vs. NTP) 

40 0.1C 80% 39 

NaMnO2 0.9 V 

(vs. NTP ) 

55 1C 91.5% 26 

Na0.95MnO2 1 V 

(vs. NTP) 

60 2C 82% 27 

Na2NiFe(CN)6 1.27 V 

(vs. NTP ) 

65 1C 88% 22 

Na2CuFe(CN)6 1.4 V 

(vs. NTP ) 

59 1C 83% 19,23 

NaVPO4F 1.15 V 

(vs. NTP ) 

54 1C 75% 25 

Na3V2O2x(PO4)2F3-2x 

/MWCNT 

1.47 V 

(vs. NTP) 

46 1C 98% 30 

Na0.66[Mn0.66Ti0.34]O2 1.2 V 

(vs. NTP) 

76 2C 88% This 

work 
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The table of contents: 

Tunnel-type Na0.66[Mn0.66Ti0.34]O2 was successfully designed and synthesized as a positive 

electrode material for aqueous sodium-ion batteries. It shows a high reversible capacity of ca. 

76 mAh g-1 at a current rate of 2C with an average voltage of 1.2 V. The aqueous full-cell 

demonstrates excellent cycle performance with very small capacity decay after 300 cycles.  
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