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Tailoring materials into bio-inspired structures are triggering unprecedented innovations in releasing their functional properties. Muscle 
tissue is composed of myofibrils and densely-wired blood vessels; it is a perfect model for designing high-performance electrode 
materials that have the advantage of fast mass-transport and superior durability. We design a top-down strategy as a facile approach in 
order to tailor the alluaudite Na2+2xFe2-x(SO4)3 into muscle-like spindle. A precipitation process is employed to prepare the hydrated “top” 10 

precursor which is subjected to dehydration and phase-transformation to obtain the “down” product. The alluaudite sulfate nanoparticles 
closely anchor on the single-wall carbon nanotubes, and they together aggregate into microscale particles in the shape of spindles. The 
Na2+2xFe2-x(SO4)3/SWNT composite as a whole copies the morphology and function of the muscle tissue. Taking advantage of its 3D 
conductive framework and porous structure, the composite achieves fast electron/ion transport and sodium intercalation. Moreover, the 
single-phase reaction mechanism during sodium intercalation is beneficial to its cycling property. It exhibits such desirable 15 

electrochemical performance as an operating potential as high as ~3.8 V and a high-rate capability, which achieves a capacity-retention 
of 92% after 100 cycles at 5 C. The muscle-inspired architecture makes electrode materials favorable for superior electrochemical 
performance. 

KEYWORDS: Top-down synthesis; alluaudite sulfate; muscle-inspired; sodium ion battery; high-rate capability 

1  Introduction 20 

     High-performance electrode materials are critical for fast 
development of energy storage systems. Over the past decades, 
lithium ion battery with the highest energy density is a mature 
technology for energy storage. However, the growing concern 
over the cost and availability of lithium resource has encouraged 25 

the usage of batteries based on alternate carrier ions.1,2 The low 
cost and abundant resource of sodium make sodium-ion battery a 
promising alternative to lithium ion battery. Since 1980s, many 
materials including layered oxides (e.g. NaxCoO2, NaxFeO2, 
NaxMnO2, Na2V6O16∙nH2O and NaNi1/3Mn1/3Co1/3O2),3-7 30 

polyanions (e.g. Na3V2(PO4)3, NaTi2(PO4)3, Na2FeP2O7, 
NaVOPO4, Na4-αFe2+α/2(P2O7)2 and Na2FePO4F),8-12 and mixed-
polyanions (e.g. Na7V3(P2O7)4(PO4), Na4Fe3(PO4)2(P2O7) and 
Na3FeCO3PO4), et al. 13-18 have been extensively investigated as 
sodium hosts. However, the low operating potential inhibits their 35 

application in sodium-ion batteries.  

Aiming at finding high-voltage cathodes for Na-ion battery, 
the new sulfate family comes into sight as a promising candidate. 
Based on the induced effect, the stronger electronegativity and 
more ionic M-O band make sulfate achieve higher operating 40 

potential than other polyanion materials. A series of sulfate-based 

sodium hosts, such as Na2M(SO4)2∙nH2O (M=Fe, Co; n=2, 4),19-21 
NaFeSO4F22,23 and Na2+2xM2-x(SO4)3 (M=Fe, Mn),24-29 has been 
demonstrated to have favorable sodium intercalation capability. 
The exploration of these sulfate-based compounds dramatically 45 

expands the research scope of sodium intercalation chemistry and 
provides new alternative for high-voltage electrode materials in 
sodium ion batteries.  

Among the present sulfate materials, a recently reported iron-
based sulfate, alluaudite-type Na2Fe2(SO4)3, is a star player.24 It 50 

possesses of a high operating potential of 3.8 V vs Na+/Na. 
Although the alluaudite Na2Fe2(SO4)3 has very high operating 
potential, it is still lower than the highest value for Fe-based 
compounds in Li system. LiFeSO4F has even higher potential of 
3.9 V vs. Li+/Li, which is highest Fe-redox potential for Li 55 

system.30-32 Along with the favorable capacity, the extremely high 
theoretical energy density of Na2Fe2(SO4)3 makes the sodium ion 
battery competitive with the state-of-art lithium ion battery. 
Therefore, it has captured great attention since first introduced by 
Barpanda et al in 2014.24 Oyama et al. and ming et al. 60 

investigated the phase equilibrium of Na2+2xFe2-x(SO4)3 and 
demonstrated the stability of the off-stoichiometry in the system 
following up the initial report.25,26 Wong et al. demonstrated the 
fairly fast sodium ion mobility in the framework of Na2Fe2(SO4)3 
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by DFT simulations.27 Wang et al. fabricated a full Na-ion cell 
based on the alluaudite Na2Fe2(SO4)3 positive and Ti2C negative 
electrode, which provides a promising framework for high 
performance Na-ion hybrid capacitors.28 More recently, dwibedi 
et al. introduced a new Mn-homologue of Na2+2xMn2-x(SO4)3 in 5 

alluaudite family,29 which has isotructure to Na2Fe2(SO4)3 and 
attests to the richness of alluaudite sulfate chemistry.  

Despite the flourishing development of alluaudite sulfate 
family, their synthetic strategy is very poor. Until now, all the 
alluaudiate sulfates are prepared by the same approach as that in 10 

Barpanda’s report, i.e. the low-temperature solid-state reaction.24 
It usually requires long time pretreatment, e.g. preparation of 
dehydrated FeSO4 for 12 hours and ball-mill of raw materials for 
6 hours, to obtain uniform precursor before calcination.25-28 The 
preparation process is time consuming and the morphology of 15 

product is random, which restricts both large-scale production 
and fast electron/ion transport for the alluaudite material. 
Therefore, a feasible synthetic method is needed to prepare 
alluaudite sulfate with increased efficiency and tailored particle 
morphology.  20 

Nature has been a valuable and innovative source of 
inspiration for scientists due to the amazing properties of 
biological systems.33,34 Especially, the fabulous texture and 
complex metabolizable action of the biological organisms such as 
animals or human being have offered us great inspiration.35,36 25 

Muscle tissue is a perfect example. As illustrated in Figure 1, the 
muscle is constructed by the myofibrils and closely wired blood 
vessels and nerves, which has high-efficiency nutrient supply and 
high-sensitive responsiveness during producing movement or 
generating heat. Therefore, it has two obvious advantages on both 30 

texture and function, i.e. the superior properties of fast mass 
exchange and the fabulous texture of high surface and superior 
strength. Both greatly inspire us to design new electrode materials 
for advanced batteries through mimicking its bio-structure.  

        Following this viewpoint, for the first time, we report a top-35 

down approach to prepare alluaudite-type Na2+2xFe2-

x(SO4)3/SWNT spindles with muscle tissue-like architecture 
(Figure 2a). Firstly, the “top” material, i.e. the hydrated precursor, 
is prepared via a simple precipitation in short time (less than half  

 40 

Figure 1. Scheme of muscle tissue-inspired Na2+2xFe2-

x(SO4)3/SWNT composite.  

 
Figure 2 Scheme of the top-down synthetic approach and the 
structure of muscle-inspired Na2+2xFe2-x(SO4)3/SWNT spindles. (a) 45 

Preparation process of the “top” hydrated precursor. (b) The 
structure of the “down” alluaudite product and (c) its cross-
section image with fast electron and ion pathways. In a, the black 
ink is the carbon nanotube suspension; the solution in burette is 
the mixed solution of sodium sulfate (Na2SO4) and hydrate iron 50 

sulfate (FeSO4∙7H2O); the pink sphere is the hydrated precursor 
particles. In b, the blue sphere is the target alluaudite sulfate 
particle.  

 

an hour). Then, the “down” material, i.e. the alluaudite-type 55 

product, is prepared by alleviated release of the hydration water 
from the precursor. The whole synthetic process is easy handling 
and timesaving, and moreover, the product has uniform 
composition and well-defined morphology. As illustrated in 
Figure 2b and c, the prepared alluaudite Na2+2xFe2-x(SO4)3 crystals 60 

are closely anchored on the single wall carbon nanotubes 
(SWNT), and aggregate into a spindle-shaped particle. The 
SWNT-based three-dimensional conductive framework facilitates 
the fast electron transport, and the voids between carbon 
nanotubes and crystals enable fast ion transport. Therefore, the 65 

Na2+2xFe2-x(SO4)3/SWNT spindle copies both the architecture and 
function of the muscle tissue.  

Inspired by these advantages, the sodium intercalation 
chemistry of Na2+2xFe2-x(SO4)3/SWNT spindle was investigated in 
present study. The enhanced physicochemical properties, 70 

including improved electronic conductivity and ion diffusion 
capability, good high-rate capability and cycling stability, 
demonstrate the superiority of muscle tissue-inspired structure in 
energy storage systems.  
2 Experimental  75 
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2.1 “Top-down” Synthesis 

Synthesis of the “top” precursor   The “top” hydrated precursor 20 

is prepared by a low-temperature precipitation process (Figure 
2a). Firstly, equal molar of sodium sulfate (Na2SO4) and hydrate 
iron sulfate (FeSO4∙7H2O) with a desirable amount of iron wires 
were dissolved in 8 ml distilled water to form a uniform mixture 
(A). Single-wall carbon nanotube (Najing XFNANO Materials 25 

Tech Co., Ltd.) was dispersed in 40 ml ethanol under 
ultrasonication for six hours to build a uniform suspension (B). 
After removal of the iron wires from the mixture (A), it was 
added to the suspension (B) dropwise under strong stirring. After 
sufficient precipitation (~half an hour), the product was filtered 30 

and washed with ethanol. Finally, the product was dried in a 
vacuum over at 50 oC to achieve the precursor.  

Synthesis of the “down” product   The “down” product is 
prepared by a calcination process. The obtained top precursor is 
annealed at 200 oC for 2 hours and 350 oC for 6 hours at the 35 

heating rate of 1 oC∙min-1 in Ar atmosphere and then quenched to 
room temperature to achieve the final “down” product. 

Synthesis of the reference sample   For comparison, the pristine 
samples were prepared in the same approach, only without 
SWNT during the synthetic process of “top” precursor.  40 

2.2 Characterization  

Powder X-ray diffraction (XRD, Bruker D8/Germany) using Cu 
Kα radiation was employed to identify the crystalline phase of the 
material. The experiment was performed by using step mode with 

 45 

 

 

 

 

 50 

 

 

 

 

 55 

 

 

 

 

 60 

 

 

a fixed time of 3 s and a step size of 0.02o. The XRD pattern was 
refined by using the Rietveld method. The morphology was 
observed with a scanning electron microscope (SEM, 65 

HITACHIS-4700) and a transmission electron microscope (TEM, 
JEOS-2010 PHILIPS). Inductively coupled plasma atomic 
emission spectroscopy (ICP) is employed to investigate the 
elemental composition of prepared material. Nitrogen adsorption-
desorption isotherms were measured using a Micro-meritics 70 

ASAP 2010 sorptometer and specific surface and pore size 
distribution were calculated correspondingly. Carbon contents of 
the samples were determined by an element analyzer (EA, 
Elementar Vario EL). The electronic conductivity was measured 
on the pellet of powder. The powder was pressed into a disk with 75 

gold painted on both sides to ensure electrical contact. 

2.3 Electrochemical measurements  
The electrochemical characteristics were measured in CR2032 
coin cells. The coin cells were assembled in an argon filled 
glove box. Each composite electrode was made from a mixture of 80 

the active material, carbon black and polyvinylidene fluoride 
(PVDF) in a weight ratio of 8:1:1. Na foil was employed as 
counter and reference electrode and 1 mol∙L-1 NaClO4 dissolved 
in propylene carbonate (PC) was used as electrolyte. 
Galvanostatic charge-discharge tests were performed in the 85 

potential range of 2.0~4.5 V vs. Na+/Na at ambient temperature 
on a Land battery testing system (Wuhan, China). EIS 
measurements were conducted at a fully discharged state using a 
Zivelab electrochemical workstation, and the applied frequency 
range is 100k~0. 5 mHz. 90 

Figure 3 Rietveld refinement results of XRD data (a,b) and crystal structures (c,d) of the top precursor (a,c) and the down product 
(b,d). The blue ticks in a represent the Bragg peak positions of the Na2Fe(SO4)2∙4H2O phase in the top precursor (a). The blue and 
green ticks in b respectively represent the Bragg peak positions of the Na2+2xFe2-x(SO4)3 and Na6Fe(SO4)4  phases in the down 
product (b). The experimental data (blue crosses), calculated profile (black line) and their differences are indicated. Insets: 
projections of the structure of Na2Fe(SO4)2∙4H2O (a) and Na2+2xFe2-x(SO4)3 (b) along the b-axis. The cyan octahedron and magenta 
tetrahedral represent the FeO6 and SO4 units (c,d). The H atoms and O-H bond in top precursor (c) are indicated by small green 
balls and yellow ticks respectively.  
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3     Results and Discussion  

3.1 Structure evolution during top-down approach 

The phase transformation process during the top-down 20 

approach is investigated by XRD results. Figure 3a and b exhibits 
the Rietveld results of both the top precursor and the down 
product. The detailed structural parameters of both materials are 
listed in Table S1 and S2. There is only one hydrated sulfate 
phase, i.e. Na2Fe(SO4)2∙4H2O, in the top precursor, demonstrating 25 

the successful synthesis of the single-phase precursor. The 
reaction for preparation of the top precursor can be displayed as 
following equation (1), 

2 4 4 2 2 4 2 2 27 ( ) 4 3ethanolNa SO FeSO H O Na Fe SO H O H O+ • → • + (1) 

After dehydration in the calcination process, the down 30 

product is achieved. As displayed in Figure 3b, there are two 
phases, i.e. the target Na2+2xFe2-x(SO4)3 and Na6Fe(SO4)4 impurity,  
coexist in the product. Based on the Rietveld refinement results, 
the ratio of Na2+2xFe2-x(SO4)3 and Na6Fe(SO4)4 is 95.38 
wt.% :4.62 wt.%. Therefore, the exact composition of Na2+2xFe2-35 

x(SO4)3 can be deduced to be Na2.9Fe1.55(SO4)3 (x=0.45), and the 
phase transformation process during the top-down approach can 
be displayed as following equation (2), 

2
2 4 2 2 6 4 4

1
2.9 1.55 4 3 2

( ) 4 (2.382 10 ) ( )

(6.403 10 ) ( ) 4

Top downNa Fe SO H O Na Fe SO
Na Fe SO H O

− −

−

• → ×

+ × +

     (2) 

The results demonstrate that the off-stoichiometric 40 

alluaudite-type sulfate can be achieved by present strategy. It is 
coincided with the phase-equilibrim theory of Na2SO4-FeSO4 
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 55 

 

 

 

 

introduced by oyama,25 which has demonstrated the stability of 60 

off-stoichiometry alluaudite Na2+2xFe2-x(SO4)3. Moreover, it is 
also provides an indirect clue for the metastable nature of 
Na2Fe(SO4)2 phase, which was first introduced by Reynaud19 et 
al through slowly dehydration of Na2Fe(SO4)2∙4H2O at 120~260 
oC, and then discussed as metastable phase by oyama et al.25 The 65 

off-stoichiometry in the alluaudite material is further confirmed 
by ICP analysis, which determined the Na/Fe element ratio to be 
1.874 that is close to the refined derived value of 1.871. 
Therefore, all of the advantages of present top-down approach, 
including the easy handling, friendly condition and timesaving, 70 

make it a favorable strategy for large-scale production of the 
alluaudite sulfates.  

The crystal structures of the top precursor and the down 
product are illustrated in Figure 3c and d. It doesn’t seem to have 
obvious structural relationship between these materials. On the 75 

one hand, the hydrate sulfate precursor adopts the bloedite 
structure (Figure 3c). It is built by the isolated Fe(SO4)2(H2O)4 
units, which are constructed by one FeO2(OH)4 octahedron and 
two SO4 tetrahedra. Sodium ions locate at large channels and are 
coordinated by six oxygen atoms. On the other hand, the down 80 

product adopts an alluaudite-type framework (Figure 3d). The 
adjacent distorted FeO6 octahedra share an equatorial edge to 
form isolated Fe2O10 groups, which are in turn linked by SO4 
tetrahedra. They form a three-dimensional structure with large 
cavities along the c-axis, and three different types of sodium ions 85 

located at two kinds of cavities. The big structural difference 
between the top and down materials demonstrates the entirely 
phase transformation accompanying dehydration under present 
synthetic condition. It provides a new structure evolution 

Figure 4 Morphology of the muscle-inspired Na2+2xFe2-x(SO4)3/SWNT spindles. SEM and TEM images of the composite in 
low (a) and high magnifications (b,c,d). (g) TEM images of a single spindle with enlarged images in white and blue 
rectangles (f, h). (e) The schematic images of a single piece of muscle and its internal structure with blood vessels and nerves.  
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mechanism of top-down strategy for the sulfates family. 
Therefore, it is a new route for the fast and easy preparation of 
the alluaudite-type sulfates on large scale. 

3.2 Muscle-inspired Na2+2xFe2-x(SO4)3/SWNT spindle 

The morphology of prepared Na2+2xFe2-x(SO4)3/SWNT 5 

composite is characterized by SEM and TEM observations.  
Based on the low-magnification SEM observation (Figure 4a), 
the composite has uniform spindle-shaped particles. The ratio of 
the length to the diameter of cross-section for the spindles are in 
the range of 10~20. The enlarged SEM (Figure 4b, c) and TEM 10 

images (Figure 4d, f, g) demonstrate the Na2+2xFe2-x(SO4)3 
nanoparticles with the size of 50~100 nm are well encompassed 
by single wall carbon nanotubes. They form a three-dimensional 
conductive framework and enable fast electron transport. More 
detailed analysis is identified by HRTEM images (Figure 4h). It 15 

indicates the existence of voids between the carbon nanotubes 
and the sulfates, which results in the micro/macro-pores inside 
the spindle particles. It not only facilitates good contact between 
the electrolyte and the sulfate active material, but also promotes 
high-efficiency ion transport.  20 

Therefore, the Na2+2xFe2-x(SO4)3/SWNT composite copy the 
muscle tissue on both morphology and the function (Figure 4e). 
Firstly, its spindle shape morphology and the internal SWNT-
based structure are similar to the architecture of muscle tissue, 
which have plenty of blood vessels and nerves closely wiring the 25 

myofibrils. Moreover, its facile electron/ionic pathways ensure 
fast sodium intercalation chemistry, which is functionally similar 
to the high-efficiency nutrient supply, fast mass transport and 
robust metabolism of the muscle.  

Nitrogen sorption isotherms are generated to investigate the 30 

Brunauer-Emmett-Teller (BET) surface and the porosity of the 
Na2+2xFe2-x(SO4)3/SWNT spindles. As displayed in Figure 5, the 
significant hysteresis loop confirms the porous structure of the 
composite, which possesses a high specific surface area of 64.1 
m2∙g-1 and a large pore volume of 0.16 cm3∙g-1. The results 35 

confirm the porous structure of prepared composite, which are 
coincided with above SEM and TEM observation results.  

 
 

 40 

 

 

 

 

 45 

 

Figure 5 N2 sorption isotherms of the muscle-inspired Na2+2xFe2-

x(SO4)3/SWNT composite and the carbon-free reference sample.  

 

Figure 6 (a) Current-voltage response of the muscle-inspired 50 

Na2+2xFe2-x(SO4)3/SWNT composite and the carbon-free reference 
sample (inset). (b) Comparison of the calculated electronic 
conductivities between both samples. (c)Nyquist plots and linear 
relationship of the Z’ and the reciprocal square root of frequency 
in the low frequency region (inset). (d) Comparison of calculated 55 

sodium diffusion coefficients between both samples. 

Moreover, a reference sample of the carbon-free Na2+2xFe2-

x(SO4)3 is employed to clarify the advantages of the muscle-
inspired architecture. It is prepared in the same approach as the 
muscle-inspired sample only without the employment of SWNTs. 60 

The detailed physical characteristics of both samples are 
compared in Table S3. The reference sample exhibits the BET 
surface and pore volume of 6.2 m2 g-1 and 0.03 cm3 g-1 
respectively. The low porosity and BET surface area is associated 
with its large, solid and carbon free particles (Figure s1, table S3). 65 

Therefore, the above results demonstrate the superiority in the 
electrolyte/electrode interface and porosity for the muscle-
inspired architecture, which facilitate electrolyte penetration and 
fast ion transport. 

3.3 Electronic and ion conductivity 70 

The electronic and ion transport capability of the Na2+2xFe2-

x(SO4)3/SWNT composite and pristine sample are estimated at 
room temperature. As displayed in Figure 6(a), the electronic 
conductivity (σ) is calculated based on the linear fits of the 
current-voltage curves. It is about 2.3×10-15 s·cm-1 for the pristine 75 

Na2+2xFe2-x(SO4)3 at ambient temperature (Figure 6b), which is in 
agreement with the previously reported sulfates such as 
Li2Fe(SO4)2 (σ~10-16 s·cm-1),37 Li2Co(SO4)2 (monoclinic phase, 
σ~10-18 s·cm-1; orthorhombic phase, σ~10-14 s·cm-1)38 and 
Na2Fe(SO4)2∙2H2O (σ~10-15 s·cm-1).21 All these electronic 80 

conductivity values of the sulfates were much lower than the 
other polyanion materials, such as the most commonly LiFePO4 
(σ~10-9 s·cm-1).39 Thus the poor conductivity is a serious problem 
for sulfates-based electrode materials. Significant improvement 
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was observed for the hierarchical composite, which increased to 
about 8.3×10-4 s·cm-1 at room temperature. The enhanced 
conductivity is associated with the unique architecture of the 
muscle-inspired composite, which has SWNT-based 3D 
conductive network and ensures fast electron transport.  5 

Electrochemical impedance spectroscopy (EIS) techniques 
are employed to evaluate the ion diffusion capability. As 
displayed in Figure 6 (c). Each Nyquist plot consists of a 
depressed semicircle and a sloping line. The depressed semicircle 
and the sloping line can be attributed to the charge transfer 10 

process and the solid-state diffusion of sodium ion, 
respectively.40.41 The depressed semicircle of the muscle-inspired 
sample is much lower than that of the pristine one, demonstrating 
its lower charge transfer resistance (Rct). The sodium diffusion 
capability can be evaluated by the low frequency sloping line 15 

(Supporting information S1). Based on the linear relationship of 
the Z’ and the reciprocal square root of frequency in the low 
frequency region (inset of Figure 6c), the sodium diffusion 
coefficients of both samples (DNa) are calculated. The muscle-
inspired composite exhibits the DNa value of 4.67×10-13 cm2s-1, 20 

which is about two orders higher than the pristine one (6.45×10-15 
cm2s-1). Therefore, both the lower charge transfer resistance and 
higher sodium diffusion coefficient demonstrate the enhanced 
sodium transfer capability of the muscle-inspired sample.  

The superior electron/ion conductivity of the Na2+2xFe2-25 

x(SO4)3/SWNT composite can be attributed to its unique 
architecture. As discussed above, the muscle-inspired structure 
not only ensures high-efficient ion transport by porous 
architecture, but also provides continuous electron transport 
pathways through constructing 3D conductive network. Both 30 

facilitate the sodium intercalation and do good to the 
electrochemical property. Thus, the results confirm that the 
muscle-inspired architecture is highly efficient in modifying the 
ion intercalation kinetics for the alluaudite sulfates. 

3.4 Sodium intercalation chemistry 35 

Inspired by the advantages of muscle-inspired architecture, 
the sodium intercalation chemistry of the Na2+2xFe2- 

x(SO4)3/SWNT composite is investigated. First of all, the reaction 
mechanism of the sodium intercalation is investigated. Figure 7 
displays the galvanostatic charge/discharge curves and the 40 

corresponding ex-situ XRD patterns measured at different 
potentials. Both charge/discharge processes feature the sloping 
curves without obvious potential plateau, indicating a single-
phase reaction mechanism. The diffraction peaks of ex-situ XRD 
patterns continuously slightly shift to high-angle during charging 45 

and change reversely during discharging. No extra new peak is 
formed in the entire charge/discharge process. All the results 
demonstrate the single-phase homogenous reaction for the 
alluaudite Na2+2xFe2-x(SO4)3 during sodium intercalation, which 
agrees well with previous reports.24 The single-phase reaction 50 

mechanism avoids large volume change during the sodium 
de/intercalation process, which is beneficial to the 
electrochemical performance of the alluaudite sulfate electrode.  

 
Figure 7 Galvanostatic charge/discharge curves of the Na2+2xFe2-55 

x(SO4)3/SWNT composite (right) and the corresponding ex-situ 
XRD patterns (left) measured at different potentials 

 
Next, the galvanostatic charge/discharge measurements were 

carried out on the muscle-inspired Na2+2xFe2-x(SO4)3/SWNT 60 

composite and the carbon-free reference sample. Figure 8(a) 
displays the charge/discharge curves of the Na2+2xFe2-

x(SO4)3/SWNT composite in the initial three cycles. An obvious 
higher potential was observed in the initial charge curve, which 
drops in the subsequent cycles. Similar phenomenon has also 65 

been observed in stoichiometric Na2Fe2(SO4)3 and other materials 
such as Li2FeSiO4 and Li2FeP2O7.24,42-46 It may be associated with 
the occurrence of some irreversible structural transformation 
during first desodiation process, as indicated in previous report.24 
After the initial cycle, the high potential of ~3.78 V (vs. Na+/Na) 70 

is observed for the muscle-inspired sample, which demonstrates 
its high operating potential. Figure 8 (b) and (c) display the rate 
capability of both muscle-inspired and the pristine samples. A 
series of current densities, including 0.05 C, 0.2 C, 0.5 C, 1 C, 2 
C, 5 C, 10 C, 20 C and 40 C, are employed. Both samples exhibit 75 

similar capacities as the current density is lower than 0.5 C. 
When the current density increases to 1 C, obvious higher 
capacities are observed for the muscle-inspired sample than the 
pristine one. The differences between two samples become more 
significant as the current density further increases. For example, 80 

the muscle-inspired composite delivers 85.3 and 74.9 mAh·g-1 of 
the capacities at the 1 C and 10 C rates, but only 80.1 (at 1 C) and 
52.3 mAh·g-1 (at 10 C) of capacities are obtained for the pristine 
material. The superb rate capability of the Na2+2xFe2-

x(SO4)3/SWNT composite can be attributed to its well-defined 85 

architecture as illustrated in Figure 2. 3D conductive framework 
as well as efficient sodium-ion diffusion enables rapid sodium-
ion extraction/insertion and results in good high rate capability. 

Finally, the cycling performances of both samples are 
investigated. As displayed in Figure 8(d) and (e), the capacity 90 

retentions of 97% and 92% are obtained for the muscle-inspired 
sample at 0.5 C and 5 C, which is higher than those of the pristine 
one (76% at 0.5 C and 64% at 5 C). After the cycling test, both  

Page 6 of 9Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  7 

 

 

 

 

 5 

 

 

 

 

 10 

 

 

 

 

 15 

 

 

materials were recovered and subjected to XRD measurement. 
Both cycled materials exhibit similar patterns and coincide with 
the standard alluaudite structure (Figure 8f), indicating their small 20 

structure changes during repeated sodium de/intercalation. It 
coincides with the single-phase homogenous reaction mechanism 
of alluaudite sulfate as discussed above. Compared with the 
pristine sample, higher peak intensities are observed for the 
muscle-inspired one, indicating its better structure stability during 25 

cycling. It is associated with the SWNT-based framework and 
porous structure in the muscle-inspired architecture. They 
guarantee the effective electron contact and act as the buffer layer 
to alleviate volume change during sodium insertion/extraction. 
Therefore, all above results demonstrate the muscle-inspired 30 

architecture is favorable to realizing high rate capability and 
stable cycling property for the alluaudite sulfate, which puts 
forwards a new strategy to modify the sulfate-based materials in 
sodium ion batteries.  

4  Conclusions  35 

In summary, we have reported a new “top-down” approach to 
prepare muscle-inspired Na2+2xFe2-x(SO4)3/SWNT spindle. The 
hydrated “top” precursor is prepared by rapid precipitation, which 
undergoes hydration water release and phase transformation 
during the following calcination to achieve the target “down” 40 

product. The prepared alluaudite sulfate nanoparticles are 
anchored on the single-wall carbon nanotubes and aggregate into 
spindle-shaped particles. The whole Na2+2xFe2-x(SO4)3/SWNT 
composite copies the muscle tissue on both morphology and 
function. Based on the SWNT-based 3D conductive framework 45 

and the porous structure, the muscle- inspired architecture 

 

 

 

 50 

 

 

 

 

 55 

 

 

 

 

 60 

 

 

 

enables high efficiency electron/ion transport and superior 
sodium intercalation kinetics. It exhibit high potential of ~3.8 V 65 

(vs. Na+/Na) and superior high rate performance, which achieves 
92% of the capacity after one hundred cycles at 5 C. Therefore, 
the top-down approach is facile strategy to prepare alluaudite 
sulfate with tailored architecture.  
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Graphic Abstract 

 

A top-down strategy is designed as a facile approach to prepare the alluaudite 

Na2+2xFe2-x(SO4)3 with muscle-like shape and superior performance. 
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