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Mixed polyanion materials with 3D framework as battery electrodes are drawing enormous attention recently in view of the requirement 
on further improving energy storage and power densities. Here we present a design of hierarchical Na7V4(P2O7)4(PO4)/C nanorod-
graphene composite as sodium- and lithium-storage cathode material. The hierarchical structure is composed of 1D rectangle 10 

Na7V4(P2O7)4(PO4)/C nanorod which is coated by in-situ residual carbon and wrapped by reduced graphene-oxide sheet. The open 
network of graphene and surface carbon coating of Na7V4(P2O7)4(PO4)/C nanorod provide bicontinuous electron and ion pathways, 
which constructs a three-dimensional conductive network for efficient electron and ion transfer. The flexible electrode built from the 
hierarchical composite free of binder or conductive additive exhibits improved electron conductivity and higher sodium/lithium ion 
migration coefficients than the pristine Na7V4(P2O7)4(PO4)/C nanorod. It approaches the initial reversible electrochemical capacities of 15 

91.4 and 91.8 mAh·g-1 with high discharge potentials over 3.8 V (vs. Na/Na+ or Li/Li+) and good cycling property with capacity 
retentions of 95% and 83% after 200 cycles at 1C rate in sodium and lithium intercalation systems, respectively. Even at 10 C, it still 
delivers 87.4% (for sodium) and 78.2% (for lithium) of the capacity and high cycling stability. Given the compatibilities of both 
sodium/lithium ions and superior electrochemical characteristics, the bicontinuous hierarchical composite is considered to be a promising 
high-property electrode material for advanced energy storage applications.  20 

Keyword: Na7V4(P2O7)4(PO4)/C nanorod; bicontinuous pathways; hierarchical nanoarchitecture; sodium/lithium ion migration; superior 
electrochemical property 

1 Introduction 
The tremendous battery requirements for electric vehicles 

(EV) and large scale grid-based electric energy storage (EES) 25 

demand intensive exploration of electrode materials, in terms of 
high energy density, high power density, long cycle life, safety 
and low cost1. Based on these issues, electroactive materials with 
three-dimensional framework and flexible ion channels have 
attracted intensive interests. In the past decades, various 3D 30 

framework materials including metal oxides2,3, polyanion 
materials4-7, fluoride-based materials8,9 and metal-organic 
materials10-12 have been synthesized. The exploration of these 
materials impels the fast development of the batteries based on 
ion intercalation chemistry.  35 

Among the present 3D-framework materials, polyanion 
materials are considered to be one of the most promising 
candidates. Since the introduction of LiFePO4 in 1980s, various 
polyanion-based materials such as silicates (A2MSiO4)7,13, 

borates (AMBO3)14, phosphates (AMPO4)4-6, pryphosphates 40 

(AMP2O7)15,16, fluorophosphates (AMPO4F)17, and so on, have 
been extensively studied. However, within the limited kinds of 
polyanion groups, the development of “single” polyanion 
materials is greatly restricted. Recently, mixed-polyanion 
materials with 3D framework have come into sight as a new 45 

member of the polyanion family18-28. Compared with single-
polyanion materials, the flexible design of mixed-polyanion 
materials dramatically expand the research scope and provides 
new opportunities for polyanion materials. A series of mixed-
polyanion materials such as Na4Fe3(PO4)2(P2O7)18,19, 50 

Na4Co3(PO4)2(P2O7)20, Li9V3(P2O7)3(PO4)2
21,22, Li1-xFe1+xPxSi1-

xO4
23,24, Li2+xMn1-xPxSi1-xO4

25 et al have been investigated. 
Especially, introduced by lim et al26,27, a very recently reported 
vanadium-based mixed-polyanion compound Na7V4(P2O7)4(PO4) 
has attracted great interest. As illustrated in Figure 1, the 3D 55 

framework of [V4(P2O7)4(PO4)]∞ is constructed through each 
[PO4] tetrahedron sharing corners with four adjacent [VO6] 
octahedrons and each [P2O7] group sharing corners with two  
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            Figure 1 Crystal structure of Na7V4(P2O7)4(PO4) 

 

adjacent [VO6] octahedrons26,27. Three different interstitial sites 
(i.e., Na1, Na2, and Na3) are occupied by sodium ions. Therefore, 10 

sodium/lithium ions can diffuse along the well-defined channels 
in the 3D framework, which enables the fast de/intercalation of 
sodium/lithium ions. Therefore, the well defined 3D framework 
structure as well as open ion diffusion channels and high 
operating potential makes it a promising electrode material 15 

candidate. However, facing the same problem as other polyanion 
materials, the inferior conductivity restricts its fast 
electrochemical kinetic and rate capability. Thus further 
improvement on its high rate performance is still a big challenge.  

For a “rocking chair” battery, ion and electron transport 20 

capabilities are the determining factors to its electrochemical 
properties especially at high rates. Tailoring materials into 
nanosize is one of the most effective strategies to improve ion 
diffusion kinetic and then enhance its rate performance. Among 
the wide range of nanostructures, 1D nanostructure with short ion 25 

diffusion distance as well as continuous electron transport 
pathway has demonstrated superiority in energy storage 
applications29-31. Based on this viewpoint, we have successfully 
designed and synthesized 1D nanostructured 
Na7V4(P2O7)4(PO4)/C nanorod with stable cycling stability in 30 

recent report32. However, the poor connectivity between random 
distributed nanorods provides inconsecutive pathways for 
electron transport, which restricts its high rate property. Therefore, 
in order to meet ever increasing demand for high power 
applications, it is highly desirable to design 3D hierarchical 35 

architecture combining both active materials and conductive 
scaffolds to construct continuous electron/ion pathways for 
further improvements. Carbon matrix can effectively provide a 
conductive network for electrode materials. Mai's group have 
used several kind of carbon matrix to improve the conductivity of 40 

electrode materials33,34. These carbon matrices can significantly 
improve the electronic/ionic conductivity. Therefore, it is 
desirable for us to employ a 3D carbon matrix to improve the 
conductivity of the Na7V4(P2O7)4(PO4)/C nanorod. 

         Following this viewpoint, as illustrated in Figure 2, herein 45 

we present the construction of bicontinuous hierarchical 
Na7V4(P2O7)4(PO4)/C nanorod-graphene composite. The 
hierarchical structure is composed of 1D rectangle  

 

 50 

 

 

 

 

 55 

 

 

 

Figure 2 Schematic illustration of the hierarchical 
Na7V4(P2O7)4(PO4)/C nanorod-graphene composite with 60 

bicontinuous electron/ion transport pathways. The parallel and 
vertical view of one layer and the image of one single nanorod 
are enlarged.  

 

Na7V4(P2O7)4(PO4)/C nanorod which is coated by in-situ residual 65 

carbon and enclosed by 2D graphene nanosheet scaffolds. The 
open network of conductive graphene and surface coating of in-
situ carbon construct bicontinuous electron and ion pathways for 
the Na7V4(P2O7)4(PO4)/C nanorod. Thus such advantages as large 
surface area, improved conductivity and rapid electron and ion 70 

transfer have been expected for the hierarchical architecture. 
Inspired by these advantages, the compatibilities of sodium and 
lithium intercalation chemistry on hierarchical 
Na7V4(P2O7)4(PO4)/C electrode were investigated for the first 
time. The flexible binder-free electrode based on hierarchical 75 

Na7V4(P2O7)4(PO4)/C composite demonstrates impressive high 
rate property, superior cyclability and high operating potential in 
both sodium/lithium intercalation systems. The superior 
electrochemical characteristics and good compatibilities of 
sodium/lithium ions demonstrate the significant potential of it as 80 

a high-energy storage electrode for “rocking chair” batteries.  

2 Experimental 

2.1 Synthesis.  

The 1D nanostructured Na7V4(P2O7)4(PO4)/C nanorod is 
prepared by a molten-salt synthetic strategy as details in previous 85 

reports32. Briefly, Stoichiometric amount of NH4VO3, NaHCO3, 
NH4H2PO4 and desired amount of citric acid were mixed to form 
a homogenous solution. The molar ratio of citric acid to NaHCO3 
is 1:3. The resulting solution was kept at 80 oC under magnetic 
stirring to evaporate water until it turned into a wet gel. The wet  90 
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gel was dried over night to obtain the dry gel which was 
grounded and subjected to programmed heat treatment at 850 oC 15 

for 12 h, cooled to 500 oC at the rate of 1 oC min-1 and quenched 
to room temperature in an argon atmosphere. The quenching 
process is employed to avoid the decomposition of the target 
compound and the precipitation of more crystalline phases. No 
chemical reaction is involved in the quenching process. The 20 

resulting intermediate product was soaked in hot water with 
argon bubbling. The soaking process can eliminate the Na-P-O 
salts which coexist with the target compound, and bubbling Ar 
can get rid of the oxygen dissolved in water to prevent the 
oxidation of the target compound. The chemical reactions 25 

involved in the soaking process are the hydrolysis of the Na-P-O 
salts. The Na-P-O salts are a mixture of crystalline and 
amorphous compounds, for example NaPO3 and Na4P2O7, which 
composition is unclear. After filtering, washing and drying, the 
Na7V4(P2O7)4(PO4)/C nanorod was obtained.  30 

Graphene was produced by the reduction of graphene oxide 
prepared by a modified Hummer’s method and the binder-free 
thin film was prepared by ultrafiltration as details in 
literatures35,36. The hierarchical Na7V4(P2O7)4(PO4)/C nanorod-
graphene composite was prepared via two simple steps. Firstly, 35 

stock solution of dispersed graphene (20 wt.%) was mixed with 
the Na7V4(P2O7)4(PO4)/C nanorod (80 wt.%), and the mixture 
was dispersed under ultrasonic wave for one hour. Then the 
dispersion was vacuum ultrafiltrated and washed with excess of 
DI water.  The thin film electrode was obtained after dried, and 40 

then it was treated at 120 oC for 24 hours in vacuum before work 
in the sodium ion battery. The thickness of the binder free film is 
24 μm. The loading of the active mass in the graphene-containing 
electrode is about 3.15 mg·cm-2. The pristine nanorod electrode  

 45 
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was made from a mixture of the pristine nanorod, acetylene black 
and polyvinylidene fluoride (PVDF) in a weight ratio of 80:10:10. 
The loading of the active mass in the PVDF-bound electrode is 60 

about 3.42 mg·cm-2. The weight of graphite or carbon is deducted 
to obtain the loading of the active mass. 

2.2 Materials characterization 

Powder X-ray diffraction (XRD, Bruker D8/Germany) using 
Cu Kα radiation was employed to identify the crystalline phase of 65 

the material. The experiment was performed by using step mode 
with a fixed time of 3 s and a step size of 0.02o. The morphology 
was observed with a scanning electron microscope (SEM, 
HITACHI S-4700) and a transmission electron microscope (TEM, 
JEOS-2010 PHILIPS). Raman spectra of the composites were 70 

collected on a Jobin-Yvon Labor Raman system by exciting a 
514.5 nm Ar ion laser (Raman, HR-800 HORIBA). The carbon 
content was determined by an elemental analyzer (EA, Elementar 
Vario EL). The electronic conductivity was measured on the disk 
of nanorod and the thin film of hierarchical composite by four 75 

probe technique. The nanorod powder was pressed into a disk 
with a diameter of 20 mm and a thickness of about 0.5 mm at 
apressure of 10 MPa, then gold was painted on both sides of the 
disk and the thin film electrode to ensure electrical contact. The 
carbon content in the Na7V4(P2O7)4(PO4)/C nanorod is about 1.48 80 

wt%, which is determined by an element analyzer (EA, 
Elementar Vario EL). 

2.3 Electrochemical measurements 

The electrochemical performance was carried out using coin 
type cells. For the sodium intercalation system, the Na foil was 85 

employed as counter and reference electrode and 1 mol∙L-1  

Figure 3 Comparison of (a) XRD and (b) Raman between the pristine nanorod and the hierarchical composite. (c) TEM 
and (d) SEM images of a single Na7V4(P2O7)4(PO4) nanorod. (e) HRTEM image of the single nanorod enlarged in red 
square of (c), and the corresponding SEAD pattern is shown as an inset. SEM and TEM images of hierarchical 
Na7V4(P2O7)4(PO4) nanorod-graphene composite with parallel (f) and vertical (g) view of schematic diagrams.  
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NaClO4 dissolved in propylene carbonate (PC) was used as 10 

electrolyte. For the lithium intercalation system, the Li foil was 
employed as counter and reference electrode and 1 mol∙L-1 LiPF6 
dissolved in the mixture of ethylene carbonate (EC) and dimethyl 
carbonate (DMC) was used as electrolyte. Galvanostatic charge-
discharge tests were performed in the potential range of 2.5~4.1 15 

V vs. Na/Na+ and 2.5~4.3 V vs. Li/Li+ 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~0.05 Hz. 20 

3 Results and Discussion 

Figure 3(a) shows the XRD pattern of the hierarchical 
Na7V4(P2O7)4(PO4)/C-graphene composite and the pristine 
Na7V4(P2O7)4(PO4)/C nanorod. All the diffraction peaks can be 
readily indexed to the tetragonal phase (space group: P-421c) 25 

without impurity phases, indicating the high purity of both 
materials. The uneven background of XRD pattern for the 
hierarchical composite displays a broad diffraction peaks at ~24 o, 
corresponding to the average d-spacing of graphene layers37. The 
Raman spectra (Figure 2b) identify two characteristic signatures 30 

located at 1357 and 1589 cm-1 for both materials,  corresponding  
to the D (disordered carbon) and G (graphene carbon) bands38,39. 
The higher intensity of G band and lower value of the D/G 
intensity ratio were observed for the hierarchical composite in 
comparison with those of the pristine nanorod, demonstrating its 35 

higher sp2 domain size.  

The morphology and microstructure of the hierarchical 
composite were investigated by SEM and TEM. As shown in 
Figure 3(c)~(g), rectangle shaped nanorod with diameter of 
200~300 nm and the length of 1~2 μm are encompassed by the 40 

graphene sheets, which results in the hierarchical architecture of 
the composite. The enlarged parallel view of the composite 
(Figure 3f) demonstrates that the Na7V4(P2O7)4(PO4)/C nanorods 
are well wrapped up by graphene sheet layer by layer. And the 
enlarged vertical view (in Figure 3g) suggests the nanorods tend 45 

to lie with length parallel to the graphene surface. The large  

graphene sheets build 3D conductive framework for the stacking 
nanorods, which provides intimate contact between each other 
and construct continuous electron transport pathways. The 
architecture of one single nanorod is further identified by high 50 

resolution TEM (HRTEM). As shown in insert of Figure 3(e), the 
corresponding selected area electron diffraction (SEAD) patterns 
reveals that the Na7V4(P2O7)4(PO4)/C nanorod are single 
crystalline. The well-resolved lattice fringe with the interplanar 
distance of 0.3198 nm corresponding to the (002) lattice planes of 55 

the Na7V4(P2O7)4(PO4). Additionally, a nanolayer of 3 nm on the 
surface of the nanorod is clearly observed, which comes from the 
residual amorphous carbon and constructs a continuously electron 
transport pathways along the nanorod surface. Therefore, both the 
surface conductive layer and the 3D conductive framework 60 

construct bicontinuous electron pathways and facilitates fast 
electrochemical kinetic. 

Moreover, the hierarchical architecture also enhances the 
mechanical strength of the composite, which enable the formation 
of flexible electrodes, free of both binder and conducting 65 

additives (Figure 4a). The electronic conductivity of both the 
binder-free hierarchical composite film and the pristine 
Na7V4(P2O7)4(PO4)/C nanorod pellets were investigated. The 
electron conductivities of both films are compared in Figure 4(b). 
The hierarchical composite possessed good conductivity in the 70 

temperature change from -5 oC to 65 oC with slight change from 
0.30 s·cm-1 to 0.76 s·cm-1, which is about two orders higher than 
that of the pristine nanorod pellets (from 2.27×10-3 s·cm-

1~5.41×10-3 s·cm-1). By virtue of the 3D conductive framework, 
the improved electron conductivity of hierarchical composite 75 

makes possible embodiment of outstanding electrochemical 
performance.  

Inspired by the advantages of hierarchical architecture, the 
sodium and lithium ion intercalation chemistry of the 
Na7V4(P2O7)4(PO4)/C-graphene composite was investigated. The 80 

application of the Na7V4(P2O7)4(PO4) in lithium ion battery with 
hybrid-ion migration has two potential advantage. Firstly, the 
natural abundance of sodium can make the Na-containing 
compounds cheaper than the lithium-containing compounds. 
Secondly, the standard electrode potential of lithium metal is 85 

lower than that of sodium metal, thus the use of 
Na7V4(P2O7)4(PO4) in lithium ion battery can result in a higher 
voltage. First of all, the galvanostatic charge-discharge 
characteristics of the hierarchical composite in the sodium and 
lithium batteries were investigated. As displayed in Figure 5(a), 90 

the hierarchical composite exhibits initial capacity of 91.4 
mAh·g-1 at the rate of C/20 in the sodium ion battery. Two charge 
plateaus and one discharge plateau are observed in the 
charge/discharge curves, corresponding well to two oxidation 
(3.883 V and 3.933 V vs. Na+/Na) and one reduction (3.861 V vs. 95 

Na+/Na) peaks in the differential capacity curves (Figure 5b). The 
splitting of charge plateaus indicates the existence of intermediate 
phase, which agrees well with those reported by Lim et al26,27. 
The shape of galvanostatic curves changes slightly during cycles 
and as high as 98.2% of capacity retention was obtained after one  100 

Figure 4 (a) Front view and side view of the flexible and 
binder free Na7V4(P2O7)4(PO4)/C nanorod-graphene thin 
film. (b) The temperature dependence of electronic 
conductivity of the Na7V4(P2O7)4(PO4)/C nanorod-graphene 
film and the Na7V4(P2O7)4(PO4)/C nanorod pellet.  
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hundred cycles (inset of Figure 5a). Moreover, Ex-situ XRD 
patterns also identify the similar structure between the pristine 
and cycled materials, which demonstrates the good structure 20 

reversibility of Na7V4(P2O7)4(PO4)/C during sodium intercalation 
(Figure 4c).  

 As for the lithium intercalation system, the ion transport 
process becomes more complex. As displayed in Figure 5(d) and 
(e), the initial cycle is very different from following ones with 25 

obvious higher charge/discharge potentials and distinct redox 
peaks. Two oxidation peaks located at 4.057 and 4.108 V vs 
Li+/Li was observed in the initial charge, coincided with the Na 
extraction process from crystal structure of Na7V4(P2O7)4(PO4)/C. 
In the subsequent discharge process, the appearance of three 30 

reduction peaks suggests of hybrid insertion process involving 
both Na and Li ions. The redox peaks gradually shift with altering 
the shape of potential plateaus in the following cycles, and 
become stable after five to ten cycles. Additionally, the capacities 
also change accompanying with alteration of redox peaks. As 35 

displayed in inset of Figure 5(d), the composite approaches the 
highest capacity of 91.8 mAh·g-1 in the initial cycle, and then it 
quickly turns to decreases and becomes stable after five to ten 
cycles. Similar phenomenon has been observed by Barker, Nazar 
and Banks et al in previous reports20,40-44, who have operated the 40 

sodium intercalated materials such as Na3V2(PO4)2F3, 

Na3V2(PO4)3 and NaVPO4F in a lithium based electrolyte and   
discovered the new hybrid ion batteries (HIB). Based on the 
rocking chair chemistry of HIB, the initial higher potential with   
capacity fading in initial a few cycles is associated with the 45 

initially temporary disorder induced by hybrid de/insertion 
process, which has been suppressed and reformed by the 
predominately Li ion transport in the sequential cycles due to a 
vast excess of Li20,38-42. Thus gradual capacity alteration process 
in initial cycles indicates the transformation process from the 50 

hybrid ions (sodium and lithium) transport mechanism to the 
lithium dominate transport mechanism. And the final stabilization 
suggests the completion of the transformation process. Evidences 
from the ex-situ XRD patterns also support the intercalation 
process. As displayed in Figure 5(f), obvious right shift was 55 

observed in the XRD patterns after initial cycle, which suggests 
crystal volume decrease in initial cycle. Then the right shift of the 
XRD patterns become slowly in following cycles and the peak 
positions stabilized after ten cycles, indicating the structure re-
construction process during hybrid ion intercalation. The 60 

similarity between the XRD patterns after ten cycles also 
demonstrates the good reversibility for lithium intercalation after 
initial structure adjustment. It also results in the high capacity 
retention of 94% from ten to one hundred cycles (inset of Figure 
4d). Therefore, all of above results demonstrate that the 65 

Na7V4(P2O7)4(PO4)/C composite can be employed as the host 
material for Li as well as Na.  

Motivated by the good compatibilities of Na/Li ion, the high 
rate capability and cycling stability of both pristine 
Na7V4(P2O7)4(PO4) nanorod and the hierarchical 70 

Na7V4(P2O7)4(PO4)/C-graphene composite in sodium/lithium ion 
batteries were investigated. A series of current densities, from 
0.05 C to 30 C are employed to evaluate the rate capability. In 
order to reduce the effect of the capacity fading on the C-rate test, 
the C-rate test is conducted after three previous charge-discharge 75 

cycling. As compared in Figure 6(a) and (d), the pristine nanorod 
exhibits higher capacities than the hierarchical composite as the 
current density is lower than 0.5C in both sodium/lithium systems. 
When the current is higher than 0.5 C, obviously higher 
capacities were observed for the hierarchical composite than the 80 

pristine nanorods in both systems. As the current density 
increases, the difference between two cathode materials becomes 
more significant. For example, at the 10 C and 20 C rates in 
sodium battery, the capacities of 80.2 and 70.3 mAh·g-1 
corresponding to 87.4% and 76.9% of capacity at 0.05C are 85 

realized for the hierarchical composite, which is much higher 
than the pristine nanorods (71.2 and 54.5 mAh·g-1). Compared 
with sodium ion battery, both electrode materials exhibit inferior 
properties in lithium ion battery, especially at high rate (Figure 6b 
and e). At 20 C rate, the hierarchical composite exhibits the 90 

capacity of 70.3 mAh·g-1 in sodium ion battery, which is higher 
than the capacity of 54.2 mAh·g-1 in lithium ion battery. The 
long-term cycling performance of both materials at the 1 C rate is 
shown in Figure 6(c) and (f). The capacity retentions of 
hierarchical composite are 95% and 83% for sodium and lithium  95 

Figure 5 Galvanostatic charge/discharge curves (a, d) and the 
corresponding differential capacity curves (b, e) of the 
hierarchical Na7V4(P2O7)4(PO4)/C nanorod-graphene electrode 
in sodium (a, b) and lithium (d, e) intercalation systems. The 
cycling properties are shown as insets of (a) and (d). Ex-situ 
XRD patterns of the electrode after 1, 2, 10, 50 and 100 cycles 
in (c) sodium and (f) lithium batteries. The (320), (420) and 
(112) peaks in (f) are enlarged. 
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systems respectively after cycles, which are higher than those of 
the pristine one (89% for sodium and 68% for lithium system).  20 

In order to reveal the origin of different behaviors for 
pristine nanorod and hierarchical composite in both systems, the 
electrochemical impedance spectra (EIS) of are investigated and 
the results are summarized in Figure 7 (a) and (b). The 
measurements were carried out on the materials after all the 25 

cycles and the Nyquist plots are displayed in Figure 7 (c). The 
hierarchical composite exhibits smaller high frequency 
semicircles than the pristine one in both systems, indicating its 
improved contact conductivity. For the same material, the sodium 
system obtains smaller high-frequency semicircle than the lithium 30 

system, which suggests its smaller electrochemical resistance. In 
comparison with the sodium batteries, the higher charge transfer 
resistance (Rct) of the lithium batteries can be attributed to the 
structural change induced by Li+ intercalation. The structural 
change occurs when Li+ intercalates instead of Na+ in the initial 35 

few cycles. The Nyquist plots reveal the detrimental effect of the 
structural change on charge transfer reaction. Based on the low 
frequency sloping line, the apparent ion diffusion coefficients are 
calculated (with detailed process in S1)45-47. The linear 
relationship between Z’ and the reciprocal square root of  40 

 

 

 

 

 45 

 

 

 

 

 50 

frequency in low frequency are showed in Figure S2. Both DNa 
and DLi of the hierarchical composite are higher than those of the 
pristine one, suggests the improved ion transport capability of the 
hierarchical architecture. As for the same material, the DLi are 
lower than DNa, which demonstrates the lower kinetic of lithium 55 

insertion and leads to inferior rate capability in lithium 
intercalation system.  

According to the rate capability, the lithium intercalation 
kinetics of the Na7V4(P2O7)4(PO4)/C nanorod is inferior to its 
sodium intercalation kinetics. Similar phenomena were already 60 

reported for some sodium-containing compounds, for example 
Na1.4Co3(PO4)2P2O7, Na3V2(PO4)3 and Na3V2(PO4)2F3

20,40-44, 
when the testing systems enable hybrid ion migration. Although 
the radius of Li+ is much smaller than the radius of Na+, the 
charge density of Li+ is much higher than the charge density of 65 

Na+ because both valence states are +1. When Li+ intercalates 
instead of Na+, the higher charge density of Li+ triggers the 
structural change of the host, which worsens the rate capability. 

On the basis of above results, the superb rate capability and 
better cycling property of hierarchical Na7V4(P2O7)4(PO4)/C 70 

composite can be attributed to the advantages of the hierarchical 
architecture as illustrated in Figure 1. Firstly, both 3D conductive 
framework and surface carbon coating provide bicontinous 
electron/ion pathway as well as large surface area and short ion 
diffusion channel, which facilitate fast ion diffusion. Additionally, 75 

improved connectivity between single Na7V4(P2O7)4(PO4)/C 
nanorods and the large graphene framework effectively improve 
the mechanical strength of the composite, which results in 
formation of flexible binder-free electrode with improved 
conductivity and superior high rate capability. Furthermore, the 80 

hierarchical architecture guarantees the effective electron contact 
upon prolonged cycling, which facilitates the high-rate cycling 
stability. Therefore, all these advantages result in the enhanced 
electrochemical performance of the hierarchical structured 
composite.  85 

Figure 6 Rate capability of the hierarchical 
Na7V4(P2O7)4(PO4)/C nanorod-graphene composite and the 
pristine Na7V4(P2O7)4(PO4)/C nanorod in sodium (a) and 
lithium (d) intercalation system. The galvanostatic 
charge/discharge curves of the hierarchical 
Na7V4(P2O7)4(PO4)/C nanorod-graphene composite at 
different current densities in sodium (b) and lithium (e) 
intercalation systems. Long-term cycling properties of the 
hierarchical Na7V4(P2O7)4(PO4)/C nanorod-graphene 
composite and the pristine Na7V4(P2O7)4(PO4)/C nanorod at 
the 1 C rate in (c) sodium and (f) lithium batteries. 

Figure 7 Comparison of the charge transfer resistance (a) and 
the apparent ion diffusion coefficients (b) between the 
Na7V4(P2O7)4(PO4)/C nanorod-graphene composite and the 
pristine Na7V4(P2O7)4(PO4)/C nanorod in sodium and lithium 
batteries. (c) Nyquist polts of the hierarchical composite and 
the pristine nanorod in both sodium and lithium batteries. 
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4 Conclusions 

In summary, we construct a hierarchical structured 
Na7V4(P2O7)4(PO4)/C nanorod-graphene composite as electrode 
materials for sodium and lithium intercalation systems. The large 
graphene nanosheet constructs 3D framework for the 5 

Na7V4(P2O7)4(PO4)/C nanorods, which provides bicontinuous 
electron/ion transport pathways and large electrolyte-electrode 
contact area for rapid electron/ion diffusion. Moreover, the 
hierarchical architecture improves mechanical strength of the 
composite, resulting in the formation of flexible binder-free thin 10 

film electrode with improved conductivity and enhanced stability 
upon cycling. All these advantages provide enhanced high rate 
capability and long-life cycling stability for the composite 
compared with the pristine one. Combined both good 
sodium/lithium compatibility and superior electrochemical 15 

characteristics, this hierarchical composite can be employed as a 
high-property cathode material for advanced energy storage 
devices. 
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Bicontinuous Hierarchical Na7V4(P2O7)4(PO4)/C 

Nanorod-Graphene Composite with Enhanced Fast Sodium 

and Lithium Ions Intercalation Chemistry 
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Hierarchical Na7V4(P2O7)4(PO4)/C nanorod-graphene composite exhibits enhanced 

fast sodium/lithium ions transport capability and superb electrochemical property.  
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