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Three dimensional architecture of Carbon Wrapped Multilayer 

Na3V2O2(PO4)2F Nanocubes Embedded in Graphene for 

improved sodium ion batteries 

Hongyun Jin,ab Jie Dong,aEvan Uchaker,b Qifeng Zhang,b Xuezhe Zhou,bShuen Hou,aJiangyu Li,c 
and Guozhong Caob

*

A novel Na3V2O2(PO4)2F@Carbon/Graphene three 

dimensional (3D)architecture (NVPF@C/G) is developed 

through a simple approach for the first time. It exhibits 

greatly improved rate capability and delivers a reversible 

capacity of 113.2 mAhg-1 at 1C. 

Introduction 

With major concerns regarding energy storage and conversion 

issues, lithium ion batteries (LIBs) have played a dominant role and 

occupied the majority share of the rechargeable battery sector.1-5 

Wide-scale application of LIBs correlates to huge demand for 

lithium resource; consequently the cost of Li compounds has tripled 

in the past five years alone. At the meantime, sodium ion batteries 

(SIBs) emerge recently and have attracted increasing attention. 

Sodium holds promise for being a natural complement that can 

potentially even serve as substitute for LIBs due to its 

high similarity in chemical properties with Li.6-9 Most importantly, 

elemental sodium is distributed nearly everywhere throughout the 

world, and its abundance 2.64%, is nearly 440 times greater than that 

of Li. Moreover, sodium does not react with aluminum foil , 

meaning that copper can be replaced with cheaper aluminum as the 

current collector in SIBs.10, 11Therefore, SIBs have drawn 

considerable attention in recent years in view of their low cost 

compared to LIBs12-16. A great range of  sodium-based compounds 

are being investigated as possible electrode materials for SIBs, such 

asNa3V2(PO4) 3,17-21Na3V2(PO4)2F3,
22, 23 NaMO2 (where M =V, Ni, 

Mn, Cr, Al, Co),24NaFePO4,
25 Na2(Fe, 

Mn)PO4F,26NaVPO4F,27Na3V2O2x(PO4)2F3-2x,
28-

31Na3V2O2(PO4)2F,32-34etc. Among these compounds, 

Na3V2O2(PO4)2F (NVPF)has attracted a great deal of attention 

because it has two high-voltage plateaus at approximately 3.65 and 

4.1 V vs. Na/Na+, and a relatively large intercalation capacity (130 

mAhg-1)as two Na+ can be inserted and extracted during the 

dis/charge process. Rojo’s group reported a mixed-valence sodium 

vanadium fluorophosphates SIB material with general formula 

Na3V2O2x(PO4)2F3-2xsynthesized by hydrothermal method that 

displayed 80 mAhg-1 at 1C with no capacity fading after 30 cycles.30, 

31 The same group went on to synthesize Na3(VO)2(PO4)2F by ex-

situ carbon coating, which delivered a capacity of 68 mAhg-1 at 

1C.32 However, because the electronic conductivity of common 

carbon materials is not sufficiently high, the high-rate discharge 

capability remains unsatisfactory. Graphene, with an electron 

mobility value higher than 1.5×104cm2V−1s−1at room temperature 

has been utilized in LIB and SIB electrode materials.35, 36Recently, 

Goodenough et al. reported a Na3V2O2(PO4)2F/Graphene sandwich 

nanostructure prepared by a solvothermal method that delivers a 

discharge capacity around 100.4mAhg-1 at 1C, meanwhile, they 

confirmed the presence of the two voltage plateaus at 3.65 and 

4.05V by first-principle calculations.33, 34 

For high power application, electrode materials for SIB must possess 

rapid electron transport and ion diffusion capability.37, 38 Carbon 

coating is a propitious solution to meet this requirement, and hence 

various kinds of carbon (graphene, matrix, carbon tube, fiber, 

particle, etc), have been employed as core-shell or sandwich 

structures in order to improve the conductivity of the electrode 

materials.39-43 However, the conductivity of carbon in core-shell 

structures is typically not high enough, thus precipitating the need 

for thick shelled carbon coating, but thicker carbon coating impedes 

sodium ion diffusion and worsens conductivity; the poor electronic 

conductivity or ionic diffusion of the electrode material would yield 

unsatisfying rate performance and cycle stability when used in 

SIB.30, 41 The sandwich structure solves the poor conductivity 

obstacle in the core-shell structure to some extent. Most noticeably, 

the conductivity of the particles wrapped by graphene located at the 

top and bottom of the structure is improved, but it is difficult to get a 

monolayer of particles between graphene layers, while multilayer 

particle structures are more commonplace. In a multilayer particle 

structure, the conductivity of the particles located in the middle of 

the layer, and thus not in contact with the graphene, is extremely 

poor and is a crucial issue. An electrode architecture consisting of 
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regular3D highly-conductive structure with nano-scale electro-active 

particles has been proven to provide more efficient ion and electron 

transport capability.43-46 Nevertheless, to our best knowledge, there 

has been no report on the 3D architecture of NVPF@C/G. 

To compensate for these deficiencies, we propose to use NVPF 

nanocubes embedded in graphene sheets, and wrapped with carbon 

to fabricate a core-shell structure; thus, NVPF particles are 

networked by carbon and tethered to graphene to forge a large open 

and highly-conductive network that can facilitate both sodium ion 

and electron transport. In this study, for the first time, we designed a 

novel NVPF@C/G3D architecture by a combination of 

hydrothermal method paired with carbon deposition. The resulting 

NVPF@C/G was evaluated as a cathode material for SIB and 

presented a high reversible capacity of 137.5 mAh g-1 at 0.05 C with 

a comparable initial coulombic efficiency of 100.9%; moreover, the 

material exhibited greatly improved rate capability (113.2 mAh g-1 at 

1 C) and98.9% capacity retention over 40 cycles at 1 C. 

Experimental section 

Synthesis: The synthesis process of NVPF@C/G takes place in two 

steps. First, NVPF/Graphene (NVPF/G) composite material was 

prepared by hydrothermal method. Graphene oxide, prepared by a 

modified Hummers method, was immersed 50mL N,N-dimethyl 

form amide (DMF) and ultrasonically treated for 24 hours. In a 

typical synthesis, 2mmol NH4H2PO4 (Sigma-Aldrich, 99.9% purity), 

2mmol NH4VO3 (Sigma-Aldrich, 99.99% purity), 1mmol NaF 

(Sigma-Aldrich, 99% purity) and 1mmol Na2CO3 (Sigma-Aldrich, 

99.9% purity) were separately dissolved in 5mL distilled water. The 

four precursor solutions were then added to the NVPF/G-DMF 

solution, and stirred for30 minutes at 90 °C. Then, the mixture was 

sealed in a 100mL capacity polytetrafluoroethylene (PTFE) lined 

stainless steel autoclave, which was maintained at 180 °C for 24 

hours, and then naturally cooled to room temperature. A brown 

product was obtained after washing repeatedly with distilled water 

and ethanol. Secondly, 50mg of the resulting powder was dissolved 

in distilled water and stirred for 30 min, then 12mg sucrose was 

added into the suspension under vigorous stirring and heating at 105 

°C until dried. The powder mixture was ground and annealed at 550 

°C for 1 h in flowing argon atmosphere.  

Characterization: The phase of NVPF@C/G sample were 

characterized by X-ray diffraction (XRD, D8 Bruker X-ray 

diffractometer) with Cu-Kα radiation within the range of 10° to 70° 

(2θ), a step size of 0.02°, and an exposure time of 10 s. The 

accelerating voltage and current were 40 kV and 40 mA. X-ray 

photoelectron spectroscopy was completed using a Surface Science 

Instruments S-probe spectrometer (XPS, The rmo ESCALAB 

250XI) with Al Kα (hv=1486.6eV) as the X-ray source. The X-ray 

spot size was 800 mm and the take-off angle was 55°, corresponding 

to a sampling depth of approximately 50Å. XPS data analysis was 

carried out using the Service Physics ESCA 2000-A analysis 

program (Service Physics, Bend, OR). Microscopy investigations 

were performed using a JEOL JSM-7000FScanning Electron 

Microscopy (SEM) and FEI Tecnai G20 Transmission Electron 

Microscopy (TEM) operating at 200 kV. The compositional analysis 

on the as-prepared samples was analyzed with Thermogravimetric 

Analysissystem (TGA), an accessory of SEM. 

Electrochemical analysis: For electrochemical analysis, 2016 type 

half-cells were assembled in a glove box (Mbraun) filled with high 

purity argon. The cathode slurry was prepared by dispersing the as-

prepared sample, Super P conductive carbon (Timcal), and PVDF 

binder in a NMP solvent at a respective weight ratio of 75:20:5. The 

slurry was then spread onto aluminum foil current collector and 

dried in a vacuum oven at 80oC overnight. Sodium metal (Sigma 

Aldrich), 1 M NaClO4 in ethylene carbonate (EC)/dimethyl 

carbonate (DMC) (1:1 v/v), and a glass fiber were used as the 

counter/reference electrode, electrolyte, and separator for the Na-ion 

half-cells, respectively. Cyclic voltammetry (CV) was completed 

using an electrochemical analyzer (CH Instruments, Model 605C) in 

the voltage range of 4.3-2.0 V (vs. Na/Na+) at scanning rates ranging 

from 0.1 to 0.8 mV s-1. The current density and cycle stability 

performance of the sample were evaluated using the Arbin Battery 

Tester (BT-2000, Arbin Instruments) operating at room temperature. 

The half-cells were tested within the voltage range of between 2.0V 

to 4.3V vs. Na/Na+ at various charging rates, and assuming 1 C 

current density of 130mAg-1; capacity values were normalized to the 

mass of NVPF@C/G alone. 

Results and discussion 

The detailed assembly process and formation mechanism of the 

NVPF@C/G 3D architecture isillustrated in Figure 1.Ultrasonically 

treated graphene oxide was combined with several precursor 

solutions as to insert F-, Na+, PO4
3- and VO3

- ions into the graphene 

interlayer. Then, V5+ and graphene oxide were reduced by DMF in a 

hydrothermal process. Along with graphene oxide reduction, NVPF 

was ensuingly nucleated and entrenched onto the graphene sheets. 

As the reaction time progressed, NVPF crystallized and grew, while 

the graphene layers were exfoliated to single or few layered sheets. 

Subsequently, NVPF crystals developed a cubic morphology, and 

then self-assembled into a structure dmultilayer of NVPF particles as 

shown in Figure1(c). The as-prepared NVPF/Graphene composite 

was immersed in a sucrose solution, then dried and annealed in 

argon. As a result, carbon nanoparticles homogeneously wrap the 

NVPF nanocubes and complete fabrication of the core-shell while 

maintaining connection to the graphene. Consequently, the carbon 

wrapped multilayer Na3V2O2(PO4)2F nanocubes pillared graphene 

3D architecture was obtained. 

Figure1. Schematic illustration of the assembly process and 

formation mechanism of the NVPF@C/G 3D architecture 
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Figure2.SEM and TEM images ofNVPF@C/G specimen prepared 

by hydrothermal method: (a-b) Overall views ofNVPF@C/G 

displaying a typical layered structure; (c) Representative view of 

multilayered NVPF@C/G cubes between graphene layers; (d-f) 

TEM and HRTEM images of NVPF@C/G. 

The morphology and structural characteristicsof the NVPF@C/G 

were examinedby scanning (SEM) and transmission (TEM) electron 

microscopy. Figure 2 (a, b) reveals that the NVPF@C/G possess a 

layered structure, as shown from various perspectives.Multiple 

layers of NVPF cubes stack between the parallel graphene sheets, 

which are featured by the dashed yellow lines, and the assembly of 

three or more layers of particles was clearly seen (Figure 2 a, b). 

TGA was conducted in order to analyze the region in Figure 2 (b), 

and the carbon content in the sample was approximately 8.1wt% 

(Figure S1).In addition, the micrographs suggest that the reduced 

graphene was exfoliated to sheets duringthe hydrothermal process, 

after whichthe NVPF nanocubes were anchoredon the graphene 

sheets as shown in Figure 2 (a, b). The high-magnification SEM 

micrographclearly depicts the multilayered particle structure 

interlaminated between graphene layers, in which the NVPF 

nanocubesstack in an edge-face sharing manner (Figure2 c). TEM 

images in Figure2 (e, f)show that the carbon nanoparticlecoating is 

uniformly distributed on the surface of the NVPF nanocubes, 

effectively forming a core-shell structure. The TEM image in Figure 

2 (d) unveils that many NVPF nanocubes stacktogether between the 

graphene layers, corroborating the multilayer structure observed in 

SEM (Figure2 (a, b)).The observed lattice spacing values are 0.53nm 

and 0.45nm, corresponding to (002) and (110) facet, respectively, 

which is in accordance with the XRD results (Figure 2 (f), Figure 

S2). The NVPF nanocubes have an approximate edge length of 

200nm;such small particle size signifiesshorter transporting lengths 

forboth electrons and ions, resulting in fast charge-discharge transfer 

kinetics.Furthermore, carbon was observed on the edge side of the 

NVPF nanocubes in Figure 2 (e). Similar results arising from the 

high resolution images in Figure 2 (f) indicate that the cube surface 

was wrapped with graphene and carbon. In this instance, graphene 

can be described as an “express way” and thecarbon as “interstates” 

that comprise an overall network, where electrons can travel freely 

and ultrafast and hence improve the cycle capability and rate 

performance.  

The powder X-ray diffraction pattern (XRD) of NVPF@C/G is 

shown in Figure 3 (a). All the diffraction patterns are well in 

agreement with the standard pattern for tetragonalNa3V2O2(PO4)2F 

(PDF 76-3645), space group I4/mmm[139]) with the lattice 

parameters a=b=6.370 Å and c=10.637 Å, which is well match with 

that in literature.33 In this XRD pattern, there is a weak diffraction 

peak around 2θ≈23° that corresponds to the reduced graphene phase 

according to the literature and compared to the Figure S3. 47No 

characteristic carbon peaks are detected, which indicates that carbon 

derived from sucrose may be amorphous or the amount of crystalline 

carbon is below the detectable limit.The layer structure of NVPF, as 

displayed in Figure 3 (b), provides preferential pathways for the Na+ 

to transport in this host.33, 48, 49 This framework structure is formed 

by layers of [VO5F] octahedral and [PO4] tetrahedral units. Between 

these layers, pairs of [VO5F] octahedra and [PO4] tetrahedral are 

connected by shared oxygen atoms as exhibited in the lower-

left corner, while the [VO5F] octahedra are bridged by a fluorine 

atom between layers as shown in the lower-right corner. Between 

different layers, there is a broad channel for the transportation of 

sodium ions. This open framework structure is beneficial for sodium 

ion intercalation and rapid diffusion during the battery charge and 

discharge processes. X-Ray photoelectron spectroscopy (XPS) was 

then conducted to gather information on the chemical nature of the 

sample. The high-resolution C1s spectradepicts C=C (sp2) and C-C 

(sp2) peaks at 284.8 and 285.5 eV, respectively. Additionally ,small 

peaks corresponding to C–O and C=O separately located at 286.5 

and 288.4 eV, respectively, suggests the graphene oxide was nearly 

completely reduced. The high-resolution V2p3/2 and V2p1/2 XPS 

spectra reveal the characteristic main and satellite peaks with a 

binding energy of 516.4and 523.4eV, respectively. The peak 

locations and lack of should eringverifies the valence of vanadium in 

the sample as+4, which matches well with the literature values and is 

consistent with the XRD results.50, 51 

Figure 3. (a) XRD patterns of NVPF@C/G; (b) Schematic 

representation of the NVPF crystal structure; (c) High-resolution 

O1s and V2p XPS spectra of NVPF@C/G; (d) High-resolution C1s 

XPS spectra of NVPF@C/G. 
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To further evaluate the electrochemical behavior of the NVPF@C/G 

electrode material, cyclic voltammetry (CV) and galvanostatic 

charge-discharge cycling are carried out. Figure 4 (a) depicts the CV 

curves of NVPF@C/G at a scan rate 0.5 mVs-1over the potential 

range of 2-4.3 V vs. Na/Na+, in which a pair of reversible redox 

peaks, corresponding to the insertion and extraction of sodium ions 

into/out the host NVPF, were displayed. The sharp peaks and 

symmetrical feature of the CV curves validate the reversibility of the 

system. To the best knowledge of the authors, this is the first time 

the CV curves of NVPF@C/G are reported, although there is 

polarization phenomena.30, 33In the first cycle, two anodic peaks 

located at 3.75 and 4.18V vs. Na/Na+ correspond to the release of 

sodium ions as the mechanism described in Equation (1). 

Conversely, two cathodic peaks located at 3.48 and 3.88 V vs. 

Na+/Na are related to the insertion of sodium ions to NVPF, resulting 

in the formation of V4+as descripted in Equation (2).28 

Desodiation: 

( ) ( )3 2 2 4 2 2 42 2
2 2Na V O PO F NaV O PO F Na e

+ −
↔ + +

(1) 

Sodiation: 

( ) ( )2 2 4 3 2 2 42 2
a 2 a 2eN V O PO F N Na V O PO F

+ −
+ + ↔

 (2) 

Figure 4. Electrochemical properties of the NVPF@C/G when 

tested as SIB cathode material:(a) 1st and 2ndCV curves at a scan rate 

of 0.5 mVs-1;(b) Initial charge-dischargevoltage profiles at 0.05C; (c) 

rate capability;(d) cycle stabilityat 1C up to 40 cycles. 

 

Moreover, the redox peak position and shape of the 2nd CV curve 

exactly overlaps with the first, implying excellent electrochemical 

reversibility. This reversibility can be attributed to NVPF nanocubes 

wrapped by carbon and embedded in graphene sheet, which keep the 

NVPF structure stable during the sodium ion 

intercalation/deintercalation reactions. 21, 52 

Figure 4 (b) presents the initial charge and discharge curves of a 

NVPF@C/G half-cell at 0.05C.Two potential plateaus in the charge 

process were clearly observed, one plateau at approximately3.8V 

and another at 4.2V; the discharge plateaus (around 3.9 and 3.5V) 

suggest that the discharge curve corresponds well with the anodic 

peaks seen in the CV curves. In the initial charge/discharge cycle at 

0.05C, as shown in Figure 4 (b), the battery can deliver a discharge 

capacity of 137.5 mAhg-1 and homologous charge capacity of136.2 

mAhg-1, in accordance with a coulombic efficiency of 100.9% 

indicating excellent reversibility. Such a high first cycle efficiency is 

infrequent for NVPF SIB electrodes, as compared to Goodenough’s 

and Rojo’s first efficiencies of<94% and<95%, respectively, which 

is likely due to the partial irreversible insertion of sodium ions into 

the channel of the NVPF in the first discharge cycle; part of the 

sodium ions remain in the NVPF and fail to get out during the next 

charge cycle30, 33. From Figure 4 (c), the specific discharge 

capacities tested in the voltage window from 2.0 to 4.3 V are 137.5, 

130.4, 123.9, 113.2, 101.7, 90.7 and78.5 mAhg−1 at 0.05 C, 0.2 C, 

0.5C, 1C, 2C, 5C and 10C, respectively.With increasing the charge 

and discharge current densities, the material only shows a moderate 

decrease in the capacity between discharge rates; such characteristics 

indicate excellent rate performance, and confirms that NVPF@C/G 

is suitable for sodium ion insertion/extraction at higher rates. 

Moreover, the present discharge capacity values are some of the best 

compared to previously reported results, particularly at high rate. 

This performance is possibly due to the large open structure and the 

high-conductivity network that enhances electron transport 

capability and hence improves sodium ion storage capacity and 

storage kinetics.53, 54 

Figure 5. Comparison of rate performance of thiswork with other 

NVPF-based electrode materials in SIBs reported recently. (The plot 

showsthe discharge capacities according to the total mass of 

electrode materials; the legend contains the ratio of active materials: 

carbon: binder and the voltage window against Na/Na+) 

 

Figure 4 (d) shows the cycle performance at 1C, where the initial 

discharge capacity is 113.4mAhg−1thatonly drops to 112.1mAhg−1 

after 40 cycles; the capacity retention is thus 98.9%. Furthermore, 

the coulombic efficiency is close to 100%(the minimum columbic 

efficiencies is 99.4%) throughout cycling, suggesting a superior 

electrochemical reversibility and cycle stability. This capacity 

retention can mainly be attributed to the carbon core-shell structure 

and the NVPF cubes tethered to graphene, which preserves the 

NVPF structure from collapsing during the sodium ion insertion and 

extraction processes.17, 41Many other reports have also announced 

that graphene addition, carbon coating and other coating can 

improve the battery cyclic stability. 20, 39We also compared our work 

with previous NVPF-based electrode materials tested for SIBs, 

including Na3V2O2x(PO4)2F3-2x, Na3V2O2x(PO4)2F3-2x-C composite, 

Na3V2O2(PO4)2F andNa3V2O2(PO4)2F/graphene, and summarized 

the results in Figure 5;however, it should be noted that the 

electrolyte, quantity of conductive carbon or binder, and voltage 

window may have varied some in these other studies. 

Unequivocally, the material synthesized in this study displayed 

superior electrochemical behavior. The high capacity, good rate 

performance, cycle stability and excellent reversibility of 
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NVPF@C/G can be mainly ascribed to the following:(1) The nano-

scale NVPF cubes shortened both the electron and ion transport 

distance; (2)Owing to NVPF tethered to the graphene sheets, the 

electrolyte and sodium ion diffusion are enhanced by the relatively 

fixed open interspaces; (3) The high-conductivity network consisting 

of a graphene “express way” and carbon “interstates” efficiently 

accelerates electron transport, thereby enabling the electrons to 

travel anywhere within the NVPF nanocubes ultrafast during the 

redox reaction. Another possible reason leading to the performance 

enhancement maybe arises from the carbon core-shell and cubes 

tethered to graphene sheet, which can prevent the NVPF structural 

change to some degree during the sodium-ion insertion/desertion 

process. However, this needs to be confirmed in future by a further 

study based on in-situ HR-TEM characterization. 

Conclusion 

In summary, we have presented a new approach to 

fabricateaninnovative3D architecture-NVPF@C/G, with carbon 

wrapped multilayer Na3V2O2(PO4)2F nanocubes embedded in 

graphene structure for the first time. When the as-obtained 

NVPF@C/G, was used as a cathode material for SIB, it exhibited 

high initial reversible capacity of 113.2 mAhg−1 at 1C,which is the 

champion value to date .In addition, the capacity maintains at 

112.1mAhg−1 after 40 cycles at 1C, and the discharge capacity 

retention is 98.9%. Furthermore, the CV curves of NVPF@C/G were 

reported for the first time. The idea of using NVPF nanocubes 

wrapped by carbon embedded in graphene sheets configuration may 

be successfully implemented for other sodium and lithium ion 

battery electrode materials as a way to further improve conductivity 

or potentially even other layered composite materials used in 

advanced electro-optic fields. 
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