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Lithium-ion batteries (LIBs) have changed 
modern life—enabling mobile communi-
cation and electric vehicles. They are the 
most widespread energy storage devices 
but they are not totally suitable for sus-
tainable development due to the limited 
lithium resources in countries often with 
underlying political disputes.[3–5] As alterna-
tive candidates, sodium-ion batteries (SIBs) 
have drawn increasing attention by both 
academic and industrial communities on 
account of the high abundance of sodium 
resources.[6,7] Of great promise are inex-
pensive, high-energy, long-lifespan, and 
fast-charging SIBs in order to improve on 
LIBs.[8] However, a key bottleneck in com-
mercializing SIBs is to identify competi-
tive cathodes with long lifespan, negligible 
volume change, cost-effectiveness, as well 
as high capacity.[9–11]

Until now, several families of cathode 
materials have been developed for 

use such as layered oxides,[12,13] Prussian blues analogs,[14] 
and polyanion oxides.[15–17] Among these, sodium super-
ionic conductor (NASICON)-structured NaxMeMe′(PO4)3 
(Me/Me′ refers to transition metals) are capable of satisfying 
the above requirements in terms of high ionic conductivity 
(3D open  frameworks), limited volume change (strong  

Sodium super-ionic conductor (NASICON)-structured phosphates are emerging 
as rising stars as cathodes for sodium-ion batteries. However, they usually 
suffer from a relatively low capacity due to the limited activated redox couples 
and low intrinsic electronic conductivity. Herein, a reduced graphene oxide 
supported NASICON Na3Cr0.5V1.5(PO4)3 cathode (VC/C-G) is designed, which 
displays ultrafast (up to 50 C) and ultrastable (1 000 cycles at 20 C) Na+ storage 
properties. The VC/C-G can reach a high energy density of ≈470 W h kg−1 at 
0.2 C with a specific capacity of 176 mAh g−1 (equivalent to the theoretical value); 
this corresponds to a three-electron transfer reaction based on fully activated 
V5+/V4+, V4+/V3+, V3+/V2+ couples. In situ X-ray diffraction (XRD) results disclose 
a combination of solid-solution reaction and biphasic reaction mechanisms 
upon cycling. Density functional theory calculations reveal a narrow forbidden-
band gap of 1.41 eV and a low Na+ diffusion energy barrier of 0.194 eV. Further-
more, VC/C-G shows excellent fast-charging performance by only taking ≈11 min 
to reach 80% state of charge. The work provides a widely applicable strategy for 
realizing multi-electron cathode design for high-performance SIBs.
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1. Introduction

Reducing carbon emissions is a world-wide and compulsory 
task for building a greener future. One approach using intermit-
tent energy generation (solar/wind) urgently requires a reliable 
and cost-effective electrochemical energy storage technology.[1,2] 
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PO bonds), excellent air tolerance and higher redox potential  
(inductive effect between transition metal and phos-
phates).[18] Due to the ease of redox tunability, diverse NASI-
CONs have been identified, including Na3V2(PO4)3,[19] Na2
CrTi(PO4)3,[20] Na2TiV(PO4)3,[21,22] Na4NiV(PO4)3,[23] Na3Mn
Ti(PO4)3,[24,25] Na3FeV(PO4)3,[23] Na3MnZr(PO4)3,[26] Na4Mn
V(PO4)3,[23,27,28] Na4MnAl(PO4)3,[29] Na4MnCr(PO4)3,[30–32] and 
Na4VMn0.5Fe0.5(PO4)3,[33] etc. Nevertheless, most NASICONs 
suffer from low capacity (<120 mAh g−1) as a result of limited 
(i.e., one to two) electron transfer per chemical formula unit, 
which reduces the overall energy density and impedes further 
practical application. In this regard, it is a must to involve 
more electrons in redox reactions during cycling and thereby 
achieving higher capacity. Particularly, coupling transition 
metal elements with more redox reactions from the Me/Me′ 
sites of the NASICON structure is an indispensable rule when 
designing multi-electron transfer cathodes.[34] Among the 
reported transition metals in NASICONs, vanadium stands 
out as the most promising candidate by virtue of three readily 
available redox couples; V5+/V4+, V4+/V3+, and V3+/V2+ at suit-
able electrochemical potentials. It is thus of great promise to 
completely activate these three redox couples in vanadium-
based NASICONs.[34–36]

In addition, fast charging is emerging as a critical technology 
for practical application.[37–38] However, achieving fast charging 
for high-capacity cathodes remains a big challenge. To illus-
trate, stable structure, high ionic, and electronic conductivity 
are decisive factors when operating SIBs under high current 
density conditions.[39–41] NASICONs are intrinsically endowed 
with 3D open framework structure to readily diffuse Na+ (≈10−13 
to 10−8  cm2 s−1) with minimal phase transformation and low 
volume change (≈7%), which outperform that of layered oxides 
and Prussian blue analogs.[42,43] Therefore, NASICONs with 
high energy density would be an ideal choice for fast charging 
scenarios if the low electronic conductivity issue could be 
addressed.

Herein, we designed a reduced graphene oxide supported 
NASICON-type Na3Cr0.5V1.5(PO4)3 material (VC/C-G) based 
on a simple sol-gel approach, which showed high-energy-
density Na+ storage performances with fast-charging proper-
ties. To be specific, the designed VC/C-G can reach a high 
energy density of ≈470  W  h  kg−1 at 0.2 C with a specific 
capacity of 176  mAh  g−1, which confirmed a three-electron 
reaction based on fully activated V5+/V4+, V4+/V3+, V3+/V2+ 
redox couples. Furthermore, only ≈11  min were needed 
to reach 80% SOC. The underlying mechanisms for out-
standing electrochemical performances were elucidated by 
galvanostatic intermittent titration technique (GITT), cyclic 
voltammetry (CV), and pseudocapacitance calculations. 
Additionally, operando X-ray diffraction (XRD) and X-ray 
photoelectron spectroscopy (XPS) were carried out to clarify 
structural evolutions as well as charge compensation mecha-
nisms. Density functional theory (DFT) calculations revealed 
a narrow energy gap of 1.41 eV as well as a low sodium ion 
diffusion energy barrier of 0.194  eV, which explained the 
activated multi-electron reaction via partial introduction of 
Cr. This work provides a general strategy for multi-electron 
transfer and fast-charging cathode design for high-perfor-
mance SIBs.

2. Results and Discussion

2.1. Material Characterizations

VC/C and VC/C-G were prepared by a common sol-gel 
approach (synthesis details could be found in Supporting Infor-
mation). In Figure S1, Supporting Information, powder X-ray 
diffraction (XRD) was employed to determine their actual 
phases, in which the two samples belonged to R-3c space group 
with pure Na3Cr0.5V1.5(PO4)3. The XRD Rietveld refinement 
provided detailed atomic occupation and structural informa-
tion. As illustrated in Figure 1a, VC/C-G was endowed with a 
typical rhombohedral NASICON structure as confirmed by a 
low Rwp value of 3.86% (specific atom occupation and lattice 
parameters are listed in Table S1, Supporting Information). Par-
ticularly, as depicted in Figure 1b, V/Cr atoms occupy the same 
octahedral sites in a casual manner, while [PO4] tetrahedra are 
corner-shared with [VO6]/[CrO6] octahedra to construct the 
basic “lantern” units [Cr0.5V1.5(PO4)3]. In this way, a 3D robust 
open-framework structure is built to readily diffuse Na+ and is 
favorable for high rate capability.[34] The eight-coordinated Na(2) 
is favorable for uptake/insertion of Na+. Likewise, the VC/C 
material possesses acceptable Rwp value of 3.99% (Figure S2  
and Table S2, Supporting Information). Three Na+ could be 
anticipated to insert/uptake to/from Na3Cr0.5V1.5(PO4)3 based 
on the redox couples of V5+/V4+, V4+/V3+, and V3+/V2+, giving 
rise to a high theoretical capacity of 176  mAh  g−1, which sur-
passes that of most NASICON cathodes.[43]

Carbon coating is an efficient method to boost single particle 
electronic conductivity via organics pyrolysis. Reduced graphene 
oxide was adopted to construct a 3D interconnected conductive 
network as well so as to further enhance its electrochemical 
properties with a combination of intrinsic facile ion diffusion. 
From thermogravimetric analysis (TGA) in Figure S3, Sup-
porting Information, the carbon contents were measured to be 
10.3% (VC/C-G) and 9.5% (VC/C), respectively. We also used 
Raman spectroscopy to investigate the nature of carbon for both 
samples. In Figure S4, Supporting Information, two recogniz-
able peaks at 1355 cm−1 (D-band) and 1580 cm−1 (G-band) were 
easily observed and their intensity ratios were 0.93 (VC/C-G) and 
0.89 (VC/C), indicative of higher electronic conductivity of VC/
CG.[44] Fourier transform infrared spectra (FT-IR; Figure S5, 
Supporting Information) of these two samples are almost iden-
tical. The asymmetric and symmetric bending/stretching vibra-
tion signals of [PO4] tetrahedra and [TiO6]/[VO6] octahedra could 
be found at ≈1000 cm−1.[24,45] From X-ray photoelectron spectros-
copy (XPS) results in Figure S6, Supporting Information, the 
existence of Cr, V, Na, P, O, C for both samples identified the 
elements on the surface. C 1s spectra (Figure S6b, Supporting 
Information) detected 3 bonding configurations such as OCO 
(289.1 eV), CO (285.8 eV), and CC (284.8 eV). Figure S6c,d, 
Supporting Information, show no apparent differences in V 2p 
and Cr 2p for both samples. Furthermore, Cr 2p and V 2p spectra 
determined the valences state of Cr3+ and V3+.[32,42]

Moreover, transmission electron microscopy (TEM) was 
taken to investigate the morphology and microstructure of 
VC/C-G and VC/C. In Figure  1c–e, VC/C-G particles are uni-
formly coated by rGO layers with a reduced mean size of 
0.1–1  µm compared with that of VC/C (4  µm; Figure S7, 
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Supporting Information), demonstrating that the rGO layer 
has a positive impact on decreasing the particle growth and 
hence shorter migration length for Na+ (better kinetics) during 
sodiation/desodiation could be obtained. High-resolution TEM 
(HRTEM) image (Figure  1e) demonstrates that besides the 
rGO layer, a thin amorphous carbon layer was tightly coated on 
VC/C-G stemming from the pyrolysis of organic compounds 
upon sintering. Combined with rGO layer, they can provide 
3D pathways for facile electron diffusion. Also, a lattice fringe 
of 0.35 nm can be observed, corresponding to the (2 0 2) lattice 
plane of Na3Cr0.5V1.5(PO4)3. Selected area electron diffraction 
(SAED) in Figure  1f and Figure S7d, Supporting Information, 
further verified the well-crystallized VC/C-G and VC/C. Energy 
dispersive spectrometry (EDS; Figure  1g and Figure S7e, Sup-
porting Information) mapping images demonstrate uniformly 
distributed Na, V, Cr, P, O, and C within VC/C-G and VC/C 
particles, in good accordance with the XRD and XPS results 
(Figure 1a; Figures S2 and S6, Supporting Information). There-
fore, it can be concluded that VC/C and VC/C-G were success-
fully synthesized.

2.2. Electrochemical Performances

To evaluate the effectiveness of the designed structures, 
VC/C-G and VC/C cathode materials were fabricated in CR2032 

coin cells with the Na metal as anodes. In Figure 2a, three evi-
dent voltage platforms of 4.02  V (V5+/V4+), 3.43  V (V4+/V3+), 
1.65 V (V3+/V2+) could be easily observed for VC/C-G. Accord-
ingly, it delivered 176  mAh  g−1 (corresponding to the theo-
retical value) at 0.2 C (1 C = 100  mAh  g−1), which surpasses 
that of most NASICONs and confirms the full activation of 
three-electron redox reactions in Na3Cr0.5V1.5(PO4)3. CV curves 
(Figure  2b) of VC/C-G identify three obvious reduction/oxida-
tion couples, indicating outstanding kinetics of VC/C-G and 
serial evolutions of NaCr0.5V1.5(PO4)3  ↔ Na2Cr0.5V1.5(PO4)3  ↔ 
Na3Cr0.5V1.5(PO4)3 ↔ Na4Cr0.5V1.5(PO4)3, which will be analyzed 
in detail in the following part. The negligible peak differences 
between the first and succeeding cycles of CV curves were due 
to the construction of solid electrolyte interphase (SEI) layer.[44] 
Moreover, the CV curves of VC/C-G were more keen-edged 
and more symmetric than that of VC/C (Figure S8, Supporting 
Information), demonstrating the enhanced redox kinetics 
due to the reduced Na+ diffusion length and better electronic 
conductivity.

Rate performances are also significant for practical applica-
tions. In Figure  2c, VC/C showed 168  mAh  g−1 at 0.2 C and 
76 mAh g−1 at 50 C, still much higher than that of most NASI-
CONs, which demonstrates the rationality of the as-designed 
VC/C as reference group. In comparison, VC/C-G displayed an 
outstanding rate capability: ultrahigh specific capacities of 176, 
160.4, 152.8, 144.9, 141.2, 130.5, 113.4, 101.9, and 94.8  mAh  g−1 

Figure 1. Characterizations of VC/C-G sample. a) XRD Rietveld refinement results and b) crystalline structure illustration. c,d) TEM and e) HRTEM 
images (inset: FFT image). f) SAED pattern. g) EDS mapping images.
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is achieved at various current densities of 0.2, 0.5, 1.0, 3.0, 5.0, 
10.0, 20.0, 30.0, and 50.0 C, respectively. When the rate returned 
to 0.2 C, the high capacity of 173.6 mAh g−1 can still be recov-
ered, indicating an excellent reversibility. In comparison with 
VC/C, the modified VC/C-G electrode exhibits much improved 
rate performances under various C-rates (particularly high 
rates). Furthermore, Figure 2d shows a suppressed electrochem-
ical polarization of VC/C-G.[44,46] We also make a comparison 
with other cathode materials in terms of energy density and 
power density based on half cells.[23,26,44,47–51] The Ragone plots 
(Figure 2e) of VC/C-G demonstrates a remarkable power capa-
bility. As for Figure 2f, VC/C-G shows a higher energy density of 
≈470 W h kg−1, outweighing that of most other polyanion oxides.

The cycling stabilities at different current densities of 0.2, 5, 
and 20 C, respectively were explored. Overall, VC/C-G exhib-
ited steady and boosted cyclabilities. As shown in the inset of 
Figure 2c, VC/C-G displayed an initial capacity of 175.8 mAh g−1 
and still maintained 141.5 mAh g−1 after 100 cycles under 0.2 C. 
However, VC/C could only deliver 107.3 mAh g−1 under identical 
conditions. Also, the batteries were subjected to 5 C (Figure 2g) 
so as to study the long-term cycling capabilities. Markedly, 
VC/C-G possessed an acceptable capacity of 97.7  mAh  g−1 

after 500 cycles while VC/C only showed 63.1 mAh g−1 at this 
rate. As illustrated in Figure  2h, VC/C-G could steadily cycle  
1000 times at a high rate of 20 C with a higher capacity reten-
tion. On the other hand, VC/C merely possessed 41% capacity 
retention. The long lifespan demonstrated the potential of the 
as-synthesized cathodes for practical application.

2.3. Kinetics Properties

For the purpose of clarifying the origin of enhanced rate per-
formances and excellent cycling stability, we further studied 
the kinetics properties. First, galvanostatic intermittent titration 
technique (denoted as GITT) was carried out to determine the 
sodium ion diffusion coefficient (DNa+) after initial activation 
cycles. As shown in Figure 3a, DNa+ of VC/C-G turned out to 
be 10−11 to 10−8 cm2 s−1, which outweighs those of most reported 
materials and is conducive to good rate properties.[34] Moreover, 
the overpotential was investigated, which refers to the voltage 
difference between relaxed potential and titrated cut-off poten-
tial. The small overpotential of 10−9 to 10−11 V in the whole range 
further supported the ion diffusion coefficient results.

Figure 2. Electrochemical capabilities. a) Charge/discharge curves at 0.2 C. b) CV results of VC/C-G. c) Rate properties (inset: 0.2 C cycling ability) 
and d) corresponding charge/discharge profiles. e) Ragone plots. f) Comparison among VC/C-G and various materials with regard to specific capacity, 
average potential, and energy density. Cycling performances at g) 5 C and h) 20 C, respectively.
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In addition, the pseudocapacitive contribution cannot be 
neglected when small particle size and Cr dopant are taken into 
consideration, which has a big impact on rate capabilities and 
prolonged lifespan. In general, two processes are involved in 
sodiation/desodiation: i) common Faradic processes (diffusion-
controlled redox reactions), which confirm a fixed potential; ii) non-
Faradic processes (surface-controlled redox reactions), which have 
a positive impact on rate performance and extended life expectancy. 
We subjected the two electrodes to various rates via CV approaches 
(Figure 3b,e). It has been widely accepted that b value ranging from 
0.5 to 1 indicates fast kinetics of battery materials and means that 
the Na+ storage is dominated by both the diffusion-controlled and 
surface-controlled behaviors.[52] From Figure 3c,f, the measured b 
values were approximately 0.6–0.8 for all peaks, signals of partial 
pseudocapacitance effect.[52] The pseudocapacitive contribution 
of VC/C-G at 0.1 mV s−1 was 81.7%, larger than that of VC/C as 
indicated in Figures S9 and S10, Supporting Information. Obvi-
ously, an increasing trend of this contribution can be observed for 
VC/C-G and VC/C when scan rates are elevated (Figure 3d,g; the 
calculation details were specified in Supporting Information). As 
for the whole scan range, VC/C-G possessed higher pseudoca-
pacitive contributions and eventually achieved 93.1% at 1.0 mV s−1. 
Accordingly, non-Faradic process can play a pivotal role in the 
extended lifespan and improved rate properties.

2.4. Sodium-Ion Storage Mechanism

To further disclose the sodium-ion storage mechanism and 
structural evolutions, operando XRD was carried out based on 
a well-designed cell which was subjected to different potential 
at a fixed current density (as seen in the left side of Figure 4a,b). 
The full-scope patterns are depicted in Figure S12, Supporting 
Information. As shown in Figure  4a,b, the major reflec-
tions corresponding to (102), (104), (210), (213), (204), (216),  
(312), and (300) could be obviously noted. Generally speaking, 
all of them undergo highly reversible changes when cycling, 
which confirms the robust NASICON framework structure and 
the good reversible electrochemical performances as discussed 
above. During the initial stage, the peaks were all indexed to 
a rhombohedral phase with the R-3c space group. Upon first 
charging, all reflections gradually shifted to higher angles, 
indicating that a solid-solution reaction was involved and the 
structure underwent a shrinkage except that the signal of (216)  
vanished briefly. According to previous reports, it proves a 
biphasic reaction.[22,30] The same is confirmed by the following 
symmetrical discharging area. As discharging proceeds to the 
low cut-off potential, the (216) appeared again and all peaks 
moved to lower 2θ values, demonstrating a combination of 
biphasic and solid-solution mechanisms. Likewise, the peaks in 

Figure 3. Kinetics performances. a) GITT profiles, DNa+, and overpotentials of VC/C-G. b) CV curves from 0.1 to 1.0 mV s−1, c) corresponding b values, 
and d) capacitance contributions of VC/C-G. e) CV curves at 0.1–1.0 mV s−1, f) corresponding b values, and g) capacitance contributions of VC/C.
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succeeding charging processes displayed a right shift to the ini-
tial peak positions, which can be ascribed to the solid-solution 
mechanism and show a highly reversible structural flexibility. 
Hence, in situ XRD results further verified that through Na+ 
storage process the cathode experiences combined biphasic and 
solid-solution mechanisms for Na3Cr0.5V1.5(PO4)3; the solid-
solution reactions stand out as the main reaction mechanisms, 
which are inducive to the good electrochemical reversibility and 
fast Na+ diffusion. The remained Na+ in the unit cell (at the 
deep charged state) serves as the binding pillars to stabilize the 
crystal structure.

Furthermore, as illustrated in Figure  4c, we collected the 
lattice parameters at various charge states so as to obtain 
a clearer picture about the structure evolution. Evidently, a 
(=b)-axis, c-axis decreased and therefore v (volume) experi-
enced a declining trend in the first charging process. Upon 
discharging, the a-axis tended to increase while c-axis under-
went a negligible change. Thus, c-axis showed a similar trend 
with a-axis. As the second charging proceeds, a-axis and c-axis 
displayed an opposite evolution. Consequently, the volume 
change of Na3Cr0.5V1.5(PO4)3 was measured to be 7.79%, 
which is comparable to that of typical NASICONs.[28,32] Such 
a sturdy NASICON structure is beneficial to its outstanding 

electrochemical stability. Combined with the above discussions, 
the structural transformations of Na3Cr0.5V1.5(PO4)3 are illus-
trated in Figure  4d. During the extraction of the first two Na+ 
ions from Na3Cr0.5V1.5(PO4)3, the pristine state was transformed 
to Na1Cr0.5V1.5(PO4)3. Upon the subsequent cycling, three Na+ 
ions in total were inserted to form Na4Cr0.5V1.5(PO4)3, which is 
consistent with the multielectron electrochemical properties 
(Figure 2 and Figure 3a).

Additionally, XPS was adopted to further confirm charge 
compensation mechanism of Na3Cr0.5V1.5(PO4)3 at dif-
ferent voltage (Figure S13, Supporting Information). The 
changes of Na3Cr0.5V1.5(PO4)3  → Na1Cr0.5V1.5(PO4)3, and 
Na1Cr0.5V1.5(PO4)3 ↔ Na2Cr0.5V1.5(PO4)3 ↔ Na3Cr0.5V1.5(PO4)3 ↔ 
Na4Cr0.5V1.5(PO4)3 are presumed to accompany with the trans-
formations of transition metal’s valence states. As displayed in 
Figure S13, Supporting Information, the first binding energy 
of V 2p3/2 was 516.82  eV (V3+).[53] When charged to 3.72  V, it 
shifted to 517.00  eV (V4+).[21,54] Subsequently, when it was sub-
jected to 4.2 V, the peak of V 2p3/2 further experienced a right 
shift to 517.40 eV (V5+).[55] As discharging proceeds to 3.60 and 
2.30  V, valence states of V returned to V4+ and V3+, respec-
tively.[21,53–54] After that, the peak of V 2p3/2 further shifted to 
516.50  eV (V2+).[56] On the other hand, the peaks of Cr 2p3/2 

Figure 4. a) In situ XRD contour patterns and b) stacked line plots of Na3Cr0.5V1.5(PO4)3 upon cycling. c) Corresponding changes of lattice parameters. 
d) Schematic illustration of the crystal structure of Na3Cr0.5V1.5(PO4)3 at different charging states.
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were kept invariant (577.71  eV, signal of Cr3+) throughout the 
whole process.[57] The above analysis further verified the illus-
tration in Figure 4d.

2.5. DFT Calculations

To further understand its intrinsic physicochemical capabili-
ties as well as superior dynamics and kinetics from a theoretical 
perspective, density functional theory (DFT) calculations were 
conducted. As shown in Figure 5a, a convex-hull phase diagram 
was created, which is based on the formation energy under dif-
ferent concentrations of Na+ in NaxCr0.5V1.5(PO4)3 and depicts 
the structural changes upon cycling.[46] It could be deduced that 
Na3Cr0.5V1.5(PO4)3 stands out as the most stable phase ther-
modynamically, and all the metastable phases ranging from 
Na0Cr0.5V1.5(PO4)3 to Na4Cr0.5V1.5(PO4)3 could be electrochemi-
cally obtained due to the negative formation energies, supporting 
the multielectron redox behaviors as discussed above. We also cal-
culated the voltage profiles (Figure 5b) in terms of V5+/V4+, V4+/
V3+, and V3+/V2+, which agreed well with the experimental results 
except for some negligible deviation. Additionally, the total and 
partial density of states (DOS) diagram are shown in Figure 5c. 

Apparently, the valence bands were made of the hybridized Na 
3s, V 3d, Cr 3d, P 2p, and O 2p orbitals. The forbidden band gap 
was calculated to be 1.41 eV, which is even lower than that of the 
typical NASICON-Na3V2(PO4)3 (≈2.3  eV) and hence contributes 
to the boosted electronic conductivity for Na3Cr0.5V1.5(PO4)3.[36] 
The lowered band gap could be regarded as a consequence of one 
more valence electron of Cr ([Ar]3d54s1) as compared to that of V 
([Ar]3d34s2). Also, it may be an intrinsic reason for the activated 
high-potential V5+/V4+ in Na3Cr0.5V1.5(PO4)3.

To further decipher the inherent features that could account 
for the superior rate performances, we carried out both bond 
valence (BV) and nudged elastic band (NEB) calculations to 
probe its ion migration behaviors. The BV approach is a widely-
used empirical method for the initial identification of ionic dif-
fusion pathways (Figure 5d).[46] It is clear that Na3Cr0.5V1.5(PO4)3 
possesses 3D diffusion pathways for sodium ions on account of 
the well-interconnected lowest energy regions. As such, an NEB 
study was further conducted to investigate the barrier energy. 
As illustrated in Figure  5e, all Na+ diffusion pathways were 
classified as four different types in total hinged on various Na+ 
local environments. From Figure 5f, the well-interconnected 3D 
pathways contribute to relatively low energy barriers no more 
than 0.396  eV, which are lower than those of the well-studied 

Figure 5. DFT calculations of Na3Cr0.5V1.5(PO4)3. a) Convex-hull phase diagram and b) the calculated voltage profiles. c) Total and partial DOS. d) BV 
map of Na ions. e) Sodium-ion diffusion pathways and f) the corresponding migration energy barriers.
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Na3V2(PO4)3 and other NASICONs.[21,31,35,36] It offers valid evi-
dence for the high Na+ diffusion coefficient as discussed in 
Figure 3a and therefore accounts for the activated V5+/V4+ from 
a kinetics perspective.

Hence, through partial introduction of Cr, the forbidden 
band gap and the Na+ migration energy barrier could be 
decreased, which may be the intrinsic reason for the activated 
high-potential V5+/V4+ in Na3Cr0.5V1.5(PO4)3. Compared with 
Cr-free Na3V2(PO4)3 (Figures S20–S24, Supporting Informa-
tion), the activated V5+/V4+ redox couple in Na3Cr0.5V1.5(PO4)3 
is thereby beneficial for the improved energy density, better rate 
performances, and boosted cycling stability (Figure 2).

2.6. Fast-Charging Performances

Fast-charging properties were investigated using a high con-
stant-current (CC) charging protocol (1, 3, and 5 C) with a 
fixed normal CC discharging rate (1 C). From Figure 6a and  
Figure S14, Supporting Information, there is an increasing 
trend for the voltage platforms with an increasing charging rate, 
which can be ascribed to the electrochemical polarization. Also, 

VC/C-G showed much more overlapped profiles than VC/C, 
which indicates a better kinetics of VC/C-G and is in agree-
ment with the results in Figures  2 and  3. The dQ/dV plots of 
VC/C-G (Figure  6d) displayed more symmetrical curves than 
that of VC/C (Figure S15, Supporting Information). We fur-
ther made a comparison for these two samples in terms of the  
charging time to reach the same state of charge (SOC) under 
different charging rate. As displayed in Figure  6b,c, it took a 
shorter period to get to the anticipated SOC for VC/C-G at all 
current rates. To be specific, it needed 87 min for VC/C to reach 
100% SOC at 1 C (25  min at 3 C) while it only took 73.3  min 
(22.7 min at 3 C) for VC/C-G under the same condition. Even 
under a higher charging rate of 5 C, it only took 2.6  min for 
VC/C-G to reach 20% SOC and 10.7 min to get to 80% SOC but 
VC/C spent 3 min (20% SOC) and 11.8 min (80% SOC), respec-
tively. The above results demonstrate that our well-designed 
cathode materials for SIBs are of paramount potential to meet 
practical requirements for fast-charging scenarios. On the other 
hand, fast-charging cycling ability plays a crucial role in battery 
operation. As shown in Figure 6e-f and Figure S16, Supporting 
Information, VC/C-G displayed much more stable cycling per-
formances, when subjected to different charging rates (1, 3, and 

Figure 6. Fast-charging performances. a) Charge-discharge curves of VC/C-G at different charging rates with a fixed discharging rate of 1 C. SOC-time 
plots of b) VC/C-G and c) VC/C. dQ/dV plots of d) VC/C-G. e) Fast-charging cycling performances at 5 C- 1 C. f) Summary of capacity retentions at 
different charging rates. g) Ex situ XRD results of VC/C-G at the charging rate of 5 C and h) corresponding enlarged patterns.
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5 C) with a fixed discharging rate of 1 C though they delivered 
similar initial capacities. From Figure 6f, the capacity retentions 
for VC/C-G are 88.79% (100 cycles), 85.24% (200 cycles), 86% 
(200 cycles) at 1 C- 1 C, 3 C- 1C, and 5 C-1 C, respectively. How-
ever, VC/C only retained 65.04%, 65.37%, 71.66% of initial capac-
ities under the same conditions. Furthermore, we conducted 
ex situ XRD to study structural transformations with a fast-
charging rate of 5 C. As displayed in Figure 6g,h and Figure S17, 
Supporting Information, they experienced highly reversible and 
negligible peak shifts with a near-zero volume change of 0.33% 
(Figure  S18, Supporting Information). Such a value seems to 
be contradictory to that of the former low-current in situ XRD 
results in Figure  4. We think large capacitive contributions 
could account for this, especially, under such high charging rate. 
Hence, the combination of a robust 3D framework structure, 
facile ionic pathways, 3D conductive network, and large capaci-
tive contributions can account for the excellent battery perfor-
mances, which paves the way for its future application.

3. Conclusion

In summary, we have successfully designed a reduced gra-
phene oxide supported NASICON-Na3Cr0.5V1.5(PO4)3. When 
served as a cathode for SIBs, the material demonstrated ultra-
fast and ultrastable Na+ storage performances based on fully 
activated V5+/V4+, V4+/V3+, V3+/V2+ redox couples with good 
fast-charging properties. Specifically, the designed material can 
reach a high energy density of ≈470 W h kg−1 with a reversible 
capacity of 176 mAh g−1 (corresponding to theoretical value) at 
0.2 C and an outstanding rate capability up to 50 C as well as 
superior good cyclability of 1000 cycles even at 20 C. And only a 
short time of ≈11 min was needed to get to 80% SOC. In addi-
tion, in situ XRD results showed that a combined solid-solution 
and biphasic reaction mechanism was involved in Na+ storage 
process. DFT calculations revealed a narrow forbidden-band 
gap of 1.41 eV as well as a low Na+ diffusion energy barrier of 
0.194 eV, which accounted for the activated multi-electron reac-
tion through partial introduction of Cr. Our work provides a 
general strategy for realizing multi-electron cathodes design for 
high-performance SIBs.
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