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a b s t r a c t

The synthesis of active electrode materials at room temperature is one of the effective strate-

gies to reduce the fabrication cost of sodium ion batteries (SIBs). Herein, a layered material

(Na2[(VO)2(HPO4)2C2O4]·2H2O, abbreviated as NVPC followingly) with open-framework structures has

been successfully prepared at room temperature under ambient conditions and is evaluated as a cath-

ode for SIBs. It is revealed that NVPC cathode can deliver a maximum reversible capacity of ca. 70 mAh/g

at 10mA/g, and exhibit superior rate capability and cycling performance: at 50mA/g, maximum reversible

capacity ca. 50 mAh/g with capacity retention of 88.4% over 250 cycles corresponds to only 0.046% capac-

ity decay per cycle; at 100mA/g, a maximum reversible capacity of 35 mAh/g with capacity retention of

60.9% over 500 cycles. This study demonstrates a practical example of a low-cost synthesis of the cathode

materials for SIBs. At the same time, the systematic electrochemical research results also show promising

prospects for long lifespan low-cost SIBs.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As an alternative and supplementary technology to lithium-ion

batteries (LIBs), the potential low-cost sodium-ion batteries (SIBs)

have been intensively investigated and are expected to satisfy the

urgent demand for large-scale stationary electricity energy storage

systems for the future applications since sodium could release the

anxiety of Li-resource scarcity owing to the abundant natural re-

serves and geographically widespread distribution of sodium re-

sources [1–5]. Currently, some encouraging progress has been ap-

propriately achieved on varieties of low-cost and high-performance

electrode materials for SIBs, especially cathode materials [6–10].

However, due to the relatively large radius of Na-ion (1.02 Å vs.

0.76 Å for Li-ion), these existing materials are often faced with

the following problems such as short lifespan, inferior cyclabil-

ity, and poor structural stability [11,12], and which seriously hin-

ders the further development of SIBs. Therefore, it is still a lack of

feasible cathode materials that can accommodate reversible inser-

tion/extraction of the large-sized Na-ions.
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Apart from the need to explore new electrode materials, the

cost of electrode materials, mainly composed of raw materials cost

and manufacturing costs, is also one of the critical factors that

must be considered in promoting the industrialized application of

SIBs [13]. It is widely accepted that the cost of materials produc-

tion accounts for a large proportion of the total energy cost of

an electrochemical device [14,15]. Currently, the relatively com-

mon and popular method used to prepare cathode materials of-

ten involves the solid phase calcination process, which is finished

at a very high temperature [16,17]. Undoubtedly, this high energy

consumption process increases the cost of the whole fabrication

process and the total cost of an electrochemical system invisibly.

Therefore, it is significant to develop low energy consumption ways

for the production of active materials, of which the straightfor-

ward room temperature (RT) solution routines for the preparation

of cathode materials could be a potential direction.

Based on these two aspects of consideration and analysis, here

in this study, we propose a simple solution method for synthesiz-

ing a layered cathode material (Na2[(VO)2(HPO4)2C2O4]·2H2O, ab-

breviated as NVPC followingly) by stirring the mixture of reactant

precursors at RT under ambient conditions. It is demonstrated that

NVPC crystalizes in a layered structure with open frameworks. Sys-

tematic electrochemical test results uncovered that NVPC cathode

could deliver a discharge capacity of ∼70 mAh/g at 10mA/g cur-
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Fig. 1. (a, b) Crystal structure representation of NVPC displayed along a-axis and b-

axis, respectively; V, P, Na, O and C atoms are shown as bluish green, light purple,

red, gray, and light blue balls, respectively; H2O in the interlayers is not shown for

clarity. (c) XRD partten of the as-obtained NVPC sample. (d) SEM image of NVPC

particles.

rent density and even maintain ∼35 mAh/g at 100mA/g current

rate. Morever, a high capacity retention of 88.4% corresponding to

only 0.046% capacity decay per cycle after 250 cycles at 50mA/g

and 60.9% after 500 cycles at 100mA/g have also been obtained.

The simple and low energy consumption synthesis strategy cou-

pled with outstanding electrochemical performance suggests the

possible commercial application of NVPC cathode in SIBs.

The crystal structure views of NVPC (Figs. 1a and b, Fig. S1 in

Supporting infomation) show that NVPC crystallizes into a typi-

cal layered structure, in which sodium ions reside between the

two-dimensional interlayer space. Specifically, as shown in Fig. S1,

the one-dimensional VOHPO4 chains composed of VO6 moieties

and HPO4 units are interlinked by the oxalate ligands to form

two-dimensional infinite anionic sheets of [(VOHPO4)2(C2O4)]n
2n−.

These two-dimensional anionic layers are further bonded to the

counter ions-Na-ions. This unique sandwich-like open framework

structure provides the opportunity for reversible Na+ extraction

and insertion. XRD patterns were collected to investigate the struc-

ture and phase information of the obtained NVPC active materials.

As shown in Fig. 1c, the XRD pattern indicates the highly pure and

well crystalline of NVPC, indexed to the monoclinic phase with a

space group of P 21. The well-defined, strong diffraction peaks at

2θ =10.3°, 14.06°, 15.42° and 20.98° are ascribed to the reflection

of (020), (001), (110) and (031) crystal planes of NVPC, respectively.

NVPC presents an irregular particle morphology as revealed by the

SEM image in Fig. 1d.

To elucidate the electrochemical sodium-ions extraction/ inser-

tion behavior of NVPC, we take the half cell configuration with Na

foil as the counter & reference electrode and NVPC cathode as the

working electrode to conduct the cyclic voltammograms (CVs) and

galvanostatic sodiation/de-sodiation (GSD) measurements. A typi-

cal cyclic voltammetry (CV) measurement for the initial two cycles

at 0.1mV/s was carried out to investigate the redox behavior of the

NVPC electrode (Fig. 2a). The prominent oxidic peak around 4.12V

followed by a clear cathodic peak at 3.72V in the first cycle rep-

resents a reversible Na+- deintercalation/intercalation occurring in

NVPC. The almost overlapped CV curve with the first cycle indi-

cates highly reversible Na+ (de)sodiation chemistry during the sec-

ond cycle. GSD test with a current density of 10mA/g in the volt-

age window of 2.0–4.8V versus Na at RT was conducted to probe

the maximum sodium-storage capacity of the NVPC cathode. At

Fig. 2. (a) CV profiles of the NVPC electrode at a scan rate of 0.1mV/s. (b) The se-

lected cycling voltage profiles of the NVPC electrode at a current density of 10mA/g.

(c) Rate capability of NVPC electrode. (d, e) Long-term cyclability and corresponding

voltage profiles at 50mA/g.

10mA/g, NVPC gives a maximum reversible discharge capacity of

ca. 70 mAh/g, which corresponds to the insertion of 0.65 Na+ per

formula unit and a high average discharge voltage of ∼3.5V (Fig.

2b and Fig. S2 in Supporting information). The value of Coulombic

efficiency (CE) in the initial GSD cycle is just 78%, which can be at-

tributed to the contribution of irreversible decomposition of elec-

trolytes. Also, we notice a slight increase in the specific capacity

during the initial cycles, representing a successive activation pro-

cess caused by repeated Na+-deintercalation/intercalation cycles, a

normal phenomenon often appears during battery cycling [11,18–

20].

Figs. 2c–e, Figs. S3 and S4 (Supporting information) display the

rate and long-term cycle performance of the NVPC electrode at

the current density of 10, 30, 50, 100, 200 and 500mA/g, respec-

tively. NVPC cathode exhibited an outstanding rate capability, re-

flecting that reversible capacities of 71, 40, 30 and 16 mAh/g at

current rates of 10, 50, 100 and 500mA/g could achieve, respec-

tively (Fig. 2c). Furthermore, the corresponding capacity can return

to the initial state when the current density is set back to 10mA/g.

Of equal importance, the reversible capacity returns to ∼70 mAh/g

after two repeated rate cycling, confirming the structural stabil-

ity of this cathode. Corresponding GSD voltage profiles of different

current rates presenting similar curve shapes again confirm the su-

perior rate performance and suggest the structural stability of the

NVPC electrode (Fig. S3). According to the long-term cyclability de-

picted in Figs. 2d and e, Fig. S4, the NVPC-based battery realized

capacity retention of 88.4% over 250 cycles with an average CE over

98% (from the second cycle to the afterward cycles) at a moderate

current rate of 50mA/g. Under a high current density of 100mA/g,

maximum reversible capacity ca. 35 mAh/g with capacity reten-

tion of 60.9% over 500 cycles and an average CE over 99% was also

achieved (from the second cycle to the afterward cycles). Such ex-

cellent rate capability and considerable long-term cyclability sug-
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Fig. 3. (a) Nyquist plots of the NVPC electrodes after different cycles (inset: selected equivalent circuit). (b) The linear fits of the real impedance versus square root of

frequency in the low-frequency region. (c) CV profiles at different scan rates. (d) Log(peak current) versus log(scan rate) and corresponding b-values. (e) CV curve with the

pseudocapacitive and diffusion contribution at 0.2mV/s. (f) Bar chart of the percentages of pseudocapacitive contributions at different sweep rates.

gest the relatively high structural stability of NVPC and relatively

rapid Na+ diffusion within it.

To gain the kinetic insights into the Na-ions storage chemistry

in this layered compound electrode, electrochemical impedance

spectroscopy (EIS), rate-scan CV, and galvanostatic intermittent

titration technique (GITT) electrochemical tests were carried out.

The EIS test results shown in Fig. 3a show that the charge trans-

fer resistance (Rct) gradually decreases and roughly stabilizes in a

certain state during the first 20 GSD cycles, reflected by the vari-

ation trend of semicircle radius in Nyquist plots. This successive

activation process is following the observation of GSD test. The rel-

atively small Rct also promises relatively fast charge transfer in the

NVPC cathode, which would have been conducive to the superior

rate properties. Through fitting the slope line part in Nyquist plots

at low-frequency range, we derived the Na-ion diffusion coefficient

(DNa) is 10−14 cm2/s (Fig. 3b) in the first cycle due to incomplete

activation, and then the DNa values are maintained to be in the or-

der of 10−12 cm2/s (Fig. 3b) after activation process according to

the reported equation [21]. In addition, DNa in the NVPC electrode

can also be assessed by GITT and rate-scan CV technique. As de-

picted in Figs. S5 and S6 (Supporting information), the value of DNa

are calculated to be in the order of 10−12 to 10−11 cm2/s by the

Weppner-Huggins equation [22] and in the order of 10−12 cm2/s

by the Randles-Sevcik equation [23], respectively. In addition, from

GITT results shown in Fig. S5, we observed that as the intercalation

reaction happens, the diffusion coefficients of Na+ change with

the electrochemical reaction going on and this phenomenon is line

with the observation of the reported results [24–27]. We suspect

that the variation of Na+ number in NVPC host, the variation of

the interaction between Na+ and NVPC frameworks, and the vari-

ation of effective contact area of active materials and electrolyte

with formation of CEI are possibly responsible for the changing dif-

fusivity.

In addition, to further analyze the redox pseudocapacitance-like

contribution from the perspective of the electrochemical kinetics,

the CVs under different scan rates from 0.1mV/s to 0.6mV/s were

carried out. It is well recognized that the relationship between

the peak current (i) and the scan rate (v) can be expressed by

the equation of i= avb, where a and b are adjustable parameters

[28]. The b-value corresponding to redox peaks A and C are de-

termined to be 0.671 and 0.735 from the slope of the log(i) versus

log(v) plot, respectively, (Figs. 3c–f), suggesting an ionic diffusion-

dominant kinetic process for NVPC cathode electrochemical behav-

ior due to that both values of b are relatively closer to 0.5. Fur-

therly, the contribution ratio of capacitive (k1) and diffusion (k2)

Fig. 4. Electrochemical curves of the full battery cycled at 10mA/g in 1mol/L

NaClO4 electrolyte tested at 2.0–4.8V.

under different scan rates can be quantified according to the equa-

tions of i= k1v+ k2v
1/2 and i/v1/2 = k1v

1/2 + k2, where k1v means

pseudocapacitive effect and k2v
1/2 represents the contribution of

ionic diffusion-controlled, respectively [29]. The detailed capacitive

fractions were deduced to 41.17% be and 48.54% at low scan rates

of 0.1mV/s and 0.2mV/s, respectively. Also, the percentage of the

capacitive contribution increases with the scanning rate increases,

and the capacitive contribution reaches 63.53% at 0.6mV/s (Fig. S7

in Supporting information).

To verify the application prospect, full SIBs are assembled in the

configuration of NVPC//NaClO4-based electrolyte//carbon P. Carbon

P was purchased without any further treatment for anode use. As

depicted in Fig. 4 and Fig. S9 (Supporting information), the full SIB

delivers a moderate discharge capacity of ∼30 mAh/g based on the

mass of NVPC cathodes. The charge and discharge curves show that

the full battery outputs an average discharge voltage of ∼3.3V (Fig.

4 and Fig. S8 in Supporting information). The energy density of the

full SIB is high, up to ∼100Wh/kgNVPC. Such superior electrochem-

ical performance suggests promising applications of SIBs in large-

scale electric energy storage.

In conclusion, a cathode material (NVPC) with open frameworks

was successfully prepared through a mild room temperature solu-

tion method with a low energy consumption route and proposed

a electrode for SIBs. Systematic electrochemical studies revealed

that NVPC cathode could deliver a considerable reversible capac-
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ity of 70 mAh/g and exhibit superior rate capability and cycling

performance. Specifically, reversible capacity 50 mAh/g with ca-

pacity retention of 88.4% over 250 cycles corresponding to only

0.046% capacity decay per cycle and reversible capacity 35 mAh/g

with capacity retention of 60.9% over 500 cycles can be both real-

ized in this electrode at a moderate current rate of 50mA/g and a

high current density of 100mA/g, respectively. Overall, our results

provide new insight into SIBs electrode materials development for

low-cost and large-scale energy-storage applications.
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