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(e.g., activated carbon (AC)) and an inter-
calation-type battery anode (e.g., Li4Ti5O12, 
TiO2).[1] Developing sodium ion capaci-
tors (SICs) is very promising owing 
to the very abundant sodium element 
(≈23 000  ppm in earth crust) superior to 
lithium element (≈17  ppm) and decent 
chemical properties of sodium similar to 
lithium.[6–8] The enhanced energy density 
(>40 Wh kg−1) of SICs is higher than that 
of commercial EDLCs (5–10  Wh kg−1).[1]  
However, the energy of the hybrid capaci-
tors is still unsatisfactory at present, 
because of the use of low-capacity EDLC-
type cathodes (≈30–60 mAh g−1).[4] A 
promising strategy is to develop pseudo-
capacitive cathode materials for storing 
sodium ion, because pseudocapacitance 
usually offers a high capacity at fast 
charge–discharge rate (a faradaic pro-
cess involving redox reaction at or near 
active materials’ surface).[9,10] Importantly, 
Dunn and co-workers[10,11] have proved an 
intercalation pseudocapacitance without 
phase transformation and diffusion limi-

tation, which brings a new opportunity to enlarge the capacity 
and energy of hybrid capacitors. However, the pseudocapaci-
tive cathode materials for sodium ion storage remain largely 
undeveloped.

Layered vanadium oxides with pseudocapacitive behav-
iors are the very promising cathode materials for sodium 
ion storage due to its high theoretical capacity.[12,13] The high 
charge storage capability is attributed to the multielectron far-
adaic redox process from the change of vanadium valance.[14] 
Interestingly, layered V2O5·nH2O with large interlayer spacing 
(≈13.36 Å) provides a rapid Na+ ion diffusion channel without 
phase change processes, and delivers a high sodium storage 
capacity of ≈200 mAh g−1.[15] Unfortunately, a large capacity 
loss of almost 40% after only 30 cycles was observed,[15] which 
definitely hindered the application for layered V2O5·nH2O as 
cathode for high energy and power SICs. Several investigations 
indicate that the origins of capacity loss for vanadium oxides 
are the collapse of layer structure, self-trapping of polarons, 
and decrease of conductivity during Na+ (de)intercalations.[15–19] 
Hence, metal ions preintercalation as “pillar effect” was 
proposed to enhance the layered structure and restrain the 

Developing pseudocapacitive cathodes for sodium ion capacitors (SICs) 
is very significant for enhancing energy density of SICs. Vanadium oxides 
cathodes with pseudocapacitive behavior are able to offer high capacity. 
However, the capacity fading caused by the irreversible collapse of layer 
structure remains a major issue. Herein, based on the Acid–Base Proton 
theory, a strongly coupled layered pyridine-V2O5·nH2O nanowires cathode 
is reported for highly efficient sodium ion storage. By density functional 
theory calculations, in situ X-ray diffraction, and ex situ Fourier-transform 
infrared spectroscopy, a strong interaction between protonated pyridine 
and VO group is confirmed and stable during cycling. The pyridine-
V2O5·nH2O nanowires deliver long-term cyclability (over 3000 cycles), large 
pseudocapacitive behavior (78% capacitive contribution at 1 mV s−1) and 
outstanding rate capability. The assembled pyridine-V2O5·nH2O//graphitic 
mesocarbon microbead SIC delivers high energy density of ≈96 Wh kg−1 (at 
59 W kg−1) and power density of 14 kW kg−1 (at 37.5 Wh kg−1). The present 
work highlights the strategy of realizing strong interaction in the interlayer of 
V2O5·nH2O to enhance the electrochemical performance of vanadium oxides 
cathodes. The strategy could be extended for improving the electrochemical 
performance of other layered materials.

Sodium Ion Capacitors

Electrochemical capacitors (ECs) can ensure fast energy 
delivery and collection, which are popularized in mobile 
electronics, hybrid electric vehicles, and smart grids.[1,2] 
Conventionally, the ECs utilize both electrostatic double-layer 
capacitance (EDLC) electrodes, which deliver very low energy 
densities due to the only reversible physical ion adsorption 
at the material surface to store charge. Thus, the concept of 
lithium and sodium ion capacitors was pointed out.[3–5] The 
hybrid ion capacitors are composed of an EDLC-type cathode  
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“lattice breathing”, which has shown an enhancement of 
the cycling stability.[20,21] However, their long-term cyclability 
remains unsatisfactory, probably because interactions between 
preintercalated ions and the layers could be weak and not stable 
for the long term during Na+ (de)intercalations. Therefore, 
realizing the strong interaction between the layers is able to 
optimize the cycling performance.

Based on Acid–Base Proton theory, the layered V2O5·nH2O 
provides free protons between its layers, which is regarded 
as Brønsted acid (as proton donor).[22] An appropriate neutral 
molecule as Lowry base (proton acceptor) could be protonated 
by the hydrated interlayers.[23] Herein, the pyridine is the 
appropriate choice, whose nitrogen provides the basic lone 
pair. The pyridine is protonated and preintercalated into 
the layered V2O5·nH2O with a formation of strong hydrogen-
bond (H-bond) interaction. Confirmed by in situ X-ray 
diffraction (XRD) results, the strong interaction between 
the intercalated protonated pyridine (PyH+) and V2O5·nH2O 
stabilizes the whole layered structure, thereby inhibiting the 
“lattice breathing” during sodium ion intercalation/extraction 
and enhancing the cycling performance. Besides, the pyridine 
intercalation simultaneously optimizes the thermostability and 
electronic conductivity, therefore leading to improved pseudo-
capacitance and rate capability. Through kinetics analysis, ex 
situ Fourier transform infrared (FTIR) characterizations, in situ 
XRD, and electronic structure calculations, the effects of inter-
calated pyridine are systematically expounded. Furthermore, 
an asymmetric SIC, made up of pseudocapacitive pyridine-
V2O5·nH2O nanowires cathode and [Na-diglyme]+ co-interca-
lated graphitic mesocarbon microbead (MCMB) anode, shows 
high power and energy densities, indicating the prospect of 
pseudocapacitive cathode for advanced SICs.

The pyridine-V2O5·nH2O nanowires were synthesized by 
mixing pyridine and V2O5 sol through a one-pot hydrothermal 
reaction. The powder XRD pattern and Rietveld refinement 
implemented by TOPAS 4.2 are employed to investigate the 
crystal structure of as-synthesized material (Figure  1a).[24] The 
strong diffraction peak at 2θ = 7.78° shows an interlayer spacing 
of ≈11.36 Å. The detailed lattice parameters are a = 11.85(3) Å,  
b  = 3.56(1) Å, c  = 11.36(3) Å, α  = 88.32(8)°, β  = 88.48(4)°, 
γ = 87.94(5)°. The V2O5·nH2O without pyridine shows a diffr
action peak at 2θ = 6.60° (Figure S1a, Supporting Information), 
indicating a d-spacing of 13.36 Å. The results indicate a con-
traction in the interlayer between [V2O5] layers after pyridine 
intercalation. The slight interlayer contraction could be due to 
the strong attractive effect between PyH+ and the VO from 
the layers, which is conductive to stabilizing the layer structure. 
Transmission electron microscopy (TEM) images (Figure  1b 
and Figure S2, Supporting Information) show the pyridine-
V2O5·nH2O nanowires with a length of several micrometers 
and a width of ≈100  nm. The high-resolution TEM (HRTEM) 
image of pyridine-V2O5·nH2O (Figure  1c) exhibits the well-
defined layered structures with a d-spacing of ≈11.4 Å, very 
close to the value calculated from the XRD result.

To determine the intercalation content of the pyridine into 
the layered V2O5·nH2O, a gradient amount of pyridine was 
added for the hydrothermal synthesis, while the XRD pat-
terns and C/N contents are shown in Figure S1b and Table S1 
in the Supporting Information. The C and N signals are from 

the intercalated pyridine. The mole ratio of C/N is ≈5.0, which 
is close to the theoretical value of the pyridine molecule, indi-
cating the intercalation of pyridine. The (001) diffraction peak 
shifts to high angle as the amount of intercalated pyridine 
increases. However, the diffraction peak remains unchanged 
until 3 mL of pyridine is involved in the hydrothermal reaction. 
In addition, the C/N contents are almost the same between 
the samples with 1 and 3  mL pyridine (Table S1, Supporting 
Information), indicating that the amount of pyridine inter-
calation into the interlayer is limited. Thus, the pyridine-
V2O5·nH2O with the addition of 1  mL pyridine is chosen as 
the optimal object for this study. The thermogravimetry (TG) 
of pristine V2O5·nH2O and pyridine-V2O5·nH2O (Figure S3, 
Supporting Information) was carried out up to 700 °C in argon. 
The weight loss of crystal water and pyridine molecule occurs 
at 120 and 220  °C, respectively.[25] A higher weight loss of 
pyridine-V2O5·nH2O is attributed to the existence of pyridine. 
Compared to the V2O5·nH2O sample, the weight loss of pyri-
dine-V2O5·nH2O occurs at a higher temperature, indicating an 
enhanced thermostability with pyridine intercalation. Based on 
the CHN analysis and weight loss in TG (Table S1, Supporting 
Information), the chemical formula of pyridine-V2O5·nH2O 
and V2O5·nH2O are formulated as V2O5·0.77H2O·0.54Pyridine 
and V2O5·0.79H2O (the detailed calculation is shown in the 
Supporting Information), respectively.

FTIR spectra were further recorded to investigate the 
structure characteristic and the chemical composition of 
pyridine-V2O5·nH2O (Figure  1d). Table S2 in the Supporting 
Information shows frequencies and assignment of the FTIR 
absorption bands of pyridine-V2O5·nH2O and V2O5·nH2O, 
respectively. The distinct peaks at 1633, 1537, and 1482 cm−1 
are attributed to ν(CC) vibration of pyridine ring.[26] The NH 
stretching vibration (ν7a) occurs in the region from 3500 to 
1650 cm−1.[27] Besides, the frequency is no single band but com-
posed of two to four components; the band frequency varies 
with the interaction between the NH and an anion.[27] Thus, 
the bands of pyridine-V2O5·nH2O at 3230, 3164, 3128, and 
3086 cm−1 are associated with the NH vibrations. These pro-
tons of NH bonds are possible from V2O5·nH2O xerogel with 
free protons, which can be exchanged with other ions or react 
with pyridine.[22,26] Therefore, these results corroborate the 
existence of pyridine and the formation of PyH+ by the proton-
transfer reaction. X-ray photoelectron spectroscopy (XPS) spec-
trum of N1s (Figure  1e) shows the protonated nitrogen atom 
(NH bond),[28] consistent with the FTIR results. The VO 
peak (1012 cm−1) of V2O5·nH2O shows a red-shift and splits 
into two peaks (1002 and 966 cm−1) for the pyridine-V2O5·nH2O  
sample, which is likely as V5+O (1002 cm−1) and V4+O 
(966 cm−1). The reduction of vanadium valence after pyridine 
intercalation is also confirmed by the analysis of V 2p3/2 spectra: 
an enhanced relative intensity of V4+ in pyridine-V2O5·nH2O 
(Figure S4 and Table S3, Supporting Information). Interestingly, 
the FTIR spectrum of previous ion preintercalated V2O5·nH2O 
presents that the peak of VO only shows slight red-shift but 
without split.[20] Here, the separated VO peaks of pyridine-
V2O5·nH2O are possible due to stronger interaction between 
PyH+ and the VO from the layers.[26,28] The valence state of V 
has been reported to be related with the electronic conductivity 
and cycling stability of vanadium oxides.[14,29] The electronic 
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conductivity of V2O5·nH2O and pyridine-V2O5·nH2O is tested 
by depositing two Au measuring electrode on a nanosheet or 
nanowire. I–V curves (Figure S5, Supporting Information) 
obviously present that the slope of pyridine-V2O5·nH2O is 
much higher than that of V2O5·nH2O. The measured electronic 
conductivity of pyridine-V2O5·nH2O is 7.51 S cm−1, which is 
higher than the V2O5·nH2O (0.047 S cm−1) and other mole
cules incorporated V2O5·nH2O.[30,31]

To gain fundamental insight into the effect of pyridine inter-
calation on electronic conductivity and structure stability den-
sity functional theory calculations for the optimized atomic 
configuration of pyridine-V2O5·nH2O and the density of states 
(DOS) were conducted. Figure  1f displays the interaction of 
PyH+ with VO group in pyridine-V2O5·nH2O. The charge den-
sity difference plot manifests the interlayer electron−electron  

coupling in pyridine-V2O5·nH2O (Figure  1g and Figure S6, 
Supporting Information). The obvious charge transfer induces 
H-bond interaction between PyH+ and vanadium-oxygen 
layers, thus providing the enhanced structural stability of 
pyridine-V2O5·nH2O. Further, the DOS of V2O5·nH2O and 
pyridine-V2O5·nH2O are applied to analyze the charge trans-
port (Figure 1h). Compared to V2O5·nH2O, the additional con-
tinuous states from the intercalation of pyridine are observed, 
which leads to a higher dispersion of band structure in pyri-
dine-V2O5·nH2O and enhances the electronic conductivity, con-
sistent with the conductive measurement results (Figure S5, 
Supporting Information).

The electrochemical performance of pyridine-V2O5·nH2O 
was tested by assembling coin cells (2016-type) with metallic 
sodium as the counter electrode. Galvanostatic tests were 
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Figure 1.  Synthesis and structural characterizations of pyridine-V2O5·nH2O nanowires. a) XRD pattern of pyridine-V2O5·nH2O nanowires and Rietveld 
refinement data, indicating a pyridine intercalated layer structure with a spacing of ≈11.36 Å. b) TEM and c) HRTEM images of pyridine-V2O5·nH2O 
nanowires, respectively. d) FTIR spectra of pyridine-V2O5·nH2O and V2O5·nH2O. e) N 1s XPS spectrum of pyridine-V2O5·nH2O, confirming the existence 
of protonated nitrogen from intercalated pyridine. Electronic structure calculation: f) optimized atomic configurations, g) 2D charge-density difference, 
and h) density of states of pyridine-V2O5·nH2O.
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conducted at a specific current of 0.5 A g−1 in a potential 
range of 1–4  V (vs Na+/Na). The charge–discharge curves 
of pyridine-V2O5·nH2O exhibit much smaller overpotential 
than that of V2O5·nH2O (Figure  2a). A reversible discharge 
capacity of the pyridine-V2O5·nH2O is 150 mAh g−1, which is 
higher than that of V2O5·nH2O (110 mAh g−1). The cycling 
performance at high specific current of 1 A g−1 is shown in 
Figure  2b. The pyridine-V2O5·nH2O displays a capacity reten-
tion of 74% after 1000 cycles, which is better than V2O5·nH2O 
(48%). Besides, the cycling numbers of pyridine-V2O5·nH2O 
reach up to 3000 cycles with a capacity retention of 67%, 
which is rarely reported for other cathodes for sodium ion 
storage.[32] The rate performance, at the specific current 
ranging from 0.5 to 30 A g−1, was further tested (Figure  2c). 
The specific capacity of pyridine-V2O5·nH2O is 138, 112, and  
97 mAh g−1 at 1, 4, and 8 A g−1, respectively. Even at extremely 
high current density of 30 A g−1, a specific capacity of 50 mAh g−1  
is retained. The rate capability of pyridine-V2O5·nH2O is 
superior to V2O5·nH2O (91, 52, and ≈0 mAh g−1 at 1, 4, and 
8 A g−1, respectively). The corresponding charge–discharge 
curves (Figure 2d) show the small increasement of overpoten-
tial with the rising of specific current. A comparison of the rate 
capability of pyridine-V2O5·nH2O with the state-of-the-art vana-
dium oxide cathodes (e.g., V2O5, V2O5·nH2O, Fe-VOx, V2O5/
CNT) for sodium ion storage is shown in Figure 2e and Table S4  
in the Supporting Information.[15,20,33–38] The rate capability and 
cycling performance of pyridine-V2O5·nH2O are one of the best 
vanadium oxide cathodes for sodium storage.

The electrochemical reaction mechanism was system-
atically investigated to understand the functions of pyridine 
intercalation and provide further insights into the optimized 

electrochemical performance. Figure 3a shows the ex situ FTIR 
spectra of pyridine-V2O5·nH2O at different charge or discharge 
states. The wavenumber of VOV vibrations at 515 cm−1  
has no shift during charge–discharge process, demonstrating 
that the layered structure remains stable upon sodiation/
desodiation. The characteristic frequencies (highlighted by 
red color) of ν(CC) and ν(NH) retain. Both splitting peaks 
(1002 and 967 cm−1), caused by hydrogen bonds between VO 
group and NH species, are still observed, demonstrating that 
pyridine molecules steadily exist in the interlayers and con-
stantly interact with [V2O5] layers during charge–discharge 
process. Besides, the red-shift of VO bond (Figure S7 (ii), 
Supporting Information) indicates the faradaic reduction of 
V5+ after Na+ intercalation. In situ XRD of pyridine-V2O5·nH2O 
was performed during the galvanostatic test at a specific current 
of 0.1 A g−1 (Figure  3b). The characteristic layered diffraction 
peaks at 7.78° do not shift in the whole charge and discharge 
processes, indicating a nonphase change charge storage mecha-
nism. The charge–discharge curves of pyridine-V2O5·nH2O 
and V2O5·nH2O at different cycles are shown in Figure S8a,b 
in the Supporting Information. During the initial 1000 cycles, 
the charge–discharge curves of pyridine-V2O5·nH2O remain 
similar, while along with the slight capacity decrease. The 
curves become linear slope and the characteristic layered  
diffraction peak gets weaker (Figure S8c, Supporting Informa-
tion) after 3000 cycles, indicating a layered disorder process 
during long-term sodium (de)intercalation. Compared with the 
rapidly interlayered collapse of V2O5·nH2O,[15] the intercalated 
pyridine stabilizes the layered structure during Na+ (de)inter-
calation, leading to largely improved electrochemical cycling 
performance.

Small 2019, 15, 1900379

Figure 2.  Sodium ion storage performance. a) Charge–discharge curves of pyridine-V2O5·nH2O and V2O5·nH2O at 0.5 A g−1 in the potential range 
of 1–4 V (vs Na+/Na). b) Long-term cycling performance at 1 A g−1 and c) rate performance of pyridine-V2O5·nH2O and V2O5·nH2O, respectively. 
d) Charge–discharge curves of pyridine-V2O5·nH2O at various specific currents from 0.5 to 30 A g−1. e) A comparison with the rate capabilities of the 
state-of-the-art vanadium-based materials for sodium ion storage in literatures.[15,20,33–38]
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The kinetics analysis was further conducted. Figure  3c 
and Figure S9 in the Supporting Information show the cyclic 
voltammetry (CV) curves of pyridine-V2O5·nH2O in the poten-
tial range of 1–4  V (vs Na+/Na) at different scan rates. The 
CV curves exhibit the rectangular shape with a pair of broad 
peaks, which is a symbol of pseudocapacitive behavior. With 
increasing scan rates, the slight shift of the peaks manifests the 
small polarization and fast reaction kinetics during (de)interca-
lation of sodium ions. A related analysis is taken to investigate 
the reaction kinetics. The relationship between peak current (i) 
versus scan rate (v) is based on Equation (1)[10]

=i avb

� (1)

The b-value of 0.5 indicates diffusion-controlled charge storage, 
whereas b-value of 1 means capacitive-dominated process. The 

b-value is obtained by plotting the log(i) versus log(v) plots and 
fitting the linear slope (Figure  3d). The anodic and cathodic 
b-values are 0.925 and 0.835, respectively, which are much close 
to 1, indicating a capacitive-dominated charge storage process.

To quantify the capacitive contribution to the total capacity, a 
detailed calculation is conducted based on Equation (2)[10]

1 2
1/2( ) = +i V k v k v � (2)

where i(V) represents the measured current (i) at a fixed potential 
(V). k1v and k2v

1/2 represent capacitive and diffusion-controlled cur-
rent responses, respectively. The shaded region (Figure 3e) corre-
sponds to the capacitive contribution area of pyridine-V2O5·nH2O 
at 1 mV s−1, which occupies 78% of the whole capacity. However, 
the capacitive contribution of the pure V2O5·nH2O sample for 
sodium ion storage is 50.7% at 1 mV s−1.[15]

Small 2019, 15, 1900379

Figure 3.  Sodium ion storage mechanism of pyridine-V2O5·nH2O and the functions of pyridine. a) Ex situ FTIR spectra of pyridine-V2O5·nH2O at 
different charged/discharged states and b) in situ XRD patterns during galvanostatic charge–discharge at 0.1 A g−1 in the potential range of 1–4 V  
(vs Na+/Na), indicating a nonphase change charge storage process with stabilized layer structure. c–e) Kinetics analysis of the pyridine-V2O5·nH2O: 
c) CV curves at various scan rates from 0.2 to 1 mV s−1. d) The logarithmic peak currents versus logarithmic scan rates plots. The bcathodic (0.835) 
and banodic (0.925) show the pseudocapacitive behavior. e) Capacitive contribution of over 78% (shaded area) to total charge storage at a 1 mV s−1. 
f) Functions of pyridine intercalated into V2O5·nH2O, stabilizing the interlayer structure during rapid Na+ (de)intercalation.
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According to these results, the functions of pyridine for 
optimizing the electrochemical performance of V2O5·nH2O 
are summarized in Figure  3f. According to Acid–Base Proton 
theory, the H-bond is formed between PyH+ and VO group 
from the layers. The strongly coupled interaction stabilizes 
the layered structure of V2O5·nH2O (Figure  1). This effect 
makes the layered spacing of pyridine-V2O5·nH2O remains 
unchanged during repeated Na+ electrochemical insertion and 
extraction (Figure  3a,b), leading to greatly enhanced cycling 
stability (Figure  2b). In the meantime, the electronic conduc-
tivity is increased according to the higher dispersion of band 
structure in pyridine-V2O5·nH2O (Figure  1f–h and Figure S6, 
Supporting Information), which is beneficial for achieving fast 
charge–discharge rates.

The intercalation pseudocapacitive pyridine-V2O5·nH2O 
nanowires with remarkable high capacity and rate capability are 
very promising as an emerging cathode for assembling a novel 
SIC with high energy density accompanying with high power. 
Recently, the co-intercalation of [Na-diglyme]+ into the graphite 
anode shows high coulombic efficiency and rate perfor-
mance.[39,40] Herein, graphic MCMB is chosen as an anode which 
shows the excellent electrochemical performance (Figure S10,  
Supporting Information). Figure  4a shows the schematic of 
pyridine-V2O5·nH2O//MCMB SIC: the Na+ (de)intercalates 
into the pyridine-V2O5·nH2O and solvated [Na-diglyme]+ (de)
intercalates into graphite layers. The specific current, capacity, 
energy density, and power density of the full SIC are calculated 
based on the total mass of the cathode and anode. The charge 
and discharge curves at different specific currents ranging from 
0.03 to 10 A g−1 in a voltage window of 0.1–4 V are presented in 
Figure 4b, which reveals high reversibility even at high current 

density. The corresponding capacities of pyridine-V2O5·nH2O//
MCMB SIC are 53 mAh g−1 at 0.03 A g−1 and 38 mAh g−1 at  
2 A g−1. More importantly, the capacity is still retained 27 mAh g−1  
at a current density up to 10 A g−1, indicating an excellent rate 
capability (Figure S11, Supporting Information). The cycling 
performance and coulombic efficiency were subsequently  
characterized at 1 A g−1 (Figure S12, Supporting Information). 
The capacity retention was 95% after 800 cycles with coulombic 
efficiency approaching 100%. The Ragone plots of pyridine-
V2O5·nH2O//MCMB show the high energy density at extremely 
high power density (Figure 4c). It delivers a maximum specific 
energy density of ≈96 Wh kg−1 at a power density of 59 W kg−1. 
When the power density increases to 14  kW kg−1, the energy 
density retains 37.5  Wh kg−1. Compared with previously 
reported state-of-the-art sodium ion storage devices: graphene 
oxide films//Na2Ti3O7,[41] AC//Nb2O5@C,[42] and AC//V2O5,[38] 
our SIC device delivers the highest energy density at extremely 
high power density.

In summary, we demonstrate that the strategy of forming 
strongly coupled interaction interlayer of V2O5·nH2O is very 
effective to stabilize layered structure for rapid Na+ storage. 
The intercalated pyridine stabilizes the layered structure and 
improves the electronic conductivity, further optimizing the 
cycling and rate performance. In the half-cell tests, the intercala-
tion pseudocapacitive pyridine-V2O5·nH2O nanowires cathode 
shows a superior rate capability (112, 97, and 50 mAh g−1 at 4, 
8, and 30 A g−1) and excellent cycling stability for 3000 cycles (a 
capacity retention of 67%). Putting a step forward to full device, 
the assembled pyridine-V2O5·nH2O//MCMB SIC shows a 
maximum energy density of ≈96 Wh kg−1 at a power density of  
59 W kg−1, and a high power density of 14 kW kg−1 at the energy 
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Figure 4.  Electrochemical performance of pyridine-V2O5·nH2O//MCMB SIC. a) Schematic of pyridine-V2O5·nH2O//MCMB SIC: Na+ (de)intercalates 
from the pyridine-V2O5·nH2O and the solvated [Na-diglyme]+ (de)intercalates into graphite layers. b) Charge/discharge curves of pyridine-V2O5·nH2O//
MCMB SIC at different current densities from 0.03 to 10 A g−1, showing a high-rate capability. c) Ragone plots of the pyridine-V2O5·nH2O//MCMB and 
the reported state-of-the-art SICs: graphene oxide films//Na2Ti3O7,[41] AC//Nb2O5@C,[42] and AC//V2O5.[38]
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density of 37.5 Wh kg−1. These results highlight the advantages 
of utilizing high-capacity pseudocapacitive cathode materials to 
set up the high energy SIC accompanying with high power. We 
believe that realizing the strongly coupled interaction between 
intercalated molecules and the layered materials (e.g., transi-
tion metal oxides/disulfides and MXenes) could lead to a wide 
range of opportunities for enhancing the overall performance 
of layered materials.
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