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ABSTRACT: Supercapacitors have received much attention as large-scale energy storage devices for high power density and
ultralong cycling life. In this work, sodium vanadate Na0.76V6O15/poly(3,4-ethylenedioxythiophene) (PEDOT) nanocables with
deficient bridge oxygen at the interface (denoted Vo••-PNVO) have been tailored for supercapacitors through the in situ
polymerization of 3,4-ethylenedioxythiophene and studied using three different electrolytes. Experiments and theoretical calculations
reveal that all Na+, Zn2+, and Al3+ ions appear as hydrates in aqueous solutions but insert into the crystal structure as Na+ ions and
Zn2+-H2O and Al3+-H2O hydrates, respectively. In comparison with the Zn2+-H2O and Al3+-H2O hydrates, Na+ ions with a smaller
radius diffuse more quickly in Vo••-PNVO. Thus, Vo••-PNVO delivers better charge storage capability and stability when an
electrolyte with Na+ ions is used. The results strongly suggest that an electrostatic interaction is significant in determining transport
properties and storage capacities, rather than hydrate radii or valence states.
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1. INTRODUCTION

Energy storage technologies are indispensable for the
application of intermittent renewable energy sources, including
solar, hydro, and wind energy.1,2 Supercapacitors have been
applied in portable electronic products, electric vehicles, and
many other fields, due to the advantages of short charging
time, high power density, and ultralong cycling lifespan
(>100000 cycles).3,4 Supercapacitors are classified into electric
double-layer capacitors (EDLCs) and pseudocapacitors
according to the charge storage mechanism. EDLCs store
charge by electrostatic absorption and desorption of opposite
charges at the electrolyte surface layer. Pseudocapacitors rely
on redox reactions between electrodes and the electrolyte.5 In
pseudocapacitors, also known as electrochemical capacitors,
redox reactions happen at the electrode surface with electronic
and ionic transportation inside the electrodes. The energy
density of commercially available supercapacitors (∼5 Wh
kg−1) is unsatisfactory in comparison with batteries (∼200 Wh
kg−1).3 Thus, more research efforts are underway to achieve

excellent energy-storage capability without compromising the
power density and charge and discharge stability of super-
capacitors.
The electrochemical performance of supercapacitors relates

to electrolytes due to their various physical and chemical
properties, including different operating voltage, electrolyte
ionic conductivity, and chemical stability.2,4,6,7 Consequently,
the specific capacitance and charge and discharge stability of a
supercapacitor would be different. In terms of electrolytes,
aqueous electrolytes prevail over organic electrolytes as well as
ionic liquids because aqueous electrolytes are highly ion
conductive (∼1 S cm−1), are simple to handle, have a low cost,

Received: February 16, 2022
Accepted: April 10, 2022
Published: April 20, 2022

Research Articlewww.acsami.org

© 2022 American Chemical Society
19714

https://doi.org/10.1021/acsami.2c02920
ACS Appl. Mater. Interfaces 2022, 14, 19714−19724

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
W

A
SH

IN
G

T
O

N
 o

n 
Fe

br
ua

ry
 1

, 2
02

3 
at

 2
1:

10
:5

9 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenchao+Bi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaodi+Jiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chao+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuan+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guohua+Gao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guangming+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muhammad+Atif"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohamad+AlSalhi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohamad+AlSalhi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guozhong+Cao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.2c02920&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c02920?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c02920?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c02920?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c02920?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c02920?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c02920?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c02920?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c02920?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aamick/14/17?ref=pdf
https://pubs.acs.org/toc/aamick/14/17?ref=pdf
https://pubs.acs.org/toc/aamick/14/17?ref=pdf
https://pubs.acs.org/toc/aamick/14/17?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.2c02920?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf


and are nonflammable.6,8,9 In addition, supercapacitors with
aqueous electrolytes achieve high power density due to a high
ionic conductivity and dielectric constant and large surface area
for small ions of the aqueous electrolyte. There are acidic (e.g.,
H2SO4

10), alkaline (e.g., NaOH11), and neutral (e.g.,
Na2SO4

12) aqueous solutions as electrolytes for super-
capacitors. In fact, the electrolyte is chosen according to the
electrode materials, which also greatly decides the storage
capability of supercapacitors. For example, literally, the high
redox activity of V2O5 species should be mainly in acidic
solutions. However, on consideration of the safety issues and
high price of corrosion-resistant current collectors by using
acidic solutions, as well as the dissolution of V2O5 in aqueous
alkali, neutral aqueous solutions are usually used as electrolytes
for V2O5-based supercapacitors, where pseudocapacitive
characteristics are also exhibited.13,14 Moreover, it has been
reported that hydrate radii of alkali-metal ions (Li+, Na+, and
K+) lead to different migration speeds and ion storage
capabilities in MnO2

8 and activated carbon.15 However, for
electrolytes with multivalent ions such as Zn2+ and Al3+, it is
necessary to explore whether the ionic radii, hydrate radii, or
multivalent charge carriers would dominate the electro-
chemical performance of electrode materials.
Transition-metal oxides (e.g., MoO3,

16 MnO2,
17 and

V2O5
18,19) and conductive polymers (e.g., polypyrrole,

polythiophene, and polyaniline)20,21 are the main electrode
materials for pseudocapacitors due to their high capacities
from progressive redox reactions. Among these materials, V2O5
has been reported as a promising candidate for pseudocapa-
citors due to its layered structure for high theoretical
capacitance (∼2120 F g−1), proper voltage window, and
abundant resource.5 Recent progress has shown that a
nanostructure helps to enlarge the surface area of pure V2O5
and its derivatives, but the electrochemical performance is less
satisfactory (180.7 F g−1 for a V2O5·0.6H2O nanoribbon14)
because of poor conductivity and structure instability.
Compositing with conductive materials can help to enhance
the capacity and cycling stability of V2O5: for instance,
compositing V2O5 with graphene and CNT, conductive
polyaniline,13 and so on. Defect engineering, such as oxygen
vacancies, can also effectively enhance the electrochemical
properties of electrode materials with enhanced charge storage
kinetics.16,22,23 Our previous studies found that introducing
oxygen vacancies would effectively facilitate charge transfer and
enhance the ion diffusion kinetics of V2O5 nanofibers with an
enlarged lattice space for supercapacitors.24 Moreover, the
cycling stability of V2O5/polyaniline is synergistically improved
by oxygen vacancies and the polyaniline coating (110%
capacitance retention over 20000 charge/discharge pro-
cesses).24 In addition to the above achievements of oxygen
vacancies in layered V2O5, oxygen vacancies in V2O5
derivatives with different crystalline structures also affect the
charge kinetics of electrodes. For instance, in tunnel-structured
Na0.76V6O15, oxygen vacancies and conductive polymers
synergistically promoted the Zn2+ intercalation/deintercalation
for zinc ion batteries.25 However, the related studies on
supercapacitors are insufficient. They are significant and
necessary for supercapacitor applications, especially in
exploring the effects of various aqueous electrolytes on
supercapacitors.
In our study, oxygen vacancies (Vo••) contained in sodium

vanadate nanocables (Na0.76V6O15/poly(3,4-ethylenedioxythio-
phene, denoted Vo••-PNVO) were prepared and optimized

with temperature as the electrode materials of supercapacitors.
The effects of ionic radius, hydrate radius, valence states, and
electrostatic interactions of working cations (including Na+,
Zn2+, and Al3+) on the charge storage capabilities were
explored. The related kinetic properties were analyzed by
theoretical calculations with bond changes and charge density
distributions and further confirmed by experimental data.

2. EXPERIMENTAL SECTION
2.1. Synthesis of Na0.76V6O15/PEDOT Nanocables (Vo••-

PNVO). Vo••-PNVO was synthesized with our reported method.25

V2O5 powder (0.5 g) was added to deionized water (50 mL) and the
mixture stirred for 2 h. Next, 30 mL of a deionized water solution of
sodium dodecyl benzenesulfonate (1.0 g) was added and the mixture
stirred for 2 h. This mixture was transferred to a 100 mL Teflon-lined
stainless-steel autoclave and kept at 180 °C for 7 days. Deionized
water and ethanol were used for solvent replacement, following with
freeze-drying under vacuum and annealing at 450 °C in air for 3 h.
Then, the obtained NVO was treated with 0.5 mL of HCl under
vacuum at room temperature for 1 h. After that, the sample was
placed to a vacuum reactor containing 0.1 mL of 3,4-ethyl-
enedioxythiophene (EDOT) at 25, 50, and 80 °C for 8 h, respectively.
Vo••-PNVO nanocables were obtained after further drying in air at
120 °C overnight.

2.2. Material Characterizations. X-ray diffraction (XRD)
measurements were performed with a Bruker D8 Discover X-ray
diffractometer and an ImS 2-D detection system (50 kV, 1000 mA).
Fourier-transform infrared (FTIR) with a Bruker-TENSOR27
instrument, Raman with a Jobin-Yvon HR800 microscope (λ = 514
nm), and thermogravimetric and differential scanning calorimetry
(TG-DSC) with an SDT Q600 instrument (10 °C min−1, flowing air).
Electron spin resonance (ESR) was carried out on a Bruker BioSpin
instrument. X-ray photoelectron spectra (XPS) were obtained with a a
Thermo ESCALAB 250XiX spectrometer in the PHI-5,000C ESCA
system with Mg Kα radiation (hν = 1253.6 eV). A field-emission
scanning electron microscope (FE-SEM; S-4800) and a high-
resolution transmission electron microscope (HRTEM; JEOL-
JEM2100) were used.

2.3. Electrochemical Measurements. The electrodes were
prepared first. The active materials, acetylene black and poly-
(vinylidene fluoride) in N-methylpyrrolidone, were mixed with a
mass ratio of 8:1:1. This slurry was painted onto a graphite paper
current collector and dried under vacuum at 100 °C overnight.
Electrodes were tested with symmetrical electrode systems in three
different electrolytes, including 0.5 M Na2SO4, 1 M ZnSO4, and 0.5 M
Al2(SO4)3 solutions. The specific capacitance of an electrode (C, F
g−1) is calculated from the discharge curves according to C = 2IΔt/
(mΔV), where I, m, Δt and ΔV are the constant discharge current,
total loading mass, discharge duration, and voltage window of each
electrode, respectively. Energy density (E, W h kg−1) and power
density (P, W kg−1) were calculated with the equations E = (1/8)
C(ΔV)2/3600 and P = E/Δt, respectively.

2.4. Density Functional Theory (DFT) Calculations. The
Vienna ab initio simulation package (VASP)26 was used in these
calculations. The Perdew−Burke−Ernzerhof variant of the generalized
gradient approximation (GGA) was chosen to treat the exchange and
correlation energy functional.27 The projector augmented wave
pseudopotential approach (PAW) was used to the describe
interaction between ions and electrons;28,29 the energy cutoff for
the plane wave basis was set to 500 eV, and the total energy was
converged to 10−5 eV. The electronic structure of vanadium was
described with effective U parameters of 3.1 eV.30 The lattice
parameters of M0.76V6O15, where M denotes Na, Zn, and Al, were set
to be 15.85 Å × 3.68 × 10.41 Å with α = 90°, β = 112°, and γ = 90°.

3. RESULTS AND DISCUSSION
3.1. Characterization of Vo••-PNVO and NVO. Vo••-

PNVO was obtained when vapor EDOT deposited, oxidatively
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polymerized in situ on the surface of NVO at 80 °C,25 and

formed oxygen vacancies simultaneously in the surface layer of

NVO. The oxidative polymerization of EDOT monomers

related to electron loss and deprotonation31 can be described

as follows:

− − ′

→ + − +

n n

n

C H O S (2 2)e

H(C H O S) H (2 2)Hn

6 6 2

6 4 2 (1)

As Vo•• and O′′ are generated in the NVO primitive lattice

when electrons in oxygen (Oo
x) are lost, O′′ and H+ would

form H2O and Vv′ and Vv′′ would form when Vv
x receives the

above electrons:

= + ′′ + ′••O Vo O ex
o (2)

+ ′′ →+2H O H O(g)2 (3)

+ ′ → ′ ′ + ′ → ′′V e V V e Vx
v v v v (4)

Reactions 1−4 are summarized as

+ − + −

→ + ′ + − −

+ − ̈ + −

′′

••

i
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jjj

y
{
zzz

n S n n

m n m

n n

C H O 2( 1)V ( 1)O

H(C H O S) H V 1
1
2

V

( 1)Vo ( 1)H O(g)

x x

n

6 6 2 v o

6 4 2 v v

2 (5)

where n and m are random variable parameters.
In Figure 1a, XRD patterns display a crystalline phase of

Na0.76V6O15 (JPDS No.75-1653) in both Vo••-PNVO and
NVO. In this tunnel structure, [V6O15]n layers are connected
by VO6 octahedra with oxygen atoms (Figure 1e). The
relatively weak intensity of Vo••-PNVO peaks indicates that
Vo••-PNVO is amorphous, probably caused by PEDOT and/
or oxygen vacancies.
In the FTIR spectra (Figure 1b), NVO displays the

stretching vibration modes of a V−Oc bond (493, 553
cm−1), a V−Ob bond (767 cm−1), a terminal VO bond
(958, 995 cm−1), an Na−O bond (1377 cm−1), and an O−H
bond of absorbed water (1631 cm−1).32,33

In Vo••-PNVO, the existence of PEDOT is confirmed by a
C−S bond (690, 839, 933 cm−1), a C−O−C bond (1087,
1140, 1207 cm−1), and C−C and CC bonds (1397, 1522
cm−1).34 Moreover, the V−Oc bond becomes stronger with an
obvious blue-shifted peak, the V−Ob peak disappears, and the
VO bond (984 cm−1) only appears as one peak.32 These

Figure 1. (a) XRD patterns, (b) FTIR spectra, (c) Raman spectra, and (d) TG-DSC curves of Vo••-PNVO and NVO. (e) Crystal structures of
NVO and NVO with oxygen vacancies (Vo••) at the Ob site.
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changes should be ascribed to oxygen vacancies and
connections between PEDOT and NVO,35 which will be
further discussed next.
In Raman spectra (Figure 1c), the weak peaks for the O−

V−O−V bond suggest a reduced compressive deformation of
the lattice32,36 and a larger lattice space for ion diffusion in
Vo••-PNVO (also evidenced by IFFT images). The weak
peaks of VO bonds at 258 and 265 cm−1 show a red shift of
28 cm−1 due to the O−S connections between NVO and
PEDOT.35 A blue shift in the V−Oc bond at 516 cm−1 is in
accord with an FTIR analysis.37 The V−Ob bond becomes
weak with a blue shift to 695 cm−1,38,39 while there are no
peaks in FTIR spectra. This is explained by partial V−Ob

bonds at the interface being weakened by oxygen vacancies and

the NVO crystalline structure inside remaining unchanged, in
accordance with our reported Vo••-V2O5/polyaniline.

24

PEDOT is confirmed by symmetrical and asymmetrical C
C at 1453 and 1560 cm−1.37,40,41 On the basis of the above
FTIR and Raman analysis, PEDOT connects NVO with
terminal oxygen, forming oxygen vacancies at the Ob site.
Consequently, an enlarged channel would provide for ion
diffusion, as shown in Figure 1e. In TG-DSC curves (Figure
1d), the mass of PEDOT in Vo••-PNVO is about 17.2%.42

In XPS spectra in Figure 2a, a signal of S element from
PEDOT is detected in Vo••-PNVO. The S 2p spectrum is
deconvoluted into S 2p3/2, S 2p1/,2 and S−O (Figure 2b).34,43

In Figure 2c, C−C/CC, C−S, and C = O belonging to
PEDOT can be seen in the C 1s spectrum of Vo••-

Figure 2. XPS analysis of Vo••-PNVO and NVO: (a) full survey; (b) S 2p; (c) C 1s; (d) V 2p3/2; (e) O 1s. (f) ESR results of Vo••-PNVO and
NVO.

Figure 3. (a, b) SEM, (c) TEM, and (d) HRTEM images of Vo••-PNVO and (e) the corresponding IFFT image and (f) line profile of the dashed
line in (e).
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Figure 4. (a−d) SEM and (e−h) TEM images of Vo••-PNVO synthesized at different temperatures.

Figure 5. (a) Relationship among the specific capacitance (0.5 A g−1), polymerization temperature, and PEDOT coating thickness of Vo••-PNVO.
(b) EIS curves of different Vo••-PNVO samples. (c) The reported ionic radii and hydrate radii of Na+, Zn2+, and Al3+.50 (d) CV curves (5 mV s−1),
(e) GCD curves (0.5 A g−1), (f) specific capacitance, (g) Ragone plots, and (h) cycling performance of Vo••-PNVO in different electrolytes.
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PNVO.34,37,44 In Figure 2d, the asymmetric V 2p3/2 spectrum
is divided into V5+ (517.3 eV) and V4+ (515.9 eV) in NVO,
while it is divided into V4+ (516.6 eV) and V3+ (515.3 eV) peak
in Vo••-PNVO. This suggests that some V5+ and V4+ ions are
reduced due to oxygen vacancies.24 Oxygen vacancies are
further confirmed by the O 1s spectra in Figure 3e. For O 1s
spectra, O−V (529.6 eV), oxygen vacancies (530.5 eV), O−
Na/O−S (531.5 eV) and C−O from PEDOT (532.8 eV) are
shown in Vo••-PNVO,38,45,46 while only O−V (529.9 eV) and
O−Na (531.4 eV) appear in NVO.38

EPR bulk measurements were conducted to examine oxygen
vacancies after the surface characterizations of XPS. Unpaired
electrons can be identified by EPR, including oxygen vacancies
and V4+.47 In Figure 2f, the two samples exhibit typical a EPR
response at g = 2.004 and Vo••-PNVO has a stronger peak in
comparison to NVO This is because oxygen vacancies and V4+

are generated, although some V4+ simultaneously turns into
V3+ in Vo••-PNVO.37,38,47 In nanocable-structured Vo••-
PNVO, the slight difference in bulk EPR characterization
and significant changes by surface XPS characterization suggest
oxygen vacancies are distributed at the interface in Vo••-
PNVO.25,35

In SEM and TEM images (Figure 3a−c), Vo••-PNVO
exhibits a nanocable structure and the coating thickness is ∼5.4
nm. The coating uniformity is examined by TEM-EDS in
Figure S1, where the S element is distributed homogeneously
and more broadly. In the HRTEM image (Figure 3d), the
amorphous interface between PEDOT and NVO indicates that
oxygen vacancies are introduced in the surface layer of NVO.
In the corresponding IFFT image of Vo••-PNVO (Figure 3e),
dislocations are found (red circles), and the (−111) plane
shows an expanded interplanar space of 3.65 Å (Figure 3f). As
oxygen vacancies cause the surrounding atoms to be skewed
and dislocated, the interplanar space is expanded. Moreover,
the accompanying V4+, which is larger (72 pm) than V5+ (68
pm), may also enlarge the interplanar distance. Note that there
is no peak shift in XRD patterns because the inner crystalline
structure is not changed by interface-located oxygen vacancies.
Thus, there would be more space available for faster ion
diffusions in Vo••-PNVO when oxygen vacancies are
generated.
3.2. Electrochemical Characterizations of Optimized

Vo••-PNVO. In this section, the electrochemical properties of
Vo••-PNVO in different electrolytes are explored. On
consideration that both oxygen vacancies and PEDOT
thickness can affect the electrochemical properties of electro-
des12 and oxygen vacancies are induced by PEDOT polymer-
ization, the PEDOT thicknesses (oxygen vacancies) of Vo••-
PNVO were first optimized by different polymerization
temperatures. XRD patterns (Figure S2) indicate that all
samples keep the crystalline phase unchanged. As shown in
SEM and TEM images (Figure 4a−h), the PEDOT thickness
of Vo••-PNVO increases to ∼3.2, 5.4, and 8.5 nm when the
polymerization temperatures are set as 25, 50, and 80 °C,
respectively. According to our previous work, the concen-
tration of oxygen vacancies increases with the thickness of the
PEDOT coating.42 Thus, characterizations of oxygen vacancies
are ignored here and electrochemical performance optimiza-
tion is the focus.
All of the above Vo••-PNVO samples were first tested in

Na2SO4 solution (0.5 M) as symmetrical electrode super-
capacitors, and the loading mass was about 1 mg cm−2

(Supporting Information). The results show that Vo••-

PNVO with an ∼5.4 nm PEDOT coating synthesized at 50
°C exhibits a larger CV area (Figure S3a), a higher specific
capacitance (∼383 F g−1 at 0.5 A g−1, Figure 5a and Figure
S4a−h) and better rate performance (150 F g−1 at 10 A g−1) in
comparison to the other samples (Figure S3c). For instance,
Vo••-PNVO with an ∼8.5 nm PEDOT layer achieves 140 F
g−1 at 10 A g−1. EIS measurements and the equivalent circuit
were applied to explore the kinetic properties, as shown in
Figure 5b Figure S3d. In a typical Nyquist plot, the Z′
intercept, semicircle, and the line slope correspond to the
internal resistance mostly from electrolyte (Rs), resistance from
charge transfer at the interface of the electrode and electrolyte
(Rct), and resistance from ion diffusion in materials,
respectively. For Vo••-PNVO, the almost same Rs values,
decreasing Rct values, and steeper slope suggest that the charge
transfer and ion diffusion kinetics are enhanced with a thicker
PEDOT coating and more oxygen vacancies. This results from
the synergistic combination of oxygen vacancies (providing
more void sites and larger channels for faster and easier ion
diffusion) and a conductive PEDOT coating (shortening the
charge transfer distance and promoting charge transporta-
tion).42 However, excessive oxygen vacancies compromise
Faradaic reactions with overconsumption of V5+, and thus the
capacitance decreases to 344 F g−1. On consideration that a
similar mechanism has been systematically studied in our
previous work on Vo••-V2O5/PEDOT

42 and that this work
focuses on the effects of electrolytes on the electrochemical
properties of Vo••-PNVO, the mechanism will not be further
discussed here. Vo••-PNVO with an ∼5.4 nm PEDOT coating
was chosen as the electrode material in the following
explorations.
The storage abilities of tailored Vo••-PNVO in Na+, Zn2+,

and Al3+ ions were tested in three aqueous electrolytes,
including Na2SO4 (0.5 M), ZnSO4 (1 M), and Al2(SO4)3 (0.5
M). Na+, Zn2+, and Al3+ were kept at the same concentration.
In CV curves of Vo••-PNVO (Figure 5d Figure S5a−f),
pseudocapacitive behaviors with nearly rectangular-shaped
loops are observed in the three different electrolytes,
suggesting reversible, successive, and multiple redox reac-
tions.48,49 Moreover, the voltammetry area appears larger in
the order Al3+ < Zn2+ < Na+, indicating an increase in specific
capacitance. Consistently, the specific capacitances at 0.5 A g−1

obtained from the nearly symmetrical GCD curves (Figure 5e)
are 383, 376, and 363 F g−1 for Na+, Zn2+, and Al3+ storage,
respectively. In a neutral aqueous electrolyte, the possible
Faradaic reactions can be described as

+ + →+ −x nxNVO M e M NVOn
x (6)

where Mn+ refers to the electrolyte cation and the maximum
capacitance is x = 2 (V5+ → V3+) here. Thus, the specific
capacitance is related to the number of cations involved (x)
and the corresponding valence (n). Note that, in aqueous
solutions, metal ions are usually surrounded by H2O molecules
due to electrostatic interactions. For instance, Na+ attracts the
negative oxygen from water molecules.51 As shown in Figure
5c, different from the small ionic radius increasing in the order
Al3+ (0.53 Å) < Zn2+ (0.75 Å) < Na+ (1.02 Å), the
corresponding hydrate radius is reported to be much larger
and shows the decreasing order Al3+ (4.75 Å) > Zn2+ (4.30 Å)
> Na+ (3.58 Å)50 because of stronger interactions between
multivalent cations and H2O molecules.8,51 As all cations show
significant differences in their ionic and hydrate radii and
electrons (0.083 Å) are much smaller, hydrate radii instead of
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multivalent charge carriers should greatly affect the capacitance
of Vo••-PNVO. A smaller hydrate radius may show higher
mobility and diffusion speed, giving Vo••-PNVO a higher
capacitance in Na+ storage than in Zn2+ and Al3+ ions. It is also
possible that the monovalent Na+ appears as ions in Vo••-
PNVO because of its weaker electrostatic interaction with H2O
in comparison to Zn2+ and Al3+, rendering faster Na+ ion
diffusion and higher capacitance in Vo••-PNVO (as evidenced
in theoretical calculations).
Vo••-PNVO shows a high specific capacitance at 10 A g−1 in

Na2SO4 (Figure 5f). The specific capacitances in Al3+, Zn2+,
and Na+ electrolytes are 123, 150, and 171 F g−1, respectively,
and the corresponding energy densities are 50, 52, and 53 W h
g−1 at a power density of 250 W kg−1, respectively, better than
those of reported vanadium-based supercapacitors14,43,52,53

(Figure 5g). In addition, Vo••- PNVO exhibits excellent
cycling stability, as shown in Figure 5h. About 91% of the
initial capacitance is retained in Na2SO4 after 20000 charge/
discharge cycles, better those in ZnSO4 (86% retention) and
Al2(SO4)3 (73% retention), as well as reported V2O5/PANI
nanowires (92% retention after 5000 cycles),13 a V2O5/PPy
network (81% retention after 1000 cycles),54 and MnO2@
PEDOT@MnO2 (91% retention after 5000 cycles).55 The
corresponding Coulombic efficiency is nearly 100%. Moreover,
the capacitance retention is 90% at 1.0 A g−1 in Na2SO4 after
5000 cycles (Figure S6). SEM and TEM images display that
the structure of the cycled Vo••-PNVO electrode is well
retained after 20000 cycles in Na2SO4 (Figure S7a−c). The
reasons can be summarized as follows. First, the excellent
stability of Vo••-PNVO is attributed to the PEDOT coating,
which protects NVO from contacting electrolyte directly, and
also to oxygen vacancies, which offer large diffusion channels
for less volume expanse.35 Moreover, the cycling stability is
closely related to the electrolyte cations. In comparison with
Zn2+ and Al3+ hydrates, the smaller Na+ hydrate radius (or
ionic radius) leads to higher insertion/extraction reversibility,
resulting in a longer cycling life in Na2SO4 solution.

3.3. Kinetic Analysis for Electrochemical Behaviors of
Optimized Vo••-PNVO. The interactions between cations
and H2O molecules were identified via density functional
theory (DFT in the Supporting Information). On consid-
eration that VASP is limited in calculating the energy of excited
states, binding energies (E) of H2O on Na+, Zn2+, and Al3+

were identified as29,56

Δ = − −‐E E E E1/2( 2 )M(OH) 2H O H O M(OH)n n2 2 (7)

where M represents the metal ion, including Na+, Zn2+, and
Al3+, and n = 1, 2, 3 correspond to Na+, Zn2+, and Al3+,
respectively. EH2O, EM(OH)n, and EM(OH)n‑2H2O are the Gibbs free
energies of H2O, M(OH)n, and M(OH)n-2H2O, respectively.
The calculation results suggest that all of the three cations
coordinate with H2O molecules as hydrates in aqueous
solutions and that Na+ exhibits a more stable binding energy
(−1.00 eV) in comparison to Zn2+ (−0.37 eV) and Al3+

(−0.69 eV). Note that the calculated binding energy is much
smaller than reported values from GAUSSIAN program: for
example, about 45−90 kcal mol−1 (about 2.6−3.8 eV) for Zn2+
coordinated with one to six water molecules.56 The differences
are mainly caused by the limitation of VASP in energy
calculations of excited states. However, the overall trend is still
comparable because it generally agrees with Gabelich et al.57

that a monovalent ion which has a small hydrated radius can be
more effectively removed from a solution in comparison to a
multivalent ion with a large hydrated radius. More importantly,
VASP can be used to further explore the states of ion hydrates
in the crystal structure in the following part, rather than the
GAUSSIAN program.
Water molecules may detach from ion hydrates as ions insert

into a crystal structure and have electrostatic interactions with
the host structure. Thus, the possibilities of these three ion
hydrates in M0.76V6O15 crystal structure were identified, and
the optimized structures and charge density differences are
shown in Figure 6 and Table 1. In a move from an aqueous
solution to M0.76V6O15, the length of the Na+−H2O bond

Figure 6. Lengths of M−H2O bonds (M = Na+, Zn2+, Al3+) in aqueous solution (left) and in optimized M0.76V6O15 structures and corresponding
charge density distributions (right).
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shows an increase of 0.11 Å, while Zn2+−H2O and Al3+−H2O
bonds are reduced by 0.28 and 0.12 Å, respectively. The
differences can be explained by, in comparison with divalent
Zn2+ and trivalent Al3+ ions, monovalent Na+ ions with a larger
ionic radius and a single charge have weaker electrostatic
interactions with H2O molecules, and consequently Na+−H2O
bonds are weaker and Na+ can be readily unhydrated. No
charge transfer between H2O and Na+ ions was detected, but it
occurred between H2O and Zn2+ or Al3+. The results suggest
that Na+ ions instead of Na+-H2O were inserted in M0.76V6O15,
whereas Zn2+-H2O and Al3+-H2O hydrates were inserted in
M0.76V6O15. Consequently, Vo

••-PNVO demonstrated a larger
capacity and better cycling performance in Na2SO4 in
comparison to that in both ZnSO4 and Al2(SO4)3.
EIS measurements were conducted to study the kinetic

behaviors of different cations in tailored Vo••-PNVO (Figure
7a,b). As a result, both Rs and Rct values become larger in the
order R(Na+) < R(Zn2+) < R(Al3+), suggesting a smaller
resistance in the Na2SO4 electrolyte and a faster Na+ transfer
between the electrolyte and the electrode. In addition, the ion
diffusion coefficient (Dn) can be obtained by the equation

σ=D R T A n F C/(2 )n
2 2 2 4 4 2 2

(8)

where the electrode surface area A, absolute temperature T,
Faraday constant F, gas constant R, transferred electron
number n, and ion concentration C are constant. The Warburg
factor (σ) is obtained by fitting the low-frequency points as Z′′
vs ω−1/2 (Figure 7c). As calculated, Vo••-PNVO shows the
highest Na+ diffusion coefficient in the order Dn(Na

+, 3.2 ×
10−10 cm2 s−1) > Dn(Zn

2+, 6.5 × 10−12 cm2 s−1) > Dn(Al
3+, 2.1

× 10−13 cm2 s−1), which is also larger than those of Vo••-V2O5/
PPy (4.1 × 10−12 cm2 s−1), Vo••-V2O5/PEDOT (9.5 × 10−12

cm2 s−1), and Vo••-V2O5/PANI (5.2 × 10−12 cm2 s−1)12. This
result agrees well with the above DFT calculations about the
formations of Na+ ions, Zn2+-H2O, and Al3+-H2O hydrates in
M0.76V6O15. As is illustrated in Figure 7d, Na+ ions possess a
smaller radius in comparison to the Zn2+-H2O and Al3+-H2O
hydrates and thus show higher mobility and diffuse more
quickly than Zn2+-H2O and Al3+-H2O hydrates in Vo••-PNVO,
givinv Vo••-PNVO a superior electrochemical performance
and cycling stability in Na2SO4 electrolyte.

4. CONCLUSIONS

Oxygen-deficient Na0.76V6O15/PEDOT (Vo••-PNVO) nano-
cables with a ∼ 5.4 nm PEDOT coating were tailored as
electrode materials for supercapacitors via the synergy of the
PEDOT coating and oxygen vacancies. The electrochemical
properties and performance of Vo••-PNVO vary significantly
with the type of working cations in Na2SO4, ZnSO4, and
Al2(SO4)3 electrolytes. Experimental and DFT results revealed
that the three cations exist as hydrates in solutions; however,
they are inserted to Vo••-PNVO as Na+ ions and Zn2+-H2O
and Al3+-H2O hydrates. Consequently, Vo••-PNVO delivers
excellent specific capacitance (383 F g−1 at 0.5 A g−1) and long

Table 1. Changes in Length of M−H2O Bonds (M = Na+,
Zn2+, Al3+) in Solution and in the M0.76V6O15 Crystal
Structure and the Corresponding Ionic Radii of M

length of M−H2O
(Å)

M
in

solution
in

M0.76V6O15

changes in M−H2O
length (Å)

ionic radius of
M (Å)

Na+ 2.23 2.34 +0.11 1.02
Zn2+ 2.27 1.99 −0.28 0.75
Al3+ 2.10 1.98 −0.12 0.53

Figure 7. (a) Nyquist plots of Vo••-PNVO in different electrolytes. (b) Rs and Rct of Vo
••-PNVO and NVO from their Nyquist plots. (c)

Relationship between Z′′ and ω−1/2. (d) Schematic diagram of the charge storage mechanism of Vo••-PNVO in different electrolytes.
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cycling life (91% capacitance retained over 20000 cycles) in
Na2SO4 solution, far better than those in both ZnSO4 and
Al2(SO4)3 electrolytes. This study provides an experimental
and theoretical understanding of electrostatic interactions of
electrolyte cations for charge storage systems.
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