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Nb,O: nanotubes on carbon cloth for high
performance sodium-ion capacitors

Rui Jia"?, Yuan Jiang’, Rui Li', Ruiging Chai’, Zheng Lou’, Guozhen Shen”” and Di Chen"’

ABSTRACT Hybrid sodium-ion capacitors (SICs) bridge the
gap between the supercapacitors (SCs) and batteries and have
huge potential applications in large-scale energy storage.
However, designing appropriate anode materials with fast
kinetics behavior as well as long cycle life to match with the
cathode electrodes remains a crucial challenge. Herein, Nb,O5
nanotubes and nanowire-to-nanotube homo-junctions were
directly grown on the carbon cloth (CC) via a simple hydro-
thermal process through regulating the pH value of solution.
The as-prepared Nb,O;@CC nanotubes displayed a high re-
versible capacity of 175mA h g™ at the current density of
1A g_1 with the coulombic efficiency of 97% after 1500 cycles.
Besides, the SICs fabricated with Nb,O;@CC and activated
carbon (AC) electrode materials showed a high energy density
of 195 W h kg ' at 120 W kg, a power density of 7328 W kg™
at28 Wh kg71 and 80% of the capacitance retention after 5000
cycles. Additionally, the flexible SIC devices can operate nor-
mally at various bendable conditions. The Nb,0;@CC nano-
tubes in this work can be promising electrode materials in
flexible and wearable energy storage devices.

Keywords: nanotubes, homojunctions, Nb,O;, sodium-ion ca-
pacitors

INTRODUCTION

With the development of modern society, energy storage
is becoming more and more important in portable elec-
tronics, electrical vehicles and intelligent transportation
industries [1-6]. Till now, supercapacitors (SCs) and li-
thium-ion batteries (LIBs) are two kinds of primary en-
ergy storage units that have been comprehensively
investigated. Although SCs can provide high power
densities and long operating life, the low energy density
limits their practical applications. As for LIBs, they are
characterized by high energy densities as well as low

power densities. In the past decade, lithium-ion capaci-
tors (LICs) owning the combined advantages of both SCs
and LIBs were rapidly developed. However, the high cost
of lithium limits their application [7,8]. On the other
hand, metallic sodium has similar chemical properties
with lithium and possesses abundant reserves on the
earth. Consequently, replacing the LICs with sodium-ion
capacitors (SICs) as new energy storage devices is an
important research topic [9-11].

The storage mechanism of the SICs is based on Faradic
reactions of battery-type anode and adsorption/deso-
rption of capacitor-type cathode. Generally, the cathode
electrodes are carbon materials. The anodes are mainly
focused on metal oxides (e.g., V,0s TiO,, Nb,O; and
MnQO,), nitrides (VN), chalcogenides (MoS,, SnS, and
MoSe,), disordered carbon, MXenes and NASICON [12-
23]. Recently, Nb,Ojs has attracted much attention due to
the large interlayer distance of 0.39 nm in (001) lattice
plane, which is larger than the radius of Na" ions (1.02 A)
[14]. In addition, Nb,O; possesses high chemical stability
and has extensive applications in energy storage, liquid
crystal display and electronic ceramics. Nevertheless, the
conductivity of Nb,Os is inferior, which needs to be en-
hanced to boost their electrochemical properties. For
example, Lim et al. [16] fabricated SICs using Nb,O;@
carbon core-shell structure combined with reduced gra-
phene oxide (rGO) as anode and activated carbon (AC)
(MSP-20) as cathode, giving a high energy density of
76 Whkg' and the maximum power density of
20,800 W kg . Tong et al. [24] prepared SICs with anode
materials of graphene sandwiched between two layers of
mesoporous Nb,O; nanosheets and AC as cathode, deli-
vering the maximum energy/power densities of
56.1 W h kg ' as well as 7200 W kg . Besides, Wang et al.
[14] synthesized Gr-Nb,O; composites through growing

! School of Mathematics and Physics, University of Science and Technology Beijing, Beijing 100083, China

? State Key Laboratory for Superlattices and Microstructures, Institute of Semiconductors, Chinese Academy of Sciences, Beijing 100083, China
* Robert Frederick Smith School of Chemical and Biomolecular Engineering, Cornell University, Ithaca, NY 14853, USA

’ Corresponding authors (emails: chendi@ustb.edu.cn (Chen D); gzshen@semi.ac.cn (Shen G))

July 2020 | Vol.63 No.7

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020

1171


mater.scichina.com
link.springer.com
https://doi.org/10.1007/s40843-020-1278-9
http://crossmark.crossref.org/dialog/?doi=10.1007/s40843-020-1278-9&amp;domain=pdf&amp;date_stamp=2020-03-28

ARTICLES

SCIENCE CHINA Materials

graphene shells on the T-Nb,O; nanowires, which was
used as anode to construct the SICs with AC cathode. The
Gr-Nb,Os//AC SICs obtained high energy and power
densities of 1129 W h kg ' and 5330 W kg ', respectively.
Much endeavor has been made to boost the conductivity
and electrochemical properties of the Nb,Os electrode
materials, but there is still a large space of optimizing the
structure design to improve the specific electrochemical
performance of the SICs.

Herein, Nb,O; with nanotubes and nanowire-on-na-
notube homo-junctions on carbon cloth (CC) was grown
via a simple hydrothermal method in the presence of
pyridine. The as-fabricated SIC devices consisting of
tubular Nb,0,@CC and AC as anode and cathode
showed good electrochemical performances, including a
high energy density of 195 W h kg ' at the power density
of 120W kg ' and the maximum power density of
7328 W kg ' at the energy density of 28 W h kg . Fur-
thermore, the design of tubular Nb,O;@CC with short
ion transport pathway benefits the cycling stability of the
materials. The interconnected conductive CC can effec-
tively enhance the electron transport. The flexible
packaging of SICs also exhibited stable electrochemical
properties under different bendable conditions.

EXPERIMENTAL SECTION

Synthesis

Nb,O; was prepared through a simple hydrothermal
method as shown in Fig. 1 Firstly, the CC substrate was
treated with hydrochloric acid, followed by cleaning with

Hydrothermal

[—

200°C, 24h

acetone, ethanol and deionized (DI) water under ultra-
sonic processing, respectively. Then, 0.3 g of C,H,NNbO,
-xH,0 was dissolved into a mixed solution of 12 mL
ethanol and 18 mL N,N-dimethylformamide (DMF) at
80°C under constant stirring. After injection of 2 mL
pyridine, HCI solution (1 mol L") as pH regulator was
dropped into the solution. The obtained solution and CC
substrate were placed in the autoclave, which was heation
of to 200°C for 24 h. After cooling down to room tem-
perature, the products were gathered and rinsed with DI
water and ethanol. In the following step, the materials
were dried in the vacuum oven at 80°C for 12 h. Finally,
the freshly prepared products underwent annealing
treatment at 500°C in air for 3 h. During this procedure,
several comparing experiments were carried out through
changing pH values of the precursor solution ranging
from 4.8-5.2, 4.5-4.7 to 4.0-4.4, and the relevant Nb,O4
products with nanotubes and nanowire-on-nanotube
homo-junctions assigned as HJ-1 and HJ-2 were suc-
cessfully obtained on the CC substrate, respectively.
Furthermore, spherical Nb,Os products were also pre-
pared with the similar process without pyridine.

Characterizations

Small-angle X-ray scattering (SAXS) and wide-angle X-
ray diffraction (XRD) tests were carried out with a Bruker
D8 Advance X-Ray diffractometer with radiation from a
Cu target (Ka, A=0.15406 nm). Scanning electron mi-
croscope (SEM) of NanoSEM650-6700F was used to
measure the surface morphologies of products. Trans-
mission electron microscopy (TEM) measurements were

Figure 1 Schematic illustration of the growth of Nb,Os-based products on carbon cloth.
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conducted with the equipment of JEOLJEM-2010HT. X-
ray photoelectron spectroscopy (XPS) of Escalab 250-Xi
was used to analyze the surface chemical constitution.
The Brunauer-Emmett-Teller (BET) as well as pore dis-
tribution was investigated by ASAP 2460 instrument.

Electrochemical measurements

The electrochemical properties of the Nb,0O;@CC mate-
rials were examined by assembling into CR2032 half-cells
in the Ar-filled glove box using Na chip as the counter
and reference electrodes with the potential of 0.01-3.0 V.
The average amount of Nb,O; materials on the CC was
about 1mg cm . In the process of measurement,
1.5mol L' NaClO, in the organic solvent of ethylene
carbonate (EC):dimethyl carbonate (DMC) (1:1 in v:v)
with 5% fluoroethylene carbonate (FEC) additive and
glass fiber GF/D acted as electrolyte and separator. For
comparison, Nb,Os; nanowire-on-nanotube homo-junc-
tions and commercial Nb,O; powders were also char-
acterized in half-cells as electrode materials. To fabricate
sodium ion batteries, the AC (BET > 2000 m’ g_l) was
chosen as the electrode and prepared through mingling it
with conductive carbon black and PVDF binder at the
weight ratio of 8:1:1 in N-methyl pyrrolidone (NMP)
solvent. Then the AC slurries was cast on the aluminum
foils and dried in the vacuum oven at 80°C for 12 h. The
electrochemical properties of AC were also tested in

CR2032 half cells with Na chips in the voltage of
3.0-4.3 V. Furthermore, the SICs were prepared by using
tubular Nb,0;@CC as anode, AC as cathode and the
same separator and electrolyte in the half cells. Before
assembling the SICs device, tubular Nb,0;@CC was pre-
sodiated with Na chip at 0.1 A g ' within the potential
range of 0.01-3.0 V for three cycles and then discharged
to 0.1 V. The pre-sodiated tubular Nb,0;@CC film was
disassembled and then used as anode to fabricate SICs
with AC as cathode in the mass ratio of 1:2. Flexible SIC
full cells were also encapsulated with a thin Al-plastic film
for practical applications. Galvanostatic charge-discharge
(GCD) curves of the half cells were carried out with a
multichannel battery testing system (Land-CT2001A).
The CHI 760 electrochemical workstation was applied to
test the electrochemical performance of the prepared SICs
from 0 to 4.0 V and the cyclic voltammetry (CV) curves
of the half cells. The current densities were on the basis of
the total mass of the active materials in the SICs.

RESULTS AND DISCUSSION

The morphologies and microstructures of the as-obtained
Nb,O;@CC materials at different pH levels were observed
through SEM and TEM, respectively. Fig. 2a displays the
SEM image of the Nb,O; products obtained at the pH
value of 4.8~5.2, which are uniformly grown on carbon
fibers. Inset of Fig. 2a shows that the as-prepared Nb,O;

Figure 2 SEM, TEM and HRTEM images of the Nb,O;-based products at different pH values: (a-d) pH 4.8-5.2, (e-h) pH 4.5-4.7 and (i-1) pH 4.0-

4.4.
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products are of one-dimensional (1D) hollow structures.
Fig. 2b displays the magnified SEM image, in which the
red dotted circle further shows the typical tubular struc-
ture of the products with rough surface. Fig. 2c exhibits
the corresponding TEM image of the Nb,Os; nanotubes
with a uniform external diameter of about 30 nm as well
as the wall thickness of around 5.4 nm, respectively. The
selected area electron diffraction (SAED) pattern in
Fig. 2c inset shows the polycrystalline nature. The high-
resolution TEM (HRTEM) image in Fig. 2d manifests the
legible lattice fringe of 0.39 nm in consistence with the
(001) crystal face of Nb,Os, which is suitable for fast Na*
diffusion. When the pH value of the solution dropped
down to 4.5-4.7, the nanowire-on-nanotube homo-
junctions (assigned as HJ-1) with similar external dia-
meter of about 30 nm were prepared as shown in Fig. 2e,
f. The red remark in Fig. 2f indicates that the central
stems remain hollow structure. From the TEM images in
Fig. 2g and Fig. S1, it can be obviously seen that many
short nanowires and nanoplates with the length of
10-20 nm directly grow on the surface of the nanotubes
with the thickness of tube wall of 4.3 nm, forming na-
nowire-on-nanotube homo-junctions. The HRTEM im-
age in Fig. 2h presents the interplanar spacing of 0.39 nm,
in accordance with the (001) crystal face of Nb,Os. Fur-
ther decreasing the pH value to 4.0-4.4 resulted in similar
homo-junctions (HJ-2) with longer nanowires as dis-
played in Fig. 2i, j. Moreover, Fig. 2k shows the TEM

image of the homo-junctions with the wall thickness of
3.8 nm and the average length of the nanowires of 35 nm.
Fig. 2] exhibits the HRTEM image of HJ-2, in which the
interplanar distance of 0.39 nm could be indexed to the
(001) lattice plane of Nb,Os.

With the pH value decreasing, the wall thickness of
three tubular products got thinning with the external
diameters almost unchanged. As for the two homo-
junctions, the nanowires on the nanotube grew longer
with the enhanced acidity. Interestingly, a large number
of aggregated nanospheres with the average diameter of
about 100 nm were directly obtained on the carbon fibers
without pyridine under similar conditions as shown in
Fig. S2. Thus, pyridine in this process can effectively
guide Nb,O; to form 1D construction, similar to other
reports [25,26]. In addition, the acid solution in this
system played important roles in the formation of Nb,O;
nanostructures, which not only controlled the crystalline
phases and structures of the electrode materials, but also
acted as the etching agent to grow the hollow micro-
structures [27-30]. Therefore, the fabrication of Nb,Os
nanotubes and homo-junctions with series of pH values
in this work could be attributed to the synergetic effect
between pyridine and the acid solution.

The surface chemical constitution of the Nb,O; pro-
ducts was characterized by XPS. Fig. 3a displays the XPS
spectrum survey of the Nb,Os nanotubes with signals of
C, Nb and O, confirming the formation of Nb,O; sam-
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Figure 3 (a) XPS spectrum survey of the Nb,O; nanotubes. (b, c¢) High resolution XPS spectra of Nb 3d and O 1s of Nb,O; nanotubes. (d-g) SEM

image and the corresponding element mappings of Nb,O;@CC nanotubes.
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ples. Fig. 3b further shows the high resolution XPS
spectrum of Nb 3d, where the two peaks at 207.5 and
210.2 eV represent Nb 3ds, and Nb 3ds,, respectively.
Fig. 3c exhibits the O 1s spectrum with the peak at
530.3 eV responding to the Nb-O bond [14]. The element
distributions of Nb,O;@CC nanotubes were characterized
by element mapping technique in Fig. 3d-g. It clearly
shows that Nb and O evenly distribute in the products,
which steadily anchor on the carbon fibers. Moreover,
similar XPS results were also observed in other Nb,O,
products including nanowire-on-nanotube homo-junc-
tions and spheres as presented in Fig. S3, illustrating the
formation of pure Nb,Os; products with various micro-
structures on the CC substrate.

The crystal structures of various Nb,O5 products were
characterized by XRD. Fig. 4a shows the XRD patterns of
three products and all diffraction peaks can be indexed to
Nb,O; with orthorhombic phase (JCPDS 30-0873) [16].
SAXS study was also conducted in order to characterize
the microstructures of the three samples. As shown in
Fig. 4b, the distinct peak located at 0.42°, 0.39° and 0.38°
are observed for nanotubes, HJ-1 and H]J-2, respectively,
demonstrating the long-range order mesoporous struc-
ture of the three samples. Moreover, the diffraction peak
shifts to lower angle, illustrating that the pore-to-pore
distance becomes wide [31].

Besides, N, adsorption-desorption isotherms of the Nb-
based products with various nanostructures suggest the
process of gradual adsorption and desorption (type IV
isotherms), as shown in Fig. S4, manifesting the features
of mesoporous materials. All results are in accordance
with the SAXS results. And the measured BET surface
area of the Nb,O; nanotubes is 260 m* g ', larger than
that of HJ-1 (194 m’ gfl) and HJ-2 (172 m’ gfl), respec-
tively. The pore size distribution curves in Fig. 4c display
the average pore sizes of the nanotubes, HJ-1 and HJ-2
are 8.2, 10.9 and 11.8 nm, respectively, which are all
larger than the radius of Na" ions. And the corresponding

pore volumes change from 0.66, 0.58 to 0.48 cm® g . As
we know, larger pore volume means more effective con-
tacting area between the electrode materials and electro-
lyte, which can facilitate chemical reactions. For example,
the adsorption experiment of Nb,O; nanotubes on CC
(Nb,0;@CC) was operated by immersing the samples
(containing 10 mg of Nb,O;) into 50 mL of methylene-
blue (MB) solution (20 mg LY. After 2 h, 90.5% of MB
was adsorbed, implying a high adsorption ratio of
Nb,0;@CC nanotubes (Fig. S5). Inset in Fig. S5 shows
that the color of MB turns pale after adsorption.

To probe the sodium storage performance of the
Nb,O;@CC products with various nanostructures, we
first assembled CR2032 coin cells by using the as-pre-
pared Nb,Os-based samples as anode and Na chip as
counter electrode with the electrolyte of 1.5 mol L' Na-
ClO, in the organic solvent of EC:DMC (1:1 in v:v) with
5% FEC additive. Fig. 5a shows the CV curves of the
Nb,O;@CC anodes with different nanostructures tested
in the potential range from 0.01 to 3.0 V at the sweep rate
of 1 mV s . The similar shape of the CV curves indicates
the same electrochemical reaction process. Additionally,
according to the computational formula of capacitance
based on CV curves:

C=A/(vxmx AE), (1)
where C is the capacitance, A is the integral area, v is the
scan rate, m is the mass of active materials and AE is the
voltage range. The capacitance of Nb,0;@CC nanotubes
(400 F g ' or 0.4 F cm °) calculated from the CV curve is
relatively higher than that of HJ-1 (343F g' or
0.34F cm ’), HJ-2 (273F g ' or 027 F cm °), nano-
spheres (200 F gf1 or 0.2 F cm ) as well as CC (5.9 F g71
or 0.07 F cm °, Fig. $6), demonstrating the good sodium
storage performance of the nanotubes. According to
above results, the pore volume and specific surface area of
Nb,O5 nanotubes are the highest among all the electrode
materials, which contributes to increasing the contacting
area of electrode materials and electrolyte and improves
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Figure 4 (a) XRD patterns, (b) SAXS and (c) pore size distributions of the Nb-based products with various nanostructures.

July 2020 | Vol.63 No.7

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020

1175



ARTICLES

SCIENCE CHINA Materials

b 1 c 2
0 ~ Of '
> —Sphere o o ol
— < —1st <
< 1} HJ-1 =t —2nd =
- —HJ-2 c —3rd =
] —Nanotube | & r g -1t
= 3 >
=1 -2 L O -2 O
© 2 -2t —5mVs
-3 L L + . : s . 3L . . L L . L - A . . ) A L A
00 05 10 15 20 25 30 00 05 10 15 20 25 30 00 05 10 15 20 25 30
Potential (V) Potential (V) Potential (V)
2
d 02 - e fao
2 ool /9_7 " _ _g5| st
< o > >
£ 02 - L= 0 3 20
o ‘ = £15
3 -04f *® e ——08 | & 4 £
& o 3 a 1.0
2 06 ‘ = Anodic © -2 — Capacitive 05
; o e Cathodic 5mV st : 'uo 200 400 600 800 100
2 s P 3 L . . , . . . 0.0 . : : :
-0.1 0.0 0.10.2 0304 0506 0.70.8 00 05 10 15 20 25 30 0 100 200 300 400 500
log (sweep rate, mV s™") Potential (V) Capacity (mAh g™)
9 1400 h 1000 300
] b
& 1200 ,\0 E Lo J200 &
_? 03Ag'05Ag" 1.0Ag" 20Ag"1.0Ag" 0.5Ag™ o >
< 60071 § p {100 2
2P b UV R R R R E . &
S 400 oo : % £ 400 - o
- Nuerps i r’ g {-100 5
o Sy M S S
% 3 200 3
0 : : : : H 8
; . ol . . - s J -300
0 20 40 60 80 100 120 0 300 600 900 1200 1500
Cycle Cycle

Figure 5 Electrochemical performances of the Nb-based products in Na-ion half cells: (a) CV curves of the Nb,Os@CC products with different
nanostructures at the scan rate of 1 mV s . (b) CV curves of the Nb,O;@CC nanotubes for the first three cycles at the scan rate of 1 mV s’ (c,d)CV
curves and specific peak current of the Nb,0;@CC nanotubes at different scan rates from 1 to 5 mV s (e) CV curve of the Nb,0;@CC nanotubes

with the shaded area of surface capacitive contribution at 5mV s '

. (f) GCD profiles of the Nb,0;@CC nanotubes at 1 A g . (g) Rate capability of the

Nb,Os@CC nanotubes at various current densities. (h) Long-term cycling stability of the Nb,O;@CC nanotubes at 1 A g .

the sodium-storage performance. Thus we chose Nb,
0;@CC nanotubes as the optimal electrode materials for
the following in-depth investigations in SICs.

Fig. 5b displays the first three CV curves of the
Nb,O;@CC nanotubes at the sweep rate of 1 mV s . In
the first intercalation process, the obvious cathodic peak
at the potential of 1.5-0.5 V manifests the solid-electro-
lyte interphase (SEI) film with other side reactions oc-
curring. Meanwhile, it also consists the peak of pure CC
at around 0.85 V (Fig. S6) [32]. During the de-intercala-
tion process of Na’, the broad peaks from 1.5 to 2.0 V
confirm the oxidation reaction of Nb* to Nb’" [33].
According to the XPS analyses of the Nb,O;@CC at fully
discharged and charged states (Fig. S7), the Nb 3d;,, and
Nb 3d;,, peaks at 210.2 and 207.5 eV, respectively, shifted
to lower positions of 209.5 and 206.8 eV (Nb*") when it
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was fully discharged. Oppositely, when it was at fully
charged state, the peaks basically recovered to the pristine
value, which demonstrated the reversible electrochemical
reactions of Nb [34]. After the first charging/discharging
process, the second and the third cycles were almost re-
storable, implying that the electrochemical reactions were
reversible. Based on the above results, the Na" intercala-
tion/de-intercalation reaction in Nb,0O;@CC nanotubes
could be supposed to:
Nb,Os + xNa" + xe < Na,Nb,Os (2)
where x represents the stoichiometric number of sodium
ions, similar to those in LICs, LIBs, sodium ion and po-
tassium ion batteries [33-40].

In order to investigate the Na" storage kinetics, the CV
curves were carried out in the voltage of 0.01-3.0 V at
various scan rates of 1-5mV s ', as exhibited in Fig. 5c.

July 2020 | Vol.63 No.7
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The similar shape of the CV curves indicates that the
electrochemical reactions are involved in the Na" inser-
tion/extraction. Since Nb,O; is a typical pseudocapaci-
tance material, the electrochemical capacity usually
includes two parts. One is the diffusion-controlled value
and the other is surface capacitive contribution. And the

formula is generally described as:

i= avb, 3)

in which a, b represent the appropriate parameters, i is
the current (A gfl) and v is the scan rate (mV s '). The b-
value can classify the process of diffusion-controlled in-
sertion and surface capacitance in the electrochemical
reactions. When the b-value is near 0.5, the diffusion-
controlled behavior has a great influence, while the b-
value of 1 suggests a total capacitance-controlled reaction
[41]. As displayed in Fig. 5d, the b-values of anodic and
cathodic peaks were calculated to be 0.7 and 0.8, re-
spectively, demonstrating the diffusion-controlled inser-
tion and surface capacity coexisted. More importantly,
Dunn et al. [42] put forward that the specific contribu-
tions from diffusion-controlled insertion and surface ca-
pacitive reactions can be quantitatively calculated with
the formula as follow:

i=kvtkp'" (4)

where k; and k, represent the adjustable values. It is worth
noting that the proportion of surface capacitive as well as
diffusion-controlled insertion contributions can be ob-
tained through k,v and k' values at a prescribed po-
tential. In this way, Fig. 5e shows that 56% of the total
capacity origins from the surface capacitive reactions.
According to ex-XPS results of Nb element in electrode
materials after fully discharged/charged cycles, the reac-
tion of Nb”* to Nb*" appeared when the device was fully
discharged, illustrating that the behavior of Na" insertion
appeared during the discharging process [16,42-44].
Moreover, as the voltage decreased, the number of in-
tercalated sodium ions gradually increased. From the CV
curves, the diffusion-controlled insertion predominantly
occurred below 0.2 V, demonstrating that the diffusion
process was facile at low potentials. In addition, Nb,O; is
a pseudocapacitve material. The high specific surface area
is beneficial to improving the surface capacitive con-
tribution in the shaded area. Meanwhile, the initial four
GCD curves at 1 A g ' were also performed in Fig. 5f. The
Nb,O;@CC nanotubes delivered an original discharging
and charging capacities of 929 and 275 mA h g ' with the
coulombic efficiency of 30%. Fig. 5g exhibits the rate
performance of Nb,O;@CC nanotubes varying from 0.3
to 2 A g '. When it was cycled at high current densities of

July 2020 | Vol.63 No.7
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1 and 2A gfl, the specific capacities of 177 and
86 mA h g ' can still be obtained, exhibiting decent rate
properties of the Nb,O;@CC nanotubes. The long-term
cycling properties and the coulombic efficiency of
Nb,0;@CC nanotubes were tested, as shown in Fig. 5h.
After 1500 cycles, the capacity of 175 mAhg ' still re-
mained with coulombic efficiency of 97%, higher than
that of m-Nb,O;/C electrode materials (125 mA h g_1 at
1A g cycling for 1000 times) [45], demonstrating good
sodium-storage performance of the nanotubes. In addi-
tion, by contrast with commercial Nb,Os, the as-synthe-
sized Nb,Os;@CC nanotubes also displayed enhanced
sodium-storage performance such as specific capacitance
and cycling stability (Fig. S8).

In order to investigate the potential applications of the
Nb,O;@CC nanotubes as electrode in SICs, a common
AC material was chosen as the other electrode to as-
semble a hybrid SIC. Fig. S9 further compares the CV
curves of Nb,O; nanotubes and AC electrodes on the CC
at 10mV s ' in sodium-ion half cells. Obviously, Nb,O;
and AC electrodes possess stable voltage windows be-
tween 0.01-3.0 V and 3-4.3 V, respectively. To obtain
charge balance, the optimized mass ratio of the electrodes
(Mapoge a0d Mypoae) can be described with the equation
[46]:

M cathode _ Canode AEanode

Monie Contots Moo’ ©
where m, C and AE represent the weight, capacitance and
the voltage range of the electrodes in the discharge pro-
cess. Thus, the optimized mass ratio between the anode
and cathode was 1:2 and the relevant voltage testing
window of the SICs was set at 0-4.0 V to avoid the de-
composition of electrolyte. Before assembling the SIC
devices, the tubular Nb,O;@CC electrode was pre-cycled
for three times with Na chip at 0.1 A g ' in half cells and
then discharged to 0.1 V to finish the pre-sodiation. After
disassembling, the pre-sodiated tubular Nb,0;@CC ma-
terial was used as anode in the SICs. Through this pro-
cess, the pre-sodiated tubular Nb,0;@CC film can not
only achieve stable state but also reduce the consumption
of excessive electrolyte in SICs. The CV curves in Fig. S10
displays distorted rectangular shapes, which could be
explained with the mechanism of the SICs that combined
the features of SCs and batteries [47]. Fig. 6a shows the
GCD curves of Nb,0Os//AC based SIC from 0 to 4.0 V at
the specific current densities of 0.03-0.3A g . The
symmetrical triangular shape with a low iR drop illu-
strated a high coulombic efficiency of the device. The
calculation formula of capacitance based on GCD curve
is:
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Figure 6 Electrochemical performance of the SICs using Nb,O;@CC nanotubes as anode and AC as cathode: (a) GCD curves of the SICs at different
current densities from 0.03 to 0.3 A g . (b) Specific capacitance as a function of various current densities. (c) The rate performance tested by
progressively changing the current densities. (d) The high-frequency region of the Nyquist impedance plot. The inset shows the Nyquist impedance
plot of the SICs. (e) The long cycling stability of the SICs. The inset displays a photograph of an LED lighted by a coin SIC device. (f) Energy and

power densities of the fabricated SICs.

C=ixt/(mxAE), (6)
in which C is the capacitance, i is the current, ¢ is the
discharging time, m is the total mass of active materials
and AE is the voltage change during the discharging
process. The calculated specific capacitances of the device
are displayed in Fig. 6b, where the largest specific capa-
citance of the prepared SICs is 442 F g ' at 0.03 A g |,
superior to V,0;/CNT//AC Na-ion supercapacitors
(35F gfl) [12]. Furthermore, Fig. 6¢ displays the rate
performance of the SICs through progressively changing
the current densities. The average specific capacitances of
the device are 38.8, 29.1, 22.5, 18.2, 16.1, 14.1, 12.7, 10.8
and 352 F g7l at 0.03, 0.05, 0.1, 0.2, 0.3, 0.5, 1, 2 and
0.03 A g, respectively. That is to say, 90.7% of the ca-
pacitance still remained when it came back to the original
current density, implying the good rate properties of the
fabricated SIC devices. Fig. 6d presents the electro-
chemical impedance spectroscopy (EIS) of the SICs with
frequencies from 100 kHz to 0.01 Hz. The internal re-
sistance was about 4 (, illustrating that the electrode
materials had good contact with the electrolyte. Besides,
the cycling stability of the SIC was conducted in this
work. As displayed in Fig. 6e, the designed SIC exhibited
good cycling performance with 80% capacitance retention
of the original value at 5A g ' after 5000 cycles. Ac-
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cording to the calculation formulas of power (W kg ')
and energy (W h kg ') densities of SICs:

P=AVxilm (7)
E=Pxt/ 3600, (8)
AV = (Vmax +Vmin) / 2) (9)

where i, t, V. and V_;, represents the current, time, the
maximum voltage after the iR drop and the final potential
in the discharging process. In Fig. 6f, the energy density
was calculated as high as 195 W h kg ' at 120 W kg ' and
the maximum power density of 7328 W kg ' at
28 W h kg ', superior to the previous reports of \-MnO,//
AC (197Whkg' at 3500 W kg '), V,Os; nanor-
0ds@rGO//AC (65 W hkg ' at 72 W kg '), NaTi,(PO,),/
rGO//AC (53 Whkg ' at 334 W kg '), core-shell Gr-
Nb,O4//AC (1129 Whkg ' at 80.1 W kg '), sandwich-
like G@mNb,04//AC (56.1 Whkg ' at 120 W kg ) in
SICs and T-Nb,Os nanowires@CC//GA (2.6 W h kg{1 at
521.7 W kg '), C-T-Nb,Os nanowires//AC (43.4 W hkg '
at 37498 W kg '), CNT-Nb,Os//AC (33.5W hkg ' at
82 W kg ') in LICs [14,17,24,46,48-51]. Significantly, the
hierarchical structure of Nb,O;@CC nanotubes shown in
Figs 1 and 2a, b with the features of increased electrical
conductivity, alleviated volume expansion during the in-
sertion/extraction process and shortened ion transport
pathway, can efficiently improve the Na-ion storage

July 2020 | Vol.63 No.7
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(d) Long-term cycling performance of the device without bending.

performances of the fabricated SICs including high spe-
cific capacitance, long lifespan and good rate capability.

The tubular Nb,O;@CC//AC based SIC was further
encapsulated in flexible package for its promising appli-
cation in the wearable energy storage field. Fig. 7a shows
the schematic diagram of the device. The Nb,0;@CC
nanotubes and AC electrodes sandwiched by a separator
were packed in the Al-plastic film. To investigate the
practicality of the flexible SIC, a light emitting diode
(LED) lamp was connected with this device. Fig. 7b dis-
plays the photographs of the circuit. Clearly, the LED
lamp was lighted normally by the flexible SICs under
varjous bending states of 0°, 90°, and 180°, respectively.
After continually bending-flat measurement for 30 cycles,
83.7% of the initial capacitance still retained, as shown in
Fig. 7c. All of the results above illustrate the good me-
chanical flexibility and electrochemical stability of our
flexible SIC devices. Furthermore, Fig. 7d exhibits that
after 3000 cycles, the capacitance remains 82% of the
original value, demonstrating good cycling performance
and potential applications of the SICs in flexible and
wearable electric devices.

CONCLUSION
In summary, by adjusting the pH value, Nb,O; nanotubes

July 2020 | Vol.63 No.7
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and homo-junctions successfully germinated on CC
through a straightforward hydrothermal process in the
presence of pyridine. The as-prepared Nb,0O;@CC na-
notubes displayed superior electrochemical properties
including high rate capacity and good cycling stability
among several electrodes with various morphologies.
Such Nb,0;@CC nanotubes with a large surface area have
three advantages: (i) utilizing CC to improve the con-
ductivity of the device; (ii) alleviating the volume ex-
pansion during the insertion/extraction process; (iii)
infiltrating electrolyte to attain good contact. In addition,
the fabricated tubular Nb,0;@CC//AC SICs were mea-
sured with a high energy density of 195 Whkg ' at
120W kg ' and the maximum power density of
7328 W kg ' at 28 W h kg '. Furthermore, the prototype
of flexible SICs was designed with stable electrochemical
performance at different bending states. All these results
indicate that the fabricated Nb,0;@CC//AC SICs can be a
promising candidate in future energy storage applica-
tions.
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