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Hybrid supercapacitors are one very appealing power source with high energy density and
power density because they employ both the merits of lithium ion batteries and
supercapacitors. To balance such hybrid systems, the rate for the redox component must be
substantially comparative to the levels of the double layer process. Taking this issue for the
intercalation electrode material TiNb,O;, we have used facile steps electrode design
consisting of the physically assisted template infusion of Ti-Nb sol into the pores of AAO
followed by in situ convention into porous TiNb,O; nanotubes within the AAO walls under
calcinations, and finally making those templates dissolve away. Using such electrode as
battery type anode and graphene grass electrode as capacitor type cathode, we successfully
constructed a novel hybrid supercapacitor. Within a voltage range of 0-3 V, a high energy
density of ~74 Wh kg™ is achieved and it could maintain as much as ~34.5 Wh kg at a
power of 7500 W kg™'. The present research demonstrates a feasible and effective strategy to
solve the high energy density and high power density uncoupled difficulty for hybrid

supercapacitors.

Introduction

Advanced energy storage devices are urgently needed to satisfy
the rapidly increasing demands for new applications that require
high energy, high power, and cost-effective energy storage
systems (ESSs)."® In this context, lithium ion batteries (LIBs) are
considered to be very attractive energy storage devices, as they
have high energy densities (150-200 Wh-kg™") through Faradaic
lithium insertion reactions. However, LIBs are still not capable of
delivering high power densities comparable to those of
supercapacitors which is mainly due to intrinsically slow charge
transfer and ion diffusion occurring at bulk electrode materials.
This drawback restricts the use of LIBs mainly to large-scale
applications, and the cost is too high.*'> Alternatively,
supercapacitors exhibit competitive advantages such as the
highest known power capability (2-5 kW kg™) and long cycle life
(up to 10* cycles), owing to non-Faradaic surface reactions
through accumulation of ions on the electrode surface. However,
since supercapacitors generally have low energy densities (3-6
Wh kg!), their uses are limited and cannot fully meet
performance demands required in high energy density storage
devices."”>'® Thus, in order to bridge the gap to optimize the
energy and power densities, new energy storage devices
necessitate both the attributes of lithium ion batteries, allowing
high energy density, and the characteristics of electrochemical
capacitors of fast charge discharge rates.'” '
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Recently, such hybrid energy devices with characteristics
employing both the system of a battery type component (energy
source, anode) and a capacitor type component (power source,
cathode) has been proposed.”” The battery type component
similar to that in LIBs undergoes a redox reaction, providing the
necessary energy density, while the capacitor type component like
the electrical double layer capacitors (EDLC) involve anionic
double layer formation across the electrode/electrolyte interface,
delivering high power densities.”> The hybrid supercapacitors
could certainly overcome the energy density limitation of
conventional electrochemical capacitors, producing a larger
working voltage and capacitance. However, the primary
drawback of these kinds of devices is that the power and energy
performances are decoupled. Due to the response is dominated by
capacitor type component at high current densities, the energy
density of the hybrid device is considerably diminished.""

To resolve the aforementioned challenge, a hybrid electrode,
which could adopt fast surface electrode reactions while
maintaining high energy density, is necessary.>>*® Fortunately, the
energy storage technologies have been advanced which benefit
from the transforming from conventional to nanostructured
electrodes. For battery type electrodes, TiNb,O; has been
recognized as a promising insertion host due to its high
theoretical capacity (~2 times higher than Li;TisO;,), excellent
reversibility, good cyclability, and high safety.””> However, due
to the intrinsic low electrical conductivity and sluggish solid-state

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 0000 | 1



Journal of Materials Chemistry A

diffusion of Li ions, the bulk TiNb,O; electrode suffers from
kinetic problems resulting in the capacity fading and inferior high
rate property. How to design and fabricate an advanced
architecture to get the fastest kinetics in order to fulfill the desired
performance challenge. Among the various
nanostructures, hollow nanotubes structure had attracted
extensive interest because of their unique chemical and physical
characteristics.**>® In the ordinary batteries, owing to the high
surface energy, nanomaterials are often self-aggregated, which
reduces the effective contact areas of active materials, conductive
additives, and electrolyte. However, the powerful hollow
nanotubes architecture can keep the effective contact areas large
and fully realize the advantage of active materials at nanometer
scale.® % For supercapacitor type electrodes, the specific
15 capacity of the most widely used activated carbon (AC) is
relatively low and decreases sharply with increasing current
densities. Therefore, researches should be focused on searching
with  high
conductivity and large specific surface area. Recently, Chen et al.
20 reported that the 3D porous graphene based carbon materials
could be used as a promising cathode material for a hybrid
supercapacitor and enhanced electrochemical were obtained
simultaneously. '
In present work, we designed a three-dimensionally (3D) well-
25 defined uniform anode electrode structure, constituting of vertical
arrays of hollow TiNb,O; nanotubes with abundant mesoporous
pores inside. The advanced architecture of TiNb,O; result in
superior electrochemical capacitive properties including high
specific capacity, excellent rate capability, significantly enhanced
cycling performance. Furthermore, a hybrid supercapacitor which
is based on an anode electrode of TiNb,O; nanotubes and a
cathode electrode of graphene grass was fabricated. The novel
hybrid supercapacitor system are capable of delivering a high
energy density of ~74 Wh kg, and it can even maintain
approximately 34.5 Wh kg™ at a 33.5 seconds charge/discharge
rate. More importantly, the energy density is able to stabilize at
~43.8 Wh kg' at 1 A g after 3000 cycles, corresponding to
0.0062% fading per cycle, exhibiting an ultra-long cycle life.
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Experimental

10 Materials synthesis

Synthesis of 3D ordered porous TiNb,O nanotubes (3D-O-P-
TNO): Anodic aluminum oxide (AAO) templates (Whatman, 13
mm in diameter, 0.2 um pore diameter, and 60 mm template
thickness) were used as the template for making TiNb,O,
45 nanotubes. In a typical procedure, 10 mmol niobium chloride
(NbCls; 99.99%, Aladdin) and 5 mmol titanium (IV)
isopropoxide (CipH,30,Ti, TIP; 97%, Aladdin) were added to 5
mL ethanol to prepare a Ti-Nb sol. Then ten AAO templates were
dipped into a moderate volume of the Ti-Nb sol for 20 min before
they were taken out for vacuum drying at 35 °C for 10 h. The
AAO/Ti-Nb composites were converted to AAO/TiNb,O; by
calcining at 700 °C for 2 h under a slow flow of Ar gas. After
cooling down, the AAO templates were removed by immersing
the as-prepared sample in a solution of 2 M H;PO, for 12 h. For
ss comparison, bulk TiNb,O; (TNO) was synthesized using the
same procedure without the assistance of AAO template.

2

Synthesis of graphene grass: Graphite oxide (GO) was prepared
from natural graphite flakes using a modified Hummers method*"
“2 The graphene grass was prepared by a combination of

0 hydrothermal assembly and freeze-drying process. Typically, 50
mL GO (2 mg mL") solution mixed with 10 mL hydrazine
hydrate was dispersed in a beaker by sonication for 2 h. Then the
solution were transferred to 80 mL Teflon-lined stainless steel
autoclave and kept in an electric oven at 100 °C for 10 h. Finally,

es the as-prepared sample was cleaned and freeze-dried overnight,
followed by vacuum drying at 60 °C for 5 h.

Materials characterization

The crystal structure of the obtained samples was characterized
by X-ray diffraction (XRD) (Bruker D8 advance) with Cu Ka

70 radiation. Schematic illustrations of the crystal structures were
drawn using the program VESTA*. Microstructural properties
were determined using transmission electron microscopy (TEM)
(TEM, FEI, Tecnai-20), high-resolution transmission electron
microscopy (HRTEM, JEOL JEM-2010), and field-emission

75 scanning electron microscopy (FESEM, HITACHI S-4800). The
N, adsorption/desorption were determined by Brunauer-Emmett-
Teller (BET) measurements using an ASAP-2010 surface area
analyzer.

Electrochemical Measurement

so Electrochemical evaluations were performed by galvanostatic
cycling in a CR2016-type coin cell. For the 3D-O-P-TNO
electrode, a mixture of containing of 80 wt.% active materials, 10
wt.% carbon black, and 10 wt.% polyvinylidene fluoride were
dissolved in N-methyl pyrrolidinone, and pasting the mixture on a
ss copper-foil current collector. The preparation of graphene grass
electrode was as same as that of 3D-O-P-TNO electrode, whereas
the aluminium foil was used as current collector. In the aforesaid
electrode, lithium metal was used as counter and reference
electrode and polypropylene (PP) film as separator. The
s electrolytes were 1 mol L' LiPF; solution ina 1 : 1 (V : V)
mixture of ethylene carbonate (EC) and dimethyl carbonate
(DMC). All the Test cells assembly process was in an argon-filled
glove box. In these electrochemical measurements of hybrid
supercapacitor, 3D-O-P-TNO electrode and graphene grass
os electrode were used as negative electrode and positive electrode,
respectively, using the same organic electrolyte. In this hybrid
supercapacitor, the mass ratio of positive electrode/negative
electrode was 5 : 1. Galvanostatically charge/discharge
experiments were performed at different current densities using a
100 CT2001A cell test instrument (LAND Electronic Co.).

Results and discussion

Ti-Nb sol infusion Calcinations

&AAO etching
> .
»
o

AAO template

AAO-TiNb207 precusors 3D-0-P-TiNb207

Fig. 1. Schematic representation of the fabrication process for 3D-O-P-TNO.
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Fig. 2. (a) XRD patterns of 3D-O-P-TNO; (b) the crystal structure of TiNb,O7,
viewed along the c-axis; (c) SEM image of 3D-O-P-TNO; (d) TEM image and
(e, f) HRTEM images of 3D-O-P-TNO.

Briefly, Fig. 1. schematically illustrates the fabrication steps of
3D-O-P-TNO. The Ti-Nb sol was firstly prepared by dissolving
NbCls and C;,H,30,Ti in anhydrous ethanol. Then, the prepared
AAO templates were dipped into Ti-Nb sol and dried under an
vacuum atmosphere to make sure the sol was fully infused into
the pores of the templates. Undergone calcinations, the Ti-Nb
composites within the walls of the templates were in sifu
converted into TiNb,O; with good crystalline. Finally, the AAO
templates were dissolved away by immersion in concentrated
H;PO, solution, resulting in the 3D-O-P-TNO. The phase purity
and structural characterization of the 3D-O-P-TNO is provided in
Fig. 2. X-ray diffraction (XRD) results (Fig. 2a) indicated that all
of the diffraction peaks of the 3D-O-P-TNO specimen could be

indexed to the monoclinic structure form of TiNb,O; (space group:

C2/m, JCPDS#: 39-1407). It is generally believed that the Ti and
Nb metal atom is coordinated with six oxygen atoms forming an
octahedral group. The crystallographic-shear framework structure
is built by edge and corner sharing octahedral connected with each
other, as illustrated in Fig. 2b. It should be noted that the
calcination temperature we used is 700 °C which is crucial for the
etching of Al,O;. According to the research by Cui’s group, the
AAO template heated to above 780 °C was hard to remove due to
the amorphous Al,O5 could converted to a crystalline phase.** Fig.
2c¢ is the SEM image of the 3D-O-P-TNO which reveals the

30 hollow tubular morphology. For comparison, the morphology of

the bulk TNO was also characterized which was shown in Fig. S1.
The TEM image of the 3D-O-P-TNO shown in Fig. 2d further
exhibits that the diameter of the as-prepared products is about 200
nm. Fig. 2e and 2f shows the high-resolution TEM (HRTEM)

35 images, revealing that an interesting porous structure has formed

and distributed highly uniform throughout the length of the tubes.
The similar nanoporous structure could be seen in the reference
reported by Guo et al. However, the surfactant Block-copolymer
F127 was a necessity to built such architecture.”’” The inset in Fig.
2f shows the selected area electron diffraction (SAED) pattern of
3D-O-P-TNO which exhibits a polycrystalline nature. The
elemental mapping images (Fig. S2) confirm the uniform
distribution of Ti, Nb, and O. Nitrogen adsorption/desorption
isotherms were further measured to characterize the porous
structure of the products. The Brurauer-Emmerr-Teller (BET)
surface area of 3D-O-P-TNO was 50.2 m* g and the nitrogen
adsorption/desorption isotherms was corresponded to be type IV
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Fig. 3. Electrochemical characteristics of 3D-O-P-TNO: (a) The

s0 charge/discharge curves at different current rates; (b) The capacity retention
and cycling performances of 3D-O-P-TNO at different rates; (c) Comparison
of rate capability of 3D-O-P-TNO with other Ti-based high rate electrodes
reported recently; (d) Cycling performances of 3D-O-P-TNO at the rate of 5 C.

curves with the H3 hysteresis loops (Fig. $3a).* * The Barret-
Joyner-Halenda (BJH) pore-size distribution curve (Fig. S3b)
indicated that the pore sizes in 3D-O-P-TNO were mainly below
20 nm with pore volume of 0.15 cm® g”!. While the BET surface
area of the bulk TNO was only 16.8 m* g”' (shown in Fig. S4),
which is far less than the 3D-O-P-TNO samples.

The Li-insertion properties of 3D-O-P-TNO were investigated
using half cells vs. Li/Li*. Fig. 3a shows the charge/discharge
profiles of 3D-O-P-TNO obtained at different current densities.
As the current rate increased from 0.1 to 5 and 10 C, the
distinguish between the two discharge plateaus gradually
becomes blurred and the plateau voltages shift toward lower
potentials, and the discharge capacity slightly decreased from
328.3 to 248.1 and 209.3 mAh g, respectively. Even at a very
high rate of 30 C, the capacity still retained 116.6 mAh g,
indicating the excellent rate capability of the 3D-O-P-TNO
electrode. Fig. 3b shows that the 3D-O-P-TNO displays an
excellent steady capacity and high capacity retention at every rate
test. Noted that the capacity retention at 10 C is as high as 63.75%
compared with the value at 0.1 C (defined as 100%). In
comparison, the bulk TNO was also tested using the same method
which was shown in Fig. S5. Obviously, the discharge capacity of
bulk TNO electrodes was dramatically faded with the values of
283.1 mAh/g at 0.1 C, and only 96.7 mA h/g at 5 C. Furthermore,
the capacity retention at 5 C is only 34.16% compared with the
value at 0.1 C (defined as 100%), which is far inferior than it
(75.57%) obtained from the 3D-O-P-TNO. To clarify the
improved electrochemical properties of 3D-O-P-TNO,
Electrochemical Impedance Spectroscopy (EIS) were carried out
for both the prepared samples as shown in the Fig. S6. Clearly, all
spectra consist of a depressed semicircle in the high-frequency
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region and an oblique straight line in the low-frequency region.
Moreover, the diameter of the semicircles for the 3D-O-P-TNO
electrode was much smaller than that of the bulk TNO electrode.
This result obviously validates that the well designed three-
9 dimensional porous architecture of TiNb,O; nanotubes electrode
possesses lower contact and charge-transfer impedance. We also

This journal is © The Royal Society of Chemistry [year]
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Fig. 4. Galvanostatic charge/discharge curves of the individual composite
electrode (3D-O-P-TNO and graphene grass) vs. Li/Li* reference electrode,
along with the voltage profile of the 3D-O-P-TNO//graphene grass hybrid
supercapacitor.

compared the current work with other Ti-based high rate

30, 32, 47-5
0. 324752 and these

electrodes reported in the recent work™
results are shown in Fig. 3c. The long-term cycling performance
of the 3D-O-P-TNO and corresponding Coulombic efficiency at a
charge/discharge rate of 5 C are displayed in Fig. 3d. Over the
whole 500 cycles, superior cycling performance is observed for
this high C-rate characterized by stable discharge capacities of
about 235 mAh g

As mentioned above, the 3D-O-P-TNO should be a promising
anode material for hybrid supercapacitor. To further explore this
application, we assembled a cell based on an anode electrode of
3D-O-P-TNO and a cathode electrode of graphene grass in a non-
aqueous electrolyte (see Fig. S7). The morphology characteristics
and electrochemical properties of our prepared graphene grass
were tested in advance to estimate the optimum mass loading
between the two electrodes, which were shown in Fig. S8 and Fig.
S9. Fig. 4 shows the galvanostatic charge/discharge curves of the
individual composite electrode (3D-O-P-TNO and graphene grass)
vs. Li/Li* reference electrode, along with the voltage profile of
the 3D-O-P-TNO//graphene grass hybrid supercapacitor at a
current density of 0.15 A g"'. As shown in Fig. 4, the operating
potential window of the cathode electrode of graphene grass in
the potential region from 3.0 to 4.6 V, coupled with PF¢ anion
adsorption/desorption. During the electrochemical reaction, a
linear increase in potential with respect to time, which suggests
the good absorption/desorption of PFg and subsequent double
layer formation across the electrode/electrolyte interface.” The
anode electrode of 3D-O-P-TNO charged/discharged in the
potential region from 1.0 to 3.0 V. Furthermore, it can also be
observed that the 3D-O-P-TNO//graphene grass hybrid
supercapacitor exhibited a slop voltage profile from 0 to 3 V,
resulting from the difference between the cathode electrode of
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40 Fig. 5. (a) Galvanostatic charge/discharge curves of TiNb,O-//Graphene hybrid

supercapacitor at different current densities; (b) Relationship between cycle
number and capacitance retention and coulombic efficiency at 1 A g'; (c)
Ragone plot of TiNb,O7//Graphene hybrid supercapacitor and comparison with
recent literature data; (d) Ragone plots for the TiNb,Os//Graphene hybrid
supercapacitor and other typical electrical energy storage devices.

graphene grass and the anode electrode of 3D-O-P-TNO.

Fig. 5a shows the galvanostatic charge/discharge curves of 3D-O-
P-TNO//graphene grass at various current densities (the applied
current density is based on the total mass of the active material
used in both electrodes). It is evident that the hybrid
supercapacitors exhibit a deviation from the well-symmetric
triangle shape which further demonstrates that the energy storage
mechanism is a combination of redox reactions and surface
adsorption/desorption processes. During the charging process,
monoclinic TiNb,O; anode undergoes reversible Li-insertion
whereas the graphene cathode involves electric double layer
formation with PFg anions across the electrode/electrolyte
interface. The aforementioned reaction is reversed during the
discharging process. Furthermore, the TiNb,O,//Graphene hybrid
supercapacitor can finish charge/discharge within 35 seconds at
the current density of 5 A g, displaying excellent power
performance. Fig. 5b reveals the outstanding cycle stability of the
TiNb,O,//Graphene hybrid supercapacitor up to 3000 times. it
can be detected that the capacitance retention could be able to
stabilize at 81.25%, corresponding to 0.0062% capacity fading
per cycle.

The Ragone plot (energy density vs. power density) of the
TiNb,O,//Graphene hybrid supercapacitor is presented in Fig. Sc,
the energy and power density are calculated from the following
formulae given in the literature.>*

t2 1
E= ftl Ivdt = 2 C(Vimax + Vmin)(vmax = Viin) (n

where V. and V,,;, are respectively the potential at end and
beginning of charge curves during galvanostatic measurements, C
is the capacitance (F g') of hybrid supercapacitor which can be
calculated according to Equation (2):

Ixt
T mxAv @
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In which [ is charge/discharge current, ¢ is the discharge time
(s), m is the total mass of active material within both electrodes,
and AV is the different value of the V,,,, and V,,;,.

The power density can be calculated according to Equation (1)
and (3):

p=2
t

3)
From the above calculations, a maximum energy density of
~74 Wh kg is observed for the TiNb,O,/Graphene hybrid
supercapacitor, which is much higher than other hybrid systems
like TiNb,O; fibers//AC supercapacitors (~43 Wh kg')*,
LiyTisO;, fibers//AC supercapacitors (~50.3 Wh kgh)*®, TiO,
nanowires//CNT supercapacitors (~12.5 Wh kg™, Nb,Os
nanowires//AC supercapacitors (~44 Wh kg")*®, and Graphene-
LisTisO»//AC supercapacitors (~40 Wh kg")”. Moreover, our
TiNb,O,//Graphene hybrid supercapacitor also shows superior
power density compared with other hybrid devices. Fig. 5d shows
that the energy density of the TiNb,O,//Graphene hybrid
supercapacitor is highly competitive to the supercapacitors and
the power density is much higher than the LIBs, simultaneously.

Conclusions

In conclusion, this paper addressed the issues of the direct
synthesis of 3D ordered porous TiNb,O; nanotubes via facile
steps templated process. The TiNb,O; nanotubes with tailored
architecture yield high performance battery components and
delivered the maximum specific capacitance of 328.3 mAh g at
0.1 C in organic electrolyte. A novel hybrid supercapacitor based
on the TiNb,O; nanotubes electrode (anode) and graphene grass
electrode (cathode) was successfully constructed and evaluated. A
high energy density of ~74 Wh kg was achieved and it could
maintain as much as ~34.5 Wh kg™ at a power of 7500 W kg
This level of electrochemical performance could potentially
bridge the gap between conventional LIBs and supercapacitors.
Further, this approach can be readily engineered to fabricate other
electrode materials for energy storage applications.
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A novel hybrid supercapacitor is successfully constructed based on the 3D ordered
porous TiNb,O; electrode (anode) and graphene grass electrode (cathode). In
combination with the advantages from the lithium ion batteries and supercapacitors,
this device shows superior energy density and power density with improved cycling
performances, offering a feasible solution to create the next generation hybrid

supercapacitors.



