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ABSTRACT

The ever worsening energy depletion and global warming issues call for not only
urgent development of clean alternative energies and emission control of global
warming gases, but also more advanced energy storage and management devices.
Supercapacitor, as a new type of energy storage devices, has triggered intense
research due to its ultrahigh power density and long cycle life, but its lower energy
density in comparasion with secondary batteries is a bottleneck in pratical application.
So far, many efforts have been made to improve the energy density by creating
nanostructures, such as 1D (nanowires, nanotubes, nanobelts, nanofibres), 2D
(nanosheets, nanowalls), and 3D hierarchical porous structures, which display higher
specific capacitances than their bulk counterparts, or composites between different
kinds of nanomaterials, such as carbon/metal oxide, carbon/conducting polymers, and
carbon/metal oxide/conducting polymers, which can indicate synergistic effects. In
the present work, we design and synthesize a series of novel nanostructured materials
for supercapacitors on the basis of previous references. The main is as follows:

(1) This work reports the pulsed laser reactive deposition of the NiO thin film by
ablating nickel targets in lowpressure Oz atmosphere at room temperature. The
electrode exhibits a porous structure, which facilitates ion transport in the
electrode/electrolyte. When applied as an electrode, the porous NiO film exhibits the
high specific capacitance (835 F g ' at 1 A g''). Meanwhile, the film exhibits a superb
rate capability. At a very high current density of 40 A g ! there is more than 59%
retention in the capacitance relative to 1 A g '. Furthermore, the excellent cycling
performance (94% capacitance retention after 1000 cycles) is achieved for the film
electrode. These results demonstrate that pulsed laser deposition (PLD) is a very
promising technique for making the film electrodes for applications in
electrochemical energy storage.

(2) A pulsed laser deposition process using ozone as an oxidant is developed to
synthesize manganese oxide nanosheet arrays, which display excellent rate capability
(52% capacity retention at 100 A g '), comparable capacitance (337 Fg'at1 Ag)
and long cycle life (without degradation after 6000 cycles).

(3) A pulsed laser deposition process using ozone as an oxidant is developed to

grow NiO nanoparticles on highly conductive three-dimensional (3D) graphene foam
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(GF). The excellent electrical conductivity and interconnected pore structure of the
hybrid NiO/GF electrode facilitate fast electron and ion transportation. The NiO/GF
electrode displays a high specific capacitance (1225 F g ' at 2 A g'!) and a superb rate
capability (68% capacity retention at 100 A g !). A novel asymmetric supercapacitor
with high power and energy densities is successfully fabricated using NiO/GF as the
positive electrode and hierarchical porous nitrogen-doped carbon nanotubes
(HPNCNTs) as the negative electrode in aqueous KOH solution. Because of the high
individual capacitive performance of NiO/GF and HPNCNTs, as well as the
synergistic effect between the two electrodes, the asymmetric capacitor exhibits an
excellent energy storage performance. At a voltage range from 0.0 to 1.4 V, an energy
density of 32 W h kg™! is achieved at a power density of 700 W kg'!. Even at a 2.8 s
charge—discharge rate (42 kW kg!), an energy density as high as 17 W h kg! is
retained. Additionally, the NiO/GF/HPNCNT asymmetric supercapacitor exhibits
excellent cycling durability, with 94% specific capacitance retained after 2000 cycles.

(4) Controllable synthesis and high yield of functional nanomaterials on
conductive substrates are highly desirable for energy conversion and storage
applications. In this work, two different porous NiCo,04 nanoarchitectures (including
nanowires and nanosheets) are directly grown on carbon cloth collectors, which
display a structure-dependence in their capacitive behaviors. Our results show that the
nanowire morphology exhibits higher specific capacitance and better cycling
performance in the three-electrode configuration. The pseudocapacitive difference is
related to the surface area and pore structure of NiCo0s4 nanocrystals. This
comparison among different morphologies reveals a process—structure—property
relationship in electrochemical energy storage.

(5) We report a remarkable transformation of multiwalled carbon nanotubes
(MWCNTs) to curved graphene nanosheets (CGN) by the Hummers method. Through
this simple process, MWCNTs can be cut and unzipped in the transverse and
longitudinal directions, respectively. The as-obtained CGN possess the unique hybrid
structure of 1D nanotube and 2D graphene. Such a particular structure together with
the improved effective surface area affords high specific capacitance and good cycling
stability during the charge—discharge process when used as supercapacitor electrodes.
The electrochemical measurements show that CGN exhibit higher capacitive
properties than pristine MWCNTs in three different types of aqueous electrolytes, 1 M
KOH, 1 M H,S04, and 1 M Na>SOs. A specific capacitance of as high as 256 F g ! at
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a current density of 0.3 A g ! is achieved over the CGN material. The improved
capacitance may be attributed to high accessibility to electrolyte ions, extended defect
density, and increased effective surface area. Meanwhile, this high-yield production of
graphene from low cost MWCNTs is important for the scalable synthesis and
industrial application of graphene. Furthermore, this novel CGN nanostructure could
also be promisingly applied in many fields such as nanoelectronics, sensors,
nanocomposites, batteries, and gas storage.

(6) A facile one-step strategy has been developed to prepare 3D graphene/VO;
nanobelt composite hydrogels, which can be readily scaled-up for mass production by
using commercial V20s and graphene oxide as precursors. During the formation of the
graphene/VO> architecture, 1D VO, nanobelts and 2D flexible graphene sheets are
self-assembled to form interconnected porous microstructures through hydrogen
bonding, which facilitates charge and ion transport in the electrode. Due to the
hierarchical network framework and the pseudocapacitance contribution from VO»
nanobelts, the hybrid electrode demonstrates excellent capacitive performances. In the
two-electrode configuration, the graphene/VO: nanobelt composite hydrogel exhibits
a specific capacitance of 426 F g ' at 1 A g'! in the potential range of -0.6 to 0.6 V,
which greatly surpasses that of each individual counterpart (191 F ¢! and 243 F g ! at
1 A g'! for VO, nanobelt and graphene hydrogel, respectively). The hybrid electrode
also shows an improved rate capability and cycling stability, which is indicative of a
positive synergistic effect of VO, and graphene on the improvement of
electrochemical performance. These findings reveal the importance and great potential
of graphene composite hydrogels in the development of energy storage devices with
high power and energy densities.

(7) To increase the energy density of supercapacitors to approach that of batteries,
the current research is always directed towards the cathode materials, whereas the
anode materials are rarely studied. In the present work, single-crystalline Fe>O3
nanoparticles directly grown on graphene hydrogels are investigated as high
performance anode materials for supercapacitors. During the formation of the
graphene/Fe>,O3; composite hydrogels, flexible graphene sheets decorated with Fe>O3
particles are self-assembled to form interconnected porous microstructures with high
specific surface area, which strongly facilitate charge and ion transport in the full
electrode. Infrared spectra show that hydrogen bond is formed between C-OH on

graphene hydrogels and Fe,O3. Benefits from the combined graphene hydrogels and
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Fe>Os particles in such a unique structure are that the graphene/Fe.O3; composite
electrode exhibits an ultrahigh specific capacitance of 908 F ¢! at 2 A g”! within the
potential range from -1.05 to -0.3 V, and an outstanding rate capability (69% capacity
retention at 50 A g!). Furthermore, the cycling performance is clearly much better for
the graphene/Fe2O3 composite hydrogels than that for pure Fe;Os; sample. These
findings open a new pathway to the design and fabrication of three-dimensional
graphene hydrogel composites as anode materials in the development of
high-performance energy-storage systems.

(8 A novel hybrid Li-ion capacitor with high energy and power
densities—combining an electrochemical double layer capacitor (EDLC) type cathode
(graphene hydrogels) with a Li-ion battery type anode (TiO2 nanobelt arrays)—has
been constructed in a non-aqueous electrolyte. Benefiting from three dimensional (3D)
porous network and high electrical conductivity of graphene hydrogel cathode (power
source), free-standing TiO» nanobelt arrays growing directly on Ti foil as anodes
without any ancillary materials (energy source), as well as the synergistic effect
between the two electrodes, the hybrid Li-ion capacitor enables rapid electron and ion
transport in electrochemical energy storage. Within a voltage range from 0.0 to 3.8 V,
82 Wh kg ! of energy is achieved at a power density of 570 W kg !. Even at an 8.4-s
charge/discharge rate, an energy density as high as 21 Wh kg™! can be retained. These
results suggest that the TiO> nanobelt arrays//graphene hydrogels Li-ion capacitor
exhibits higher energy density than supercapacitors and better power density than
Li-ion batteries, which makes it attractive electrochemical power sources.

Key words: supercapacitor, pulsed laser deposition, electrode materials, energy,

power, capacitance, stability
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