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Task I. Large Scale Patternable 3-Dimensional Carbon Nanotube-Graphene Structure for
Flexible Li-ion Battery

There has been strong interest in flexible, lightweight and reliable rechargeable batteries to meet
the requirements of today’s portable devices. To build such flexible rechargeable batteries with
high efficiency, new architectures for current collectors need to be developed. The porous 3-
dimensional (3D) electrode architecture has been proposed to increase the efficiency of a Li-ion
battery by using its higher surface area, shorter diffusion path and higher volumetric capacity
than those of 2D electrodes. Herein we fabricated an array structure of 3D multiwall carbon
nanotubes (MWCNTSs)-graphene on transparent and flexible polyethylene terephthalate (PET)
film through a simple lamination process. The transferred 3D column structure of MWCNTSs
onto graphene-PET film showed structural integrity and low contact resistance at high angle
bending. The new flexible 3D MWCNTs-graphene-PET electrode yielded excellent C-rate
capability and specific capacity with high Coulombic efficiency of over 99%. The novel 3D
MWCNTs-graphene nanostructure fabricated on flexible film could provide a wide range of
applications in next-generation flexible and light weight batteries and energy storages.
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Fig. Process flow of transferring technique of 3D MWCNTs-Cu mesh onto the transparent flexible
graphene-PET substrate. (a) Hot laminated graphene-PET film and 3D MWCNTSs on Cu mesh directly
grown by CVD, (b) Hot lamination of 3D MWCNTSs onto graphene-PET, (c) Etching process of Cu mesh
by using FeClI3 oxidation acid, (d) 3D pattern of MWCNTSs transferred on the graphene-PET film. The
digital image shows high flexibility of the 3D MWCNTs-graphene-PET films.
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Fig. Structural analysis of as-fabricated 3D MWCNTSs-graphene-PET film. (a) The SEM plane
view of 3D MWCNTs-graphene-PET film, (b) Zoomed-in SEM image showing detailed
morphology of the structure, (c) The magnified SEM image of the randomly oriented MWCNT
structures in the patterned structure, (d) HRTEM image of the MWCNTs grown on 3D Cu mesh
showing a herringbone-like internal structure, (e) The cross-sectional SEM image of 3D
MWCNTs-graphene-PET film, (f) Schematic diagram (not to scale) of the cross-sectional image.
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Fig. Electrochemical performance of the 3D MWCNTs-graphene-PET as a flexible LIB anode
structure. (a) Initial galvanostatic charge and discharge profiles of 3D MWCNTSs-graphene-PET
film anode structure, (b) Coulombic efficiency of the anode at 1.7C, (c) C-rate capability of the
anode at seven different current densities. Numerical values represent current densities, at which
charge and discharge cycles were conducted.

Task I1. 3 Dimensional Carbon Nanotube for Li-lon Battery Anode

Carbon nanotubes, in different forms and architectures, have demonstrated good promise as
electrode material for Li-ion batteries, owing to large surface area, shorter Li-conduction
distance and high electrical conductivity. However, practical application of such Li-ion batteries
demands higher volumetric capacity, which is otherwise low for most nanomaterials, used as
electrodes. In order to address this urgent issue, we have developed a novel 3-dimensional (3D)
anode, based on multiwall carbon nanotubes (MWCNTS), for Li-ion batteries. The unique 3D
design of the electrode allowed much higher solid loading of active anode material, MWCNTSs in
this case and resulted in more amount of Li+ ion intake in comparison to those of conventional
2D Cu current collector. Though one such 3D anode was demonstrated to offer 50% higher
capaci-ty, compared to its 2D counterpart, its ability to deliver much higher capacity, by
geometrical modification, is presented. Furthermore, deposition of amorphous Si (a-Si) layer on
the 3D electrode (a-Si/MWCNTSs hybrid structure) offered en-hancement in electrochemical
response. Correlation between electrochemical performances and structural properties of the 3D
anodes highlights the possible charge transfer mechanism.
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Figure (a) A schematic model of an anode stack assembled using 4 numbers of converteuniform
stacking cuboid arrays from the geometry of a real 3D Cu mesh (The bottom right inset shows a
unit cell of the cuboid arrays.), (b) SEM images exhibiting a cross-section perpendicular to the
anode system stacked by 9 individual MWCNTSs on 3D Cu mesh and highly entangled structures
of MWCNTSs, (c) The surface area and its increment of the 3D Cu mesh and the 2D Cu foil and
the average real weight of MWCNTSs as a function of different thickness and hole sizes (The
inset illustrates a unit cell of the 3D Cu mesh with its dimension.).
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Figure. Morphology and structure of the proposed anode systems. (a) A plane view of SEM
image showing the MWCNTSs covered on the 3D Cu mesh, (b) The threadlike grass structures of
MWCNTSs on the 3D Cu mesh with their diameter in the range of 200 - 300 nm, (c) Schematic
diagram (not to scale) of the geometry of the MWCNTSs grown on the 3D Cu mesh and the a-Si
deposited MWCNTSs structure on the 3D Cu mesh, (d) EDS elemental analysis of the a-
SI/MWCNTSs hybrid structure in the linearly selected area across the SEM image, (e) Raman
spectroscopic response indicating high defect den-sity of MWCNTSs according to ID/IG ratio
around 1 and the amorphous Si peak at around 480 cm-1 in the a-Si/MWCNTS.



g
=

250] @-SUMWCNTS/3D Cu

] MWCHNTs/3D Cu

1 C-rate

]
=3
L

MWCNTs/ 0.1 C-rate
2D Cu

ra
=
f

P

&

MWCHNTs/3D Cu
200

a
=
L

a-SiMWCNTsI3D Cu

=
=]

Voltage IV vs. LifLi"
3

MWCHNTs/2D Cu

et
=

10 20 30 40 50
Number of cycles

100 200 300 400 500 600
Specific capacity /mAh g

=

Specific discharge capacity / mAh 9'1

(a) )
IU‘.\
T 100 = 400
= e ..,......-’r\kg...--- =é a-SiMVCNTS/3D Cu 01¢
> g et r = o B1Sesgoscorcc
c 1 C-rate %‘
E 96+ MWCNTs/3D Cu E 320
(%]
@ -]
o 944 = 2804
g =
E 92 S 240 ]
3 = . .
=] lg 200 MWCNTs/2D Cu
90 ; : . ; = ; . .
o 0 10 20 30 40 50 g 0 10 20 30 40
(=9
Number of cycles w Number of cycles
(c) (d)

Figure. Electrochemical performance of the anode structures of as-grown MWCNTSs on 3D Cu
mesh, MWCNTs on 2D Cu foil and a-Si/MWCNTSs core-shell composite on 3D Cu mesh. (a)
First charge-discharge cycle at 0.1 C-rate, (b) Com-parison of the cycling stability of the
different anode structures, (c) Coulombic efficiency at 1 C-rate, (d) The variation of reversible
capacities at different C-rates.

Task I11. High capacity and excellent stability of lithium ion battery anode using interface-
controlled binder-free MWCNT grown on copper

We present a novel binder-free multi-wall carbon nanotube (MWCNT) structure as anode in Li-
ion batteries. The interface-controlled MWCNT structure, synthesized through a two-step
process of catalyst deposition and chemical vapor deposition (CVD) and directly grown on
copper current collector, showed very high specific capacity - almost three times as that of
graphite, excellent rate capability — even at a charging/discharging rate of 3C and nil capacity
degradation up to 50 cycles. Significantly enhanced properties of this anode could be related to
high Li-ion intercalation on CNT walls, strong bonding with substrate and excellent conductivity.



{a) = by

=
E 1200

Voltage (V)

Reversible Capacity |
- 8 B B 8 2

] 20 19m 0] 00 a0 2008 L] 5 L 1% 0 5
Specific Capacity (m Al g) Number of Cycles

g
g

i)

L]
-

(il

E

Spac

] -
2
=] E’iau
E 1200 =
- SC g
Sio | B 5.
o -
g T T T T TP TIETE £
& 0 5
o w
o 0 T
= Ess
E 3
] = &0
= E=]
2 ™ <55

L] 50

a L] 0 b ] a0 &0 80 o 10 0 ) ] 50
Mumber of Cycles Humber of Cycles

Figure. Electrochemical characteristics of the proposed CNT-based electrode structure. (a) First
two charge-discharge cycles of the MWNT-on-Cu anode, at 0.1C rate. The first discharge cycle
(lithiation) has shown a very high capacity of 2547 mAhg-1, while the following de-lithiation
cycle showed specific capacity of 1455 mAhg-1. (b) Reversible capacity of the MWNT-on-Cu
anode, at different C-rates. Very high specific capacity could be observed at all C-rates. Even at
3C rate, a reversible capacity of 767 mAhg-1 was observed, which is almost 2 times the
theoretical capacity of graphite. (c) Exceptional stability of the reversible capacity (~ 900 mAhg-
1) of the MWNT-on-Cu anode in long-run, at 1C rate. Except first two cycles, virtually no
capacity degradation was observed for this anode structure, in 50 cycles. (d) Coulombic
efficiency of the MWNT-on-Cu anode, showing very high efficiency, except for the first cycle.
After initial 5 cycles, the efficiency remained more than 99%.

Task 1V. Multi Layered Si-CuO Quantum Dots Wrapped by Graphene for High-
Performance Anode Material in Lithium- lon Battery

Various approaches to improve the efficiency of Lithium ion batteries (LiB) by using Si have
been suggested because Si has the highest known lithium capacity. Although Si is more than ten
times higher capacity than existing graphite anodes, Si anodes have limited applications due to
its high volume change during cycling. Here we demonstrated graphene/Si-CuO quantum dots
(Gr/Si-CuO QD) layered structure as an efficient LiB anode which prevents large volume
expansion of Si due to the presence of CuO-CusSi. By ElectroPhoresis Deposition technique, the
multi-layer of graphene and Si-CuO QD has been successfully fabricated followed by annealing
process to form Cu3Si interlayer as confirmed by High Resolution Transmission Electron
Microscope-Energy Dispersive Spectroscopy, X-ray diffraction and Raman analyses. The
annealed Gr/Si-CuO QD exhibit the initial gravimetric specific capacity of 2,869 mAhg-1 which
is five times higher than that of annealed graphene at 0.5C. After 100 cycles at 1C rate the
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capacity retains ~71% and the excellent rate capability even at high C rate reveals controlled
volume expansion owing to the multi layered architecture and the CusSi inter layer. The layered
structure of Gr/Si-CuO QD electrode could be applied in next generation micro power sources.
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Scheme of multilayer Graphene/Si-QDs and its SEM and TEM images (top images), C-rate
capability of annealed Graphene/Si QDs. Multi-layered structure of Gr/Si-QDs anodes have
been successfully fabricated and demonstrated very high initial discharge capacity of 2869
mAh/g at 0.5 C and 895 mAh/g, 1C over 200 cycles.

Future Plans:
We are aiming to overcome some of the key challenges and develop a flexible smart
rechargeable battery for next generation energy storages:

e Fabrication of 3D graphene-CNT film based flexible Li-sulfur or Li-air battery,

e Assembly of polymer electrolytes, anode and cathode for (full cell) flexible smart
secondary batteries,

e Fabrication of smart battery cells integrated with the lightning protective layer.
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