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Graphene to CNT
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CNT Structure
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CNT Structure Equations
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1D Translation Vector
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1D Translation Vector Equations
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CNT Structure
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CNT Composites’ Properties

● Conductivities of 0.01 to 0.1 S/cm for 5% 
loading
○ High electro conductivity can be 

achieved without subtracting from other 
material properties due to nanofiber 
morphology and low loading levels

● Unbundled SWNT’s reduce required loads as 
they enable lower percolation levels 
○ Percolation thresholds as low as .1-.2% 

have been recorded in research 
● Plastic semiconducting chip components 

prevent contaminants from carbon black 
sloughing



CNT Composites Properties Cont.

● Use of nanotubes within plastics can greatly 
increase modulus and strength

● Researchers have observed a monotonic 
increase to indentation by up to 350% on 
loading up to 2% of SWNT’s 
○ Have also observed a 200% of thermal 

conductivity with 1% of SWNT’s
● 1% of loading in polystyrene increases the 

modulus by up to 42% 
● 1% of loading in polystyrene increases the 

breaking stress by up to 25%



Applications of CNT Composites

● Can be used commercially in to prevent electric 
charge build up in gas lines and prevent explosions

● Better maintains barriers, stopping diffusion of fuel
● Used for plastic conductive automotive parts
● Incorporated in mirror housings that must be 

electrostatically painted
○ Smoothness of finish is better than other types 

of conductive fillers used 
● Shielding from electromagnetic radiation from cellular 

devices and computers is possible using specially 
molded SWNT’s and MWNT’s



CNT Supercapacitor

● Capacitance depends on the separation 
between the charge on the electrolyte and 
the opposing charge in the electrolyte

● Distance between charges is typically 
~1nm, unlike ~𝜇𝜇m in dielectric capacitors

● Very high capacitances result from the 
large surface area of the nanotube

● A discharge time of ~7ms was found when 
10 MWNT were connected in series at 10V

● The current largest reported reversible 
capacity is 1000 mA* hour/g for SWNT’s



CNT Actuator

● Function at very low volts as compared to 
piezoelectric stack and electrostrictive actuators

● Have actuated at temperatures as high as 350° C 
and it is believed that up to 1000° C is feasible

● Maximum observed stress of SWNT actuator is 26 
Mpa which is ~100x greater than muscle
○ But this is still ~100x lower than was 

predicted based off of the modulus of 
individual SWNT’s

● The actuation of nanotubes depends on ion 
diffusion, so ferroelectrics can be cycled faster



Sensors and Probes

Chemical Sensors:
● Possible with non-metallic tubes due to 

their electron transport and thermal 
sensitivity with applied charge.

● The advantage is their responsiveness at 
such a small size.

● The challenge is to provide both forward 
and reverse responses as well as 
differentiating substances in mixtures.



Sensors and Probes

Scanning Probe Tips for Atomic 
Microscopes:
● The durability and “low buckling force” 

extends probe life and better protects the 
sample upon contact.

● The cylindrical geometry and small diameter 
of the tube increases the imaging resolution 
compared to existing nanoprobes and allows 
for imaging in “narrow, deep crevices.”

● Chemical and biological imaging is possible 
by “Covalently modifying” the probe tip.



Sensors and Probes

Nanoscopic Tweezers:
● Actuated by “the electrostatic interaction between 

two nanotubes.”
● Allows for manipulation of individual 

nanosctructures.
● Can probe for electrical properties of 

nanostructes.



Sensors and Probes

Nanoscopic Tweezers:
● Applications include quantum dot and wire 

assemblies
● Possible future application of manipulating 

structures within cells.
● Figure shows manipulation of polystyrene 

nanoclusters
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Electrochemical Energy Storage
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High energy density High power density

SupercapacitorsBatteriesFuel Cells Capacitors

1) D. Linden, T. Reddy, Handbook of Batteries,  McGraw -Hill, 2002.
http://www.eng.fiu.edu/mme/Robotics/elib/RehargeableBatteries-Paper-MEI-2012.pdf 

85 Wh/kg(1)

0.05 kW/kg(1)

102 -103 cycles(1)

6 Wh/kg(2)

57 kW/kg(2)

106 cycles(2)

Cathode

Anode

Cathode

Electrolyte

Anode

Porous carbon 
(Electric Double 
Layer Capacitors)

Redox material 
(Pseudocapacitors)

2) Skeletontech, “SkelCap 2500, 4500, 3300, 4000” datasheet, December 2012.

http://www.eng.fiu.edu/mme/Robotics/elib/RehargeableBatteries-Paper-MEI-2012.pdf


Carbon nanotubes (CNTs)

RuO2

Carbon nanotubes (CNTs)

RuO2
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State of the Field

Pseudocapacitive Material High Surface-Area Electrode

MnO2

Fe3O4

Conductive polymers

VOx

Activated carbon

Mesoporous carbon

Pseudocapacitors

Carbon aerogel*
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Energy Storage Overview

•Regenerative 
brakes

•Camera Flash
•Energy Buffer•Wireless Sensor Networks
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MEMS/Nano Battery

• Zinc-Air (UCLA) Electroplating, 
10µm diameter, 200µm high

•Li-ion battery on Silicon, (Philips) 
DRIE, 1µm gap, 25µm Deep

•C-MEMS, (UCI), SU8 pyrolysis 
10µm diameter, 200µm high

•Si Nanowire, Li-ion battery, 
(Stanford), ~100nm diameter



Supercapacitor
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CNT-based Supercapacitor

Motivation
Micro Supercapacitor

• Stage 1: CNT forest electrodes
• Stage 2: Functionalized CNT electrodes
• Stage 3: Ultra-long CNT electrodes
• Stage 4: Deeply-packed CNT electrodes

Micro Battery
Summary



I. Carbon Nanotube Forest 
Electrodes

MEMS
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Aligned CNT Electrodes
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CNT Growth on conductive substrates

Metal type Ti (50) Cr (50) Ni (50)
Resistance before growth, R1 145 140 21
Resistance after growth, R2 11.7k 49.6k 373

Ratio of R2/R1 >80 >354 >17
CNT profile Short and sparse Long but sparse Hardly any

SEM pictures

Metal type (cont.) Al (50) Mo (50) Mo/Al (50/10)
Resistance before growth, R1 7.5 233 216
Resistance after growth, R2 16.7k 40 26
Ratio of R2/R1 >15560 ~0.17 ~0.12
CNT profile Thick and dense No at all Thick and dense

SEM pictures

5nm Fe as the catalyst for all the samples

2µm



Fabrication process

1. Thermal oxidation

Silicon

SiO2

PR
Metal 
layers

CNT

2. Lithography
3. Deposit metal layers
4. Lift-off
5. CNT thermal CVD 

growth
6. Assembly
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Supercapacitor electrodes using CNT Forests

100µm 100µm

100µm 4µm

h~80µm

Uniform height

500µm
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Performance of as-grown CNT 
supercapacitor

 1000 times better in terms of 
capacitance

 High charge efficiency (>92%)
 Robust operation

150deviceC Fµ=



Relative Location Among 
Peers

Refs: (All papers on electric double layer capacitor published in Journal of Power Sources in 2008&2009)
2009: K.-W. Nam et al.;  W. Lu et al.;  H. Guo et al. 
2008: K. Kalinathan et al.; V. Khomenko et al.; J.A. Fernandez et al.
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Functionalized CNT Forest 
Electrodes

MEMS
Supercapacitor
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Principle of Pseudo-capacitor

-


2+ 3+Ni - e Ni

Charging

Discharging

Ni(OH)2 
Nanoparticle

Conductive 
Substrate

CNT array NiO(OH) 
Nanoparticle

-


2+ 3+Ni - e Ni

- -

2 2Ni(OH) +OH NiO(OH)+H O+eMechanism of pseudo supercapacitor

B. E. Conway. Electrochemical Supercapacitors, Scientific Fundamental and 
Technological Applications, Plenum Publishers, 1999.

 Pseudo supercapacitors balance between supercapacitor and battery
 Metal oxide (Mn, Ru, Ni, etc.) and conducting polymer all act as coating 

materials
 Electroplating is liquid phase, low cost and capable of selective deposition



Vacuum-enabled Infiltration

Basic procedures:
1. Load samples into the vacuum 

chamber
2. Hold on (>5min) in vacuum;
3. Fill in liquid until the sample is 

fully covered;
4. Hold on under liquid (>10min);
5. Vent and unload;
6. Continue with normal 

electroplating

a. Vacuum for 1 h

b. Vacuum for 1.5 h

c. Vent immediately after (b)

Low pressure 
bubble

Significantly 
shrunk or gone

Gray

Gray

Solid Black

Before After



Electroplating results and analysis
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Performance of Ni-plated (G2) CNT 
supercapacitor
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First five cycles
Last five cycles

•Significantly enhance the energy density up to one order
•Robust operation of over100 times charge/discharge tests.

60µm CNT forest, 2min lectroplating:
From CSP,intrinsic=8mF/cm2

To CSP, functionalized=56mF/cm2

Nickel+CNT

CNT Nickel
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Ultra-Long CNTs
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273μm@5nm Fe, 10min1542μm@5nm Fe, 
30min

FM

FM

FM FM

Furnace
Ar

H2 C2H4

Flowmeter

Quartz 
Tube

Exciting results of new CNT synthesis

Water-assisted thermal CVD setup
Iijima, S, et al. Science, vol. 306, 2004,pp.1362

~3mm for 30min
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Performance of ultra-long CNT supercapacitor

Long CNT Array

Short CNT Array

Long Ni-plated CNT Array

Short Ni-plated CNT Array

Pure Al/Fe region (1543μm)

Mo/Al/Fe region (261μm)

• Unsurprisingly, “wet growth” favors 
insulating substrate (No Mo)
• Performance in proportion to the 
height increase in both case
• Indirectly prove the uniform coating 
of nickel nanoparticles
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Densified CNTs

MEMS
Supercapacitor
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Liquid Densification

S. IIJIMA et al., nature materials, 5(2006)

• Effects: Astonishing volume collapse
• Mechanism: Zipping effects of Liquid (Surface tension based)
• Structure: High-densely packed and aligned
• Material: Retains the intrinsic properties (not harmed)
• Challenge: Can we control this process?
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Pressing-guided collapse of CNT forests

Un-pressed Pre-Pressed
Contraction Lateral Vertical
Controllable? No, random Yes, uniform
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Highly-densely packed CNT forest

• Astonishing 16X times collapse
• Better smoothness
• Alignment retained
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Supercapacitor using densely-packed CNT

• CNT performance (surface area) 
is not compromised

• Gradually increasing 
performance due to better 
electrolyte penetration

• Decreased resistance due to 
numerous new “contacts”

As-grown CNTs

Densified CNTs
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Hybrid Supercapacitor/Battery
Silicon coating on 
vertically aligned 
carbon nanotubes: 

o Top inset: usage in 
electrochemical 
double layer 
capacitors 

o Bottom inset: 
usage in lithium ion 
batteries

o CNT forest shape is 
easily controlled by 
patterning the 
catalyst 

Main steps to fabricate CNT/Si-coated anode: 
(a) Catalyst deposition
(b) CVD CNT growth 
(c) Partial timed LPCVD silicon deposition
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Silicon Coated CNT Forests
SEM images of cross section 
of Si-coated CNT forest: 
o Top Inset: close view of Si 

deposition near top of forest
o Bottom inset: Close-up view 

of Si deposition at bottom of 
forest

Scale bars in insets are 200 nm 

Si particle size over time of 
deposition and SEM image 
of forest after 

1. 5 min Si deposition 
2. 15 min Si 

deposition  
3. 25 min Si 

deposition
 Scale bars are 100 nm
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Performance of Amorphous – Silicon Coated 
CNT Forests in a Supercapacitor Application

Measured cyclic 
voltammetry data of 
electrodes before (red) 
and after both 15 min 
(green) and 35 min (blue) 
a-Si deposition 
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• Measured cycling 
performance of 
anode cycled from 
-0.6 to 0.2 V for 
200 cycles  

• The electrode is 
stable in 
capacitance (and 
hence energy 
density) over 
cycling 
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Integration of CNT & RuO2
Journal of Materials Chemistry - A, Vol. 3, 15568-15575, 2015

CVD + ALD
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Integration of TiS2 & CNT
Advanced Materials, Vol. 3, 15568-15575, 2015

CVD + ALD
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Summary
• Planar MEMS supercapacitors using CNT array electrodes have 

been demonstrated for the first time.
• Mo/Al/Fe metal stack layer has been innovatively proposed to make 

both high quality CNT and low-contact resistance.
• Vacuum-enabled electroplating has been proposed for pseudo CNT 

supercapacitor for 10x higher energy density
• Ultra-long CNT array has been synthesized using water-assisted 

CVD method for 3X higher energy density
• Pressing-guided densification has brought down the volume by 16X
• Four stages of supercapacitor, as-grown, Ni-electroplated (~10X), 

Ultra-long (~3X) and densification (~16X), have been successfully 
realized, with a total energy density enhancement of 480X

• Hybrid Supercapacitor/Battery is ongoing
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Future Work

MEMS Hybrid Supercapacitor/Battery
• Doped polysilicon deposition in lieu of amorphous silicon 

for additional supercapacitor tests
– Increase in defect sites leads to an increase in capacitance 

• Lithium ion battery application
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