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HW #4

University of California at Berkeley
College of Engineering
Mechanical Engineering Department

ME118/218N, Spring 2024 Liwei Lin
Problem Set #4
Due February 29 (Thursday)

Problem 1 (CNT Properties)
Visit and critically review the carbon nanotube information from the websites listed in the course
homepage or other places
Briefly answer the following questions with no more than one sentence each.
a. About how many times stronger than steel 1s a carbon nanotube?
b. Can a nanotube be metallic or semiconducting? How and why?
c. Carbon nanotubes exhibit a number of different quantum effects. Briefly describe one
observed phenomenon.
d. About how many times better than copper 1s a carbon nanotube in terms of thermal
conductivity in theory?
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HW #4

Problem 2 (CNT Properties)
Fora (7, 3) single wall carbon nanotube (SWCNT) that you have worked on i HW#2,
Calculate:

a. Diameter of CNT d

b. Chiral angle &;

¢. 1D umit cell length T (along the CNT axis):;

d. Number of carbon atoms per unit cell V.
Draw on a paper with graphene model:

e. Cartesian axes X and v;

. Unt vectors aj and ay;

. Chiral vector Cy;

h. Chiral angle &;
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HW#4, Problem 2
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Graphene to CNT
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Chiral Vector

¢, = na; + mag, (1)

where a; and a, are the unit cell basis vectors of the 2D
sraphene sheet. By rolling the sheet so that this lattice
point also coincides with the origin, a tubule specified by
(n,m) is obtained. A chiral angle 6 can be defined to be
that between the zigzag direction and the vector cp; a

zigzag tubule corresponds to 8 = 0 while for an armchair
tubule the chiral angle is 6 = 7/6 The smallest diam-

eter zigzag and armchair tubules are believed to have a
tubule circumference of 9a and 5v/3a, respectively, where
0=2.46 A is the in-plane lattice constant for graphite.
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CNT Structure

We now define a unit cell along the tubule axis.
Zigzag and armchair tubules can be considered as one-
dimensional crystals with lattice constants of ;2 3a and
a, respectively. To determine the lattice constant L of a
chiral tubule as a function of n and m, we draw a straight

line through O, in Fig. 1, normal to c;; the smallest lat-
tice vector along this line has a length equal to that of

OB, where B is the first lattice point of the 2D graphene
sheet through which this line passes. Since the lattice
constant is the same for tubules specified by (n,m) or
(In,Im) for any integer [, it is sufficient to consider only
those integers n and m which have no common divisor in
describing the lattice constant L for a chiral tubule.

If § is a unit vector along the y axis in Fig. 1, then the

—_—

angle between vectors OB and ¢ is w/6 — @, and we can
write
tan(mw/6 — 60) = (n — 3(n 4+ m). (2)
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CNT Structure Equations
A (3

unit vectors — =g |=,-=|a
| . 2 )
chiral vector C, =na + ma, = (n,m)
circumference of nanotube L=|Cy| =ayn®+ m*+ nm
L 2 + 2
diameter of nanotube a=—= n+m? + m a
T [
Vim
chiral angle sinf =
2n+m
cos § =
24n? + m? + nm
V3m
tan @ =

2n+m



1D Translation Vector

T, where T is the 1D translation vector of the nano-
tube. The vector T is normal to €, and extends from

the origin to the first lattice point B in the honeycomb
lattice. It is convenient to express T in terms of the in-

tegers (f,f,) given in Table 1, where it 1s seen that the
length of T is v31L/d, and dy is either equal to the
highest common divisor of (n, m), denoted by 4, or to
3d, depending on whether n — m = 3dr, r being an in-
teger, or not (see Table 1). The number of carbon at-
oms per unit cell #. of the 1D tubule 1s 2N, as given
in Table 1, each hexagon (or unit cell) of the honey-
comb lattice containing two carbon atoms.
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( ))1D Translation Vector Equations

the highest common divisor of (n,m)

the highest common divisor of
(2n+ m,2m + n)

translational vector of 1D unit cell

length of T

y d if n— m not a multiple of 3d
3¢ if n - ma multiple of 34,

T = La +ha= (fl,rzl

number of hexagons per 1D unit cell

2m+n

h = 7

r __2n+m

2 = d,

L

"4
2(n* + m* + nm)

N =

—(L
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Table 1. Parameters of carbon nanotubes

Symbol Name Formula Value
de ¢ carbon-carbon distance 1.421 A (graphite).
a length of unit vector Y3ac.c 2.46 A
it vect 31 Bl in (x,y) di
a,,4 unit vectors —,=}la{—,—-=]a in {x, y) coordinates
2 22 2’72 ’
. . 1 2T 1 27 ' ‘
b;, b, reciprocal lattice vectors A 1 7\ -1 " in (x, y} coordinates
C, chiral vector C, = na; + ma, = (n,m) n,m: integers
L circumference of nanotube L=|C,| =a¥n®+ m? + nm 0<|m|<n
L 2+ m?+
d, diameter of nanotube d=—= yn? + m? + nom a
T T
Im

] chiral angle sin @ = ——\F—— 0x< [8] < 30°

2Vnt+m? 4+ am

2n+m
cosf =
2Vn% + m? + nm
Vim
tan f =

2n+m

d the highest common divisor of (n,m)

dp the highest common divisor of d  if n — m not a multiple of 3d
(2n+m2m+n) R:[

3d if n — m a multiple of 34.



CNT Structure

Chiral vector for (nq,n3) CNT
CcenT = niag + noap = (n1,n2)

Tube diameter

ICenl
denNT = = ﬂ5\/’”& + n3 + nino

CNT ““translation” vector

TenT = t1a1 + toas = (t1,12)

t1=2ﬂf2+n1 , _ _2n1+mnp |
dr dr o
dr = GCreatest common devisor of I attice point reached!

(2n1 + n2, 71 + 2na)

Number of hexagons in nanotube unit cell;
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CNT Composites’ Properties

Graphene Graphite

==

e Conductivities of 0.01 to 0.1 S/cm for 5%

|Oading Multi-layered = 7

o High electro conductivity can be =
achieved without subtracting from other 2 2
material properties due to nanofiber 3 3

morphology and low loading levels
e Unbundled SWNT’s reduce required loads as
they enable lower percolation levels
o Percolation thresholds as low as .1-.2%
have been recorded in research
e Plastic semiconducting chip components

prevent contaminants from carbon black Single-walled Multiowalled
[ b tub b tub
Sloughlng car (%r‘lNrgll:l‘l_Cr’)u e car (oNr;vr\;?:r:\loT)u es




e Use of nanotubes within plastics can greatly
increase modulus and strength
e Researchers have observed a monotonic
increase to indentation by up to 350% on
loading up to 2% of SWNT's : -
o Have also observed a 200% of thermal BT EpESIe

polymer composites

conductivity with 1% of SWNT's ] ?
e 1% of loading in polystyrene increases the 0 g Graphers
@ CNT fibers (dry-spun)

modulus by up to 42% T
e 1% of loading in polystyrene increases the
breaking stress by up to 25%

Young'’s Modulus [GPa]
S
1l

CNT polymer
composites

0l=
= /Polymeric
b foams

0.01 r . - : - -
0.1 1 10 100 1,000 10,000 100,000
Tensile strength [MPa]




Applications of CNT Composites

Strong .
1D Fiber- | ¥

e Can be used commercially in to prevent electric

charge build up in gas lines and prevent explosions Envimgmental - Reinforced

e Better maintains barriers, stopping diffusion of fuel Themo.elecﬁc _ | ““d:.““’s

e Used for plastic conductive automotive parts Memanica*electronlw\ - SM?WWS

e Incorporated in mirror housings that must be R SARplication= Flexlhlemerg)/
electrostatically painted Driven CNT s

»

o Smoothness of finish is better than other types
of conductive fillers used
e Shielding from electromagnetic radiation from cellular

devices and computers is possible using specially 3D;Sponge
molded SWNT’s and MWNT’s

Eunctional ™
\ ," 2. J alc “mm
Materials ¥ 2D Film
/ Thin

Free-standiog Planar. sensors
Optoelectronics

&}
Field effect
transistors




CNT Supercapacitor

CNT FElectrode

A 4

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

e Distance between charges is typically
~1nm, unlike ~um in dielectric capacitors

e Very high capacitances result from the £ im Hlectrochemical
large surface area of the nanotube

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

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

Polymer/CNT
Composites

A 4

Supercapacitors

| Metal oxide/CNT
| Composites




a. Operating principle

CNT Actuator

e Function at very low volts as compared to
piezoelectric stack and electrostrictive actuators
e Have actuated at temperatures as high as 350° C
and it is believed that up to 1000° C is feasible
e Maximum observed stress of SWNT actuator is 26
Mpa which is ~100x greater than muscle
o But this is still ~100x lower than was
predicted based off of the modulus of
individual SWNT’s
e The actuation of nanotubes depends on ion
diffusion, so ferroelectrics can be cycled faster

c. Actuators arrays




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.

4
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Sensors and Probes

Scanning Probe Tips for Atomic
Microscopes:

e The durability and “low buckling force”
extends probe life and better protects the
sample upon contact.

e 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.”

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




Sensors and Probes

A

Nanoscopic Tweezers: I

e Actuated by “the electrostatic interaction betw ‘d N
two nanotubes.” eposit independen

metal electrodes
e Allows for manipulation of individual

nanosctructures. _

e Can probe for electrical properties of

‘ attach carbon
nanostructes. i nanotubes




Sensors and Probes

Nanoscopic Tweezers:

e Applications include quantum dot and wire
assemblies

e Possible future application of manipulating
structures within cells.

e Figure shows manipulation of polystyrene
nanoclusters
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lectrochemical Energy Storage

T

-

High energy density High power density
Fuel Cells Batteries Supercapacitors Capacitors
Cathode

:. .
(1) :
s S\& “VhedS ylss”
L& =l e (Pseudocapacitors)

1) D. Linden, T. Reddy, Hixt¥@dkeof Batteries, McGraw\Rityd@02.
http://www.eng.fiu.edu/mme/Robotics/elib/RehargeableBatteries-Paper-MEI-2012.pdf

2) Skeletontech, “SkelCap 2500, 4500, 3300, 4000” datasheet, December 2012.
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http://www.eng.fiu.edu/mme/Robotics/elib/RehargeableBatteries-Paper-MEI-2012.pdf

State of the Field

Pseudocapacitors

A

£

Pseudocapacitive Material

3

High Surface-Area Electrode

4 N )
RuO, MnO, Activated carbon
GCantbom manotubes (CNTs)
Fe,0, VO,
Mesoporous carbon
Conductive polymers * Carbon aerogel
. J L Y,

1/29/2014



Energy Storage Overview

Power
10,000, 000 Broadcast
Capacitor NP
1. 000,000 Voltage S~ ER o = E!\ o~ !\
o i i i
= 5
= 100,000
E Sensor Power -| -| -I—
. Consumption i
g 10,000 2
o Sensor Active Sensor Inactive
w L/ ILCT'S
= ireless 2
e 1.000 .
o imera Flash  *Regenerativ
@ 100 brakes
Batteries
10
, \ \
0.1 01 1 10 100 1.000 10, 000

Specific Energy Whikg



SURFACE Current
ollector (g)

MEMS/Nano Battery

Current
ollector (a) / g

LiCaO, (f) Si-substrate (b
/

Solid eleclrolyte (e)

Barner layer (c)
Si( d)

« Zinc-Air (UCLA) Electroplatlng, Li-ion battery on S"'CO" (Philips)

10um dlameter 200pm hlgh ~ DRIE, 1um gap, 25um Deep

-C MEMS (UCI) SU8 pyrolysis  *Si Nanowire, Li-ion battery, |
10um diameter, 200um high (Stanford), ~100nm diameter




Supercapacitor

Negative
Plate

Separator
(Dielectric)

Positive
Plate C oC AS



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



|. Carbon Nanotube Forest
Electrodes




Activated Carbon 1

Carbon Aerogel 2

e

v o

Aligned CNT Electrodes

o

Carbon Nanotube

SEM .
Energy density
= 1 ,
E — ECVmax
Pore lllustration £c AS
29 1988 1988 C -
o] d
— . ot ‘
g);(c)llf_llc(lcﬁgp)amtance 27-80 351 %r L 903
5 (M. i
Conductivity (S/cm) 0.1 25 : '“ ™~ /\, / |
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Contact Resistance Powder-to-sub Powder-to-sub oo o ®
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CNT Growth on conductive substrates

Metal type Ti (50) Cr (50) Ni (50)
145 140 21
11.7k 49.6k 373
>80 >354 >17

Short and sparse Long but sparse Hardly any

Metal type (cont.) Al (50) Mo (50) Mo/Al (50/10)
7.5 233 216
16.7k 40 26
>15560 ~0.17 ~0.12

Thick and dense

B > g

\ AN
/~ Thick and dense v No at all
AR Y. :“,';.ﬁ t RN S

/ <A

’A-

>~ 4

5nm Fe as the catalyst for all the samples



oA w N

Fabrication process

CNT
Thermal oxidation IGEIEE

Si0,
Lithography

Deposit metal layers

Lift-off

CNT thermal CVD
growth

Assembly

Silicon




20um EHT = 3,00 KV e
Mag= 214KX f—e] WD = dmm P

EHT= 300K Signal &= InLens  Date 1D Aug 2008
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Efficiency, AQ, .. aee/ Q0 an

0.6
0.4

0.2

0.0

Performance of as-grown CNT

0.02
. C o /’M .IL\

—D

Lpercag ~ -

Exciting potential

— »— Charge
, los
0.4
03
02
101
0.0
04 06 08 10
Time (sec)

Potential (V)

] 1000 times better in terms of

1 High charge efficiency (>92%)

ST Without CNT forest
] -:'.IJ_:-‘D_I: ] [ _---—--] 4__
g _
'S
Cdevice — ISOIUF 7
06 -04 02 00 02 04 06 00 02
Potential (V)
capacitance
[1 Robust operation
0 2 4 6 8 10
Cycles

35



Relative Location Among
Peers

Py 20- A A Active Carbon
g X ® OurCNT
é 154
2
g, 10- How?
@
D { ]
5 5-
GCJ 2 4
LL] 0 A
0 10 20 30
Power Density (KW/KQ)

Refs: (All papers on electric double layer capacitor published in Journal of Power Sources in 2008&2009)
2009: K.-W. Nam et al.; W. Luet 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
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-
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Principle of Pseudo-capacitor

NI(OH)2 CNT array Charging NIO(OH)
F-DOPING EpAYC @e NanopamCIe \ / Nanopartide
P-DEDOPING 5 i ' B 8 J 1 | '
el Vo
Currant Current A ] l.
Collecior  Meutral Solutian Gollector P-Doped  Splution “ A '."
Plate Conducling @ Catlons Plata 0‘;’;‘::-‘;‘1‘;'9 }‘c "r s 2+ -
!;La:::ernwr = o |, Fim j‘ hoiod ¢ Ni -e [l Ni
. ..:'.'. L
& Gff
N-DOPING .
e ——
N-DEDOPING
Conductive
cu;i:aan::“::l'nn @Sgl.l:::‘n' cﬂ:f:? IC:;l?ﬂflﬁ;ﬁg Solutlen S b t t
Polymer O Anlons Pyt ubstrate Discharging

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

' +OH’ ' +H . O+e’
Mechanism of pseudo supercapacitor Ni(OH),+OH [ NiO(OH)+H,O+e
O Pseudo supercapacitors balance between supercapacitor and battery

[0 Metal oxide (Mn, Ru, N1, etc.) and conducting polymer all act as coating

materials
[0 Electroplating 1s liquid phase, low cost and capable of selective deposition



Vacuum-enabled Infiltration

Liquid in
$ - s a. Vacuumfor 1 h
= — Air out
[— I

Basic procedures:

1.

2.
3.

o

Sample

Load samples into the vacuum
chamber

Hold on (>5min) in vacuum;
Fill in liquid until the sample is Solid Black
fully covered;  FE
Hold on under liquid (>10min); [ e A

Vent and unload;
Continue with normal LOVLSLZTZ'WGI\
electroplating L.m

‘
‘ ignificantly
ruk or gone




glectroplating results and analysis

- -

ql, 'Fﬁ,;-,-"i (a) Before electroplating  (b) After electroplating

s i 2 C NI
2 3 o - El
: - sl S £
¥ Z 2
w f—
g|| A 28
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Performance of Ni-plated (G2) CNT
supercapacitor

Cyclic Voltammetry

1 ﬂﬂﬂ |1‘IA 2,000 mA Chronoamperometry Scan
1.000 mA
{/_-‘ZL'E-CI
{” 2 oo00a Wil A T
£
500.0 pA 7 E

-1.000 mA

-2.000 mA
0.000 s 500.0s 1.000 ks 1.500 ks

T(s)

0.000 A

Im (A)

5. ——First five cycles

——Last five cycles
-500.0 pA

: |
60pm CNT forest, 2min lectroplating: z
From CSP,intrins:ic=8mFlcrrlz :é’ 0-
-1.000 mA To CSP, functionalizeo|=56mF/Gm2 é .,
-500.0 mV 0.000 V 500.0 mV

VI (V vs. Ref.)

0O 20 40 60 80 100
-Significantly enhance the energy density up to one order Time (second)

*Robust operation of over100 times charge/discharge tests.

2.000 ks



Ultra-Long CNTs

PDMS Cap CNT Forest
Electrodes

g
C +C. _EAT+CE
|4 |4

CSP —

©2011 University of California March 2011 Berkeley Sensor & Actuator Center



Exciting results of new CNT synthesis

FIowmeter\ - -

Ar s

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

1542um@5nm Fe, 273um@3snm Fe, 10min
30min

~3mm for 30min

©2011 University of California March 2011 Berkeley Sensor & Actuator Center



Performance of ultra-long CNT supercapacitor

Cyclic Voltammetry

1.000 mA
Short CNT Array
500.0 uA
Mo/Al/Fe region (261um) ~
< O0000A
£
-500.0 uA
‘ o Long CNT Array
Pure AI/Fe reglon (1 543“m) '1'000-%16‘0.0 mvV  -300.0mV  -100.0mV  100.0mV  300.0mV  500.0 mV
VF (V vs. Ref.) |
550 Cyclic Voltammetry
« Unsurprisingly, “wet growth” favors Long Ni-plated CNT Array
insulating substrate (No Mo) 2000 >
» Performance in proportion to the = o00n
£

height increase in both case
* Indirectly prove the uniform coating -500.0 uA

of nickel nanoparticles

\

ort Ni-plated CNT Array
-1.000 mA

-500.0 mV -300.0 mV -100.0mV 100.0mV 300.0mV 500.0 mV
Vi (V vs. Ref.)

-e- CURVEZ (091208_S4_Ni plated_short CNT_-0.5-0.5V_2.DTA) -e- CURVE1 (091208 _51_Ni plated_Long CNT_0.5V.DTA)

Berkeley Sensor & Actuator Center Bm

©2011 University of California March 2011



Densified CNTs

PDMS Cap

CHT Forest
Electrodes

1
LR ___%_ i
B .
¥
. As-grown
. Mechanecal press

3. Mechanical press + (C; l I I I
liguid dersafication C C - A _I_ CE g

C _ I T E _ d
SP o

v v

©2011 University of California March 2011 Berkeley Sensor & Actuator Center




Liquid Densification

1anm]<—>1
—_— L—.‘].?nm

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? '[%lﬂ

©2011 University of California March 2011 Berkeley Sensor & Actuator Center



Pressing-guided collapse of CNT forests

_______|Unpressed | Pre-Pressed

Contraction Lateral Vertical
Controllable? No, random Yes, uniform

©2011 University of California March 2011 Berkeley Sensor & Actuator Center



H|ghly densely packed CNT forest

Al i Y

Astonishing 16X times collapse

Better smoothness I
Al ig n m e nt retai n ed Pristine AICOh]_(,)ilquids IPA Water
©2011 University of California March 2011

Berkeley Sensor & Actuator Center



Supercapacitor using densely-packed CNT

1.0- I
0.51 g 0.4
o E 8‘ .
fE/ 0.0- 1 6- go.o-
% o] = =
5 S 44 3
© o 08! ; I
-1.0- O 5] 0.8 04 0.0 04 |
As-grown CNTs Voltage (V)
-1.5 —————————
0.8 0.6 0.4 0.2 0.0 0.2 0.4 0 10 20 30 40 50
Voltage (V) Cycles
(2) (b) 04 » CNT performance (surface area)
0.4 i ;
;Rd?ﬂ - ‘l q ] : is not compromised
Al i \ | ] e H  Gradually increasing
- R RY i&l S RYRYRYE performance due to better
S 024l A & S ! i 1 .
s 0 \l \ A ) §01{ r J '-J electrolyte penetration
Ol 0L« Decreased resistance due to
0 . 4 6 8 0 2 4 6 8 “ »
Time (sec) Time (sec) numerous new “contacts

©2011 University of California March 2011 Berkeley Sensor & Actuator Center



Hybrid Supercapacitor/Battery

®e
CNT eo®

Silicon coating on
vertically aligned
carbon nanotubes:
o Top inset: usage in
electrochemical

double layer
capacitors

a-Si 3

o Bottom inset:

usage in lithium ion
batteries
o CNT forest shape is
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Si Particle Size (nm)

Silicon Coated CNT Forests
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Performance of Amorphous — Silicon Coated
CNT Forests in a Supercapacitor Application
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CVD + ALD

Integration of CNT & RuO,

Journal of Materials Chemistry - A, Vol. 3, 15568-15575, 2015

; Electrochemically oxidizgd (170x)
6 -
& i ALD RuO, (100x)
€ \
0
g 27
=
o 0
C
e ..
S -2
4
B -
; 100mVis g
02 04 06 08 10 12 e
. Potential (V vs. A0/AqCl)

v
©2011 University of California March 2011 Berkeley Sensor & Actuator Center =8V



CVD + ALD

Integration of TiS, & CNT

Advanced Materials, Vol. 3, 15568-15575, 2015
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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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