a2 United States Patent

Landi et al.

US011512390B2

US 11,512,390 B2
Nov. 29, 2022

(10) Patent No.:
45) Date of Patent:

(54)

(71)

(72)

(73)

")

@
(22)

(65)

(60)

(1)

METHOD OF SITE-SPECIFIC DEPOSITION
ONTO A FREE-STANDING CARBON
ARTICLE

Applicants:Rochester Institute of Technology,
Rochester, NY (US); The Government
of the United States of America, as
represented by the Secretary of the
Navy, Arlington, VA (US)

Inventors: Brian J. Landi, Rochester, NY (US);

Cory D. Cress, Springfield, VA (US);

Anthony P. Leggiero, Fairport, NY

(US)

Assignees: Rochester Institute of Technology,

Rochester, NY (US); The Government

of the United States of America, as

represented by the Secretary of the

Navy

Notice: Subject to any disclaimer, the term of this
patent is extended or adjusted under 35
U.S.C. 154(b) by 264 days.

Appl. No.: 16/513,233

Filed: Jul. 16, 2019

Prior Publication Data

US 2020/0017959 Al Jan. 16, 2020

Related U.S. Application Data

Provisional application No. 62/698,321, filed on Jul.
16, 2018.

Int. CL.

C23C 16/02 (2006.01)

C23C 16/06 (2006.01)
(Continued)

&

4]
Sy

(52)
C23C 16/0209 (2013.01); C23C 16/01
(2013.01); €23C 16/04 (2013.01);
(Continued)
Field of Classification Search
CPC C23C 16/0209; C23C 16/04; C23C 16/01;
C23C 16/06; C23C 16/481; C23C 16/24;

(Continued)

(58)

(56) References Cited

U.S. PATENT DOCUMENTS

10/2007 Mitcham et al.
12/2015 Raravikar et al.

(Continued)

7,288,870 B2
9,214,420 B2

FOREIGN PATENT DOCUMENTS

WO 2018115645 6/2018

OTHER PUBLICATIONS

Xie, Sn@CNT nanopillars grown perpendicularly on carbon paper:
A novel free-standing anode for sodium ion batteries, Feb. 2015,
Nano Energy, vol. 13, p. 1-10 (Year: 2015).*

(Continued)

Primary Examiner — Dah-Wei D. Yuan

Assistant Examiner — Nga Leung V Law

(74) Attorney, Agent, or Firm — Bond Schoeneck &
King, PLLC; Joseph M. Noto

(57) ABSTRACT

The system and method includes the suspension of a free-
standing carbon article within a reaction chamber, the intro-
duction of the chemical precursor in a reaction environment
within the chamber, and heating of the carbon article in the
presence of the chemical precursor leading to deposition in
a site-specific manner.

18 Claims, 17 Drawing Sheets




US 11,512,390 B2
Page 2

(51) Int. CL
C23C 16/503 (2006.01)
C23C 16/04 (2006.01)
C23C 16/01 (2006.01)
C23C 16/48 (2006.01)
C23C 16/24 (2006.01)
(52) US.CL
CPC oo C23C 16/06 (2013.01); C23C 16/24

(2013.01); C23C 16/481 (2013.01); C23C
16/503 (2013.01)
(58) Field of Classification Search
CPC ... C23C 16/503; C23C 16/46; C23C 16/56;
C23C 16/18; C23C 16/4418
See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

10,017,389 B2 7/2018 Hata et al.
2007/0036978 Al 2/2007 Chen
2008/0254362 Al* 10/2008 Raffaelle ............... HO1G 11/42
429/188
2009/0277793 Al
2010/0052223 Al
2011/0008617 Al
2011/0052805 Al
2012/0121986 Al
2012/0164429 Al
2012/0177926 Al
2012/0244033 Al
2013/0243974 Al
2014/0271344 Al
2016/0057544 Al
2017/0014908 Al
2017/0190579 Al
2017/0298476 Al
2018/0073110 Al
2018/0102200 Al
2018/0186955 Al 7/2018 Odeh et al.
2018/0126456 Al  10/2018 So et al.
2018/0358618 Al* 12/2018 Tour .......ccccovevenne. HOIM 4/661

11/2009 Ehira et al.
3/2010 Kim et al.
1/2011 Hata et al.
3/2011 Bordere et al.
5/2012 Balu et al.
6/2012 Shah et al.
7/2012 Mann et al.
9/2012 Shugart et al.
9/2013 Seung-Il et al.
9/2014 Kessler et al.
2/2016 Chamarthy
1/2017 Shaojiu et al.
7/2017 Cola et al.

10/2017 Braydich et al.
3/2018 Balachandran et al.
4/2018 Wu

OTHER PUBLICATIONS

Do, Nanosoldering Carbon Nanotube Junctions by Local Chemical
Vapor Deposition for Improved Device Performance, 2013, Nao
Letters, vol. 13, p. 5844-5850 (Year: 2013).*

Do, JW., et al., “Nanosoldering Carbon Nanotube Junctions by
Local Chemical Vapor Deposition for Improved Device Perfor-
mance”, Nano Letters, Nov. 11, 2013, pp. 5844-5850, vol. 13,
American Chemical Society Publications.

Xie, X., et al., “Sn@CNT nonopillars grown perpendicularly on
carbon paper: A novel free-standing anode for sodium ion batteries”,
Nano Energy, Feb. 14, 2015, pp. 1-10, vol. 13, http://dx.doi.org/10.
1016/j.nanoen.2015.02.022.

Sundaram, R., et al., “Electrical performance of lightweight CNT-
Cu composite wires impacted by surface and internal Cu spatial
distribution”, Scientific Report, Aug. 24, 2017, pp. 1-11, vol. 7,
https://www.nature.com/articles/s41598-017-09279-x.

Janas, D, et al., “The influence of metal nanoparticles on electrical
properties of carbon nanotubes”, Applied Surface Science, Jul. 15,
2016, pp. 74-78, vol. 376, https://doi.org/10.1016/j.apsusc.2016.02.
233.

Devi, A., et al., “A novel Cu(Il) chemical vapor deposion precursor:
Synthesis,characterization, and chemical vapor deposition”, Journal
of Materials Research, 1998, pp. 687-692, vol. 13, https://doi.org/
10.1557/JMR.1998.0086.

Milowska, M., et al., “Breaking the Electrical Barrier between
Copper and Carbon Nanotubes”, Nanoscale, 2017, pp. 8458-8469,
vol. 9, 10.1039/C7NRO2142A.

Subramaniam, T., et al., “One hundred fold increase in current
carrying capacity in a carbon nanotube-copper composite” Nature
Communications, 2013, pp. 1-7, vol. 4, 10.1038/ncomms3202 (2013).
Zou, D., et al., “Ni Nanobuffer Layer Provides Light-Weight CNT/
Cu Fibers with Superior Robustness, Conductivity, and Ampacity”
ACS Appl. Mater Interfaces, 2018, pp. 8197-8204, vol. 10, https://
doi.org/10.1021/acsami.7b19012.

Han, B., et al., “Fabrication and densification of high performance
carbon nanotube/copper composite fibers”, Carbon N.Y., 2017, pp.
593-604, vol. 123, https://doi.org/10.1016/j.carbon.2017.08.004.
Hannula, PM., et al.,, “Carbon nanotube-copper composites by
electrodeposition on carbon nanotube fibers”, Carbon N.Y., 2016,
pp. 281-287, vol. 107, 10.1016/j.carbon.2016.06.008.

Di, I, et al., “Strong, Twist-Stable Carbon Nanotube Yarns and
Muscles by Tension Annealing at Extreme Temperatures”, Advanced
Materials, May 17, 2016, pp. 238-247, vol. 143, https://doi.org/10.
1002/adma.201600628.

Han, B., et al., “Enhancement of the twisted carbon nanotube fibers
properties by drawing processing and acid treatment”, Carbon N.Y.,
Apr.4,2018, pp. 238-247. vol. 143, https://doi.org/10.1016/j.matdes.
2018.02.004.

Wang, J.N,, et al., “High-strength carbon nanotube fibre-like ribbon
with high ductility and high electrical conductivity”, Nature Com-
munications, Jun. 25, 2014, pp. 1-8, vol. 143, 10.1038/
ncomms4848.

Lekawa-Raus, A., et al., “Electrical Properties of Carbon Nanotube
Based Fibers and Their Future Use in Electrical Wiring”, Advanced
Functional Materials, 2014, pp. 3661-3682, vol. 24, 10.1002/adfm.
201303716.

Xu, G, et al., “Continuous electrodeposition for lightweight, highly
conducting and strong carbon nanotube-copper composite fibers”,
Nanoscale, 2011, pp. 4215-4219, vol. 3, 10.1039/c1nr10571;.

Do, JW,, et al., “Solution-Mediated Selective Nanosoldering of
Carbon Nanotube Junctions for Improved Device Performance”,
ACS Nano, Apr. 6, 2015, pp. 4806-4813, vol. 9, https://doi.org/10.
1021/nn505552d.

Internal Search Report and Written Opinion for International Appli-
cation No. PCT/US2019/42028 dated Sep. 27, 2019, 9 pages.

* cited by examiner



U.S. Patent Nov. 29, 2022 Sheet 1 of 17 US 11,512,390 B2

6
fl
"~ 2
M”“//Z
4
1 /

Fig. 1



U.S. Patent Nov. 29, 2022 Sheet 2 of 17 US 11,512,390 B2




U.S. Patent Nov. 29, 2022 Sheet 3 of 17 US 11,512,390 B2

Fig. 3



U.S. Patent Nov. 29, 2022 Sheet 4 of 17 US 11,512,390 B2




U.S. Patent Nov. 29, 2022 Sheet 5 of 17 US 11,512,390 B2

Fig. 54




US 11,512,390 B2

Sheet 6 of 17

Nov. 29, 2022

U.S. Patent

i

1eee

e




U.S. Patent Nov. 29, 2022 Sheet 7 of 17 US 11,512,390 B2




U.S. Patent Nov. 29, 2022 Sheet 8 of 17 US 11,512,390 B2

6000 FYPURC TURIT SUUS SUUE THUUE TUNI DUV ST WUUT YHUNC SUUE U TNT YHUIE SUU SUUS WU ST |
i hd Cu(tB/i\C}AC)2 Seeded, Electroplated 8 [
e, 1* CuftBAGAL) Beeded, Denaifled ® %
g’ 50004m CultBADAC), Seeded, Annealed -
& 1O Ne CVD, Electroplated
f({)/ 40{}0: 2 R OVD Densiied -
> J5 No G¥D Annealed ® |
2 ] (
T 30004 .
— - 3
© J
g - 5
4 B X
O 20004 -
‘Q r .
B 4 .
o 4 3
D : %
Q. 10004 ..
1% J - 3
L #ﬂgw’p - {‘é\ e 7 {;:; 3
0 sy A . e I

0 20 48 60 80 100
{CNT}  Percent Copper by Mass  {Cu)

Fig. 8



U.S. Patent Nov. 29, 2022 Sheet 9 of 17 US 11,512,390 B2

ol
4
i
s
: A
; 3
& A
b 3
S e
s o
3 H
@ LE
2 E

- 13k

o
@

— - ,
& pasty T TEE




U.S. Patent

Electrical Conductivity {S/m)

Nov. 29, 2022 Sheet 10 of 17 US 11,512,390 B2
3{}8 y P ] ¥ 3 3 § § 3 3 ¥ o ¥ 1{}8
.
LR )
107 & & 10
= L ;
¢ O .
10° S T
& This Work
€ Xu 2ot
3 B Subramaniam 2013 5
10 & Han dod 10
< Sundaram 2047
O Fou 208
Ll AGE (Pure Copper)
10t ¥ CONT Starting Arlicle 16°
50 80 70 83 80 @ 100
(CNT) Percent Copper by Mass  (Cu)

Fig. 10






