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ABSTRACT

Article history:

Nanotechnology is a leading branch of technology and is expected to improve
national industrial competitiveness. For maintaining a sustainable growth in
nanotechnology, Korean government has set up specific plans from a long-term
perspective. One of these plans is tracking and promoting certain potential
technologies called Future 30 Nanotechnologies. This study aims to develop an
analysis framework for comprehending the Future 30 Nanotechnologies. We
applied this framework to the carbon nanomaterials field. Through co-authorship
and keyword network analysis, we identified the research trends of three
countries (i.e., Korea, US, and China.). This research framework could be
utilized in the development of a nanotechnology policy.
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Table 1 Preceding research of nanotechnology trend

Researcher Purpose
Analysis of global research trends related to
Lee, Kang . . . .
(2005)) nanoparticle synthesis centering on functional
nanoparticles
Choi et al. |Analysis of research trends on environment, health
(2007)®  |and safety of nanotechnology
Choi et al. |Analysis of current state of awareness and attitude
(2007) 1 |research on nanotechnology
Rueda et al. |Core researchers, coauthors, national and
(2007)!"! | institutional analysis of nanotechnology
L. Leydesdorft| Latest update on the status analysis of nanoscience
2008)%"  |and nanotechnology research
2y

A. Porter et al.| Analysis and analysis of interdisciplinary mutual

(2009)7 | fusion of nanoscience and nanotechnology
Shin et al. |Patent Trend Analysis on Thermal Conduction
(2010) | Technology of Carbon Nanotubes
Lee et al Analysis of size and intensity of cooperation
201 1)[26]' between R & D partners and the degree of R&D
performance creation by country
Lee & Lee |Analysis of research trends of SCI-level theses in
(2012)*4 | domestic bio-nano field
W. Fan et al. | Analysis of structure and development of nano
(2014 | research collaboration network
Analysis of the research results of China's
Eun (2015)"Y|implementation of ‘National Nano Science and
Technology Development’
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Keyword Search
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Fig. 4 Research framework

Table 2 Comparison between 3 Keyword Search Strategies
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Table 4 Changes of the number of paper publication by country (2000-2015)

2000 | 2001 | 2002 | 2003 | 2004 | 2005 | 2006 | 2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013 | 2014 | 2015

South Korea| 103 176 | 250 | 323 | 430 | 503 | 676 | 666 | 932 | 952 | 1,219 | 1,532 | 1,714 | 2,074 | 2,448 | 2,740
China 296 | 416 | 575 | 838 | 1,130 | 1,549 | 2,063 | 2,362 | 2,912 | 3,323 | 4,019 | 5,466 | 7,005 | 9,163 |12,318|14,989
USA 698 | 748 | 959 | 1,179 | 1,436 | 1,852 | 2,091 | 2,277 | 2,590 | 2,665 | 3,094 | 3,436 | 3,676 | 4,016 | 4,149 | 4,097
India 74 91 102 | 127 | 166 | 209 | 344 | 466 | 658 | 750 | 927 | 1,200 | 1,406 | 1,836 | 2,310 | 2,719
Japan 548 | 656 | 874 | 906 | 1,126 | 1,136 | 1,159 | 1,132 | 1,290 | 1,253 | 1,256 | 1,298 | 1,256 | 1,374 | 1,421 | 1,288
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Table 5 Co-authorship network index Table 6 Top5 Researchers by Degree Centrality
2000 2005 2010 2015 2000 2005
Densit 0.00062 | 0.00033 | 0.00012 | 0.00008
Nodesy 9876 | 23309 | 59,774 | 125147 Researcher C]e)rfijiety Researcher C]e)rft%:;y
Edges 30,671 90,129 213,448 | 611,829 1 lijima, Sumio | 0.01438 | Dresselhaus, MS | 0.008709
Average Edges 3.1056 3.8667 3.5709 6.3691 2 Terrones, M | 0.012658 | Lee, Young Hee | 0.007723
Components 1,521 2,247 6,598 8,697 3 Grobert, N 0.012253 | Iijima, Sumio 0.007379
Average Distance | 7.7517 6.1923 8.2378 4.8889 4 Kroto, HW 0.012253 Yoo, JB 0.007379
Diameter 21 22 27 28 5 | Walton, DRM |0.012253 |  Kim, JM 0.007079
2010 2015
7H S BRI 4= 9lrk #A FRHlA 2 1,000~9,0007) Fho= Reoureher | Demee | oo Degree
SIS, Fig. 794 1% 4= Q%o 53 A4S 459 Centrality Centrality
A AT EL TS} HAo] #7 SHke 1 ol ia) o] ZA) 1 Li, Yan 0.003463 Wang, Lei 0.004754
&) gRo g relth dzdo] Ak 1204 7H¢ W] "ol 2 | Lee, Young Hee | 0.003078 Chen, Wei 0.004267
A A7 A7 (diameter) o SlgM= 20 o)) i) T 3 | Endo, Morinobu | 0.003062 Wang, Wei 0.004211
stk 14—]5}-‘/"214— o)= ZATA A 208 o]ato] o] AT 4 lijima, Sumio |0.002744 Liu, Yang. 0.004187
5 |Ruoff, Rodney S.|0.002727 | Zhang, Wei 0.003756
& A%l Uehd o A % gtk
Table 62 =2 A= TA] 22 39 74 59< Table 7 Top 5 researchers by closeness centrality
e molt, TAA VESZelA QAHE FA4] Bk A o o0
S TR AT 978 PR o S W) 3em, TR Researcher Closeness Researcher Closeness
7o TEAIL7EE 2t= o= AL guldith 200040 19E Centrality Centrality
1] [ijima, Sumio7} 20059 3%, 2010130 4915 YehiuA 1 lijima, S 1.56E-08 | Wang, Y 4.57E-09
A% Asiel Az Ay AFAZ Bold), S gEpr) 2 | LLHD [ 1S6E08| Zhang Jin | 457E09
20| Lee, Young Hee:= 20053} 201040 d&0g 202 3 Terrones, M | 1.56E-08 Liu, Jie 4.57E-09
AABATE FAA 20109 0] FHE|Q] Walepke eh}A] o 4 Yudasaka, M | 1.56E-08 Li, J 4.57E-09
25k 20150 232 7R S0 590 5 PIs]o] 7|2 5 Colliex, C 1.56E-08 Wang, Jun 4.57E-09
A B8 AAT FFAE 82 5 ok 20 2
Table 78 AERE THENA0] B 4 474 5L 1} Researcher | Pl Rescarcher |
g3k Folth. FAA VEY A ZHFAAo] Bk e A 1 Li, Yan  |5.04E-10| Wang Lei | 1.84E-10
2 2 Ayl 7Hg mhEA I o Slvks Ale e, 2 | LiwJie [504E-10 Wang Jun | 184E-10
o] Ethe As gttt SHFAES B e 2 3 | Jin, Zhong |5.04E-10| Chen, Wei 1.84E-10
2 AFAEo] ol oudle ‘:‘”01 ofHgt T2y 200537 4 | Liu, Zhongfan | 5.04E-10 | Li, Yang 1.84E-10
20109 GA £330 AFAE AAAE FAA L ol HAAL 5 Zhang, Jin | 5.04E-10 | Wang, Wei 1.84E-10
SN B FRUE0] S o} HFE S
AFAS0] AT YULSL 928 2= 9} o] vavyy  MEAEE = 7HE A PRV R 4338 =2 AT
2A)BoF= Zhang, Jin, Liu, Jie 59 A7ASS 240z g = 7P @98 sl sldtee & 7 Ao
gto] 2015l AAAE FARE F43] BoRl Aow 4
5 9ok 4.3 719E HEYT 24
Table 8& AEHZ wj7jE=A40] o k9] A7z} 59 Ul 719E W ES T EXolME 4, 24, vl F44<] 9]
S Folth TAR YEAZNA TIZARe] Bk e g2 B W T 4] od ek AARE S S0
ATAEL ool 4 G A e sk ke i, BFASOM, $4 A SarheaiollAe 47 =ds
o 9o U e S A SN P ok § U, Tube 0% rprbgols] dred 546l
71 2@t} 200001 [jima, Sumio’t AAAE $44, i © T Aalofe] Mk FolE vEhd Folth 20001 7
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20159714 et A Bofo] thaFet d)Aloj(key word)7}
SAsh=H], Bt A o] 2 7]9] =(graphite, carbon
nanotubes, quantum dots, graphene 5 471)& ASEE vl
239

bR H(carbon nanotubes)= 73] 77} M= §
om, Ho7A BE FASs 1 Be 477 $992 Srks
I8 4= Qlr}. 18 % (graphene) 2] 7%, 20109 o] A7
o) A7} B ol 2oiAA] egker], 20109 R =
7F A3 Solual glom, tE 71el=st A a4 71
F7h SR R AL BT 4 9Tk 201590
EREE AR 2 2008 MITY| 10T f37|&=
71€2A 2004130 e} Az eyt 4E] £ 2010
EER PR En L R R

3

KN
=

I

Mo orlr
),

g
_{

o g
2 5 &

o

£

=2

g 7|9 UEHT 24
Fig. 82 gatpeAlFore] gy 719 = v|EQ)ae| M3} o

AL dolA AL Slg2 FRIT 4 e, ol Bt
TP HEoR Belr

2000 0li= A7FEL T Bt 5738k ik JEle] viES]
3E Holal 9101} 2005\ HAF AR IF UHE JT8E e
L Hol, 20150 3~4719] WESAE FH7 FEjE
HolaL 9t} o= Table 109] 7191=2] B A2HES] F7}
(3.615 — 5.9773 — 8.9471 — 13.8641)°IM = 7|9 = 1719 <
Ad 7|9 =50] Bolleor SIEdnt AXdEE B 2074

2000 2005

F& NAEEE Aot Y ES A Mslelds AuEH UWert
2015
Table 8 Top S5 researchers by betweenness Centrality . , )
2000 2005 y 3 .
Researcher Betwee@ess Researcher Betwee@ess S "':?‘
Centrality Centrality Xy
1 | Tijima, Sumio | 1816384.961 | Zhang, Jin 5876181.76 ,‘ N : ;
2 Forro, L  |876397.0813| Wang, Y 5811958.52
3 Li, WZ 560137.6374 Li, J 4352741.374
- - - Fig. 8 Keyword network trend: Korea
4 Achiba, Y |558478.6116| Liu, Jie 3847370.196
5 Li, HD 508527.0565| Roth, S 3749770.709 Table 10 Keyword Network Index: Korea
2010 2015
2000 2005 2010 2015
Researcher Betweenness Researcher Betweenness i
Centrality Centrality Density 0.0274 0.0104 0.0063 0.0047
1 Li, Yan |27538056.35| Wang, Lei | 1105895842 Nodes 265 LI5S0 | 2821 5,815
2 | Liu Jie |15237911.02] Chen, Wei | 1014532113 Edges 958 6.874 | 25240 | 80,620
3 Wang, Jun | 13584914.4 | Wang, Jun | 85270974.27 Average Edges 3.615 5.9773 8.9471 13.8641
4 | Tijima, Sumio | 1336734538 | Liu, Yang | 77702506.79 Components 26 26 33 16
Dresselhaus Average Distance | 3.1598 3.1901 2.9369 2.8165
5 Mildred S. 12414011.78 | Wang, Wei | 7394442594 Diameter 6 7 7 6
Table 9 Changes of Core Keyword (2000-2015)
2000 | 2001 | 2002 | 2003 | 2004 | 2005 | 2006 | 2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013 | 2014 | 2015
Carbon Nanotubes | 741 | 890 |1,613 2,359 |3,046| 4,054| 5,165| 6,895| 9,143 (10,452 13,818 17,505 |20,162 {25,758 | 29,559 |33,465
Graphite 2,169 | 2,345 13,123 | 3,271 | 3,552 | 3,657 | 3,989| 4,308 | 4,857| 5,351 | 6,746 | 7,823 | 9,191 |10,453| 10,947 | 11,605
Quantum Dots 41 84 98 | 96 185 | 398| 514 | 549 | 894 | 877 | 1,193 | 1,531 | 2,234 | 2,503 | 3,877 | 4,483
Graphene 5 22 12 39 72 29 | 217 | 388 | 744 | 1,010 | 1,884 | 3,908 | 6,762 |13,283| 24,429 34,647
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Table 11 Top 5 Keyword of Korea: Degree Centrality (2000, 2005, 2010, 2015)

2000 2005 2010 2015
Degree Degree Degree Degree
K . K . K . K .
eyword Centrality eyword Centrality eyword Centrality eyword Centrality
1 ARRAYS 0.159091 FILMS 0.228024 | NANOPARTICLES | 0.282979 | NANOPARTICLES | 0.402649
CHEMICAL-VAPOR CARBON
2 _DEPOSITION 0.159091 GROWTH 0.16275 NANOTUBES 0.27766 | PERFORMANCE | 0.401273
CARBON
3 GRAPHITE 0.147727 NANOTUBES 0.151436 FILMS 0.239716 GRAPHENE 0.400929
4 GROWTH 0.147727 | DEPOSITION | 0.140122 COMPOSITES 0.198582 FILMS 0.363089
5 CARBON 0.140152 BEHAVIOR 0.105309 [NANOCOMPOSITES| 0.180851 CARBON 0.303406
’ ' ’ NANOTUBES )
Table 12 Keyword network index: U.S 2000 2005
2000 2005 2010 2015 R

Density 0.00626 0.0039 0.00294 | 0.00255 4

Nodes 1896 4501 7374 10243 i

Edges 11254 39536 79961 133945 3
Average Edges 5.9356 8.7838 10.843 13.076

Components 50 42 34 26
Average Distance| 3.3864 3.0741 2.9855 2.9344
2010 2015
Diameter 7 6 6 6
A=) 1502 FAS} 16712 ZHER o) 719 =Eel

167] A=® FHEths 2 on|3ith HoA e H4 2.8165
20152 F& Al MEHIE Bl

Table 112 SAUraAd] k= 7|95 UES A HolA 7]
e AAAE T8-S vER Eo|th 20000]E array,
chemical-vapor-deposition 52| ¥F=A, WRE] HHE A7
AT 200593 2010991 0]F BhAukeFH carbon
nanotubes)”} =l EAl 44738191, 2010193 20151d39] A7l
A& WY K nanoparticles)7} 94 19E A3 &4 2
HH AE ol A 1% T12¥(graphene) 2015\ S014] 3
floll SAsHAA FxoME FaT 71HEYS AT + AUtk
FTHA 02 2000 ZHtoll= HE=A| S 7] =N Holl =
oM d7en HHH 7 EE FAOE A oH, N
A =8 oZA, H2Zgo] 5 Tt 28-Eoke} #ed 7]

YTl FHE oIF ATk AS HAskk

Sm= O]$—1
432 02 7|19E YEST B

Table 129] W= 719 = Y EY T S EA5 0w, b2 =
7ol wlsl Bxo] d2hAl7E (0.00626 — 0.0039 — 0.00294 —

0.00255) Jid o= FAA 5 & 5 Ytk
HlaA AT Hoprl A2A o]FolA A=

Table 1301]/\1 BE v=9 7] A= YES

A E(films), A7

A Rof AT
3

(carbon nanotubes) ZLEHﬂ(graphen
(growth) Y Urle 719 E0t gavte s
F8 Aoz RIHT Yot 53], Yrls, A7
2 A5F 5 e HobollA f83tA AHEE L
U5 H(carbon nanotubes)”} 200013 =HE 201
HA FE3] F2 719 ER AFEH o
T8 ZA ¥ ¥ ¥ (graphene), 31T Eokol =¥
Fold 20101d FHHFE F2 7|92 Ak

o OH
o
o)

i_
rlr

S
(9]

M
S

3o

=2

>

N m.ln
L)
&
ox
e

s
F‘E

180



Journal of the Korean Society of Manufacturing Technology Engineers 26:1 (2017) 172~184

ARA NS QARE FHH ) QST Uk Films A7} Bol FPHRSE 2 5 9Tk 20054, 201095 B
Al 20053 FE 201500 o] 27|71A] FEF ATFA1E LieaAZE 195 A8k, A4 02 HiwA), bgage o] 3
o d k2 A7 FHENES AU 5 ok 201530 e
433 33 7|19YE YESLT 24 2000 2005
Fig. 10 53 7191= WEs|ae] e} dae AZske Aol h
t}. 2005, 2010, 2015 == 47} §48] S7HET A
3o1g 4= 9}, Eold Ho g 20000l AR 18 9 A7}
sl Bk FeEje] VIERAE Hola 1ot 2005 #A 24
AR YEY 7} 153 ¥ @Ak Bol1, 201093} 20153 '
e ¥ 2for YEYL 3=, vl=dt 2] 75 G 719
£ Hole FHIE £ 7 ik " dAA = 20159% 41 1] 2010 2015
WA W F=at w5 o 2ue] Eole AAREE THALL SR U S
it AEIEE B 3870 A= IFos FAHL lon, 3 AW
T A HA 2.985520101) 02 F& A vEYAE wack L
2015 TA 71 1S 2 5 glek : y
Table 142 BaeaA)o] F= 719 E HES S YoM 719
Tof AAAE FARE UER Folth 20009 T 719E &
AAAT FAA 158 71YEE graphiteZH YA 7]&0l Tigh Fig. 10 Keyword network trend: China
Table 13 Top 5 keyword of U.S: degree centrality (2000, 2005, 2010, 2015)
2000 2005 2010 2015
Degree Degree Degree Degree
Keyword Centrality Keyword Centrality Keyword Centrality Keyword Centrality
CARBON CARBON
1 GRAPHITE | 0.2279683 NANOTUBES 0.257333 NANOTUBES 0.409196 GRAPHENE 0.375708
CARBON
2 GROWTH 0.1208443 GRAPHITE 0.162889 FILMS 0.261223 NANOTUBES 0.313806
CARBON
3 NANOTUBES 0.1029023 GROWTH 0.144222 GRAPHITE 0.189611 FILMS 0.240969
4 SURFACE 0.0807388 FILMS 0.143111 | NANOPARTICLES | 0.156381 | PERFORMANCE | 0.227006
WALLED CARBON WALLED CARBON
5 MODEL 0.0759894 NANOTUBES 0.102444 NANOTUBES 0.139292 | NANOPARTICLES | 0.213435
Table 14 Top 5 keyword of China: degree centrality (2000, 2005, 2010, 2015)
2000 2005 2010 2015
Degree Degree Degree Degree
Keyword Centrality Keyword Centrality Keyword Centrality Keyword Centrality
CARBON CARBON
1 GRAPHITE 0.17576 NANOTUBES 0.26569 NANOTUBES 0.500382 | NANOPARTICLES | 0.916121
2 GROWTH 0.14380 GROWTH 0.21854 | NANOPARTICLES | 0.407747 GRAPHENE 0.908154
CARBON CARBON
3 NANOTUBES 0.11185 FILMS 0.20165 FILMS 0.314475 NANOTUBES 0.694626
4 SURFACE 0.07856 | NANOPARTICLES | 0.16502 | NANOCOMPOSITES | 0.202217 | PERFORMANCE | 0.687522
FILMS 0.07323 BEHAVIOR 0.12870 OXIDATION 0.192278 OXIDE 0.462627
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Table 15 Keyword network index: China

Table 16 Comparison among three countries

2000 2005 2010 2015
Density 0.01395 | 0.00565 | 0.00348 | 0.00267
Nodes 752 3140 7849 19708
Edges 3941 27892 107394 | 520424
Average Edges 5.2406 8.8828 13.682 | 26.4067
Components 36 46 33 37
Average Distance | 3.3864 3.0741 2.9855 3.3864
Diameter 8 7 6 6
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