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Structural characterization of the Cgy, nanowhiskers heat-treated
at high temperatures for potential superconductor application
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Structure of the Cq nanowhiskers (CgNWs) heat-treated at high temperatures was investigated by
high-resolution transmission electron microscopy (HRTEM), electron energy loss spectroscopy
(EELS), Raman spectrometry, thermogravimetric analysis, Brunauer-Emmett-Teller (BET)
method, and so forth. Although the C4NWs heated at 800 °C in vacuum showed a remaining of
Cso molecules, the C¢oNWs became amorphous by heating at 900 °C in vacuum, exhibiting the
highest specific surface area of 195.2 m?g’'. The porous nanofibers synthesized by heating
CeoNWs at high temperatures are new candidates of superconductive graphitic carbon.

Key words: Cg nanowhiskers, liquid-liquid interfacial precipitation method, LLIP method, fullerene,

superconductor, carbon nanofiber

1. INTRODUCTION

In 2011, we discovered that Cgy nanowhiskers
(CgoNWs) exhibit good superconducting properties
by doping potassium (K) [1,2]. The C¢,NWs doped
with K at 200 °C showed a superconducting
transition temperature (T,) of 17 K, and the highest
shielding fraction of a full shielding volume was
found in the C4NWs with a nominal composition of
K3 3Cg0, although that of a K-doped fullerene crystal
was less than 1% [1]. It was considered that such a
high superconducting volume fraction of CgNWs
was owing to the homogeneously distributed
nanosized pores that could assist the rapid diffusion
of K through the whole body of C¢¢NWs. Hence, the
fabrication of porous C4NWs is an important theme
in their superconducting application. The CgNWs
have a low density less than 2.0 gem™. The fibrous
CsoNWs are quite suited to fabricate the lightweight
and flexible superconducting wires for power
transfer, power generators, electric mortars and so
forth.

Carbon superconductors other than Cgy have been
investigated for many years. Graphite specimens
doped with alkali metals such as CgK (T, < 0.55 K
[3], 0.128-0.198 K [4]), CsCs (T=0.020-0.135 K
[3]) and CgRb (T.=0.023-0.151 K [3]) were reported.
Recently, graphite superconductors such as C¢Ca
(T, = 11.5 K) and CesYb (T, = 6.5 K) were
synthesized [5].

CseoNWs can be turned into glassy carbon
nanofibers by heat-treatment at high temperatures
[6, 7]. The C4oNWs heated at 3000 °C turned to the
carbon nanofibers with a few to about 18 graphene
layers [6]. The number of stacked graphene layers
was observed to increase with increasing the heat
treatment temperature between 2000 °C and 3000

°C [6]. Those CsNWs heated at high temperatures
with developed graphitic ribbons are also a
promising nanocarbon material that may exhibit
superconductivity by doping alkali metals and
alkaline-earth metals.

On the other hand, the CgNWs heat-treated at
900 °C in vacuum showed a specific surface area
for water adsorption as high as 155 m?g”', although
the water adsorption ability of Cg,NWs rapidly
decreased to 2 m’g’ with increasing the heat
treatment temperature up to 2500 °C [8]. Hence,
since the heat-treated CgNWs show such unique
surface properties, it is necessary to investigate
their detailed microstructure. This knowledge
should be useful for their future superconductive
application as well.

2. EXPERIMENTAL

The CgNWs were synthesized by the
liquid-liquid  interfacial precipitation (LLIP)
method, using Cg (99.5% pure, MTR Co.,USA)-
saturated toluene solutions and isopropyl alcohol as
previously described [9, 10]. The structural
characterization of C4NWs was performed by
Raman spectroscopy (JASCO NRS-3100, Japan)
and transmission electron microscopy (TEM, JEOL
JEM-2800, Japan).

The as-synthesized C4oNWs were dried in air and
heated in vacuum for 120 min at temperatures
between 800 and 900 °‘C at a heating rate of 10
*Cmin™' in evacuated fused silica tubes by use of a
muffle furnace.

The specific surface area measurement of the
heat-treated C4NWs was conducted by the
Brunauer-Emmett-Teller (BET) method (Autosorb
iQ AG Gas Sorption System, Quanta Chrome, USA).
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The pore size distribution of heat-treated CgNWs
was analyzed by the Density Functional Theory
(DFT) method and the Barrett-Joyner-Halenda
(BJH) method, using the software (AsiQwin) of the
Quanta Chrome gas sorption system and the N,
adsorption-desorption isotherms recorded at 77 K,
where a slit-shaped pore geometry for the
micropores and a cylindrical pore geometry for the
mesopores were assumed in the pore size
calculation in the DFT method [13].

The thermal properties of CgNWs and the
heat-treated C4NWs were investigated by the
thermogravimetric analysis (TGA, SII TG/DTA
6200) in air at a heating rate of 10 °C min’!,

3. RESULTS AND DISCUSSION

The CgNWs heat-treated at 900 °C  were
observed to retain their linear morphology as shown
in a TEM image of Fig. 1 (a). As shown in the
selected-area electron diffraction pattern (SAEDP)
of Fig. 1 (b), however, the C¢,NWs lost their
original crystalline structure and exhibited an
amorphous structure by the heat treatment at 900
°C.

As shown in the Raman profile of Fig. 2, the
CsoNWs heat-treated at 800 °C show the A,(2) peak
characteristic to C4g. However, the Raman profile of
the CqoNWs heated at 900 °C shows no clear A,(2)
peak (Fig. 3), indicating that all the Cg4o molecules
turned to amorphous carbon.

(2) (®)

Fig. 1 (a) Bright-field TEM image and (b) SAEDP
of the C4oNWs heat-treated at 900 °C in vacuum.
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Fig. 2 Raman profile of the C4oNWs heat-treated at
800 °C in vacuum.

4 W

i
1000 1100 1200 1300 1400 1500 1600 1700 1800

/
i
Raman shift e’y

intensity (arb. units)

Fig. 3 Raman profile of the C4oNWs heat-treated at
900 °C in vacuum.

Fig. 4 HRTEM image of a C4oNW heated-treated at
900 °C in vacuum.
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Fig. 5 EELS spectrum of a C¢oNW heated-treated at
900 °C in vacuum.
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Fig. 6 EELS spectrum of a TEM amorphous carbon
microgrid.
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The high-resolution TEM (HRTEM) image of a
CsoNW heat-treated at 900 °C of Fig. 4 shows the
formation of randomly oriented graphene layers.
The number of stacked graphene layers in the image
is less than several layers, and the graphitic
structure is not well developed in contrast to the
CsoNWs heated-treated at 3000 °C [6].

The EELS spectrum of a CyNW heat-treated at
900 °C of Fig. 5 strongly resembles the profile of
amorphous carbon as shown in Fig. 6.

As shown in the TEM image of Fig. 7, the
CsoNWs heat-treated at 900 °C show a highly
porous structure with the distributed nano-sized
pores.

Fig. 7 TEM image of a part of C4oNW heat-treated
at 900 °C in vacuum. The bright-field contrast was
reversed to show the porous structure more clearly.

The pore size distribution for the heat-treated
CsoNWs was measured as shown in Figs. 8 and 9.

The pore size distribution was markedly changed
by the heat treatment at 900 °C from 800 °C, i.e.,
the broad peak indicated by arrow in Fig. 8 became
much sharper in the C¢oN'Ws heat-treated at 900 °C,
which means the formation of more uniform-sized
mesopores with similar radii of about 19 A.

The specific surface area of the CgNWs
heat-treated at 800 °C was measured to be 171.0
m’g™! and that of the C4oNWs heat-treated at 900 °C
was measured to be 195.2 m*g”! by N, adsorption at
77 K. The value of 195.2 m?g™! is very close to that
of 195 m?g™! of the C4oNWs heat-treated at 900 °C
in our previous paper [8]. This very good
coincidence in the specific surface area between the
different experiments shows that the LLIP method
can synthesize the CqNWs with similar structural
properties with a good reproducibility.

Fig. 10 shows the change of specific surface as a
function of heat treatment temperature. The specific
surface area is the highest at 900 °C and decreases
with increasing the heat treatment temperature. The
decrease of specific surface area shows the matrix
densification accompanying the development of
multilayered graphitic structure [6].

Fig. 11 shows the TGA curves that were
measured for the CsNWs heat-treated at 800 °C

Trans. Mat. Res. Soc. Japan  38[4] 517-520 (2013)

and 900 °C. It is noted that the small hump shown
by arrow in Fig.11 (a) is not observed in the curve
of Fig. 11 (b). This disappearance of hump
coincides with the disappearance of Raman Ay(2)
peak in the CqNWs heat-treated at 900 °C (Fig. 3).
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Fig. 8 Pore size distribution measured by the DFT
method for the C4oNWs heat-treated at 800 °C.
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Fig. 9 Pore size distribution measured by the BJH

method for the C4NWs heat-treated at 900 °C in

vacuum.
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Fig. 10 Change of the specific surface area of

CsoNWs as a function of heat-treatment temperature.

The points for the heat treatment temperatures of
2000 °C and 2500 °C were obtained from ref.[8],
while the point for the room temperature was
obtained from ref.[11].
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Hence, it is considered that the hump observed in
Fig. 11 (a) is partly due to the chemisorption of
oxygen to the Cg molecules remaining in the
CsoNWs heat-treated at 800 °C [12].

The onset temperature (T.) of decomposition in
the heat-treated C4oNWs is 386 °C in Fig. 11 (a) and
387 °C in Fig.11 (b), while the offset temperature
(T,) of decomposition is 611 °C in Fig.11 (a) and
624 °C in Fig.11 (b). The increase in T, and T,
shows that the C4¢NWs become a little more stable
against the oxidation by increasing the heat
treatment temperature. It is conjectured that the
slight increase in T, and T, is due to the structural
change of the residual Cg molecules into the
amorphous carbon phase by the heat treatment at
900 °C.
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N
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07 (@) 611

T T H M T T T M T M H M ¥ T 1
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100 4 387

80+
60 -
404
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20+

o] (b) \
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H ] 1 N ¥ M 1 N 1 T N ¥
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Fig. 11 TGA curves measured in air for the CoNWs
heat-treated in vacuum at (a) 800 °C and (b) 900
°C.

4. CONCLUSIONS
The above research can be summarized as

follows.

(1)It has been found that CgNWs turn to
amorphous carbon by the heat treatment at
900 °C in vacuum. The remaining of Cgg
molecules, however, was observed in the
CsoNWs heat-treated at 800 °C in vacuum.

(2)The C4NWs heat-treated at 900 °C in
vacuum showed the highest specific surface
area of 195.2 m?g’!, having the mesopores
with similar radii of about 19 A.

(3) The C¢NWs heat-treated at 900 °C showed
the slightly higher stability for oxidation

than the C4oN'Ws heat-treated at 800 °C.
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In the past few years, several kinds of opinions or recommendations on the nanomaterial safety assessment have
been published from international or national bodies. Among the reports, the first practical guidance of risk assessment
from the regulatory body was published from the European Food Safety Authorities in May 2011, which included the
determination of exposure scenario and toxicity testing strategy. In October 2011, European Commission (EC) adopted
the definition of ‘‘nanomaterial’’ for regulation. And more recently, Scientific Committee on Consumer Safety of EC
released guidance for assessment of nanomaterials in cosmetics in June 2012. A series of activities in EU marks an im-
portant step towards realistic safety assessment of nanomaterials. On the other hand, the US FDA announced a draft
guidance for industry in June 2011, and then published draft guidance documents for both ‘“Cosmetic Products’’ and
““Food Ingredients and Food Contact Substances’’ in April 2012. These draft documents do not restrictedly define the
physical properties of nanomaterials, but when manufacturing changes alter the dimensions, properties, or effects of an
FDA-regulated product, the products are treated as new products. Such international movements indicate that most of
nanomaterials with any new properties would be assessed or regulated as new products by most of national authorities in
near future, although the approaches are still case by case basis. We will introduce such current international activities
and consideration points for regulatory risk assessment.
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%, BERRW AR KRUERBEMES L TH ) T2
Jaoy—zFRALTEETREEZEZELZHETHL
T, BEMFE LR TRERBRICOVWTEEINT
W5, BEELSHETREOZELLTE, HEHEOD
FEECRELE, ROMBEOLETE A TSRS
DRIFH A X BEH R D XD BB pIR &
LTETNTWD., #E5RIE, 21CFR GEMH
HIfE) CR#BENafRNY Rk OER, 21CFR
@ generally recognized as safe (GRAS) & U T[H
TEIN/=YHE, food contact notification (FCN) H
FenRmEMYmE, BEIZGRAS &L TOfEH
B, WEEESNZHED 4 4ETHTTREEINTY
5. UL, &4 OWEICH L TRIES NEEHE X
WFEFRRT, BEICERAEDH B WITHEENRD bz
53 & DE—HICEE R KT LB EREE &,
TORMTHIL L2 mETTd 2 &, ShiEE
BEOEEOEAVWPTORREE I N8R OHK
A INENEEDHFIC A DN E D NEREET
HZElWwolkXdik, WMHRNGREEHL/Z->TH
5. IHITRMKENCIE, HEITHU T FDA &M%
THIENERINTNS,

4. EBEF#EDOER

{LEWEEHERTIE, RKIBIFSF /T
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TN OREMTEET SRS AR L I - 2006
£1Z OECD Tl Chemical Committee {LH#EREE)
DT Working Party on Manufactured Nanomaterials
(WPMN ; T37 /MEHCET 2 EEHS) BRE
3, LATIZART 9 DO steering group (SG) 12k
S THRENED N TN,
® SG1: Development of a Database on Human
Health and Environmental Safety Re-
search;
® SG2: Research Strategies on Manufactured
Nanomaterials;
® SG3: Safety Testing of a Representative Set of
Manufactured Nanomaterials;
® SG4: Manufactured Nanomaterials and Test
Guidelines;
® SGS5: Co-operation on Voluntary Schemes and
Regulatory Programmes;
® SG6: Co-operation on Risk Assessment;
@ SG7: The Role of Alternative Methods in
Nanotoxicology;
® SG8: Exposure Measurement and Exposure
Mitigation;
@ SG9: Environmentally Sustainable Use of Man-

ufactured Nanomaterials

SG3-SG8 Tid, U RV FHlITERED 2 WL
KHRODIEETHDH, TDSB5 SCG4 TIIEER
BEOHARSIA BT /XTI TNICEETSIES
OICRDEER Ty V5 —ThH5, By 7
OFRELHERTICE L TERITAREHmAIIDON
T, BBHBREBICRDELOTARL TN, ?
/o, SG3ITBVTH, ERICRENRZRS /<X T
UT7IVICE U TR ED B ER I ERSZ 2t
F—¥2NE, Btk TEFEEEBRZTOI LN
SARNY =y 70T T ANROEITNCED
LTWws (Table 1). HARXKEEZEDBIZ, 75—
VORBEBRUEEN—R 2 ) Fa—TD3EE
DOF 7TV FTIVORARF—EHEBRDTNS, 10
2012 FERFHTIE, WREBO> TS 3EDF /T
TUTINDHEECES DWEICDWT, BlEF—F»
PIBR  B R — Y RIS FE L B> T
5. SRIIFEMBREZEZD £ & O/ Dossier L&
LOERMATHON, OECD KB\ THEEERIE
YIEICH U TRERICITON T S {L Y E K EE
fli7’ 025 . (cooperative chemical assessment pro-
gram; CoCAM) &% L T, 1 BERCE
BRETENMTONDS ZEMEEIN TN S,

Table 1. Sponsorship Arrangements at the WPMN Sponsorship Program

I\ﬁ:ﬁgﬁ:ﬁgfr&l - o];’ég? () Co-sponsor (s) Contributors
Fullerenes (C60) Japan, US Denmark, China
SWCNTs Japan, US Canada, France, Germany, EC, China, BIAC
MWCNTs Japan, US Korea, BIAC Canada, France, Germany, EC, China, BIAC
Korea Australia, Canada, Germany, Nordic

Silver nanoparticles | g Council of Ministers

France, Netherlands, EC, China, BIAC

Iron nanoparticles | China BIAC

Canada, US, Nordic Council of Ministers

Titanium dioxide Germany BIAC

France Austria, Canada, Korea, Spain, US, EC,

Denmark, Japan, United Kingdom, China

Aluminium oxide

Germany, Japan, US

. . US
Cerium oxide UK/BIAC

Australia, Netherlands, Spain

Denmark, Germany, Japan, Switzerland, EC

Zinc oxide UK/BIAC Australia, US, BIAC

Canada, Denmark, Germany, Japan, Netherlands,
Spain, EC

Silicon dioxide France, EC | Belgium, Korea, BIAC

Denmark, Japan

Dendrimers Spain, US

Austria, Korea

Nanoclays BIAC

Denmark, US, EC

Gold nanoparticles | South Africa | US

Korea, EC
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AEBIFRTIE, 2009 4£12 FAO & WHO O
FIZ XD EFREEMEE I N, B KROEESTFA
OF T aP—0EAICET 2 REOREEN
DEBMTITONTOLR— ARSI D T
OHTIE, & - AR~ F 77 ) aP—0F[H
T BB X 7EAAY MY T O—FOF
FIZBEL T, X0RSENREIEE2HEBTLHIEE2M
HIRETHDIEMREEINTVDS, £k, A
HPHRINDEREFHBRIELT 15 > ZDHFEIC
i, UTOSFICBITET—FF vy TS HES
MTENBERETHDEL TS,

o B/ RO )T U TINOYHILEER

Rl 2 WU RS 5 Pk

o AN, ik, HBEYOHBEPIELETST/

<7 U ORE

o EREIHICEET 57 /KT OMERE

® in vitro, in vivo, ex vivo and in silico 5%

o /T UTILOMKNEIRE, FITEYFERIN

U7 — CREIE, Wik BERY, mkhipERary s &)
EEBT 5 I EICKDRADENGHRVERH A
A=

o EBROMRAABIIBIBF /T UTINOK

13

—%, {LHRSTETEREER (BEHEHE), KE
(FDA), 1F#% (B4A4), EC (REEERE) O
I CHEIFE I 77 & B 21T 5 85T d S {LHE S
1 EEE4:# (International Cooperation on Cos-
metics Regulation; ICCR) 1ZHBWT, 2010 FiZid
E¥ERFROF /< TV 7 IV OREEDKRHIEITDONT
WO EEDMEFTNARINZ. £DHK, 2011
FE X0 REEFMFIEERITT 21EET IV — 70
B, BE FHETA Y O ADERPETHE TS
=

5. BHYIC

AR TREEEFMOBE RN ST 1Y X DIERL
KRB &0, KT D BTN 72s,
2011 £ D 10 A I RMNZFE L (European Com-
mission; EC) 13H# EDF /v FU 7V E TEK
BEOYA X5 TS0%ULEORFIZDONT 1D
PLEDAEM 1 nm 5 100 nm DY+ XHFETH
BRIT EEEELE.D ZOBEDYA X5H O
BTH2 [50%]) SHHLOETHD, HEMM
DERMNS OREMRETIERW, 2014 F 12 A F

TIRIOEFERET &R TSR, HEEM
DEFERELUTIEIRERMETHS. —FHTRE
FDA X, 1nm 25 100nm QY1 LEHEICH &5
s e, TOYHDPERERBICEZLDKE
XY, F—ANA T —ZDRIEE EDLENIE
Bnn, HREREREBREL TWRW, ZHUITEH
WTOHFRTTEROEH S X T LADEND, B4R
L TWa EEbhs, KETIIEANICHES
ELTORBN—XTHEZIT D — AL,
BRI DN T H AR HEE LEFNITHINT 54K
HZEWRD BN EITLDBDEEZ NS, KEIZ
BITDZOXD IR HEFETHRT S WD EHMA
3, BRENRAEREOEIITF /I IFUTILD
FRAARNEEBICHEEZIN TV ENWE SR, T¥H
HEOFR /5T <7 U 7 INVOHEIfRD 1L
HHEEBAEICBNTHEDENS.
DEVF/IFUTIOY AT, TOMEHAM®R
WEDTHREE-TL 2720, k4 hHRICHEA
Bl XD IR ENAERERITH ST /T UTILD
REWZOEIICHEL L5 &L, 2HETO
Mgz 8E LRI F i 4 > A UM TER
W, L LS, Agz2h5BRERETSRS
W, K0 BARBREHET A5 A EERTES &&
ABIENTED, ZOT &N, bEWEEET X
FTLELT, WEN—ATF /IFUTIVEFHMET
LD DA ZRBEL TWAIEEEL DD, BER
MR, bRl nwonkdICAREZHE
LR TOF /7Y T IVOFHET A 5 > A0 H1T
LTRRINTVBHRE-F LTI bDEEZ
505, LHALEE, HEBENZELDIATLOHT
MEICFMET 2 & WO IREIR, ZJo—/UELTn
5F/RTFUTIIWVEERTE>THFELVWDHDTIE
mn, SRR, EHEBSEICHTSFMEN 15 R
THo THEBNRN—TEFI -2 3%, i
EHIBROLELEZEDDZEITED, XDEIRMY
TEBEMNRT /57U 7 IV OREZEFTMAR O
ENEEND.

BE  ABTOMHEOEELLOEBEHRO -
W, EEFERENFREGYS (LEWE ) X IH
FEZE) H21-{b%¥-—-008 kTN H24-{b. 215 F
-009 DEIRRIZ K> Tirbhiz.
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