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"(��)*+,-.�/��0123456IPCC: Intergovernmental Panel on Climate 
Change7��8 59:;<=>?�@$�AB!CDEF+�!GHIJKL�$�
[1]�<=>"� 1880MNO 2012M!2�CD!MEF+�P 0.85°CGHLQ �PR
ST�@U�2100M��CD!MEF+�PSO�GHL�VW!XY"� 4.8°CZGH
��[\]P^_ST�$�������!`#ab��cdefg�h�Z!"�ij

�kl�mno�pj�iql�rso�#tPuvOT��IPCC8 49<=>�@$
���ij�klPwx�yzSTQ �P������Vw!ab"(��^_ST�

$�[2]�18C{!|}~�������h�����!��P������QP��c
defg!�yzx!� 65%P������!ij�kl"(����T�$��1985
M!w+�!ij�kl��� 340ppm��"(�Q!��L�2010M�� 400ppmI�
���$����"��LQ��Q� !ij�kl!�������������"#

���� !GH¡�¢!j]�#t£�!��I¤
¥ � �Z^_ST�$��

 !h¦#§¨�©ª�«)¡«�¬"ij�klyz!­®�¯�Q°U±ªP²�

T�$��³ 1-1� 2015M�r´ogµ3¶"²�TQ+,-.·±¸�8 21¹º�)

»6COP21: Conférence de Paris de 2015 sur le climat7�@$�¼½STQij�kl­
®!¾¿À"(�[3]�ÁÂ��2030M�"� 2013MÃ"� 26%!ij�klyz!­®
I¾¿�L�@U�EU�Z�hU�)�sÄÅ¡ÆoÇ4ÄÅ#tZwÈ#yz¾¿I
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ä�å.æ�@��çèé45êë!� 27%��éoìo!ÚÛÜÝ�h�Z!�<=S
T�$�[4, 5]�LØ¦.Ù!ÚÛÜÝIíî�"®O� ���ÌÍÄgÎÏ!�dÑ
��hU�ij�kl!yzÞ®�w
�ïð��Z!"(��

 !h¦#ñòNO�LØ¦.Ù����&Ò�hUóLSI�L�@U�ôõ!ÚÛ

ö�¡÷øùI�$Qúû��"#��üQ#ýþ!���ßàPáâOT�$���M

"��üL$ÚÛö��L�kl��"(��Æ��oÇ´Æ	
ë�o6DLC7�!÷
ø�]�/��
�P���²�T�$��pÕ!÷øù�/L��üL$YË�P��

ST��"ZüL$���L�!Æ�o��6Ionic Liquids7�ßàST�� ��w

$�Æ�o���B����]NO����ôõ!÷øù"���"
#$����@�

�ü�÷øù�L�! ��!¾P"��Q�Æ�o��!�#�L��$%&'I()

"
� �PuvOT��Ô "�Æ�o��!$%&'I()L�$%&'�÷ø�]

!/*I+ON��� ��hU�ôõ!÷øù¡,�ù!÷øm
-.Ï!/+�01

�h¦���2ªZ(��Æ�o���ü�÷øù�L���"#��÷ø!�35��

�L�!��ZßàST�$��LNL#PO�ü��"(�Æ�o��!÷ø]�×$

���4�56�+ON�#��$#$�LØ¦.Ù!ÚÛÜÝIwÈ�Þ®��ýþI

	
78��G"�Æ�o��!÷øm
-.Ï!/+P9:�#��$��



3 

 

1�2�� ����	
��


1.2.1. ����	���
� ����	���������������������������� !"#$%

&'(�)�*��+(�,-./01�234�5)�'(6
78
��100°C9:
���8
�4;<�=��*�����������>�?@A�BCDE
FG'(

�HI��J
� NaCl
KL$%4F+
MN�O	�8
PQR4�*�8
�ST
UVW&XX�	
R4Y���Z%[�\]U^RY��_`�a`S�	�8
�b

E�cd$%4Y� !�19efghiFG\]jklm�nop
FW
7q�V&
%4F+
�W&�����	
7R4rst�uv��w 1-1
xRyz{�|��}
�~��'(� 12. 5 °C��4Y�U�1914�
 P. Walden
FW
��%
�4[6]��
�g���4*U��R4Y��'(�:�4��U�E8�AlCl3U��8&)'(�

*���$%&�1970�K
���|��@����AlCl3�nCl-�U�����8�$X

�X������
��
'(��N9:
�4s����$%
�4�8 8�Y%!

�����	��]�
��
�����T�� l¡U¢Z£YR¤¥��G�¦k�


�§¨$%4Y��© W&���g�1992�
�ª«�N¬­
��
�	®¯U
°±��! ²�]�
�8
�������	��H. S. Wilkes!
FG��$%&
[7]�X&�Chauvin!
FG�����U��³´µ~�¶�R4�]����� ��
�G�����T�uv$%�����	� 
s·
s¸¹��º 3��	�8
§¨
U»¼4Y���W&[8]�

w 1-1 yz{�|��}�~�
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1.2.2. Æ�o��!;�
� Æ�o��I&Ë��Z!�
<�o�Å-�o"(���³�#
<�oI��Ó�

��= 1-2�R�h¦�(a) Æ>�?¶@ÏA�(b) B¶ì-@ÏA�(c) Bs¶ì-@Ï
A�(d) BC¶ì-@ÏA�(e) Åo�-@ÏA�(f) DgD-@ÏA!E 6;�#�[9, 
10]�(a)�(b) �FGHA"IJde�hUKLMPFG�N��OPQ�L�$�!��
L��(c)NO(f)� Na%G�KLMPPQ�L�$��R1-R4�RÂ��Å5S5T"(

�P�Å5S5T!USI-�QU�m<VoRIéëÎ5j¡rW�kl�-�QU�

� �"�XT!YZ]I[\L�]^�!L��S¡�_#�`]#t!�]I()�

� �P[\"(�[11, 12]��Q�R�ab#c\RI×�� �Z"
���G!h¦
��
<�o!&'�Ãd�ef�-g�� �P"
��]!()¡ü�!Ì\���

hd"(��  

= 1-2 Æ�o��I&Ë���³�#
<�o

� Æ�o��I&Ë���³�#Å-�oI³ 1-2�R��Z��ZÄoi5#Å-�o
��jsko��Æ�o"(��jsko��Æ�o�
<�oPÆ�o��!�]�l

m�de�n#I���XY!�Æ�o�L�£��$OT�$��LNL#PO�js

ko��Æ�o����o!Å-�o�Ãp��_#��`]Ñ��qr]#t!s#P

(���Q�[BF4]Å-�o¡[PF6]Å-�o���tY�����$/I¤
¥ L�h
u"(�rW��lI�Ë���$¦<=P(�[13, 14]� !h¦�jskoAÅ-�
o�vwLZx¶ëo��$�#$�§�(��LNL�jskor¶ëÅ-�o��_

#PÞ�#�
<�o�!±ªY�âPîyST�@U�z�]"(� �NO{+�!

�$I|} �"]\Þ�IZQO�s#P(��

³ 1-2� �³�#Å-�o
~a%Å-�o Cl-, Br-, I- 

rWlA�ÌÅ-�o BF4-, PF6-

OrWlA�ÌÅ-�o NO3-, NO2-

rWlAhÌÅ-�o
CF3SO3-, (CF3SO2)2N-, 

(CF3SO2)3C-, (C2F5SO2)2N-

OrWlAhÌÅ-�o (CN)2N-, CH3COO- 

  

N+ NR1 R2

���

N+

R

���

N+
R1 R2

���

N+
R1R2

���

N+
R1

R4 R2
R3

���

P+
R1

R4 R2
R3

�	�
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1.2.3. Æ�o��!��
� Æ�o����¡�#t!$%]��¡���#t!a%]����N��#�]�I

hL�$� �P�OT�$��Æ�o��!p��#���L��Þ_#��$��y

]��Æ�o��Ñ��$L���Þ�+�"(��$�Q �PuvOT�� !�

"�Æ�o��I÷øù�L��$��(QU���%&#���×$�5L��p��

� Þ_#!���L��&ËÆ�o!��S�LM!OPQ��O��#Æ�o&'#t

PuvOT�[10]�£�!�P�_#"(�!��
<�o�Å-�o!2����L�
����Pw
��Æ�o2!]YI�U��QÓ!é45êëPw
�#�QÓ"(

���L������Æ�o2!����ÃãL�Æ�o!LM���Ãã���LQP

���&ËÆ�oPw
$Æ�o��¡LMPÆ�o&'?"OPQ�L�$�Æ�o�

���Æ�o2!�����P��#U�_#PÞ�#�[15]�Q��ä�p��#�"
(� NaCl!_#� 801°C"(� �P���OT�$�P�
<�o!Æ�o��Pw

��LMZOPQ�L�$�[EMIM][Cl]!_#�� 89°C�#��SO��Å-�o!
Æ�o��Pw
��LMPOPQ�L�$�[EMIM][TFSI]��#�"Z��§ I¡
×��Q��P]^������&ËÆ�oP¢£&'I°��\¤�� �Pv&"(

��Æ�o����L�����hU��3WSoxST�$�§ �(U�1�¥¦I

-��QÓ!å�{2P§S$� !QÓ�$%P\¤L����Æ�o���]^�L

��$�¨�OT�$�[10]�LNL�©w�ª�Æ�o«Æ."�$%2�P¬¥�"
(�$%]���L�!]�P����QÓ�_#P��#��L�¦ ��!­��v

&P(��

Æ�o��!Þ�+��]�×$��Æ�o2!�L�������¡�#t!$%]

��!$%2�hUZ 4-20®��¯$ �P���L�uvOT�[16, 17]���P��
��°���LQfgP����$¦ �"(�QÓ��+�PÞ$Æ�o������

�$���$���Æ�o��!�$/����_#�¢a�&ËÆ�o!&'�w
�

±õ���Æ�o��!;��h��� 400°C�G!��y]IR�Z!P<=ST�@
U��#�NO 400°C²B�O³��$��¬"���L�õQ�� �P�N��Æ�
o��!�$/´��/L��&ËÆ�o!Z��Z�$]YNOµ��!"�Ì\I¶

·��QÓ�¸¹#&'!Æ�oI���YËLQÆ�o�����$/P¥
¡�$º

¯IR���Q�Æ�o���RÂ��hÌ�"(�QÓ��$/���G"���LQ

fgP���[\]P(��

Æ�o��!`]Ñ����Ãd��� 100®�GZ�$Z!P£$� T�Æ�o2
��QO��L����P¯$QÓ"(��Æ>�?¶@Ï
<�oIh��Æ�o��

!XY�Å5S5TU�/�Ow�[TFSI]<[BF4]<[PF6]!»�`]���#���Q�
[OTF]¡[DCN]�[TCC]#t�Æ�o&'?!LM��PÞ�#�QÓ�Þ`]!Æ�o�
��#����[DCN]Å-�o�VZ`�I�v�Å-�o�<=ST�$���Q�Þ
_#�Þ`]��$��y]#t�N�!��I¼â½×Æ�o���¾��tõQL#

$�LNL�Æ�o��!Vw!��"(�Æ�o&'!£a]I¿��Tä�AB�

ab#�]I¼â½×Æ�o��P��ST�Z!�ßàST��  
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1�3�� ÷øù�L�!Æ�o��!RÂ�]

� 2À�2!÷ø§ ��À�PÁÂ��Ã�D÷øÄ�Å��IÆQL�À�POÁÂ
�#�ÃÅ�÷øÄ� TO!�2�õQ��ÃtY÷øÄ�wÇST��÷ø�P(�

§ "�2À�2!ÚÛu.I³L�$�!P= 1-3�R�gÈ´ÆÉW	ÊË"(��
ÌÍ�÷ø�!`��LØ¦.Î�� �I��ÓQ�9Ï3´mën"(U�ÐÍ�Ú

Û*ÑI³L�$��LØ¦.Ù!ÚÛÞ®@hÒÚÓIÔ(�����À�ÁÂ!¥ 

O#$Å�÷øÕ¬�@��LØ¦.PÖ�L$� !×!ÚÛ*Ñ�Å�!â�ØÙÚ

P¬¥��[18]�LQP���Å�÷øÕ¬!ÚÛÜÝI¨���(QU�÷ø�!`�
�O³�%&#3´mën"(��³ 1-3�Æ�o��!.`�Ip��#R�"(�Û
�¡YË�6poly-α-olefin, PAO7�ÃdL�R�[19]�pÕ!Æ�o;P¢£XY��Æ
�o!;��hUÆ�o��!.`�P-��� �P�N��Æ�o��!.`�!È

����40ÜC�@$��10 mm2/s ��!Z!NO 100 mm2/s �G!Z!�"(���
Q�Æ�o��!`�^Ñ6Viscosity index7��Û�¡ PAOhUZ���ôõ!R��
ÃdL����h�`�-�P§S$ �P�N��

= 1-3 gÈ´ÆÉW	ÊË  

��� � ��v / �� P

�
�

�
�

�

��� ���

��������

���	
�

��
��� ��
���

��η� �� V / �� P

�
�

�
�

μ
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³ 1-3 Æ�o���R�!`��]

� Æ�o��I÷øù�L������(QU�����!^¿�#���y]Z%&#

3´mën"(��ab#$%&'!Æ�o��!��y]P�%x$ÝE6TGA: 
Thermogravimetric analysis7�hU:;ST�$��1. 2�"�pQh¦� 400°C¶��"
%xÜÝPÞßST#$Z!Z£$� T�àá�÷øù�L�Z��ST�$�rWl

A÷ø�"(� PFPE (Perfluoropolyether) ¡k��lA÷ø�"(�MAC (multiply-
alkylated cyclopentane) �¢��!��y]"(�[20]��Q�M"��üQ#$%&'!
Æ�o��Z£�YËST�@U�500°C¶��"�y#Æ�o��Z<=ST�$�
[21]�
� �G! �NOÆ�o���ôõ!÷ø��ÃdL��âTQãÎoÄä5IhL�$

��¨�OT��

  

��������	
����


����������

��������������������������� ���������

�������� ����

���� ��!"#�� $%&$ ��&� �'�

��() *���!"#�� ��' �$&� � +

��,�,���"�� ��&$ -&�� �'-

��,�,���".� '� � &. �+%

��,�,��!"#�� %-&� .&'' %��

��,�,���� %� %�&� �%%

�/,�,��012� '&.  &�� %$%

��,�,��!11� ��&.  &+� ��.

�34� �.&'  &-� �%-

�34.  �&$ $&+- � $

,���5���6�������  �&� $&%' ��.
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1�4�� ½¾¿�8
�����	�ÀÁ�no

1.4.1. ÀP�½¾¿�ÂÃ½¾ÄS
� ½¾®¯
��
�2O	Å�ÆÇ�©�^	½¾È­
�¹48É+Ê�ËÌ���
4��Í¬²N¬�Î�8É+ÊÏÐUM
��
°���Ñ8I�2O	Å�ÆÇR4
ÂÃ½¾È­
ÒÓR4Y��=��ÂÃ½¾È­���½¾·Ô�ÕIÖ�®¯
�

G�½¾¿�×¬
ØP8��ST�½¾SUÙÚR4��J�½¾·�����¿
F

GÂÃ½¾ÄSUÛÜ8
�4�����sKL��s��8
�w 1-4
xRF+
Ý
bÔUÞ#R4ß�à�ÝbÔÞ#á��âãÔUÞ#R4ß�à�âãÔÞ#á���

4äÝbÔÞ#á�8
��µ�z{åæ|�ç�|è|ç��µ�zéê�ZDDP��ë
aìí�Î�îï¿�KLð�8
ñò!%4�îï¿
�ìí�µ��*ó�ôõó�

Î�öX%
�4�w 1-5
÷øùúû�Þ#$%4 ZDDPüý�ÝbÔ}þ|UxR�
ZDDP�øùú�l¡8�ìj�²µ�z*�Î�ÝbÔUøùú
Þ#R4�Ä
��

��µµ�z*��å��M
�I�H��ø	ÄSUxR�
3!%
�4�Y�F+


ÝbÔÞ#á�øùú���¿l��l¡8�O	Lú
>O�ÝbÔUÞ#R4Y�

��øù²ø	ñÊ
�
U��R�

âãÔÞ#á�H���z²H��|�@|�Î�·S¿
KL$%��J
ìí²µ

�Uö������w 1-6
÷øùúû�Þ#$%4åæ�µ�z�âã}þ|UxR�
åæ�µ�z�øùú
jkâã8�øù�ø	�)�Us&!RY���.$%
�

4�Y�F+
âãÔÞ#á��¿�øùú
��
��¿l��jkâãs8I��Ë

âã8�2O	Å�ÆÇU�ò4Y���øù²ø	)���U��R4�
âãÔÞ#á��¿��)���)N®¯��ÝbÔÞ#á��¿��H���HN®

¯�S`U��R4�

w 1-4� ��¿�øù�ø	)������



9 

 

= 1-5� åÚÛ G�@�� ZDDP��� �!&'

= 1-6� åÚÛ G�@��gÎÅ¶oj!qæ�35
  

�
�
�
�
�
�

�

�������

�	
���
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������

������������
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�
�
�

�

���Fe

O
O

CH3

O
O

CH3
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O
O
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O
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1.4.2. 2010M�²�@��Æ�o��!�D÷ø�]!
�<=
Æ�o��!÷ø�]�/L���D÷øÕ¬�@$�£�![çP#ST�
Q�

1989M� KondoOPè+Îëi!÷øù�L�Æ�o��I��LQ!PV�!<=
"�è+Îëié!qæ�35IêëL�$�[22]�Ô!B�2001M�W. LiuOPÆ�o
��I��÷øù�L�����V�!<=IL�$�[23]�= 1-7�R�h¦��W. 
LiuO!<=I
�N��Æ�o��!�D÷ø�]�/��
�<=PMb��L�$
��³ 1-4� 2009M×#!Æ�o��!;�ì!íîÑIR�[31]��ß!<="�Æ>
�?¶@Ï
<�o�jskoI|}[BF4]�[PF6]Å-�oI±ªY�âQÆ�o��!
÷ø�]I[çLQZ!P£��[TFSI]Å-�oP9$"£N�Q[24-30]� T��js
koAÆ�o��!ïðPef"(�Q ��Æ>�?¶@Ï
<�o!�ñ�]�Pô

�"(�Q ��Å5S5TU¡c\R!¶·�h�÷ø�]ÃdPef"(� �P�

��L�uvOT���Q�2009M×#"!ÚÛö�� 7ò�GPóôö�"(U�Ô
!?åAP 8òIõÓ�$��
jskoAÆ�o��!÷ø�]�×$���ôõ!÷ø��Ãd���ûö#÷ø�

]IR� �P�N��$��[EHIM][BF4]�[EOIM][BF4]!÷ø�]Iôõ!àá�÷ø
�"(� PFPE�ÃdLQ]e�jskoAÆ�o��!ÕPÚÛµÚÓ�Z�Þ$ �
PRSTQ[23, 39]�ûö#÷ø�]IRLQ���L��jskoAÆ�o��PÚÛ
 �� L�rW�óôI�D÷ø��L�÷Ë��QÓ�¨�OT�$��¢a�

[BF4]Å-�o��"#�[PF6]Å-�o¡[TFSI]Å-�o�$�Qo!jskoAÆ�o�
�ZÚÛ �� L�rWl��!� �I÷Ë�� �P<=ST�$�� T�²�

LQí�ù�¢a!� Ì&"(��pÕ"�
<�o��!� �!õQ�<=ST�

@Ow�
<�o�ÚÛ �� L#$�(�$�³ $Ý!øzù���"(��¨�

OT��

�G!]eNO�jskoAÆ�o��!� m
-.ÏI= 1-8�R��
jskoAÆ�o��!���L��óôö���L�úûI¤
¥ � �P�OT

�$�[13, 33, 34]�jskoAÆ�o��"(�[PP13][TFSI]I÷øù�L��$�w+
�"ÚÛ2üI²�QB�ÚÛö�Iw+��ýþLQ� ��×2P�´���×Tj

skoAÆ�o��PÂTQÙ$�@$�úû�Ë�P���� �PÞßST�$��

 T�óôÚÛ �!� �h��÷ËSTQrW�óôP�{+�!��� �� �

�hUúû]fg"(�rW��l!��I¤
¥ �QÓ�¨�OT�$���Q�

[BF4]Å-�o¡[PF6]Å-�o�×$���{+�!��� L�rW��lI�Ë��
QÓ�LØ¦.I��#��ZÚÛö�IúûSâ�[\]P(��÷øù�L�!Æ�

o��!7���¯���� !h¦#úû!��I/���v&P(��

� jskoAÆ�o���h�úûI����QÓ��$�×N!ab#�ÖP¨�OT

��1×���+�!�!y�"(��jskoAÆ�o��!úû�°�jsko��
$�!� �hU���� �NO��$P¾��tõQL#$	
ql��+¡�{�

"LØ¦.I²�äúûIÔ("
��¨�OT��jskoAÆ�o��I÷øù�L

��$�w+�@hÒ	
ql��+"LØ¦.I²$�ÚÛö�IÔ!��!��+"

24×2ýþLQ�
�	
ql��+"�úû�°PÞßST#N�Q �P<=ST
�$�[34]�2×¾!�Ö�L���hU��]P����$/!@
��$[FAP]Å-�
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o!��"(��[FAP]Å-�o!�!
/���[TFSA](=[TFSI])Å-�o! 1/10��"
(� �NO�úû�°���L��$ �P�OT�$�[31]�

1.4.4. 2010M��@��Æ�o��!�D÷ø�]!
�<=
� 2010M��ïU�YË[\#Æ�o��!;��SO���L�$�� T��$�
È´Æ�sìë!$�"Zab#$%&'!Æ�o��!÷ø�]P<=ST�$���

M"��7��éoìo�Æ5#t"��ST�$�,�ùI�35�LQÆ�o��!

<=P���$��éoìo�Æ5�|�T�,�ù�L� ZDDP¡¶ojégÎ5#t
!í�ùP(�[18]� TO!,�ùI�¨�L�¶o¡��I$%&'?�|}Æ�o
��P!¾ST�$��¶oI$%&'?�|}[DPP]Å-�o¡[P6, 6, 6, 14]
<�o�[P1, 

4, 4, 4]
<�oNO&ËST�Æ�o��!�ÚÓ�]��rWlI|}[NTf2]6=[TFSI]7
Å-�o¡[FAP]Å-�ohUZâT�$� �P<=ST�$�[35]� T��$�ÚÓ
]IR�¶ojóôPÚÛ �÷ËSTQQÓ�¨�OT�$�[36-38]���I$%&'
�|}Æ�o����jskoAÆ�o��hUÞ$ÚÛ*ÑIR� �P<=ST�$

��pÕ"��ÚÓ]�×$��jskoAÆ�o��!¾¦PâT�@U���I|}

Æ�o��!XY��ñÚÓ!���hUÚÓ!�wI¤
¥ � �Z^_ST�$�

[39]� !h¦���M"�¶o¡��I|}Æ�o��!
�<=P£$�LNL#P
O� TO!Æ�o��!$%&'��jskoP|�T�$�!P¾��t"(U�ú

û!��P^_ST�$��

= 1-7� 2010M�²�@��Æ�o��!÷ø�]�/��<=Ñ
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1�5�� jskor¶ëÆ�o��! �

� jskoAÆ�o���h�ÚÛö�!úûIÔ(��2ª�� T�"Z²�T�$

��LNL#PO�jsko�h�úû�°I�N�Ô(�� ���L$�Â
�"��

úû��I�Â��/���QÓ��jskor¶ëÆ�o��!���æ¾LQ�js

kor¶ëÆ�o��!÷ø�]![ç�¾��t²�T�@Ow�jskor¶ëÆ�

o��!$%&'�÷ø�]!�/��+"(�� !���L��jskoAÆ�o�

��_#PÞ��ïðZef"(�!��L��jskor¶ëÆ�o���_#P���

ïð"
�;�P�#N�Q �PuvOT���Q�jskoAÆ�o��!÷ø�]

�âT�$Q �NO�jskoAÆ�o��!÷øm
-.ÏI/+�� �¡úûI

Ô(��
�P`Å"(�Q �Z��!p×"(��

� V��#U�_#!Þ$jskor¶ëÆ�o��!;�P���$��Ô "�Â


�"�� �÷Ë��qæ�÷Ë�! 2 ×!nÆi!jskor¶ëÆ�o���æ¾L
Q�� �÷Ë�jskor¶ëÆ�o�������µ¶oAÆ�o��I�$Q� 

TO!Æ�o���ÚÛ "� L���¡¶oP� �I÷Ë���JKST��qæ

�÷Ë�jskor¶ëÆ�o���×$����lµD@lµklµqlNO&ËST

�ÄÅ�AÆ�o��I�$Q� TO!Æ�o����ÚÛ �qæ�I÷Ë���J

KST��2×!nÆi!Æ�o���jskoAÆ�o��!�]I³ 1-5�R��ÄÅ
�AÆ�o�����y]�`�^ÑP�$ �NO���-�Pw
$LØ¦.Ùé!

 �P�L�@U���µ¶oAÆ�o���`�P�$ �NO�ÞÎ�¬¡�M%"

!LØ¦.Ùé! ���L�$��¨�OT��

³ 1-5� «;Æ�o��!�]
Æ�o��!;� ��y] `�@40°C `�^Ñ

jskoAÆ�o�� 350-400°C 30-90 mPaµs 120-200 
��µ¶oAÆ�o�� 270-350°C 40-250 mPaµs 110-150 
ÄÅ�AÆ�o�� 270-400°C 10-25 mPaµs 150-250 
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1�6�� Æ�o��!÷øm
-.Ï![ç��$�$Ýð�

� Æ�o��!÷øm
-.ÏI»í��G"�ÚÛ �õQ����!;�¡&'�/

���<P�[s�#��ÚÛ !³ $Ý�L��9!Z!P(��

1.6.1. XË�L%$��6XPS: X-ray Photoelectron Spectroscopy7
� L%$����À�³ I XË�� Ë�L%Ë�Æ�o#t!!"�hU#¥L�³
 NOýzST�L%!é45êëI$Ý��ð�"(��XËI�$�Z!�� XPS@
hÒ AES6Suger Electron Spectroscopy7P(����� XËI!"����Lde�h�
���L%PýzST�� !�Lde!�°� Hertz �hU 19 C{B���$STQ�
XPS ���LQ�L%!é45êë#OÒ�¯�$%IKy��Õ�"(�[40]�XPS !
���L�2��+�����À�I��#$�Li�G!NÏl!KyP[\�&S$/
\P 1~10nm �V³ �'!$ÝP[\�Æ�og3Wn¶ox�h�&S$ÝP[\"
(��$¦ �PuvOT�[41]�pÕ"�gãWÈ��Ñ( μm�O³�w
$ �Ps
#�L�uvOT��

XPS!a��×$���L%��!)�ï"LQ XËé45êëI hv���LQ�L%
!*.é45êëEk�ýzLQL%!2���@��+,é45êëI Eb�2�!-./

ÑIφ�L���!h¦#)�L�Ë1���

φν −−= bk EhE     (1.1) 

L%!*.é45êë�r/5>VÉ5NOKy���φ = 0�#��0KST�L%!
é45êë$%���!?1¡;L%2!�<IZ��$�QÓ�hvPpy"(Tä]Y
é45êëEbPÒÓOT��]Yé45êë�ÏlÀh!Z!#!"��L%!é45ê

ëI/Ý�Tä���³ �õQ��Ïl!¢yP[\�#���Q��ñ§ !3$�

h��«Ïl!Bë	�þP4N�ÄrÈL�Ô NO]Y§ #t!�<I5� �P

"
��

KÞ#À�³ �<I5�QÓ�XPS 8þ"�$�6I�£Ó�L�¾��t!Ù7P
���{�610-6 – 10-8 Pa7"�.L�$��Ô!���L��2�³ NOýzSTQ�
L%P$�6�8Ê���"��9:fg$%�!;<�h�=>I?�#$h¦���

QÓ�@hÒ9:fg�h�³ @AIÔ(��QÓ��G! 2#PuvOT��
XPS!È´Æ�sìë�B�L�¨����XPS�2�³ !CWBoxKyP[\"�

LØ¦.D?�LØ¦.D PÔTET3¦���F�T�$� �PGH"5OT�[

\]P(��1.4.1 �"�pQjskoAÆ�o��!÷øm
-.Ï!¨I�/L���
`� ! XPS�h�Ky3ënIJ�L�$��
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1.6.2. K²×2�i9Æ�o�x$Ý�6ToF-SIMS: Time-of-Flight Secondary Ion Mass  
Spectrometry7

� i9Æ�o�x$Ý�6SIMS7��À�2�³ �ÑL eVM20keV����ÎLQp9
Æ�oI!"L�g3Wn¶ox�hUýzST�&ËN%!¦OLMIh��i9Æ�

oI¤
z�Õ�"(��¤
zSTQi9Æ�o!�xI$Ý�� ��hU�2�³

 !Ïl±Ë¡�P�I$Ý"
��XPS #t!$�ñ�ð����#U��x$�LQ
N%IQÁ
@oÈ�� �"íÓ��ù�!$ÝP[\"(��

� SIMS !a��×$��2�³ �RïLQp9Æ�o�2�a%�!;<ISUTL�
UV!a%�*.é45êëI·���Ô!*.é45êëP]^W%!ãÎoÄä5X

YIG¹�XY��a%�W%#NOZ
zST�$Ý��+"(��{��ýzST��

p9Æ�o�é45êëIÝ$#PO2�?Ù�9:���g3Wn¶ox�h��ýz

ST�N%!wÙ$��]"(U�K(�$�[�Æ�o�LQi9Æ�o!òY� 1%�
��\��wN"(U�Ô!òY�Ïl!;�¡2�³ !�ñ§ �w
�±õ���

SIMS !U]�L�²�LQh¦�O³��ù�#EKP[\"(�pÕ"i9Æ�o�
ÑP¸^�hUw
�-���QÓyx$Ý�×$��_�"(��

SIMS !�� ToF-SIMS �$¦!P(�� T�ýzSTQi9Æ�o�L� v I`�
L�*.é45êëEkI·��øz6é8ÊSâ�ð�"(�� !×�i9Æ�o�x

m� £��Î�P�#�QÓ�øz6�8Ê���"!×2 TIKy�� ��hU�
xÑ!¢yI²¦ð�"(�� !K²×2!$%IEK�� ��hU��xgC	È

5I5��p9Æ�o��`��f¶@Ï�agCg�óP�$OT�����L��&

S$/\P 1nm��!V³ $ÝP[\��x$/\@hÒ{2$/\PO³��$ �
PuvOT�[42, 43]��Q�³ ÜbP�#��p9Æ�o�h��ÜbI?�QÙ��
Z¦p�p9Æ�oP�Q�ÞÑ�O³�Þ$[44]�pÕ"�2�³ I&ËL�$�qæ
�PÔ!��Æ�o�LQ$%Æ�o¡]YP�T�r´xmoÈÆ�o�L�øzST

�[\]P(��p9Æ�o�agCg¡ó!h¦�%$ÏlI�$� ��hU�p9

Æ�oï"�h�é45êë!cPUPÌÕ¯�w
�#U�r´xmoÈIÔ("
�

���T�$��

� d��Æ�o����!�D÷ø�!$Ý�� XPSP��ST� �P£N�QP�q
æ$%;!�y¡hÌ�ñ&'!/Ý���($"(�Q�ToF-SIMS��³ �õQ��
a%µ$%IÆ�o�L��xÑ�L�øz�� �P[\"(U�hÌ�Y�!$Ýé

!��PßàST�$�� �Q�Vw 1eZ!$%x!KyZ[\"(U��$%,�ù
#t!$Ý�Z��"
��¨�OT�È´Æ�sìë$��@$�Æ�o��� �Z

h�#$Ý8þ"(��
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1�7�� f%í�x$ÝE�h�$Ýð�

� A�"!Æ�o��!÷øm
-.Ï![ç��G�LQ XPS� ToF-SIMSP`��$
OT�
Q�LNL#PO� TO!$Ý�LØ¦.2üB!³ $Ý"(U�$ÝI²

¦²�ÚÛ³ !§ Pw+�!Ë$�hU-���#t�ÚÛ��@���°I¶Å5

nÆÏ"EK"
#$��P(��Æ�o��!÷øm
-.Ï!/+��Ô!XKyP

v&"(��Â
�"��ÚÛ��@��Æ�o��!�ñ� isggI¶Å5nÆÏ

"hi��ðj�L���{<äokë?�lþLQf%í�x$ÝE(Q-mass: Quadrupole 
mass spectrometer)I��LQ�

Q-mass���{��õQ��+�!;�#OÒ�9:xIKy��EKÌ6"(��Q-
mass!a���Æ�om"(��L%P�{��9:��+��;<�� ��hU9:
fgIÆ�o����$Ýn!���oL$���¥þSTQ 4 Â!LíP(U�Lí�
�xÑ� £QL�I`��� �"��y!Æ�o!ªøz6é8ÊSâ���L%I

;<SâQ�
�ToF-SIMS�¢a�r´xmoÈ�����ã�L��ij�kl���
!h¦#3nëo�$NT�Æ�o�ST�[44]�

� � � � � � � � CO2� +� e-� p� CO2+� +� 2e-

� � � � � � � � � � � � � � � � CO+� +� O� +� 2e-

� � � � � � � � � � � � � � � � C+� � +� 2O� +� 2e-

� � � � � � � � � � � � � � � � O+� � +� CO� +� 2e-

�

�  !XY�m/e = 44, 28, 12, 16����$�PKyST� ��#�� !h¦�£�!
�xLMÃPøzST� �NO��{<äokë?P4�!��"qQST�$��


��øzSTQÆ�oPt!����"(�!NI/Ý��!�O³��L$���k�

�lA��L%�hU�Ãd�ef�$/L�L�¦QÓ�îð�h�gC	È53ën

�klÑ 4 �"!Z!P£$��Q�;<L�P�$¾t�$/L¡�$�$¦ ��Z
!­Pv&"(��

� Æ�o����$��y]IhL�$�P�ÚÛ "�ü� !ÂrJ]#t!st�

hU$/I¥ ��Â
�"� Q-massI��L�ÚÛ��¦Æ�o��!$/fgIKy
�� ��hU�Æ�o��!÷øm
-.Ï/+I2ªQ�

� Q-mass��{��+".��� �NO�Â
�"��{��+"LØ¦.2üI²�
Q� 
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1�8�� 
�¾��Âí!&Ë

Â
�!¾��jskor¶ëÆ�o��!÷øù�L�! �I¾¿��jskor

¶ëÆ�o��!÷ø�]@hÒ÷øm
-.ÏI+ON��� �"(�� XPS�
ToF-SIMS�Q-mass�TGAI�$Q$Ý]e�ÚÛ2ü!]eI�u�/v�� �"�
jskor¶ëÆ�o��!$%&'�÷ø�]!/*I¨ILQ�= 1-9�Âíî!r
së<äëÈIR��

� 8 1w"��÷øù!0ò�Æ�o��!���÷øù�L�!Æ�o��!
�.¯
�×$�x+L�Âíî!¾��&ËI�pQ�

� 8 2w"����¡¶oI$%&'?�|}� �÷Ë�jskor¶ëÆ�o���
×$�!÷ø�]I:;���Å5S5TU!�#�Æ�o��I�$�LØ¦.�!Æ

�o��!� ´�@hÒÚÛ³ !$Ý]eIZ���÷øm
-.Ï�×$�¨I�

��  
� 8 3w"��ÄÅ�RI$%&'?�|}qæ�÷Ë�jskor¶ëÆ�o���×
$�!÷ø�]I:;���8 2w�¢a�LØ¦.�!Æ�o��!� ´�@hÒÚ
Û³ !$Ý]eIZ���÷øm
-.Ï�×$�¨I���

� 8 4w"��ÄÅ�AÆ�o��!÷ø�]¯GI¾���âTQ÷ø�]IR�ÚÛ
ö�!±ªY�â�×$�¨I���

� 8 5w"��8 1wNO8 4w�"!y&�×$�z�L�ÂíîI�{���
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� 2 �� ����	
��	
������

2�1�� ��

� ��	
��
��������������������� !�"#$��
%�

�&��� !'����()*+,'-.�/#012�3#�45678'�
%�

�&��� !'9:;<=>?4567@AB'CDE'�F�36G(	�)*HI

JKL�/#0MN4$�2. 2�	
���=OPQA=>?�FRS�/#0TUP�
2. 3�	
�V'WX�YZ4�2. 4�	
�[\]$WX^\)*HIJKL�/#0
MN_P�

2�2�� QA=>?�FRS

2.2.1 QA`a
� 4567@A�
�bcdefgh�i%��%jklmCD@An�"#$�456

7@An'op�q 2-1�r_�st�4567@An��u_PvlwL�TUP�

q 2-1 4567@Anop  
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����

� �����	
��
����NeoDry15E-1, Kashiyama, Japan����������
�UTM-300A, Bruker, USA������
��� !

� "#$%�&�'(�)� B-A*�+�,-.�/�0�*�+�M-336MX-SP, 
Canon, Japan������
�123. !

� 45678�9:�Quadrupole mass spectrometer: Q-mass, MKS, USA��;<="#$%
�&�'(>78?@A�BCDE123.(�0�?FG� !H�[45, 46]�
�IJ)( !

� $%�&�KL(M����;<NO.,PQR�STUV=��/PQR�(W�X

YH�IJ)�Z[\&��]H^$%�&�K(_�	`/�;a^ !H��

2.2.2 bQcd
� PQRefENO.,�φ 24 mm × t 7.9 mm=HRC 60=Ra = 0.05μm�g;h��/�φ 4 
mm=ij G=28���klm�SUJ2��n�H��opq��rs�-�tuvwv�
�xy'�z{vE�0�|}�����~��e�=�0�|}(�/�/�(�U�

;Eop���(�����E��=�/�/��(��E��0������� 2-1�
�Sn�H��0�|}(xy\=��=����D�[EMIM][HSO4]=[EMIM][ESU]g
;h[EMIM][OSU]�=	��(Merck��e��� S���	efa��uv�K(�
0�|}�=	��( IoLiTec��e��� HP���	efa��D�^(�0�|}
(��� ¡�¢efa��

� D�^(�0�|}�£�^=¤¥¦§\¨�:�SV-1A=A&D Company=Japan��
;E¨�( !=g;h©58�9:�TG-DTA2010SA=Bruker=USA��;E©ª!�
(«¬�­a��©58�9�=®¯°¯��±²=³¡´�� 10°C / min= !¡�µ
� 50 - 500°C(¶·e«¬H��H¸¹§PQº�»¼g;h�PQR��`½��¾¿
À�+�( 1: 1(ÁÂÃ|�;<=20�W × 2SÄ¤ÅÆÇ�­a��H¸¹§¶·
�=�
�� 2.0 × 10-5 Pa=ÈÉ@5� 3.5 N=Ê§´�� 52 mm/sec=Ê§ËW� 2Ë
W=�0�|}(ÌÍ8� 30 μL�H��{�=�
�t 2.0 × 10-5 Pa ÎÏÐ=12ËW�

ÑÒ�­�=H¸¹§PQ�ÓÔH��

2.2.3 �9cd
� IJÕ�gÖE�0�|}(×CØÙ�£�^=Q-mass�;EM��-���­a
��{�=123.�H^ÚÛvEN��(ÜÝ��)�Pa�efEt=Þv�= !U
v�uvwv(78?@A(�0�?FG�±²ß�eàáH�GefE�

� H¸¹§PQÐ=PQR��`½��¾¿À�+�( 1: 1(ÁÂÃ|�;< 10�WÄ
¤ÅÆÇ�­�=âãäåæ�VHX-100=Keyence=Japan��;E�Õçè(éÚ=g;
h XPS�QUANTERAII=ULVAC-PHI=JAPAN��;ENO.,PQR(IJÕØÙ(�
9�­a��XPS(êë�� AlKαì�íî/ï�1486.6eV����=C1sð�,( 285.0 
eVeíî/ï�ñò�­a��  
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� 2-1 �0�|}(xy\=��=��
1-ethyl-3-methylimidazolium hydrogensulfate [EMIM][HSO4] 

1-ethyl-3-methylimidazolium methylsulfate [EMIM][MSU] 

1-ethyl-3-methylimidazolium ethylsulfate [EMIM][ESU] 

1-ethyl-3-methylimidazolium n-octylsulfate [EMIM][OSU] 

1-ethyl-3-methylimidazolium dimethylphosphate [EMIM][DMP] 
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3�2�� ��0v�x���

3.2.1 ����
� .�pj��4
�� 2�( ¡^_`¢£¤¥�¦$��$§¨©ªST��« !
"#�ST¬­n ®4 SUJ2§¨©ª¯φ 24 mm × t 7.9 mm�HRC 60�Ra = 0.05μm°0
v� SUJ2¥�¦¯φ 4 mm�±² G=28° !"#�  
� >?³4
 2tu��´��( 3tu��s�� Z=[=µ9¶·¸#¹ 6tu��
�������� !"��´��(�s���xy:zN>?@Aº»l�¼½ ��

.#�¾ 3-14¿ÀÁ!.#����������:zÂ�ÃÄ�ÅÄ XC�
[EMIM][TCC]([BMPL][TCC]
�Æ�Ç� IoLiTecÈÉ	Êb
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�Æ�Ç�MerckÈÉ	Êb
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����������ÏÐ
ÑaÍÒ	�)#�  

3.2.2 x���
� � 2�( ®�ÓÔ	�����������ÕhiA
 TGA4v}Öi.�ST�
40����������������40"/
�Q-mass4v�×sØ��Ë �)
#�.�pj��W���Ù �ÚÛ�(ÜÝÞ�ß�� 1:1�à¶á�4v} 10xâ
kãäåæ �"�ToF-SIMS¯PHI TRIFT V nano TOF, ULVAC PHI, Japan°4v���Ù
�ST����x� �)#�x�ÓÔ ¾ 3-34XC�
�
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¾ 3-1 ������:zÂ�ÃÄ�ÅÄ
1-ethyl-3-methylimidazolium dicyanamide [EMIM][DCN]

1-butyl-1-methylpyrrolidinium dicyanamide [BMPL][DCN] 

1-ethyl-3-methylimidazolium tricyanomethanide [EMIM][TCC] 

1-butyl-1-methylpyrrolidinium tricyanomethanide [BMPL][TCC] 

1-ethyl-3-methylimidazolium tetracyanoborate [EMIM][TCB] 

1-butyl-1-methylpyrrolidinium tetracyanoborate [BMPL][TCB] 
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¾ 3-2 ������çA

Lubricants Melting Point (°C) 
Viscosity (mPa s) 
40°C 70°C 

[EMIM][DCN] < - 50 9.66 5.14 
[BMPL][DCN] < -50 15.39 7.11 
[EMIM][TCC] < 0 10.01 5.36 
[BMPL][TCC] < 0 19.39 9.08 
[EMIM][TCB] 13 10.58 5.20 
[BMPL][TCB] 22 25.13 10.26 

¾ 3-3 ToF-SIMS�x�ÓÔ
Primary ion source Au3+

Impact energy 30 kV 
Ion irradiation time 4 min 

Measured mass range 0.5-2000 m/z 
Measured area 300 × 300 μm2 

Mass resolution 1955 m/Δm 
Spatial resolution 3 μm 

Dose 4.09 × 1010 ion/cm2

  



39 
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¾ 3-4 ������������Ë��Û�Ø��¯X=�s��°

Ionic liquid cation Produced ions 

   

  

Ionic liquid anion Produced ions 
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è 3-3 (a) [BMPL][DCN]���Û
©0v�STUF�Oj

è 3-3 (b) [EMIM][DCN]���Û
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è 3-3 (c) [BMPL][TCC]���Û
©0v�STUF�Oj

è 3-3 (d) [EMIM][TCC]���Û
©0v�STUF�Oj

10−10

10−9

10−8

0 3600 72000

0.1

0.2

Sliding time [min.]

Pa
rti

al
 P

re
ss

ur
e 

[P
a]

C2H6CH3

Friction coefficient

Fr
ic

tio
n 

co
ef

fic
ie

nt

30 60 90 1200

C3H8 C4H10

C3H8

CH3

C2H6

C4H10

Sliding period

10−10

10−9

10−8

0 3600 72000

0.1

0.2

Sliding time [min.]

Pa
rti

al
 P

re
ss

ur
e 

[P
a]

C2H6CH3

Friction coefficient

Fr
ic

tio
n 

co
ef

fic
ie

nt

30 60 90 1200

Sliding period

CH3

C2H6



45 

 

è 3-3 (e) [BMPL][TCB]���Û
©0v�STUF�Oj

è 3-3 (f) [EMIM][TCB]���Û
©0v�STUF�Oj
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3.3.3 ¾�x�ef
� Q-mass�ef¯è 3-3°v}��´�������Û
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3.3.4 Õ*îx�
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¾ 3-5 ����������ÕhiAKL
Ionic liquid Temperature of 5% weight loss

[BMPL][DCN] 272.8 °C
[EMIM][DCN] 288.5 °C
[BMPL][TCC] 315.0 °C
[EMIM][TCC] 333.5 °C
[BMPL][TCB] 371.5 °C
[EMIM][TCB] 391.6 °C
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4�2�� £�
N����¤

4.2.1 £��¤
� 6cde��	$
� 2�0� 3�0f¬­®¯°±²³´µ¶��¶·¸ba&'�
�¹�Y�5�³´µ��º;f»	 SUJ2³´µ¼φ 4 mm
t½ G=28¾�Y�5�·
¸ba¼φ 24 mm × t 7.9 mm¾	$
SUJ2
TiO2, Al2O3, ta-C DLC�¿Y65�À 4-1	·
¸ba��º:ÁÂÃ��� !�Ä3$Å^�³��·�Æ´¼Ti950, Hysitron, US¾	
NOÇn6
ta-C DLC:+È$É´Ê¸�Ë+ÈÌ¼Calotest, Anton Paar Tritec SA, 
Switzerland¾	NOÇn6
Í 1μmJKB5� 

� ��X	$
� 3�0f¬ 6ÎÏ:����������Y�5� 

3.2.2 ���¤
� � 2�
� 3�0f»	
&'(	
x.���������:����	
��$

Q-mass	N.Ð%ÆÑ�Ë��B5�6cde���
��º��]Å�0ÒÓÔ�Õ
�: 1:1:Ö#×�	NO 10�ØÙÚÛÜÝ���
ToF-SIMS¼ULVAC TRIFT III, 
ULVAC PHI, Japan¾	N.��º:&'(��:����B5���Þß�À 4-2	 
!�u5
]^_`ab
N� DLC$àá��â�5ã
äåæç:5ã�èé�Y�
5�

�

À 4-1 &'LM:ÁÂÃ��
Materials Method Roughness, Ra (μm) Hardness (GPa) 

SUJ2 Annealing 0.05 7 
TiO2 Sintering 0.05 15 
Al2O3 Sintering 0.05 35 

ta-C DLC AIP 0.01 73 

À 4-2 ToF-SIMS:��Þß
Primary ion source Ga+

Impact energy 15 kV 
Ion irradiation time 3 min 

Measured mass range 0.5-2000 m/z 
Measured area 300 × 300 μm2 

Mass resolution 500 m/Δm at Al 
Spatial resolution 2 μm 
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4.3.1 6cde��§¨
� ê 4-178ê 4-3	 SUJ2ëì:&'LM	í!.���������:&'oe:§¨
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<=>��
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Y�5[58]�
� ê 4-1 NO
TiO2
��$
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4.3.2�����:���
� Q-mass	NO
6cde���	
x.���������:&'(J:�����
ÌÇ65�Ð%ÆÑ�Ë65��Å
b:ÎÏ$� 3�:À 3-40f»	�B5���:
���������	
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�%����:��Å
b$1234�
�%���&

'(	��6��./0� �6��.��£�J;�w����:��Å
b¼CH3
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N� C4H10¼m/e = 58¾¾	¡��Ì
Ç65�
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4.3.3 À(��
� Q-mass:§¨NO
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6cde��
�:��ºÀ(	�&!.Á':fn��B5�(`)�Ë*+$� 3�0f»	���
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[EMIM]  1-ethyl-3-methylimidazolium cation 

[BMIM]  1-butyl-3-methylimidazolium cation 

[HMIM]  1-hexyl-3-methylimidazolium cation 

[BMPL]  1-butyl-1-methylpyrrolidinium cation 

[PP13]  N-methyl-N-propylpiperidinium cation 

[P(h3)t]  trihexyl(tetradecyl)phosphonium cation 

[P6, 6, 6, 14]  trihexyl(tetradecyl)phosphonium cation 

[BF4]  tetrafluoroborate anion 

[PF6]  hexafluorophosphate anion 

[TFSI]  bis{(trifluoromethyl)sulfonyl}amide anion 

[OTF]  trifluoromethanesulfonate anion 

[FAP]  tris(pentafluoroethyl)trifluorophosphate anion 

[BOB]  oxylatobolate anion 

[BMB]  bis(malonato)borate anion 

[HSO4]  hydrogensulfate anion 

[MSU]  methylsulfate anion 

[ESU]  ethylsulfate anion 

[OSU]  n-octylsulfate anion 

[DMP]  dimethylphosphate anion 

[DEP]  diethylphosphate anion 

[DBP]  dibutylphosphate anion 

[DPP]  diphenylphosphate anion 

[DCN]  dicyanamide anion 

[TCC]  tricyanomethane anion 

[TCB]  tetracyanoborate anion 
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