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Abstract

Aromatic polyimide (PI) is a representative heat-resistant polymer, and is
widely used in the fields of microelectronics, aerospace industry, etc. By the
heat-treatment, PI film can be converted to carbon films and then graphite
films maintaining their film shapes, all of which are widely used in industry.
However, there are few reports concerning the electrical characteristics of
carbon films made from PI films. Therefore, it 1s worthwhile to elucidate the
adsorption phenomenon of carbon films and the electrical characteristics of

the intercalation compounds of the graphite films made from PI films.

The following are the abstracts of the doctoral dissertation;

+ Carbon films were prepared by the heat-treatment of PI films in nitrogen
at different temperatures between 400 °C and 900 °C. From the
nitrogen-adsorption isotherms of the carbon films, it was clarified that
micropores are predominantly formed, and that heat treatment method

largely affects the micropore structure of the carbon films.

- When PI films were pyrolyzed at 500~560 °C for ten minutes in air,
porous pyrolyzed films were obtained. The pore size of the films widely
ranged from micropores to mesopores. It is expected that the porous films is
useful for the adsorption of a wide range of molecules. Also, the
heat-treatment in air is advantageous for the production of the porous films

with low energy and low cost.

A



- Carbon films were prepared from PI films by heat treatment at 750 °C
under Ar atmosphere. The electrical resistance of the carbon films was
remarkably increased with the adsorption of acetone and decreased with its
desorption. The magnitude of the resistance change increased with the
Increasing vapor pressure of acetone and with the decreasing temperature.
The weight and resistance changes during the adsorption of acetone were
simultaneously determined. A linear relationship was confirmed between
them. It was also found that similar resistance changes were observed for

adsorption of aqueous ammonia and nitric acid.

+ Potassium-graphite intercalation compounds with chemical compositions
of KCs4, KC4s, KC36 and KCs were prepared from PGS graphite sheet and
then treated with 6M-HCI aqueous solution. It was found that about 40 % of
potassium in the starting potassium-graphite intercalation compounds
remained in the matrix after treated with 6M-HCI aqueous solution for KCas,
KC4s and KCss, while 15 % for KCs. The room temperature electrical
conductivity of an air-stable compound, containing potassium of 0.008 in
molar ratio of potassium to carbon, was determined to be 1.3 X105 S cm'.
This is comparable to that of iron and approximately 1/3 of that of

aluminum.

It was clarified from this study that the novel carbon films prepared from
PI films has the potential to be used as the gas adsorption sensor, and as a
new material that has the similar level of electric conductivity with

aluminum and even lighter than aluminum.
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BT, PL 7 4 L AOBG R L RFACITLE 5 MFLEZ b oG A %2 B Y
ELT, ERFAKTBLORAFFHKATICBIT S PL 7 4 VADRFIED
HALRFEIZ DWW TR AT o 7o, ERFIAKTIZE T 5 PL 7 4 L LOEGRT
BHONDIRFILT 4V LFDI 7 o fLOER L MALEEONT 2 B & LT,
PI 7 4 )V 5% 400~900 CF THRHMMNZ 2 DOFIEIC L HEELT 5 Z LT &
DIRFILT 4 VAEERI LT, RO B TRAFHX FIZBNTH PL 7
ANV A EBEEE L COIKIRTH D 500~560 ‘CTEV T 4 VA EERLLTZ,
B ONTBGIET 4 L MTDONWT, BREAZFRBNE & BE &SP (TGA)

WAL Z Rt b LR R & iZon Tk~ %,
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2-2 EBR
2-2-1 KU A I R7 4V ADOER

RIVAIRTZ7 4 NVLAEERT D ZOICRORAIEZ AV 72, Pyromellitic
dianhydride (PMDA ; ¥ > # (L Bk th) IZBOKERRR 2 F O CHfS R & 1T -
o, HAE-BHLIELOEMH L7, 4,4-Oxydianiline (ODA ; & ¥ Z{b2#4%
RESIFFE - B L T MM L=, NMethyl-2-pyrrolidone (NMP ; &
AR S )IX, KAl E U CRFIL T N> 7 2l 8N 2 J8)E FIcBn T
B L7, BEREZIT oo b D&M Lz,

Fig. 2-1 |ZR T L 9 ICEZFHA, EiR T2V T ODA (4.63 g, 23.0 mmol)
% NMP (86.4 9| WfE X 7-1% . %E/10 PMDA (5.02 g.  23.0 mmol) %/l %
TK 2 FERIRER L, A TEW RO H 5 AR Y 7 I RERIEIR(10 wt%) % 15
Too RUT I REEOBEITKEIL 1.7 dL /g [INMP ., #F 0.5 g/dLI T - 7=,

BONTRY 7 I R Z T 7 AR EIZF ¥ 2 F LIk, BETIZERENT
50 CT 16 Wl S 7z, AU T I BRI A 7 AMRICHEE L7z E £ 100 C,
200 CTH 1 KT OBMLHE 21TV, DV TZ4H 300 °C, 400 CTERTEN
1 RS OBULEE AT 9 2 & TPL 7 4 L A& 157,
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2-2-2 RV A I FOBILE
2-2-2-1 ERFHITICBIT HR0LE

RFT 4 VT PL 7 4 L2 (5 mm X 30 mm) & 7 /b 3 FHRICHEZ  Fig. 2-2.
KO Fig. 2-3 1237 X912, AMOBLIEE £ THIE L7 RICEDIRET 1
REREVLEE 4% 5% (one-step method) . & 5\ Nd 100 CHIC 1 RefERFF L 72
23 5 B BERIC B PR & CHRIE L. & OIRE T 1 KFfZVLEE 3 5 575 (step-wise
method) (2 &V Z 1 ENEVLEIE FE D H 72 2 506 2 /F 3L L 7=, One-step method,
step-wise method {fAL DA & EFEKI . 400 CH 5 B AR £ CHIREE

1 Cmin! THIE L7,

2-2-2-2 RKXFEHRTICBIT 5B

BFoNTZPI 7 4V A% 5 mmX20 mm fEEDORKE T > TT /LI FHTHE
. RAFEHRATFIZBWTERIFZHWT 2 C/min OFHEEE T 500 TH 5
560 CE TOFFEIEE THIE L., % 10 207 O THRE L CORF(LRE %
F72,

2-2-3 Ht(b

AU T I FEESIROKE L, v —F ARG (Sem AP as TS
) AV 30 CTHIE L7z, IR A~ kid, KBr §E#1#IC X v TR 810 (H
Aok tt) 2 MW CllE Lz, BAE&ESHT (TGA) 1%, TG-DTA 8120 (3
RS 2V, T UAH (100 mVmin) . FHEEE 5 ‘Cmin'?
TiT o7, BRVCEFRMIBEEO BBRAELEEZ AV, -196 C. FEIETH
E LT, WAESRROWUEIZENL S, 3BHT 150 °C, 10 Torr T 8 HEfH AL
AT 70, LN ERZWEERBOO t 7ry MECK Y ERERE, 2724l
NELmAE, SRR L O &L RO 72,

IRFACT 4 IV DDy THEE % s 2 72 DI XHREHTHIE (BLF XRD & 19
AT o 77, BET Rigaku 8 RINT2000 Z{# ] L. CuK a % HWCHIE LT,

F e WsF1EE W TRF(L T 4V AR OEERISSE 2 HE L7,
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2-3 MERLBE
2-3-1 RYAIFT7 4 A LOMER

RYT I RBOXF ¥ A N7 4 VL% 400 CE CTEFEMIZEVLET 5 Z L2 X
DB PL 7 4 v A %4572, A X MMEOHEITIX IR A7 hUIZ XV BH
L7z, Fig. 2-4 1273 XL 51T, 50 CTHME LB TiE. 1680 & 3300 cm'?
IZZNZENARY 7 2 RERDO B IVR D B LR = )V E K OVKER L O e il e
EENZIRR SN AW, 1550 cm TR Y 72 RO 7 2 NiZliE S sk
BN, LAL, 400 CETEMLIEAITH> Z L2k b, AU T KBEOD
WIRF VR BN T X FRICIRE SN2 WIUEZEA L, #Hizic 720 LY
1780 cm M2 A X FAITIFR SN DWW BTz, ZHid, 400 CE TOELR
TAINMERTETTLHZEEZRLTWND,

PI O\ fiz¢Eh 2 TGA IZ X Y FiFgt L7=, Fig. 2-5 23 X 912 500 CfHir
FCTHEHERAD D2 <, 500~600 COHIH TK 40 % OEM72E &R 3 & 72
#%. 850 ‘CE CTHikIEA Lz, 500~600 ‘CHOAM M EEAIT PI OER,
WONZRILIZE Db D EEX BND,
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2-3-2 RFBILT A VEABLOBGHRT 4 V5 DOVERL L MIFLEE
2-3-2-1 ZBRFHITIZBITBRFILT 4 VA

PI 7 4 )V 2% 400~900 COAIRE CTEMLEE L TRl 2 /R L 7=, 500 CLA
BV 5 Z L2 XV, one-step method., step-wise method. {JALDEHE
HEREA, BROH DL 7 VLG LI,

TR L 7o & IRFAL 7 1 v L OMFLEE 2 RFTT 272010, ERWAE SRR
E (-196 C) #17-72, One-step method TIERI L 727 4 L A DH4 . Fig. 2-6
IZRT L DIZ, 700 CULF TR L TR L7 4 L AT, FExE (P/Po)
OB LT E R S EEINT 5 Henry BLOZEEMR E 720 . ZHEL TV
W, HOWIEIEZRSD TR TERW YL RN I 70N ER L TWHZ &%
R LTS, LavL, 800 ‘CHHNE 900 CTEULEE 7=~ ¢ /L ATl P/Po
PN 108 FRE CRIBWA BN ZIRITEIN L, Z D% PP DRI S B3 E
LMITHNINT 5 TUPAC Ta BUZZ2 0, I 7 B BAER L TCWDHZ L& R LT
%, 800 CH I 900 CTHULEL L =3B oW S HEBRIC O W Tasr 7B Y B
\Z X DT ATV, REEREEE I 7 LR mfEE AES o7, ZORE,
BULEIREEDY 800 CHH 900 CIZ@m < 221271 T, I 7 n LR EFED
400 m2g1 725 600 m2gl ~EL K L7z, BUAENERE, E&ERD, £LTIsm
FLEER IR ORISR % Fig. 2-7 (287, BMLEIREEAY 500 CLL L2725 & B &
DERBERTHZ Lond, PLOBSENEITT S EBEZ BN D5, 700 CTEUL
B2 & EEWMDRIT 48 %REEIZ/R D Z LD, PL OBVENEEITL TS
LHbND,

L2700 CTHERLER L 72306 O W A SR AT Henry BT v (Fig. 2-5) .
Fig. 2-7T1RT X912 7 v fLOERDBBE S N>z, 21T 700 CTIE
PI O3 fRERD O—EN 7 4V LNORIFLIZFR Y | MFLEZPAZE LT &E X
b, LaL, 800 °C, 900 “CTEVLE L /=50 Tl Fig. 2-5 IR T X 91
AR Ta BUC/2 % Z LD, 2 OIREREN TIX PI OB A EITT 5
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& IR DIRBENEIT T D/K, I 7 nflBilT 5B b5,

ZHUTKE LT Fig. 2-8 127 ¢ & 9 1T step-wise method TEHL L 73 E D4 .
400~600 ‘CTEULIE L 7= 7 4 /L AL 7 B LMFELE L72V, LvL, 700~
900 CTEVLEE L 7= 7 4 /L A, one-step method TIEH L 7-FEIDLGE L [F
FRICWH A SRR T Ta RS2 0 | 2 7 v fLOTERD HERR S 417~ Step-wise method
TER U7 O R AEERRE a7 1 >y N &2 AW THENT L7#E %, Table 2-1
(R T XD IZEMLBRE A 700 CHvH 800 Cli7ed & X 7 a Lo KIS
340 mgl 75 440 m2gl ~EER L7223, 900 CTEVLEES 5 Z L2k 230
m2gl £ TR Lo, BVUER ), EERd, £ LT 7 vt RmiE0 R %
Fig. 2-9 (ZR"d, BERENE < 72512251 T PI O@E&EREDERHR L,
700 CLLETI 7 o LA #EH 7, Step-wise method (% one-step
method & b U Ciild TEVMLBE S D RE ARV, 2 D728 Fig. 2-9 @ TGA
MR L VB KO ITIRE—ESRMF T CEENED T 5, Step-wise method
Ti, BVILERIE 2N one-step method & bt L TRWZ 012, PI OEVMEM X
ST L, SRR X BT 5BREEICH D, Zold, 700 CTDI
RALOERPBIER SN EEZ B D, R EEIL 800 CoELEE Tl KA 4
w L, UL EOBGLBEE TRV LT,

PI 7 4V AEAERT HBRIARY 7T RBEE 7 4 L ARICKF ¥ A M5, 20
BRIZEABIS DR300 R Y 7 X RERO 5y F8#EPEA T D 72012, Tavza INER
AMEE L CTHEOND PI 7 4 V20D PLEEL 0 FAEMA L TWAD EE 2 B
%o ZO, Pl ZBULEL L TH LD IRFITRFE N B IR IR L7z 5
BEIMUIREZETHA D, ZDT-8. step-wise method TliE. 900 COERLHR|IC L
ST 7 4V AN D RFERGED BEE TG R FE D 6 R FE N B IR OS2z L
RSN DT Z 0 350 5728, PI OBIRIC & 0 AL S - REBSMEED
AR LT 7 B iLBMRAICIHEKR L T X | REENHD LB 260
%2, T ORERIE, IRFEIEFREDOBEE D RFE OHIFLIEIC B % KT
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FTZLEEREL TV,
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2-3-2-2 KRREBRJTICBITHBGRT 4V

Pl 7 4 )V A ZEEHFEAK T 800 CULEOEIRTEE TS Z Licky, 27
HALD B DL AMEIRFENT 4V LDERRRFRE 29 Th 52, FHEIZEZ DX
VX =N D, £ 2T, KRBV S 26T 2 RFEMDEERT D
ZEEHEME LT, PIIPMDA/ODA) 7 1 v A% KEAFEFR FICBWTRELL
7o

PI(PMDA/ODA) 7 ¢ /L ATZER KRR T OB O4 & FERIZ Fig. 2-1 12
> TEM L7z, PIIPMDA/ODA) D ANIEMIRFH (T /L 2 i) i L OVESH T
DENG B A B EERDRNE (TGA) THF L7z, Fig. 2-10 1273380,
AIEPEFEHKF TIEE 5 B XD 10 %EERMDIBENENEN 517 CL
542 CTH Y. 650 CHIFE TAMICERBYNBEZINEZ%, 2L
850 ‘CE TIREE DM LW FERONCEEND Lz, —FH, ZAHFTIiE5 %
BLU10 %EERDEENZNZEI 486 CL 520 CTHY . L EOEIR
TRMICEERDNEZ Y, 600 CTIRIEFEENDMHA L, 2, PI 28
IBNZ XV 3T 5720 Tlid/e <, ERPOmE LG L TRELTWS Z &
BT D, (6o T, BRI TOMBIC K - T, —TEDOIEREHRF LoD R
AR E 15 DR, BRI OFEMRE BB L 72 D,

Table 2-2 [CZEHZFEFAL T 700 75 900 CE T, BLOKKEHE T 500 7
5 560 CETOZLNLILOILE T 10 Sy FEVLEL - RFE(L L7212 D PI 7 1 /L L
DNRE T, BRFHK T CTELE L7 4 VAT ETRATHRROD DR
FALT 4 VDT o T, BVIVERE N BN D Z Lk 0 . SRR AN 2 I
KN FR > TWSHABABND, —F, RRFFHEH 500 CH LV 510 CT
AP L TR LN 7 4V AFBETH 7203, 520 CLLETITREAT 1 1 A
WFFBAV, R BRI T 0 L AT L T oz, 550 CTEMLEL L 72 %
DIX7 4 VIR TIEBD o 72d, REMLS . TR TN, 560 CTIX
e AEBBEIZ R VIER LTz, RAFFESK F CEWET 2 &, RIPOBEHKIC
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£ o T PL OBBAL S EMEHE S LD 72 BV MR TR X 2 2 & 03 R S
iz, F£7o. ZBRPTORGIHET 4 )V AIBRGITHFETE, R E L TOHHA
MRS THDHZ ENPALNIRST,

Fig. 2-11 IZKRKFHKR FIZBWTEVWEE L THLND 7 1 /b A (EEIIC
C(PMDA/ODA) 7 4 VA &%) OEFWAESRME R~T, WO DIZEHR
FIRTICBWTE LN RE T 4 /b LD 2R AE SRR E DR B bR,
ERFHLRT (KHPAHD) IZBWT 700 COBMLEE TR L 7= C(PMDA/ODA)
T VAT, BERWENBIE ST SRR SR, Ll
800 CH L X 900 CTHRL L7-7 4 N LITEAE (P/P0<0.02) TAMMIZK
EEPHEINL TZ OB —EMEISE-S< TUPAC T B O %R Z /R Uiz, AT
TORMBRLS LRV ITHAAE 2nm LT DO X7 B fl~DWE 2R L TWD,
bbb, BEFH[TORBLTIE, FEI 7 aflOBAPBERT D,

—F7 . REFEHLKT (®HOH) I8 W TAER L= C(PMDA/ODA) 7 ¢ /L 2
X, 510 CLLF OFLHL T b 73R CIXBE el B Ml S v T, FBML
PETHDHZ & -7, 520 CLLEDOESLI TII P/Po < 0.02 THAE &3 IS
HER U AR E DEEAMI A A S EARAYIZHEIN L TV 2 RN DT,
(A HE COAMANE S LR VLI 7 afl~DWEL TR L, F D% OWE &
OEINEI 7 m L LY bHAEDOKRE R AV HAAOREFICL Db D EEZ B
Do Flo. AV HA~DEEEMIC L DMAMRAT v TRBIREINRNT LD,
AV HLOMFLLIL—ETIT <, BEWSMEROZ ENRBIND, ZDOK
HIZ, KRR, HBAURIROBLEL TR LN DB 7 1 v 2L 7 v LIS
A, AVHEAETLHEN) 2=— 7 TRERIZ2EBEZ R LT\ D,

Table 2-3 IZEH B L OKGDFHZ T TEEL L= 7 ¢ )V ADEREFEB LW
R AREERT, BT 0L 7 Lk RmEIL, 2EFET 800 Th
2T 900 CTOELEE T L 7 RSB T 1 /L 278 800 m2/g & 5\ ME 400
m2g THHDIZH LT, KEAT 510 TH 5 540 COEULIETH 5 5 BV i
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7 4 VAT 210~250 m2/g ThoT=M, A VI ZE O LR mEITERFHA
900 C TRFAL LTZEIZ RS &, WTNORE G IZIZFRRE Th -T2,

BULEE L 15 b7z CPMDA/ODA) 7 ¢ /b A OIS A & Fig. 2-12 1T7%
T, BEFHK T THHFL L= C(PMDA/ODA) 7 4 L A Tlx, iHTERFEIRE,
ABEDOIFEAER I LTOI 70l ThHD I ENbND, —FH, KAEHR
T CEIFL L7 C(PMDA/ODA) 7 4 /v A TIEI 7 v fLIZINZ, MFLE 1~6 nm
DAY ILDOFIENHERTEX =, DX o, RAFHK TOEMBIZ LD |
ERFHKT - MIROBETH LD KB T 1 VL L RIZEOM ALK S %
LI D, AVIHOEIENZNE W R EET D7 4 VA0, KIR - 5
RER] TR H Z E R LN -T2,

UL L7~ C(PMDA/ODA) 7 ¢ /L3 XRD HIEHSE B4 Fig. 2-13 1Z-T, %
FEPFHK T T 800 CHEW 900 CTRFELLIEZ 4V ATIEDOTNTIED S
MNEENED 002 HOEHTIZRE IS 7 o — R —27 23 28° EliZ8iTn
5o IRFHE L THDZITEMENET L TRV EEX BD, ZOfh
D7 4V A TIEHFBGEIRE MR O TRFEMDED L OD, RFEIMETEST
WiRnEEZ HiLd, Table 2-4 ICHERERUSEERE DR R 27T GHUEED
SIFREELL T 2B m L RED), EHRFPK T TRFE(M L2 800 TR LT 900 CTH
C(PMDA/ODA) 7 4 /V A TITESRBEMZ R LTIz, 26D 7 4 /L ATIL XRD
HIEDFER NS BB K 912, MBS EAEERER Lo 72, sp? IRAHIE
ERORBVIEE I, O a B FIERICE > TERBEEN BB LT L5
z bbb, —7F., XRD TEEED 002 DR OBIEE S/ n o T3 lEHIER
RENBIER I N DT,
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2-4 HWIE

PI 7 ¢ /L 1% 400~900 C¥E TRAMANIEIIL L CTRFE(LT 1 VL a2 FRL
Teo IRFAT 4 NV LOBEFRPEFRMME LY I 7 0 fLBVERT 52 0300
572, One-step method TER L7-30E TlX, I 7 mfLELREFED BB PIR L
800 “C T 400 m2gl, 900 ‘C T 600 m2g! T -7=, Step-wise method TIEH!
L7zt 2 7 v Lk R imAg X, 700 ‘CT 340 m2gl, 800 CT 440 m2gl & %4
RLERIR FE A3 R < 72 IS 24U THER L7273, 900 “CClE 230 m2g L {2 L7z, A
WEVEDEWC LY I 7 B fLOERRKITIEWVR AL NI Z &b, BUBREN I 7
HALDAERR EFEEICRE R E L MT L TWNDH Z L 2R LTS,
BALEE IR PR D Fe 72 B BVLELIZ 38\ T, one-step method % W CDEEHEF
P& . 800~900°C CHOEVLEETIXI 7 n DA i H T D RBAMBPELNIZ
DIZHF L, KREFEME T 520~540 CTHOKIE « B TORE TIZI 7 1
LT TR, AVIBAERT S Z ENMRTE 2, XRD X UEKREHIE
FERIN DA D L DI KA TITI T 2 B C I3k s LR FE L
Wb EEBEZ NS, L, AFEICLY, PL 7 4 v 2 &fElE LT, K=
ANF—=TI 7 b A Y LB ORI M %2 & O LK 2155 2
ENTER, ZOZIMKIT, £E LT 7 afla a4 HI5MER TIIls kA
WRERTA XD FOWEIISHTEDL EBEZ NS, AFiEIT, PI OFE
T GE S LTHBIRIEN D s, TEREREMORIIUCASBRFTTE 5 L HifFS
ns,
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Fig. 2-1 Scheme of preparation of polyimide.
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Fig. 2-2 Heating process in carbonization for porous carbon films

(one-step method).
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Fig. 2-3 Heating process in carbonization for porous carbon films

(step-wise method).
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Fig. 2-4 IR spectra of polyimide films treated at 50 C and 400 °C.
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Fig. 2-5 TGA of polyimide film.
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Fig. 2-6 Nitrogen adsorption isotherms of carbon films prepared by the

one-step method.
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Fig. 2-7 Effect of temperature on weight loss and micropore surface area

(one-step method).
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Fig. 2-8 Nitrogen adsorption isotherms of carbon films prepared by the

step-wise method.

Table 2-1 Results of total surface area, micropore surface area and external

surface area at the pyrolysis temperatures by one-step and step-wise

methods.

One-step method

Step-wise method

Total Micropore External Total Micropore External
Temperature
% surface area surface area surface area surface area surface area surface area
/ng'l /ng'l /ng'l /ng'l /ng'l /ng"
700 - - - 400 340 60
800 470 400 70 510 440 70
900 670 600 70 290 230 60
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Fig. 2-9 Effect of temperature on weight loss and micropore surface area

(step-wise method).
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Fig. 2-10 Thermogravimetric analyses of PI(PMDA/ODA) in argon and in air.
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Table 2-2 Carbonization yield (N2 or air)

Carbonization conditions Carbonization

yield [%]

Temperature [°C] Time [min] Atmosphere

550 10 Ny 91

600 10 N 76

700 10 Ny 63

800 10 Ny 52

900 10 Ny 56

500 10 air 88

510 10 air 81

520 10 air 74

530 10 air 68

540 10 air 60

550 10 air 11

560 10 air 7
- 12 A N
© -2 4520 °C
S O: air (530 °C
= 8 1900 °c
E 8l @2@é§5400c
5 A D A A é ) 2 g é&
e o900
£ g 8 S O
o g A A800°C
2 S AAAAADND A
2
(@]
-8 A A A700 °C
< A

AAAA 10 °
DAL AABAABRBE00. 000b80°C
04 0.6 0.8 1

Relative pressure

Fig. 2-11 Nitrogen adsorption isotherms of carbon films treated in the
different temperature. Triangle and circle denote isotherms of carbon films

treated in nitrogen and in air, respectively.
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Table 2-3 Pore characteristics

Carbonization conditions

Surface area [m?gl

Micropre volume

Temperature Time A b Total M M . [ml/g]

[°C] [min] tmosphere ota icropore esopore + externa

700 10 N2 20 0 20 0.00
800 10 N2 330 300 30 0.14
900 10 Nz 440 400 40 0.18
510 10 air 10 0 10 0.00
520 10 air 290 210 80 0.07
530 10 air 310 240 70 0.09
540 10 air 300 250 50 0.09

0.4

0.3

Absorbed amount / mmol-g"

Active carbon ; 0.7 nm

A C(PMDA/ODA) : Ny, 900 °C
O C(PMDA/ODA) : air, 520 °C

Pore width / nm

Fig. 2-12 Pore size distribution of carbon films treated in nitrogen

(triangle) and in air (square).
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Intensity / a.u.

15

20
20/° ,CuKa

25

530°C, 10min, air

520°C, 10min, air

900, 10min, N»

800, 10min, No

700, 10min, Nj

Fig. 2-13 XRD patterns of carbon films.

Table 2-4 Electrical conductivity of carbon films.

Carbonization conditions

Electrical conductivity (DC)

Temperature [°C] Time [min] Atmosphere [S/cml]
700 10 N2 0.0
800 10 N2 18.1
900 10 N2 25.9
520 10 air 0.0
530 10 air 0.0
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BeMEAFAET 5 2 & D3RR STV T T BB TId 500~650 “C OBk R EHiPH
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3-2-1 RIA I FT7 4V LDKREL

EHLIEEEBRRY A I RETRGETHLT 2R /7 b o bR
I—E Ly I ADT 4 'MW, ENENOHEERE Fig. 3-2 3 L O Fig.
3-3 12757,
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FIERY A I Fed T PI(PMDA/ODA) L RRx S5, £lca—E Ly 7 AL [H
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WO DEEHERY A I R7ed T PI(BPDA/ODA) L FRE 5,

RIAIRTANA (FTaRo®, H7 bt JEE 50 pm, FHBER . o —
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BULIR AT o7, TOBRERIF A 1L, FOGE A 10em T 5 L 30 4y flFHE L7z
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THZEICEY, kAEAWTERBERERE LT,

sz—(Q-cm)
[ (3-1)

o= 1 (S - cm™
(3-2)

PGS 77 7 7 A4 7 4 VAT EAERIETH D 72 DIPUENIEF IR, 2D
72 EFED K9 720715 T PGS O IEMEZLREHUENRE TE 20, £ D72 PGS
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MTEDLE DI LT, M FITIZENEN « a2 R 7 B & Bkl
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FIRD T T A% Fig. 3-8 (TR T L9 REZET A T8 L, TR %
MWTERHEE (23 C) #—E L Lk, BEEEICL VST THL78 Y
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X% Fig. 3-9 1077,
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33 MRLEZ
3-3-1 RFILZ7 A NVLOEBESERBLUOBEES

H7 by JBE50pum), =—E Ly 7 X (JEX 12,5 um, 25 pm, 50 um,

75 pm B LN 125 pm) 7V I RS T 750 CT 1BV 21T -7 &
FbRitEOEE L, BEEREDFE L Table 3-1 IZF LD,
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IZE o TRERETBD Lo T,
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ﬂﬂ

FRERFLINTWEN, EL RDIEEPLETRFEDEITTL TN L
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b

WA EA-& & BICERBERN EH L, HEERIREIRFENBIH Sz, £
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pm OFRELDOIEPEAL= RV X —1XZF1E 1 0.0204 eV, 0.0259 eV, 0.0270 eV,
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0.0278 eV :5 L 11 0.0256 eV Th o7z, 728, IEMHEL= X — T LA T DU L
S>THEH L,

EHE b=V X — [eV]l= — (HE)Xks / 1.6X101° (3-3)
ks ; RV < EE

750 CCTEMFL AT o 12 RFL T 4V (JEE 12.5~125 pm) O i (2 I8
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FIRANCH DX v U 7 OFfOE#R— R /L X —(ZREANICH 5 v U 7 OiEH)
TRAF—LD HEEW O, HIBANCH D5+ U 7 IAREANZ A 2> THEE L
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IREEZEITHR U CHEXIEMVEEE 12 7' 1 v b LTZBEOBERR O X AT EVEERE 7S 23, KR T
G DT MR EVEEREITEEE & S DMEXTEVFERE DN (Ssamprercd) T D728, HlD L
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S =5 — SCu (3-5)

sample = ~sample+rCu

Table 3-4 LV IRFEILT 4V LADOFE/2F ¥ ) TIIHFE—NTHDHEEZXOLND, FIHEH
ST VR ZESIC LT ry hLIEEZ A, Fig. 312 IRLIEL D IES
DN - THaIEVEERE NI~ D EE 3 FE O BTz,

41
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FROKKEDREBEEDNRELY ., T8 b ol L BRIRIUIEBEICEER L
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3-4 WE

TR (FTaR o BEX 50 pm) Ea—vE Ly s X (FHEERY EX
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PI(PMDA/ODA)

Fig. 3-2 The structural formula of Kapton.

tocdh o,

PI(BPDA/ODA)

Fig. 3-3 The structural formula of Upilex.
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Fig. 3-4 Apparatus used for the carbonization of the polyimide film.
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Fig. 3-5 Apparatus used for the measurement of the electrical conductivity

of the carbon film.
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Fig. 3-6 Apparatus of four-terminal method.

Thermocouple
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Fig. 3-7 Apparatus used for the measurement of the thermoelectromotive

force of the carbon film.
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Fig. 3-8 Apparatus used for the measurement of electric resistance of the

carbon film during adsorption and desorption of acetone.
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Fig. 3-9 Apparatus used for the simultaneous measurement of changes in

weight and electric resistance of the carbon films.
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Table 3-1 Weight loss of polyimide film along with carbonization at 750 °C.

Weight of the Weight of the carbon )
o Weight loss / %
polyimide film / g film/g
0.0184 0.0104 43.5
Kapton (50 pm)
0.0176 0.0100 43.2
. 0.0045 0.0028 37.8
Upilex (12.5 um)
0.0048 0.0030 37.5
) 0.0103 0.0066 35.9
Upilex (25 pum)
0.0098 0.0063 35.7
) 0.0195 0.0127 34.9
Upilex (50 um)
0.0197 0.0129 34.5
0.0273 0.0176 355
Upilex (75 pm)
0.0262 0.0170 35.1
. 0.0453 0.0301 33.6
Upilex (125 pm)
0.0475 0.0316 335

Table 3-2 Weight loss of the polyimide films (Upilex) with thickness
of 25 um along with carbonization at 650 to 800 °C.

Weight of the Weight of the carbon )
o Weight loss / %
polyimide film/ g film/g

0.0094 0.0063 33.0
650°C

0.0098 0.0066 32.7

0.0093 0.0059 36.6
700°C

0.0093 0.0059 36.6

0.0103 0.0066 35.9
750°C

0.0098 0.0063 35.7

0.0084 0.0060 28.6
800°C

0.0095 0.0065 31.6
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Table 3-3 Electric conductivity of the carbon films at 31 °C.

o/S -+ cm’
Upilex 12.5 um 19.1
Upilex 25 um 13.9
Upilex 50 um 10.6
Upilex 75 pym 8.7
Upilex 125 um 7.1
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Fig. 3-10 Arrhenius plot of electrical conductivity of the carbon films
derived from Upilex with different thicknesses of 12.5, 25, 50, 75 and 125

pm carbonized at 750 °C.
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Fig. 3-11 Thermoelectromotive force (AV) plotted against temperature
gradient (AT) for the carbon films with different thicknesses of 12.5, 25, 50,

75 and 125 pm carbonized at 750 °C.
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Table 3-4 Seebeck coefficient values of the carbon films carbonized at 750 °C.

S/ uv-K"!
Upilex 12.5 um +6.08
Upilex 25 um +8.26
Upilex 50 um +11.39
Upilex 75 pym +12.37
Upilex 125 um +13.55
16
14 B Y
L [
12 °
Y 10 -
Sspe
2
S 6 e
4 -
2 -
0 1 1 1 1 1
0 25 50 75 100 125 150
thickness / pm

Fig. 3-12 Seebeck coefficient of the carbon films with different thicknesses of 12.5,
25, 50, 75 and 125 pm carbonized at 750 °C.
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Fig. 3-13 Change of R/Ro of the carbon films (Kapton) with thicknesses of

50 pm carbonized at 750 °C during adsorption and desorption of acetone

with various vapor pressures of 71, 95, 133, 177 and 201 Torr.
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Fig. 3-14 Change of R/Ro of the carbon films (Kapton) with thickness of 50
pm carbonized at 750 °C during adsorption and desorption of acetone at 23,

26, 29 and 32 °C.
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Fig. 3-15 Relationship between resistance change and weight uptake of the

carbon film (Upilex) with thickness of 50 pm carbonized at 750 °C in acetone

vapor at 23 °C.
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Fig. 3-16 Change of R/Ry of various carbon samples during adsorption and

desorption of acetone at 23 °C.
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Fig. 3-17 Change of R/Ro of the PGS graphite film and the carbon films
(Upilex) with thickness of 50 pm carbonized at different temperatures of 650,

700 and 750 °C during adsorption and desorption of acetone at 23 °C.
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Table 3-5 The electric resistance and resistivity values of carbon films and
PGS at 23 °C

mFRILRE/ °C ERfE /Q EHRE /S -em
650 1.721x10’ 1.741x10*
700 8.333x10° 8.429
750 2.008x10? 0.2031
PGS 0.1257 6.671x10°
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Fig. 3-18 Change of R/Ry of the carbon films (Upilex) with different
thicknesses of 25, 50 and 75 pm carbonized at 750 °C during adsorption and

desorption of acetone at 23 °C.
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Fig. 3-19 Change of R/Ry of the carbon film (Upilex) with thickness of 50

pm carbonized at 750 °C during adsorption and desorption of nitric acid,

ammonia, hydrochloric acid and acetone at 23 °C
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Fig. 3-20 Change of R/Ro of the carbon film (Upilex) with thickness of 50
pm carbonized at 800 °C during adsorption and desorption of nitric acid,

ammonia, hydrochloric acid and acetone at 23 °C.
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SEIERCFHN T T 7 7 A FOJER M LIRS 7220 B2 A L TRENEM
k&R ESnND, 70 - BenfEkEt &% (Alkali metal-graphite
intercalation compounds,tA F AM-GIC &) [ZEETEWELNM D2 K&
=Ry JREL 9D, F ) AR— AL TRAE O E o T BLE & D REE
Y, AM-GIC DR ROMBITZER T TORLEMN T, NEHFHEKRNH2E
SUTIRE L7 I LW LSS B AE T MIRRE 2 E TR AkT 2280 dH
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HELEDIIER P CLRETH D Z L BHEE SN, e F L 28t =0t
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RO Z LR SN 19, BEeHEM L LTOEMMEEEXTSLE, TV
AV ERMEE L TUILVEMART VUL, FRITVA VFULEFIAT LD
EMEENDHEZATHL, LLENRL, =ZF Lo =iz TiET /v
NVEBBDOA T LB NSL R DHEZTF L UWHFEERRKREL WL TLDT,
TF VL ACK D ZEITEE LV, £ 2 TZ 2 Cld AM-GIC 52 K-GIC g
WCERALTLRENRT DI EamatLic, £, ke LTy 772 —Ro
IBr-GIC IZ2W T FAREET bV U LKERTICEA L TLZENRTDHZ L
ATz, LLFIZ K-GIC OZEEIZ L > THELNTR B ZFLE LT, 20
¥y 772 E—va v EETRERE (BRIEHE, F—VEE, MR
IZOWTHRET 5,
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42 FEBR
4-2-1 #e

BERBRL AW DR A M LTHOW LD BB LTk, RREH, ¥
v v =2 B8 HOPG(Highly Oriented Pyrolytic Graphite)iZftFR S5 X 9 7
mEC B IR RSN . NGRS L ORI LR R END 5, WIERNEIZ IR
LIZENT HOPG LS HWBEN DS, AR TIEZ 7774 b — b
PGS(Pyrolytic Graphite Sheet, Panasonic #, E & 25 ym)ZHWTH Y 7 A
A F = b—a r LIZEBEEY OB KA DWW TRET 21T 2 72,
PGS iZmn T 7 4 (KA I RT Vb)) 2B LIl - TRE
L7 7774 by =R 9D L TH D, Table 4-1 ITAWFEICIH W THA L
72 PGS OFstE 2717,
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4-2-2 V73774 M= DIV T LDA LV E—AV—a v

RAMRFEMEE (VU FRRIREER) &V U A0BE &I B OFE(KCs)
ERDEDIIME LT, U T ARBOSENIIE L2 2R A L, BAEHER

HTAMRSEEE LYo, BV T LADT L—A TN — L EED |
UESUF (230 C) WIZ 3 HIEIAGE L7z, D% Y U IRRREICH U 7 A
AR BN - FUS S, BUBFRIROMAR Z B —IZ Uiz, AREBRTILS HITHAR
DR LRB IS D720, B LTz KCs Okl & MEBFE LY Rk
RIRBEN & FBLEXUIF N CEULEE L, KCss, KCis 38 LTV KCas & Ak L 72,

U > IRREREEA N B A ik L 72 KCss, KCas 33 X OV KCsa KL IC PGS 3T %
LA, HZE(k 420 CTH A MBLE AT o7, REOIKZ Fig. 4-1 12,
F 72T ARG E N T KCx FIZ PGS & 2 LA T AR T- % Fig. 4-2 12”7,

A\

HE*
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4-2-3 BV ULER—F LTI 774 F— DX T 7 FZVE—Va v

RETRLTWDHEK (KCePGS) 13 HCLIZRIET HRIOMETH D, LT
4-3-1 TiX HCL 2 & OB O AT — UHEEIZ DWW THEE 217 5 23, HCl 2
B OOV TIEE S X BRETEE (Rigaku 8, ZSX Primus 1) % VT
HIE Uiz, L7723k (KCxPGS) @ 9 6, KCs-PGS, KC36-PGS, KCus-PGS
B LU KCsa PGS IZ oW T X #EHTHIE (XRF) Z{T-o7, AT
A LTV AREH4 OO L DO THY | HENL KRR ~ERTEL
T E%IZ 6M-HCL H~ & 20 S T 5 7o O IR ORI L~ E RO K
T IXRD LT D, ABFZEHNIT KCrPGS @ K R LB s Frrt & o
BMARETHZLICIVETEED Y bu— /LSRN E RIS 5 &
9D TH 572D, 6M-HCl iZ2{E#% O KC-PGS DR ED K 5 122k 5D
PaEHOLN LD TRTE LZMLERD D, 1> T HCl Z{EAT% TOMMELOR
ExEAT T,

KCxPGS & LT 4-2-2 TKCs6-PGS, KCas-PGS 3 L 1 KCss-PGS DL A47
272, KC3¢ DHFHIIAT —V 3 DB THDH Z LIFBEFTH D, L LRI
T L7z KCaePGS I\ T, i HCLICEES T 2720 KR
KCss & LLEZ L T LT D EE X BivDH, KCrPGS @ K REE & E-1-Hsks
PEORBREH BN T D ETHEBIENENDO AT —IEEOHEEZ1T O Z & 1%
VERARTHD EEDND, AERTIIAT —IEOHEEITHITHIZY
T U ANRY MVB XX BREETZE T,

TR L 72308 (PGS 8 L N KCx-PGS) IZ2WWTC L —HF—F < kR (H

st NRS-3100) W TENENIEEIT T2, T~ AT MO
TE 5% Table 4-2 127”7,

LU 723 RHPGS B £ Y KCrPGS)IZ DWW T X R [EIT 2 E (Rigaku #,
SmartLab) % I\ CENEIRIE Z1T > 72, XBOEEIX CuKa, 0.15405 nm
Z Tz,
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FNENOFEOFERMEIZ I A0 i UJEH & BN 2 A7 — &I
A0 R U A el U7z, KCxrPGS 12815 KIEE & A7 — UG O HEE
BiTo 77,

74



424 BV ULERN—TSLITF7 74 s — bOBREIWMERIE
AR U 72 50RO AR PR O AR AFNE 2 D E T 5 72 O fB AU BB E H 2E
ZAERL LT, EfiZ 60 mm X 13 mm (2 v kL, EORRIZEDE TRV
(E£% 2.0 mm) TR% 6 EHiT2ES7-, Cuti (£ 1.0 mm) ZB L% 5 mm
X10 mm (ZA v b L, 1ZA7E T TTEHRKDIN 6 FETicG o Cu iz Iy {1
F7z, Cu (REMY fHiF7cmizRE L, ZOENLREHE L TERE (Cu ) &
Cu REZIVIATEZTTERY iz, ZnaERBEIEERE L, Ag X—2A
NCHREBFZED (172, Fo, A Ly 7 AT T A& W CREME 2 FRLL7-
%, AEEO B LTIV LA CuV— FEERV Lz, v LN
T ARFVEIE T —/ LTz, Cu U — Rifds JONHE B OB I3
BT Z LT 6 ROBOBEMALINZR, R ERABEZIZATL I TEHNT
B0 A1), EXEGUIENLEE & Uiz, EEOKAX % Fig. 4-3 3 X U Fig. 4-4
(7, Fig. 4-3 [FEXIEHNE IR, Fig. 4-4 1 3IEEREOBEAKTH 5,
FEAHSPUIE S BN IX 22 PR % He W AFHK T & Lz, BAEEHROR
FERAF T A K D E U7, 2RI IS BRI LT 2 [ L 72, K
BREFERDOANSTT 2V —fICEBEZ ANWRENZET HDETHE L, T2V
TR A T v — AV H-OZEZ NS, EitZ 0.1A it LIRIRERIEEIC
LEKIEIROMEZAT oo, WKEFREZT 2V —Hr 6 H LTI 4L
EZ IR LT, TI0b=ERE TCOBEBXBERFELZIE L, EXEIEORE
EAEME 2 RE LTe, BEXEPTRINE DR ERX 2 Fig. 4-5 (¥, EEROH
ERFIZIL Fig. 4-5 1T AT o — V- OEL T 2 U — I h ST,
BEHHT « A — VERERNE (3R IRE RN E 2L A1 U o SEORHC iR
1 AJit L CEIRIZBIT 2MKIETIR KO — VEE A2 K&K 0.644 T F TOR
SR D T CTHIE Lz, BTGRPt il MU D o 2RISR A WN-4 %
RO DY (¢ 50X 50 mm) (FEEN A X LB —ThDH L
EZ bbb, WIEICIET AL —H 2000 BT 4 VXV~ VF A —H M LI,
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4-3 HERBIUERE
4-3-1 HVULEBER—FLETTT774 Fi— bOKEE

LU= (KCxPGS) @ 9 B, KCsPGS, KC36PGS, KCssPGS 3 L WY
KCs4- PGS (22 THOE X AREHFHEXRF) 247 o 72, AR SCHIZ TR LT
5B OMBITFREO L OTH Y | BEND RKAF~L T LCERZIC
6M-HCI H1~ LR S T 5 72 DO ISR O AR AT B ~RIERRF D KR EE 130
HLTWD, AiFFEHEIEL KCx-PGS @ K 2 L Bt it & o BfRM: & 7k
ETHZEICEIVEFBEDa Y ba— L ENTEMEZAIRT L0 DT
B 572, 6M-HCl &% D KCx PGS OMEN ED X HIZELT 200 %EH 5
MUDTRTEDMERD D, (> T HCLIRERIR TOMBRELDOREEIT -
7o

O X BREHFEIC L VR L2 G En TV DR FOE&E S —k > |k
BELZRDLZILENTE, TRENOREHIB T EES—8 L MNEE L
Table 4-3 (2777,

Table 4-3 X V) FHEFD KC PGS (281) 2% K BEAHINT 51296 -> T HCL
RE% DO C OFNEITRD L K OFISITHINT 2 & o T M 25 s S v7e,

Table 4-3 |Z77 L 72 #0t X BRI ORER R L » HCLIRIERTD C & K DHLAL
te(nwnd & HCLIZ{E®% O C & K OFRK L O BfR % Fig. 4-6 1277, Fig. 4-6 12
BT n/ne (before) 1% HCl IZiERTHAL., non.(after)ld HClIZ{ERT DK T o
20

Fig. 4-6 X W 6M-HC1(Z KCx-PGS #iR{ET DRI T 2 IRERREZ KD D
ZENTE I, BEEBMRIT ne/n. (before) % x, n./n.(after) #y &% &(4-1)
KCHRFTZ LB TED,

y=0.407 x (4-1)

(4- DALY HCHZIRET 2 Z & 1T & 2 KIRBE OB LRI ORI H 515

5T LNMERTE L, ZOBMREZET D 2 & TURERMMOMEI D ERS 2
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7o DIZFHE T REFBIOMEE H O D TET L Z ENAREE 2o Tz,

REMELD T~ 2 A7 S UVIZIEL G 73> F(1580 em ™ f131) & D 232 K(1360
cm M fHIE) E VS TZ AT BVBFEET D E VO R DD, G NIET T T
7 A FOHBOBNAWIZE > T, D N2 RIS TOMTERRND Z
CICHXRLTENLAIE—7 THDH, SHICEMBRLEMD T~ AT ML
DAL, G 732 R interior layer & binding layer (25759 % & U 9 B
& %, interior layer & binding layer D2 & - T KCxPGS O A7 — UHiE D
HEZITH ZENAEETH D, HlE LTFig 4TICAT—Y 6 DA A —UtknE
T,

Fig. 4-7 ® X 9 72/ 3E D4 | interior layer & binding layer @ LhiZ(4-2)=d

XOWEE T 5,

(interior layer ®#%0) : (binding layer ®#50)=4 : 2=2 : 1 (4-2)

(4-2 XTI AR ET 2128720 2 ENDEOHEAE W =h, ERRICT ~
VO EFHIC KX D HERPMEN S 2R T A BRIZIE interior layer 5 &Y
binding layer HKDEEEZH TR T —Uii&E 2 #EET 5, 2 F Y interior
layer & binding layer D58 2 & 224UE Fig. 4-TIOR LIz K 9 e A7 —
6 DIEETH D EHEE D, interior layer & binding layer OFRE L & AT —
VHDBALR % Table 4-4 (TR

KCx-PGS D AT — VM E\WZE E interior layer & binding layer @It

(IEY/I(EY) 1T KX < 725, Table 4-4 DEAfRMEZFIH L T KCPGS (28 %
KiRE L AT —UREEORBROHEE 21T > 72,

TR L7238 (KCx PGS B8 LUV PGS) D 7 ~ v A7 hVHIERE R % Fig. 4-8
IZx 3, Fig. 48 128 T (@KCsPGS, (b)KCs:PGS, (c)KCas-PGS,
()KCs4sPGS, (e)PGS TH %,
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Fig. 4-8 1V KCx-PGS 1Z EDOFEHZIB W TE G 232 R interior layer &
binding layer (2575 = & AREGRT X 7. £ 72 KIEEEOIE 12 £ - T interior
layer & binding layer D5 RE B LWV ) T ERMRTE L, T L
D KIREDIKTFIZHEWD KCrPGS DA T —UHIIRE < b LHEESINLD,

Fig. 4-8 X U i~ 8~ 72 KCx'PGS (Z81F 5 E0(interior layer) & E* (binding
layer) MRSz — 7 K E AL IE)/I(EY)) % Table 4-5 (2”7,
Table 4-5 (235  T(a)KCs-PGS, (b)KCs6-PGS, (¢)KCus-PGS, ()KCss-PGS TH
Do

Table 4-5 X ¥ inrerior layer & binding layer M58 it K 23 W42
(PR E S 2D 2 EDHER T E T2, W 22 KIREDN AT 5120 KCx-PGS
DAT—VEIIEMNT 5 L2 5, Table 4-4 33 L O Table 4-5 £V KCxPGS
O K BENEAT DIt THRELITHEM, 27— U8ITHEM3 25 2 & 23R
T& 7z, KCs-PGS, KCs6-PGS, KCus-PGS 3 £ O KCss-PGS IZDOWTITAT —
245,56, 6-T B L NT-8 LE{LT 2 LBIIIS LTz,

Elo. @EEROE—7 R (BYem?) ZAT—UHITKFEL, AT —IHK
MREREREAEMEE LD @S~ 7 895 1B, ApzhEnor—7
BRIV AT —VHEHELIZEZ A KCsPGS OA AT — 4, KCs6-PGS,
KCus-PGS, KCss PGS (AT — 6 & polz, WERICE D AT — Ui EfE
WCHEET 2 2 EIFEEL WA, AT —UREIED®IRIZR D 2 & TR DS @ IR
WZBND Z LR TE T,

X BEFTHERRICBE L TR ~5, Y v A-BEEREAEMICBIT AT —
UHEEZ NN O X LJEH % Table 4-6 12777,

FoL L7 SEHPGS 35 £ U KCoPGS) D X G HlE§E 5 4 Fig. 4-9 1257,
Fig. 4-9 128\ T(@KCsPGS, (b)KCs6-PGS, (c)KCus-PGS, (d)KCss-PGS,
(e)PGS Th %,
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Fig. 4-9 L 0 o507z XBErv£—72 L) KCxrPGS REIENZENIZHB VT A
T =R E N ODMIGE L CHR D IR LRI 2 B L2 4 Table 4-7 12777,
Table 4-7 123> T(@)KC36- PGS, (b)KCus-PGS, (0)KCs4s-PGS TH 5,

Table 4-7 £V KCx PGS IZ KIREDHAD T DI TAT =V REL 2
DR R USAENTHEMN S LEA SNz, FAT UK ERE L TRB LM
Dk LA & AR e 0 U O A-BERER L I IT DR 0 IR LW & & g
T5HZEICEY, KC6 PGS 1327 —Y 5 5L 6, KCis PGS IZAT—V 65
LR T—Y 5, KCesPGS 1TAT—Y 10 OEZ R T Z L B FERTE 72,
KC36-PGS 3 LU KCss' PGS IZDOWTIEAT —V 5 L AT — 6 OIEENIRTE
L7-ETH L LHEESND, & <IT KCis PGS 1245 001 23T D0 iR L
A EDELD AT =V 6 RERMETHL EHEINS,

RO T~ AT M JOXBRETHIER R L U KC-PGS (KCs-PGS,
KC36-PGS, KCus-PGS, KCss-PGS) D AT — VK& DHEE 21T~ 7-, Table 4-8
12 KCxPGS Dk & 2N ENDIFIEICEBIT 5 AT — UG OHEERH R 2 A b
FTORT,

Table 4-8 & ¥ KCx-PGS ® K REDHINNZ > TT v A7 b X #R[E
PFrFREWTIUCBNT S AT — VBTN 2 LBl S 7z, K JREEDS ELEAY
=\ KCxPGS (KCs-PGS, KC36-PGS, KCisPGS) TIE T~ A7 kL b X
BRI R O 2 T — DHEEHEE RS RVEEI L TO DR RP R C&E 72, L LK
IR EE DS EEHZ ARV Y KCea- PGS ITB T D HIER R AT DL, T~V AT B
MCEDAT —VEOHEEIT KIRERH OIBESNE DO TRV EEH L L
PID,
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4-3-2 BV ULER—FLIETTF 774 h— FOBRIWHE

FHEL L 7= 308 (KCx-PGS B X T PGS) O ESIHT TR DIREKLFM: % Fig. 4-10
1273, KCx PGS 13 K I OB A VRPIEROMEITMD 3725 2 L SR T &
7o ARAMEE (PGS) I1THA K IRE O R @ OB OB IRIT B L2 14T
KT L7, PGSICKAEA v H—HL— a5 LIk > CTERIEIRN
M UTEERERE L COXBEMDERE O OBRBENC X 5ETHEOBINNE
ZAbD, —F. BETBEEORDITYICERFEERINCEGT5LE2 60D
DT, BEEOBAD ORI TEFBERMOMENRE S FLELTND
EEZEZBIND, KCrPGS IZHB W T KIRENHEINT 512> TEFEEDHLNE
b3 2% LI0E L7256 ThHIVUEX, A RIOEEMIZEE~ K IR O ey & O alEk

DESEIUEOMOZITR E | R & PR MILLLFIRIfRIZ /2 5 & T4
END, THEIKB 1O X —hL—ar&8nd I &2k BEnE~%
KENDLBETLEL1OTHLHDOTHD, LML bERBIEOMHGE
SAER)DOHILE T HE L BT BHEORBIC TR EIND - OE T BEIE AL
(ZE LTl 3 254 TR T UXERURH IR O MBI B35 2 L E 7
Ve ZHIZR Y ETHEEOEICHAREFBIEOLIT K RENEL 251F
ENSL b EBEZRBND, 65T KCPGS @ K RE L BRI L OE &
DEMRMEEZREST D Z LN TET,

i) KR D @ KCse PGS, KCus-PGS 3 X TN KCgy-PGS D ESIILH D
BRI 2 Fig. 4-11 179,

Fig. 4-11 X W KCxPGS ® 9 bl K IR E O m W ilEHI B W TiL 3 e T
(ZBWTIRE DOE NI > THEHTCR O HINT 2 & W O AR T&E 72, 1o
T Fig. 4-11 £V PGS OEPURITFERN RIBERKF L R T 2 LR TE 7
DKEEZESHELTKEZS X —IL—varT5Z LIk KCPGS
T BRRERFEL R T EZEA DD, JHUTREN EALEZ 2IZED T
*+ /v DFE VD FOBIREIN KL, MAEERRHENT 272D THL LN

80



5 W, BT EOMREFEHAO L LIZBE LT D 7208 O BRE A3 5N
FTAIULE T L& T & OWEZENE < 2 VIRERITADT 5, 16> T KCe PGS 134
JB & RRRICIREE I P> TIPS M L7z &t B2 b d,

7z, 215~245 KHEIZEN T 2 fEpTEAIERPERORE B S iz, 2
WEAT—Y 5 (KCeo) DEHIIBIT DR ELFLIL T D 19, BERIEHTER
HORKE LTINS Y U LOREREREZ BN D, K ORlAIL 336.563 K
Th2DM, WEO EFIT o TSRS b BT 72 i 1~ & Rk
L7zt EZ5N5, KCsPGS, KCisPGS 5 1 1 KCss-PGS D 27— Ui 1%
ENENAT =V 56,AT—V6TBILUOAT—V 10 THD EHEEINTND
72 ERKIEPUERIIA T — 10 O X 9 12A#H 22 KIREICHE W T H N OEE
EITHUR IR 2 £ B2 B D,

Fig. 4-11 ITIXIREE L HPTROBRIEZ R LIy, R & IPTREOFEHRED
RELM: % Fig. 4-12 12,

Fig. 4-12 X ViR D LRI - THERPEROFEHARDOMEITHEINT 25 Z L 3 oh»
ST, FRCHENA U 7 AORSEZEIC L 0 BXKIEPTREE DSBS h D 2 EiT
LSO T 1y MZBW TTIBTR O R OEITIRED LR35 & BRI E
b3 52 &R TE 72, DEVIRPUERITRED 2 OB TERIND,

o =aT2+bT+c (4-3)
4-3)UZBNT a ITE - EFHELD 1ITE -7+ / VHGLICET 255 ThH

. cIERER LTI S TH D 19, FEREPEOENRE ThiuT c DEITRE
{725, TRETNOREHZ SN TE-3)RUTE SV TR Z TR LR %
LIFIZRT, (4-9)7% KCs6-PGS, (4-5)=iF KCus-PGS, (4-6)71% KCss-PGS 12

DWW RLEATH S,
p=4.72x10"11T2+1.53%x109T+2.07x106 (4-4)
0p=3.84x10"11T2+5.66x109T+2.22x106 (4-5)
p=2.62x10"11T2+1.20x108T+2.82x106 (4-6)

81



(4-4), (4-5)B L V(4-6) L v K I DI FE > TEF- B BELICET 5%
BOMENRRE L 0D Lol il C& /e, K IRENHEINT 5 & BB E)
AR X2 EFHEERMMAIEE LR D702, B EFEELCRET 265485
DIEIIREL 2D EEBEZBND, £ KBEOHEIMItE> TET-7 4+ / VL

BT DR DEN NS 72D L W o AR fER S v7e, 2 OERIZOWT
IKIBESMT 5 Z L CE-EFHELUCET 2REOEARE L RoTND
cOIZ, HRHINCEF-7 4+ / U BELOF G LT AT E 2 D 08,
[T &V & LIERIZOWTIEWEEMHT S IZE > Tuiany,

F£72(4-4), 4-5)B L V(4-6) LY 100 K25 200 K (28T 5 E -8 HELIC

LOWBEBL-7 4/ CHEIC LD RB L 2T 5 & KCse PGS BL O
KCus-PGS OEAIFE T T HELIC L 2 E )< . KCsi PGS OYHITAE T

TF ) UBEUWC R DEENRRE N LR SN, 2T K IRE OB

BB FHELIZET 2R BOERRELS R I EICHRT L EB 6N D,
BA-T7 4 ) CHELICBT HEITEED 1 BOEKTH D DI LEF- BT
FLICB T 2HILIRED 2 FROBE TH D5, 1> THBIRELILE 7 & FHELO
HENREEHNTLHLEEBZBND,

LIATHIEOREERD LRI B ) 7 ARERN & IO I
THLEVWIBEMMAHSND, WEILZ OEIIRHAIECET S b0 L Sh, bl
PR D E RELSBRDMEMNRH D, LLRBS, ZOHTIXEFHEE

2 L DB ROMHEI DT HR L EENTND EEZBILD,

Fig. 4-12 XV HEND U U L ORRF-EEFHIEBOR Z o 72l EZ 2N
DOFREHZ DWW THEA I > 72l % Table 4-9 (27~ 7, KIEMIZ T, &iEMAI%Z Th &
LR LT, KIRESEMT 512> T Ty, Ta HIRIRIZ/AR D Z R TE
2o 1> TKCxPGS @ K REFIMIZHEWENT Y ¥ L DR FeABsfs 1%
KR TEZ2 &0z, 2T KRBEXSENT S 09 Z &% KC-PGS 07
F7 74 b 1BPICHEET S KOEMEM L TWAZD, IO K 23 EHED 5
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BRI~ EHHEB LTSI AR ELZ L VZTRT K RoTNDHTDTHD &
EZbND,

W CTRIGIRHT « R — VEBIERIEICE LTk 5, AR L7723k (KCxPGS
BLOPGS) 1T KEEY; 0.644 T £ THONT T2 & X OO R E I LRSI
BfR % Fig. 4-13 127”7, PGS 3 L O KCx-PGS 138655 DN AL > TRESIRHL
HEINT 5 Z EPMERTE 2, £z KIREOEIMZENT vy FOMHE 3/ S
KD ENHERTE -, BERIT OB TN L EERICHES L, &
MOENFTHLF Y VT ORIV EF L RN XL REAFEL TW
%, WERIRPTOME LRSS DR E SN T DI INT % 16, PGS 1
RVAIRT 4V LEBLZE 3200 CEV ) HiRTEULET 2 2 LItk - THl
WL 7774 F—FTHY ., fmtElIZ DO TEW, > T PGS b5+
R R E ML R L, BFEAR—MEIBXZRBFEL TS LN
%%, —Ji KCxPGS IXESNEMA~KEZA v ¥ —HL—rar$52 TR
LEFESRINTWDHIZOET EHR—IILEDOBIZENRIN, FUT K ORE
DIMT Do TR RERAEL LTERT L2 L LD, 1> T Fig. 413
D X 91T K IREDEINAE o 7oK PLA N 2 & O 32 b iz &35
2 bbb, SV 570X KCePGS T K DA v X —HL—va |tk V&
TEERIML, A—VEENBD L TWnD ez 5, 2F B0 KEEE
HMESEL ZLICXVETBEEIENTHLE2605,

I U725l (KCxPGS B LN PGS) 1T KIS 0.644 T £ T2 & & D
Wl D RKE & &R —VEEOBGRE Fig. 4-14 (2177, PGS X O KCPGS 1%
W8 DN A > THR—/VEEDO 7 vy FOEE TR T 5 2 LR TE 7,
R—VEENEDETHLGEDOERF Y VTITET. ADETHLIHHEDE
REX XV TNIHR—INTHDL RO D, (E> TRERTHEM LB DR —

NWEEDEIZATH 7L I, EFr UTITETFTHLLEWVWR D, £z,
K REDOHIMIZE- T ry hOBEIINS LR EDRHERTEZ, ZOH
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K& L TIEEKIRILORIER R & AR K 2 BehEf~s A 2 — 1 —T 3
VLT EIEDEFORENRBEZOND, WpxIZ KCrPGS 13 K O HE
MBIt TEFBENSEML, F—VEENRED LD ENZ 5,

R—VELEOHEM L Y HEH LA — R Lo K& SR % Fig.
4-15 |2~7, PGS B LV KCxPGS DR — AR OIS DR & SITIRIFL
BN ENDoT, F—RERIEA—LVEBEDOT 0y FOEE BEAEELT
WAH T2, PGS BEW KCxPGS O AR —/VEENE L ZBGITHAI L TnD 2
LR TE 1, AR OHHMED KCPGS @ K DM fE - THY
MLTWAEZ EIZOWTEFR— /VELEDENEAL L ER EFEO Z E N E L
Do

BEWTET « F—/VOBERB LOBEBEIZ OV TR 21T 9. i L7230k

(KCxPGS LT PGS) OETHkfet: (BXIRPUREORERLF, BRI,
HR—VEE) LV, 57t KCrPGS 8L PGS DESRMLEER o BILOF—
VAR Ry % Table 4-10 12777, KCy-PGS 3 LU PGS OEXREERE, MK
Pl L OV — /R80T K BEDMEINT DI 2h2augin, Beb, smind s
Hrnd % LRI HZENTE T, ZNUHDOHERKE L TIEICERZ LS
PGSICKZA v Z—hL—2a 352 L2 BBER~OEFOZRERN
%%, HOPG AR A ML LTI L7z KCys 1ZHZE T CETHMHEONE %
Tole b ZABEBXRIGERIL 1.6X105 S ecm?, H—/45%513-8.0X 103 cm3C1 &
%19, T E BRI ) U A-BENERUE AW OB ML LT 5 &
AMFZEIZ I 1T D KCag- PGS 1TZERHFIZE N T, S HIZHCHIZRESETHIEZE
FToTWBICH b b PTERGEROMIIB L E 8 HloEERLEZ, ZhE
D AMFIE TR U723t D 2R IC B 1T D ZEM DR ZIT O 2 &N TE I,

G o7 KCePGS 2B % K B & & kit (BXUnEE, Bt

BLOFR—EE) 2HWTETF - F— L OBEEBIOBBELEH L, &
21X Newton 75 17% V72, #E % Table 4-11 12739, KCx PGS 5 L U PGS
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O K REPHEMT DI EVEFHRE LR —ABEEITENL, TR L TEH
—VEE LB BB T AN S D LR T 5 2 LN TE T, Fig.
4-14 BEL W Fig. 4-15 IZB VT KEEOHIIZHVMEZ /NS 252 & LY
PGS~K#&A v H—HL—ra 352 & CEFEENHN LA — VD
HULTZEEZE LN, Newton IEEZHAWALZ LICL» T K BELEFEEBX
OWAR—VEEDOBMRAH BN E Mo T, EFBEIEOBAICHONTT K RED
BN 5 BB E O IMOBLEN G bHERAIT S 2 LA TE 7z, HOPG %7K
A MPEEE LTI L7z KCag TIXE LT 7.8X 1020 cm3, B -BEIEIL
2300 cm2V-igl & 72 % 15, AMFIEIZEBWCHIEE 1T o 72 KCis' PGS OFE -1
B LT 7T HOMEE R UREOBWFTREA R Lz, EAWUEICB W TR L
=h )7 A- BRI AMITELRTICBNTRETH D Z ENHERTETVS
ZHUZ E 0 AR A MMEHZ HOPG 2 W32, & 0 effiZe ik g BB ko B
DOHFFNEE D,

E
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4-4 B

PGS 77774 Fv— 26 KCrPGS (KCss, KCas, KCsa) ZFHHEIL |
6M-HCl (2 A L7= kit « ol L TR P CLE Lz, 2 b oikHzo
WTERKIBHEREOREERTZ 77 K D BEOFHM TRIE Lz, =R TO/
SURPT & AR — VEE 2 RE LTz, BERIRPIEEOMHE L K BESEINT 2124
- T L. KCse, KCas, KCss-PGS (2O TliE 215~245 K {13 TREF-HERE
R L 2 & i 2 BT 55 A Bl S 47,

FIRIZEB T 2 BEBREEE, BRI, S REOENS XX VT EE LR
FELRELILE 2 A, KCiPGS TIXEFEEN 5.7X1020 cm3 THRE AN
1400 cm-2V1s1 Th -7z, HOPG H3KD KCas iZ< HRTETHEIEIL 70 %fi i
ThdI VR INT, B U AREDOHNE ITEREERITEM L7,
PGS & KC3¢PGS DELURER % T 5 & KCse' PGS OffilE 9.4 f5iZ1A E L
Ll EZ25H, ZTOMEITFT VI =T LDMHE (3.7~3.8X105/Scm) O 357D 1
BETCIEIOLLN, A—F—LLTUIRLTHLDT, 5N TNDLHEEZILN
o AV U LNREOHEME ZEFHEENEINL, AR—VEEITBDT 5
T ENHER SN, BEEICELTCE A, vV v LABEORNE LICEFRE
., R—ABEE L HITHED LTS,

SHBITBHEZ D ST, IV THEEZ EFLZLICED, TAI=
U AL VRS FREOBERLERE L OFBMEHI RV E L LM SN 5,
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Table 4-1 Characteristics of PGS.

25
B /um (25+1.0)
ZE /grem® 1.90
BUREER /W mtK* EA M 1600
BREEE /Scm™ 20000
5|oiRYEE / MPa 30
mi#EiE / °C 400
it EEER 1% / cycle 10000
e E7 9.3x10”
IR /X A 3.2%10%

< >

55 )
unit:mm

Fig. 4-1 Shape and size of specimen.
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Fig. 4-2 Appearance the synthesis of sample.
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Table 4-2 Measurement condition of Raman spectra.

L—HEE 532 nm
L—PRT — 100 mW
FRGT L — % ¢ 1pum

EIE e 1800 A/mm
2y Mg 0.1x6 mm
kL R %20

oy fiRRE +1cem!
Wapie TN
Tt OD: 0.6

HLE K 1500 cm'!

) E IRFH 60 #x10 [A]
T — X [Hhg 0.1 cm1?

PGS

substrate

\ Cu wire

Fig. 4-3 Substrate to measure electrical resistance.
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glass tube

m

Epoxy resin

Cu wire

ceramic tube

Fig. 4-4 Equipment to measure electrical resistance.

Fig. 4-5 Equipment to measure temperature dependence of the resistivity.
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Table 4-3 Results of elemental analysis of potassium intercalated PGS

determined by XRF, where numerals are content expressed in mass%.

Elements PGS KC84-PGS* KCys-PGS KC36-PGS KCg-PGS
c 99.9 97.4 94.7 88.6 84.8
0] - - 2.2 7.0 9.0
K - 1.6 2.6 3.3 5.0

! Sample name is given by the composition of starting K-GICs.

0.012

0.010

0.008

0.006

n/nc (XRF)

0.004

0.002

0.000 : :
0.000 0.010 0.020 0.030

my/ne (original)

Fig. 4-6 Potassium content of air-stable potassium intercalated PGS,
n/n«(XRF), plotted against potassium content of original

potassium-graphite intercalation compounds.
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binding layer Interior layer

Fig. 4-7 Schematic diagram of stage6 structure of graphite intercalation

compounds.

Table 4-4 Predicted intensity ratio of Raman signals of binding and
interior layers of potassium-graphite intercalation compounds with different

stage numbers.

stage I(E°) / I(E")
3 0.5
4 1
5 1.5
6 2
7 2.5
8 3
9 3.5
10 4
11 4.5
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(a) KCs- PGS
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Fig. 4-8 Raman spectra of PGS and potassium intercalated PGS. (a) KCs-PGS

(b) KC36-PGS

250 157035 cm-1 200
L 1579.E|Ei cm-1
200
150~
r 160824 cm-1 i Y - ]
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Int. Int. 100
100 L
| S0
1700.67 cm-1 N 70084 cm-1
o L 1 n 1 L o L 1
1200 1400 1600 1800 1200 1400 1600 1800
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100 L= R 200
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s 1580
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Fig. 4-8 Raman spectra of PGS and potassium intercalated PGS. (b) KC3s-PGS
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(c)KCus-PGS
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Fig. 4-8 Raman spectra of PGS and potassium intercalated PGS. (c) KCss-PGS

(d)KCss-PGS
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Fig. 4-8 Raman spectra of PGS and potassium intercalated PGS. (d) KCss-PGS
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(e)PGS
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Fig. 4-8 Raman spectra of PGS and potassium intercalated PGS. (e) PGS
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Table 4-5 Raman frequencies of the binding and interior layers, their

intensities and intensity ration of PGS and potassium intercalated PGS.

; (a) KC36-PGS, (b) KCus-PGS, (¢c) KCs4-PGS.

(a)KCs-PGS
Ne/cm™ E'/cm™ E%cm™ I(E")/- I(E°)/- I(E%) / I(E)
1701.92 1605.78 1581.3 145 115 1.26
1701.76 1607.34 1582.87 170 100 1.70
1701.14 1606.08 1579.72 130 100 1.30
1701.14 1607.96 1581.61 150 105 1.43
1700.98 1607.64 1581.29 80 70 1.14
I(E°) / I(E") 19 {E 1.37
(b)KC36-PGS
Ne/cm™ E'/cm™ E%cm™ I(E")/- I(E°)/- I(E%) / I(E")
1701.14 1607.96 1577.83 220 120 1.83
1699.92 1607.38 1577.25 140 70 2.00
1701.14 1608.9 1581.61 80 45 1.78
1701.14 1608.9 1579.72 150 70 2.14
1701.14 1608.9 1581.61 150 80 1.88
I(E°) / I(E" ) F191E 1.93
(0)KCass-PGS
Ne/cm™ E'/ecm™ E%cm™ I(E")/- I(E°)/- I(E®) / I(E)
1701.14 1609.17 1579.99 165 75 2.20
1700.98 1609.01 1579.83 140 60 2.33
1700.98 1609.01 1579.83 175 80 2.19
1700.98 1609.01 1579.83 195 85 2.29
1700.98 1609.01 1579.83 220 90 2.44
I(E°) / I(E")Fto1E 2.29
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(d)KCss-PGS

Ne/cm™ E'/ecm™ E%cm™ I(E")/- I(E°)/- I(E®) / I(E)
1700.82 1608.85 1579.67 240 75 3.20
1700.82 1608.85 1579.67 175 80 2.19
1700.82 1610.73 1579.67 150 60 2.50
1700.82 1610.73 1579.67 160 60 2.67
1700.67 1608.69 1579.51 190 65 2.92
I(E°) / I(E")Fto1E 2.70

Table 4-6 Repetition periods of potassium intercalated PGS.

stage Ic/ nm
3 1.21
4 1.54
5 1.88
6 2.21
7 2.55
8 2.88
9 3.22
10 3.55
11 3.89
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(a) KCs-PGS

25000

— KCo08

20000 —
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0 7 I I A, il I
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(b)KCs6-PGS

40000
35000 |
30000
25000

20000
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o e/ RN N
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(c)KCus-PGS

25000
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20000

15000 —

CPS

10000
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Fig. 4-9 X-ray diffraction pattern of PGS and potassium intercalated PGS.
; (@) KCs-PGS, (b)KCs6-PGS, (c)KCas-PGS
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(d)KCss-PGS
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(e)PGS
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Fig. 4-9 X-ray diffraction pattern of PGS and potassium intercalated PGS.
;  (MKCssPGS, (e)PGS
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Table 4-7 Comparison of theoretical and observed identity periods of

potassium intercalated PGS. ; (a)KCs6-PGS, (b)KCss-PGS, (¢)KCs4-PGS

(a)KCs6-PGS

staged stage5 stage6 stage7
00/ Ic/ nm 0o/ Ic/nm oo/ Ic/ nm oo/ Ic/nm
4 1.492 5 1.866 6 2.239 7 2.612
5 1.579 6 1.855 7 2.211 8 2.527
9 1.536 11 1.877 13 2.218 15 2.56
10 1.574 12 1.889 14 2.204 16 2.519

Ic Et9fE  1.55+0.06 I FEigfE 1.88+0.02 I FifE 2.22+0.02 I FEifE 2.56+0.05

(b) KC4s-PGS

staged stage5 stage6b stage7
00/ Ic / nm oo/ Ic/ nm oo/ Ic/ nm oo/ Ic/ nm
4 1.491 5 1.863 6 2.236 7 2.608
5 1.585 6 1.902 7 2.219 8 2.536
9 1.536 11 1.877 13 2.219 15 2.56

Ic E¥fE  1.55%0.06 [ FEHfE 1.88+0.02 [ FHfE 2.22+0.02 I FHfE  2.56+0.05

(c)KCs4-PGS

stage8 stage9 stagel0 stagell
oo/ Ic / nm oo/ le/ nm oo/ Ic / nm oo/ le / nm
8 2.862 9 3.219 10 3.577 11 3.935
9 2.922 10 3.247 11 3.571 12 3.896
17 2.882 19 3.221 21 3.56 23 3.839

Ic Et94E 2.89+0.03 I EfE 3.23+0.02 I FifE 3.57+0.01 I FifE 3.89+0.05
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Table 4-8 Stage numbers of potassium intercalated PGS deduced from

X-ray diffraction measurements and Raman spectroscopy.

Raman XRD
K-GICs 0 A
1(EV)/I(E™) EA/cm-1 stage stage
KCs-PGS 1.3740.33 16071 4-5 4
KCs6-PGS 1.93+0.21 16091 5-6 5,6
KCys-PGS 2.2510.19 1609+1 6-7 6(+5)
KCg4-PGS 2.701£0.50 1609+1 7-8 10
10
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Fig. 4-10 Temperature dependence of resistivity of PGS and potassium
intercalated PGS, where the compositions correspond to those of the original

potassium-graphite intercalation compounds.
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Fig. 4-11 Temperature dependence of resistivity of potassium intercalated

PGS.
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Fig. 4-12 Square root of resistivity of potassium intercalated PGS plotted

as a function of temperature.
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Table 4-9 Observed phase transition temperature of potassium intercalated

PGS.
KCs6-PGS KCs3-PGS KCgs-PGS
T./K 220 222 230
Ty/K 235 238 243
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Fig. 4-13 Magnetoresistance of PGS and potassium intercalated PGS plotted as a

function of magnetic field strength.
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Fig. 4-14 Hall voltage of PGS and potassium intercalated PGS plotted as a function

of magnetic field strength.
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Fig. 4-15 Hall coefficient of PGS and potassium intercalated PGS plotted

as a function of magnetic field strength.
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Table 4-10 Electric conductivity, magnetoresistance and Hall coefficient of PGS and

potassium intercalated PGS.

PGS KCgs-PGS KCys-PGS KCs6-PGS
o/scm™ 1.45x10* 1.04x10° 1.29x10° 1.37x10°
Dp /po (0.64T)  1.61x10" 2.11x10% 1.08x1072 6.12x10°
Ru/cm®C? -5.98x107 -1.94x107 -1.07x107 -9.55x107

Table 4-11 Carrier densities and mobilities of electron and hole of PGS and

potassium intercalated PGS (KCss-PGS, KCus-PGS, KCs4-PGS, and PGS).

PGS KCgs-PGS KC,g-PGS KCs-PGS
ne/cm> 8.19x10™ 3.07x10% 5.67x10%° 6.40x10%°
n,/cm> 6.21x10" 1.65x10" 8.97x10" 7.95x10"
Ue / cm?VisT , 2.11x10° 1.42x10° 1.34x10°
2\ 1 -1 628X10 4 4 4
Un/cmV's 5.71x10 6.06x10 5.33x10
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