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A nanoporous templating substrate, which is an anodically oxidized alumina (AAO) substrate, is
employed to form a pseudocapacitor having high stored energy density. A pseudocapacitive material is
deposited conformally along the sidewalls of the AAO substrate by atomic layer deposition, chemical vapor
deposition), and/or electrochemical deposition employing a nucleation layer. The thickness of the
pseudocapacitive material on the walls can be precisely controlled in the deposition process. The AAQO is
etched to form an array of nanotubes of the PC material that are cylindrical and structurally robust with
cavities therein. Because the AAQ substrate that acts as scaffolding is removed, only the active PC material
is left behind, thereby maximizing the energy per mass. In addition, nanotubes may be de-anchored from a
substrate so that free-standing nanotubes having randomized orientations maybe deposited on a conductive

substrate to form an electrode of a pseudocapacitor.
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A nanoporous templating substrate, which is an anodically
oxidized alumina (AAOQ) substrate, is employed to form a

pseudocapacitor having high stored energy density. A
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pseudocapacitive material is deposited conformally along the
sidewalls of the AAQO substrate by atomic layer deposition, chemical
vapor deposition), and/or electrochemical deposition employing a
nucleation layer. The thickness of the pseudocapacitive material on the
walls can be precisely controlled in the deposition process. The AAO
is etched to form an array of nanotubes of the PC material that are
cylindrical and structurally robust with cavities therein. Because the
AAO substrate that acts as scaffolding is removed, only the active PC
material is left behind, thereby maximizing the energy per mass. In
addition, nanotubes may be de-anchored from a substrate so that
free-standing nanotubes having randomized orientations maybe
deposited on a conductive substrate to form an electrode of a

pseudocapacitor.
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# Science 313, 1760 (2006) W % # &) " Anomalous increase

in carbon capacitance at pore sizes less than 1 nanometer | °
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AAOER205B% B - ATHAEHE  LALVAREE
Miegg Bh %5 AAOAR20ME L A DR 88
Z@odwib BREHEETERTEAF R EHERAY
BEHRTFRE B _FMAAPRCERIRBETHETERE -
FiBERSEL2IHEARKPILEELERSZH2IHEKALK
B mMBELrEREH BALKSI 2l HARIJEAER
KEZA 2l KRELFH(ED 10 BF AR 50) AL T4
BREEGEBRFEFEEL RS2 T HE AETHL
RETAT »

it % £, 48 5T # (chemical vapor deposition * CVD) A —
ﬁﬁfhﬁéﬁfi HY AR BRBLEATRMTAEEHER - A
mfﬁ%%ﬁ%ﬁﬂiﬂm’ﬁ%&mfﬁm%ﬂ%ﬁ
METRAMMBEAFBHEEEES - BATRA - 1tF
MMAFEREEAZBECHIERLEREZI 21 ARG
KALERZA2INERZL2L A - FTHRL RTE
MBEZXBANE— PR EMBEEIMHE BERXTKRS

11



1497547

21 KMo e Tk - ERBRFRIUHREEN EHR S
KZA21 4008 > UARAEAC,EXRSEIL 2 BIHKE
BERUARMEZT  HaE—E[BIEFZMHEE 0L - 4
BoMAHRE IOLHEETA IlnmE 75nm > B % # 3 nm
EZ30mm FBARAFRALTHARIHABRBAEE -

HEMNE 6 AHAEHRBEEMME 21 ik F @3
2 BHAAO KR 20 9 AR A @ - BAEEMHE 21 &
P AAO AR 20 A A @ L1 2 F é445
EEMHR 2 2EF RIS - BEEMHE 0L ik
M TER Hllo A ALERRFELRANAIEEAHR
B2 Flo R BT A% - & CERALLHBRTEI 8
THRBAABRERBEEMAE 0L eh:&s3 o H P £ F
ZRAAACERBR HERBELEGMEZ > B R &4
MAF QUM Pl bEEE T E HEBHETEMHME 0L
BB o —HRRR > A UR 2I'YHEELLL » T K
PRBABZERSZIL 2l YR ELL ' AR LI R ezl 8
MR2I'NFEFEEAR IOBBHBATEMMR 30L 2 R A
WA HTGELME4) -

i
37} 3t
ok

FLME TAE 8 AAER AAO AR 20 HAE
HEABES TAKEAERE 40 KBAERAMBEA T
FEARE, MR OHIEARE | BCROE S Z 88 -
—fkmE o X EEEGNEHK 10 nm £ 200 nm > KB
THABENDNRERMPECOIAD T BE) - FHAZEE K40
FE o Bl R BANEEKERRN » T3 AAO AR A

12



1497547

AR L BRAISE - ZRHEAUBETELEFREAER 40
RN ABBEEETARAAR 40 AL HETE MG
EEMBEXRE - #HT2Z £EBR AAO AR 202 &
BEBEMME OL hF GBI B ARARARBBELSLKA
R A40-AAO RIR 20 BB XA EARBES ST RAER
40 th —HBEIE Z| ) X B - 1P AAO A4k 20 4 - R
TEETRARIO-BEFLZ AL IO HBRIIURBER
ShEE A2 thm A o

ZMBRAAO AR 209 A H 54 44 £ AAO
ER20MW BB ESE LB 40 5 4 HE |2 5] » T 4
AABEAEESOMLEATERIES, - TEMLE, KR
BENEEHROH  Hlo BEEZSTLEAER 40 9=
wHEF R TAEA S 10m B EHEEURKRY 500
m /g Y BAELE REBEZEKEAE IO MEHER
HE B EERE AR IOGRDARIE KLHE>
RlZmMFLETHEH K =4 -

2o X AAOKR20% B ARV FTAEE BPH
RENBEATEROHHATE MABYE— TS
MOBET - BT2 ROERHNEEMRELE TR
FRAEMA BP AAO KRR 20 IR L AITRSGHE —F
BT TR - aa(10~40 4RI ML B
CHASBLE - TRSBAMEMBEDY  THRAS
AN RBEZILESE  aEFTTEIR 10 BATES
REAEE ORI @b -

13



1497547

FZ EHRAAOEXR0THATEHHYEXBH
ot BRKRLEREEZET HFREEREZEHNHIS

e fs e BABEZRREER 40 B o6 F &I
4@1%%@@1\&,@2{@% BT A B o 3% 42 A (10 ~ 40 ~ 42)8
CHTEE - 28401040 2)ERTHEE > BEHY
EF@0-2)FBEHERE PRXERALERNT
HERBEE TEERBLREBAEEN - ALFERLT FE
B I0EAEEY -y ALEBEZBIZLKE
40 ey 7] -

ot > ZEBRTHAMNEETREIR 10 LesB A4S
TEEKRAERI0 E—BEEZZKEAAR 40—
BEEMHLTAEENEA —URXR21'- BEEL2 LB AR
mi* BHE—BEFLEFLAABIORGUR 2121

—BEEA KA 40 H—BERBMEA —EHO -
~@*%L%%Déﬁ@&£& BEBSLEFEAAEE 40
AN R 21 -

HB—BEEESLEIAEE 40 L 45— B &4 40E
MACEZHOBH AR EEHR2HEZTUR 21'GILA -
¥EAEFZFAAAERAOHAL —RMREDEE &85
S K R T ey B 40E- 5 — A E A Ak H AR 40
BRI R EA BT LERREEIATES KR AR 40 {4
WEBRE #—F B RBAEXFTRAER 40 ¥
A EA BB LEABELTELETHIR 10

14



1497547

HEEBLERXELAAERE O HRABTEELAR
40 ey BEARETHRAR 10 AR K BEALZNM
BoH—BEEEARAER A0 R EBETEEBER
HHREAER 40 FRFALBETE LKA LR 40 2
ot BE—BAEELERALRE 40 FEALEHABEE
EREAER 40 bk mAarE o

REE  EHKEBIERKEER 0 0 ER/
RAREL > T ERDEE S T - ZAEMEFR IR
B BEEMH > THmEARBBEELREAER 40 9 E
M THEAERBAOEERALIRNAEERSHY
PRBE - AEZVEAARTEAMEELER [AAILHRA
RIELRNBEORBERN  HEBBFEGEHT AKX - £48F
URSHXAREAESH L THTHRRELLIp R
L HES e Blio TAEEHR AAO KR 20 2 %% > TR A
SR B o %5 2B AAO RAR 20 Z AT > T A B
BRERBEESTKEAELR 40 89 A RIE - 3 B £ £FB AAO
AR 2024% > 2HEREAERIOHIIMEZ - ERXR K
HEHRMHREHERTRAREAAREBEBATEEST AR
A8 40 ey Sl B B /R Al B2 o fpldo 1 3F 5Bl Stewart, M.
P.; Maya, F. ; Kosynkin, D. V.; Dirk, S. M. ; Stapleton, J. J. ;
McGuiness, C. L. ; Allara, D. L. Tour, J. M.E A& J. Am.
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