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Abstract

Advanced oxidation processes (AOPs) have been broadly defined as oxidation
processes involving intermediate generation of the hydroxyl radical.
Electrooxidation is one of AOPs, and has been found useful in the treatment of non-
biodegradable compounds. The advantages of this technology were that auxiliary
chemicals are not necessary, lower operational risk and fast reaction rates.
However, the cost and efficiency of EAOPs depended on current efficiency and the
material of electrodes. Thus, anodes with high stability and performance are
essential in oxidation reaction.  In this study, the synthesis of active anode based
on carbon nanotubes has been investigated and the obtained material have been
applied as anode on the electrochemical oxidation of phenol.  Carbon nanotubes
grew on carbon fiber via catalytic chemical vapor deposition (C-CVD) to obtain a
base electrodes (CNTs/CF) and then CNTs/CF were further immersed and annealed
with prepared Pt, RuPt, Ru@Pt nanocatalysts to prepare a series of CNTs/CF
anodes. The properties of catalysts and CNTs/CFs was determined by scanning
electron microscopy (SEM), transmission electron microscopy (TEM), X-ray
diffraction (XRD), cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS). - The heating rate of 30 K min* was proved to enhance the
dispersion of electrocatalysts. The results of CV indicated that Ru@Pt-CNTs/CF
possessed the highest specific area-normalized capacitance of 3.83x 102 F cm™.
The electrochemical oxidation of phenol was conducted in 0.01, 0.05 and 0.1 M
sulfuric acid media. Using Ru@Pt-CNTs/CF, the highest pseudo first-order rate
constant of 0.0507 min' and degradation efficiency of 99.87 % with the
mineralization efficiency of 50.93 % were obtained in 0.01 M H,SO4. The
oxidation efficiency of phenol increased as the concentration of electrolyte
decreased. Degradation of generated intermediates could also be detected during
oxidation processes of phenol. This study gives the evidence that CNTs supported
electrodes have been successfully synthesized and proven to be effective
electrochemical oxidation of phenolic compounds.

Key words: Electrochemical oxidation, Carbon fiber, Carbon nanotubes,
Nanocatalysts
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organic compound, etc.

Degradation and mineralization efficiency determined
with HPLC and TOC

Modeling with pseudo-first order kinetics
Quantitative and qualitative analyses of intermediates

h 4

Assessment of the feasibility and process optimization

A 4

Investigating of life time and cost of electrodes

i

Conclusion
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21 @A
f= (Phenol)'z % 7= %=t » I p¥ic 5 s i+ & 4~ (Phenolic compounds) 3%,
B AP LERFRITL 2D T RAKE IR TR TRE
(Carbolicacid) » # 1 se 2 (-OH) B~ X ¥4 ¢ ch—- B3 -z i &4 % i7 3
CAECRMER CRF BN M FAUEE L R WRRSR o S
I RHAR A A G BHE A AR A MEER ISR ERESET R ER
BEZ > 2 ¥ (OSHA)Z £ WS E% 22 7 ¢ “T(NIOSH)*7 2 & » s =
DA b s AR B (IDLH) Gk A 5 960 mg m3 s % 3 & & 'L iE (OSHA
PEL) ~ % &£ 'L (NIOSH REL)% %@ (TLV) % 5 19 mg m3 > Jap| &2 %
PN 42 F 25 4 RE 4 5 Ld il 23 R 2 ki b

c RBRIECE NS ARG LSRR
« PHRET PR A > REE RN TR TR
. %f’%fz;{%3i'lbéfﬂ%‘ﬁK“ﬂﬁ‘r?ﬁ’»@‘{ﬁ%‘ﬁl@V‘é A REZ ’a‘g? E
IR R RR SRR R ERIE S SRR FIFTET -
Table 2.1 Physicochemical properties of phenaol
Chemical Structure CH
CAS number 108-95-2
Formula CsHesO
Molecular Weight, g mol* 94.11
Density at 20 °C, g cm3 1.07
Melting point, °C 40.0-42.0
Boiling point, °C 182.0
Flash point, °C 79.0
Ignition temperature, °C 715
Partition coefficient (n-octanol/water), log Pow 1.46
Vapour pressure at 25 °C, mmHg 0.35




(Material safety data sheet, Sigma-aldrich)

Table 2.2 Regulations for phenols in Taiwan

¥ 418 @

i B~ PLiE, mg Lt

G ROR IR AR H KRR B R AR H
k2 R e da s

s 4 0.001
Mn a2 4 ok
G ORORRORE e KA 2 T ORERTT
1 B ORCRERG R KK ) 0.001
2 4 Rk iR
kR FEGATRYE R
EAE RS R IR s 4E 1.0
2R Ak R
BERAREAI AR KRBT g 245-Z % 0.37
1% FEBRAET R C 246-z % 0.01
4
iip 0.008
Fosgrth e g 2452 5@ 3.7
< K = _ = o~
k - 2,46-= % f» 0.1
U 0.08
e RES S S S SRR RES S &
GRS = PUOTRELFRAT O p 1.0
kK
F A L P A1 737k o
FELFEREF IR AFL S AEE B 19
S AR 2 BS54k £ 2
B 45
IFip 0.5

(http://ivy5.epa.gov.tw/epalaw/index.aspx)

22 HF L EFLFHMF R

FWEFF AR B A R AR AP RS (dook AL
v )R L2 7 i (Mineralization) > % 7 i 642 "2 F a2 Ly A =

PHCECOEHO v F P B2 2 HB jmd P FAF P RAFV 2R

)



WRES 2 3 BB 272 g A FREF T g
P54 4% KH F 4 w775 40 (Wang et al., 2008; Yong, 2000)

BoR B TR A LRI F o MARITRR  F L RBAE AR G
ARFRREZ S AHEF AP B A RET LT
(- )# i : jEd 820-1100°C B & B R F § 1 VG RAEE LY B A

o

P& 754 NO~SO~HCI~ 4 B 3 2 vk & > 2 1B 03 PRI
2 A IR PR EGE Y B R R AR A2 o COD kAR < #1009 L'UFT °
(2 )%V 3 RN F L2885 7 0F 5033 §F 298 & (250-300°C)
% 3 /& (100-150bar)ig -k # 5 #8642 3 o F Jie? F R AedpapS 0T 5 i R
BFpitraxviE 99% » S aJdliEisRApA e F A~ T R~ CfF > eleg R
PARELE > Fr oY BER CODER A3 15gLtx 50g Ltz Aok o
(=) % i~ % - i%ﬁr} g CMERF LGSR I W L A
H,O, ~ O3 > gieafﬁg%fu »ek Hhs k% w/ 2 de PR AR 25 4e 8 AR 2R IE H R
iRk 0 2 CODIRE % 54 L'Lg °
23 L2 RAS

WL FENERRE VBRI E S B ALY R s
(Advanced Oxidation Processes, AOPS) % ~ = » H ® % 332 Ligit & Jig » ¥
BIEY FAY D 2 imd s RIS TR EERE A FREF A o B
T PR B AL S F AR RA R ERFER AR Y KA 2
P AAwd WAL > Table 23 71 E N s S g A R FF 3 B I gl
FEBN 2P FAP AR ¥ Bk F - f5(0-DHB) ~ ¥ % - f=(p-DHB) 2 #
FR(14-BQ): B &F e EpFA R 4 X2 P F A (Bosco et al., 2006;
Enache and Oliveira-Brett, 2011; Moreira et al., 2013; Olmez-Hanci and Arslan-
Alaton, 2013; Pimentel et al., 2008; Poerschmann and Trommler, 2009; Saratale et

al., 2015; Tao et al., 2012) -



Table 2.3 Intermediates formed during phenol oxidation by means of various advanced oxidation processes

MW,
Compound Structure  g/mol  Types of AOPs Reference
e
0 Electro-oxidation (Saratale et al, 2015)
P-Benzoguinone Photodegradation (Moreira et al, 2013)
(1.4- BQ) 108 Photodegradation (Tao et al, 2013)
Photo-Fenton  (Olmez-Hanci and Arslan-Alaton, 2013)
O Electro-Fenton (Pimentel et al, 2008)
OH Photodegradation (Moreira et al, 2013)
. Photodegradation (Tao et al, 2013)
Hydroquinone .
(p- DHB) © 110 Photo-Fenton  (Olmez-Hanci and Arslan-AIaton, 2013)
Electro-Fenton (Pimentel et al, 2008)
OH Photodegradation (Bosco et al, 2006)
Electro-oxidation (Saratale et al, 2015)
Photodegradation (Moreira et al, 2013)
Catechol OH 110 Photodegradation (Tao et al, 2013)
(o- DHB) @ Photo-Fenton  (Olmez-Hanci and Arslan-Alaton, 2013)
G Electro-Fenton (Pimentel et al, 2008)
Photodegradation (Bosco et al, 2006)
O Photodegradation (Moreira et al, 2013)
Formic acid )J\ 46 Photo-Fenton - (Olmez-Hanci and Arslan-Alaton, 2013)
H™RH Electro-Fenton (Pimentel et al, 2008)
0 Photodegradation (Moreira et al, 2013)
Acetic acid HaC )J\OH 60  Photodegradation (Tao et al, 2013)
Photo-Fenton  (Olmez-Hanci and Arslan-Alaton, 2013)
i i Photo-Fenton  (Olmez-Hanci and Arslan-Alaton, 2013)
Resorcinol
(m- DHB) 110 .
Ol Photodegradation (Bosco et al, 2006)
O  OH Photo-Fenton  (Olmez-Hanci and Arslan-Alaton, 2013)
Oxalic acid H 90
HO O Electro-Fenton (Pimentel et al, 2008)




Table 2.3 Intermediates formed during phenol oxidation by means of various advanced oxidation processes

(continued)

H

Photo-Fenton  (Olmez-Hanci and Arslan-Alaton, 2013)

0
Fumaric acid oNOH 116
° Electro-Fenton (Pimentel et al, 2008)
o}
Photo-Fenton  (Olmez-Hanci and Arslan-Alaton, 2013)
Maleic acid | Z: 116
Electro-Fenton (Pimentel et al, 2008)
0
e
O-Benzoquinone .
. BZQ ;qw dzo 108 Photodegradation (Tao et al, 2013)
@]
Glyoxylic acid HJ\rrOH 74 Electro-Fenton (Pimentel et al, 2008)
(0]
O 0
Malonic acid 104 Electro-Fenton Pimentel et al, 2008
HO)]\/”\OH ( )
O
Succinic acid HONOH 118  Electro-Fenton (Pimentel et al, 2008)
(0]
OH
1.2,3- 126 . Electro-Fenton (Pimentel et al, 2008)
trihydroxybenzene OH ’
OH
0
Benzaldehyde @—/< 106 Photo-Fenton  (Olmez-Hanci and Arslan-Alaton, 2013)
H
Diethyl, acetic acid /j/L 116  Photo-Fenton  (Olmez-Hanci and Arslan-Alaton, 2013)
3-Hydroxy, i
yaroxy \/@\ 122 Photo-Fenton  (Olmez-Hanci and Arslan-Alaton, 2013)
benzaldehyde °N ,




Table 2.3 Intermediates formed during phenol oxidation by means of various advanced oxidation processes
(continued)

2,2-Dimethyl, 3-

128 Photo-Fenton  (Olmez-Hanci and Arslan-Alaton, 2013)
hexanone

2-Ethyl-4 methyl,

. 130 Photo-Fenton  (Olmez-Hanci and Arslan-Alaton, 2013)
benzoic acid

-Hyd b i 2 .
Eci dy roxybenzoic —®—< 138 Photo-Fenton (Olmez-Hanci and Arslan-Alaton, 2013)

3,4-Dimethyl, criy _
I. _y 0 150 Photo-Fenton  (Olmez-Hanci and Arslan-Alaton, 2013)
benzoic acid

Resorcinol mono .
Q T 152 Photo-Fenton  (Olmez-Hanci and Arslan-Alaton, 2013)

acetate
A

2- o CH3

o 152 Photo-Fenton ~ (Olmez-Hanci and Arslan-Alaton, 2013)
Isopropoylphenol ™

3-Phenoxyphenol OU 186 Photo-Fenton  (Olmez-Hanci and Arslan-Alaton, 2013)

Phenol,5-methyl-2-
(1-methylethyl)-
acetate

192 Photo-Fenton  (Olmez-Hanci and Arslan-Alaton, 2013)

1-(4-(4-
Methoxyphenoxy) *(j J(j\ 242 Photo-Fenton  (Olmez-Hanci and Arslan-Alaton, 2013)
phenyl)ethanone T




R SR

BF tF Y N2 A cOHTLF PRFHFARETRGF & MRA T
iv # % it (Electrochemical oxidation)y AOPs ¥ e— Tk > H B4 430K %K B
P F Ry Q2 fir - REmnpFRRFg R 2 3108 A e i F R
REAHIES Iy R BRET BRI CER gL v gg 3
e WU THIBEEGFANTEER R 2 REEE
241 5 pd H2 2

Mpd ATFLFIERITEEF EEFF PRSP PR - OH
RAF S AR 2 S T AR d A E P L -OH 2§ a4 R
%%‘%’-m*i$*¢ﬁ?{$é%ﬁ%$1¢%ﬂ’aﬁﬁﬁwf
(Comninellis and Chen, 2010) :
(=) fRERI KR T SH TR 0 S LB R R o TE R E TR
Fatigji2 «OH» 2R feir BB =581)~2) Q)

H.O0+M — M-OH + M-H (1)
M-H — M+ H +¢ (2)
H.O0+M — M-OH+ H"+¢ (3)

(=) TR ok Riph Bat(4)F 45 O20 - OH TR At F e 2 42 7
BA 4 > 20 SR 7 SR R AT TR L S Rl TS
7(5)~ (6)

2H,0 — O+ 4H* + 4e (4)
HO+M — M(-OH)+H*"+e (5)
M( -+ OH) — M+%02+H++e' (6)
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242 2P 5BEEPEEBE

B LERE A F R KL G 2 2% (Faradaic process) £2 252 1+ % (Non-
faradaic process) = & 5 425 - § iR R )‘@;ﬁﬂ T3 m@ﬂiﬂw’? 4038
RAETES R BENTEBRA G > DAL LE B LETL
d Zmimd R a At BrF REF RPN R CENE TR T
B oA FIRBRAG RS FAR S FREGRETF B
TR MR TREARA G B I R g hoa i@
PRLRB-ZRAFALBEH - MEGEFZ 0 ZARESFLFIRE
T

T 1 RS de R s 0 BIAEZ 2EE % 425 o (Bard et al., 1980)

KA TR WE S aF RN R R e

A
G I a ETIA AL P HRT 2 F BT LN (NE A

GRS AR EE AN 91 0 L MR T AU
(Mineralization current efficiency, MCE)4% 3¢ » 4= 3 (8) (Skoumal et al., 2008) -
C,H,0, +(2x-2)H,0 - xCO, + (4x+y-2Z)H" + (4x+ Y- 22)€ ©)
NFV ¢ A(TOC) ex
MCE, % = P 100 (8)
4.32x107 mit

Hdon S HRAEFNHEE B ST a0 48E (7)Y e 2 58 Hi(dx
+y-22) ; F & =) 12‘5}"'“ %: #&(96 487 Cmol” 1) Vs 5 K ﬁ% /li”gﬁﬁi(l_) ATOCEXP = B 55?
P TOC A BEMgLY)im 4 742 A1 2 tAu5EF Lk? Tin(A)

PR RPERT(S) 5 4.32x 107 5 H =4 3 F]5 (3600 s h''x 12000 mg of C mol?) -

FES ARSI
BRI FTRIGER G ERRR S BN AR EIHH LS

2R F G T R BT N (OTAS Y L TRA L WAETE A



TEX-BE2VIBDOTE ST E S I0pFRF FERY AT F FH

W AT A A 20C TR

q
C== ©)

HY qirEaT 2 EY 2 7 #(Coulombs,C); E 5 i #6877 B2 7T & (Wolts,
V) Bl C % & % (Farads, F) -

TR-BRAe DT EFTAT T R FHMIFEI A a2 - d R85

%,‘
>3
=K
ok
"
&
=H
i
?,h‘i
1%
=3
¥
NS
)
‘:—:\
SH
=
=t
S}
k=1
o

VR EZATEIER B
- BRI RTAUSE G AT RER RN T R AT A QM e M
T EAGd PR L RFESER P 0LA A SR A EE
A PR em A s Hat L ka2 o R R A TRER R G 4T
AT a s S RIFRE-BTHTRT > THR-Z iR A6 fé‘ﬁiii?, 3
K o RIfE2 = % B T % (Double-layer capacitance) » ¥ 4] % & & % 4 &
% % 10- 40 uF(Bard et al., 1980)
245 3k 1t %7
HTBFRAZ FHI IR e F ERAFRPEFF R 5
WIBewiER o ArFig2l AN A REAE R RES %Trfz‘_@ﬁa?] CRE
oy~ 2 MIMFFLRRALR ¢ IR RS TREF G fE SRR T
Cirlaco ¥ * 3% ) 4p¥ie & & (Relative roughness)#z 4 - d £ &2 E 7 112 B i
oA BT E P RT R RER LR TR AR A SR
#1322 - (Cirfacoetal.,2009) - Fig. 2.2 3 $1&-T /2 b o F BRI % » T *
FrikdFikaTsef@he Rty b
L 5+ &BRid 1737 bulk solution) 2 £ 484 6 chilg > S8 L
A5 2 ﬁ;ﬁ @%}
2. BFANTHEBF LG LT F Bk
3. TFBELEPVEER TS
A fR)2 F B4R

4. —,“ i &’]@_Z\ Pié—i‘:}*xﬁ' ~ AR R S .-‘%-‘BBB Lo~ ?/ﬁfgﬁﬁf@ °



BREST ZABZRER TRERERERFIFH -pH B3 HAHF S
TR ERTBRETZARE T AREFBRE BT BRES BBLT S
#: 0 @ px(Tsay et al,, 2012)4 % Fe ik R Frpdp T fRire 0% 5 3% 1% Sodgc
RRERFARETIEAIF 2T BT RITLBRIERN G E 242
THA AP RERTF B 4 R AT RRERES FRT >

PI2 JIkiziR A2 KEF fum '8 mok? G FREIFIBERS S T
BRERY LG REHEITTIRRER o IR F ek TR R R S ER R
Gattrell % A % gtagm T 4,4 B>+ 25°C ~50°C 2 70 °C T 4ps:e (7 8 | pr g 1

S‘ﬁ
Tl
i\
= xR

t

@
Hﬂ

P

FR o BHVEAHE G2 E 0 d Fig. 23 i R F AT F & T0 °C it
(7 90-150 A 4515 7 4 & B #hi7 % 4 a2 90 %617 F + it 2+ 150 A 4515 iF iorik
NLfgE A RBEECREARPLF CFRHET( IR 0 kG g
Bl FES R IAT R s e 0 2 4l 4R S 4 42 4 (Gattrell and Kirk,
1993) o i F A -K SR AR A F ¢ AT en R MR T R S A o FR ek A R i
P REEN L Ra 3R R E S R FFE - 2 b
e 17 g

C) External variables
Electrode Temperature (T)
variables Pressure (P)
Material Time (1)
Surface area (A)
Geometry S ) )
Surface condition Electrical variables
Potential (E)
Mass transfer Current (i}
variables Quantity of electricity (@)
Mode (diffusion,
convection, .. .)
Surface concentrations
Adsorption

Solution variables

Bulk concentration of electroactive
species (Cq, Cg)

Concentrations of other species
(electrolyte, pH, .. .)

Solvent

Fig. 2.1 Variables affecting the rate of an electrode reaction (Bard et al., 1980).
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Electrode surface region Bulk solution
I

Electrode |
. I Mass
Chemical
. ltransfer
o O Looctons LS Ovuik
. -—
sso“’“o —— Owr
@“Dﬂ !
Oads 03‘5° I
[
e Electron Il O+ne 2 R
— transfer I
|
R’ I
ads O@SO |
\"b}i}n Chemical |
% R reactions I
. T

Plioy, "V T Rourt e Rbuik

N I

Fig. 2.2 Processes at or near the electrode-electrolyte interface (Pritzker and
Silveston, 2013).

_10.0 2 25 C Run
I~ +25 C Run
:6‘\ 50 50" C Run
g T 275 C Run
g x 75 C Run
— 6.0,

U T

& 40

o

0 2.0

9 2

o ]

£

M~ 0.0

o 1 2 3 4 5 & 7 8
Time (hours)
Fig. 2.3 The effect of temperature on the rate of phenol oxidation at a glassy carbon
electrode (Gattrell and Kirk, 1993).
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25 BT i
P e r T B MRA P V4295 Comninellis #rd% A1 epc)

% Té#a‘f”ﬁi'ﬁ_%fr R A 5B < HTT)

1. AT &5 X473 F T /B (Oxygen evolution overpotential) » »*-k & it
AREY N2 2R By R TEMBEE KBS ETEILF LT
CE R ZTIRFRM Ao I RE TR S AHZL TR AT
ERNE K 1 I S - R
2. AEPB R L RFATE BT Flo FIORGFF Y §F 22 AT R
BEREZ AR BERT T G R P RERIT 2 ZHF R T
FF i F 7 820000 0 B * WRORRIEY 28 BT 4R Av S e &F
§F vy TR ieder T R(BDD) 43 4 T8 ¢ B2 (Comninellis, 1994)-
251 miE{

RETEFHPFILG 3 425 2 G RAKERE ¥ AT FF &
e TRz ETE RAER R R B g Ao A
BEGITARE oM ML AR I MR AL g AR R ET LI
TR R FlA R AT g 2 piTE USRI S RAN . REREE LS
3R E 3 KRR s ik B sk AL TR TR 2 B Y% (Calderdnetal., 2015) -

Ye & Adgdirl 2 ok E g Pk gy E‘{’l‘z‘i\fé’(% ZENE: S BRI i R
g 0 3 ¥ RAETF W2 F B (Yeetal, 2007)

EEAR B ER R S - ﬁ%ﬁ»ﬁﬁﬁﬁiﬁﬁ’%&%%ﬁ
md g kT E ATA G-band A 2 d F R OFAIREHETATA 0 D-band it
% > G-band d R+ i- FEAF T o W iRETA 2 > D-band & 2323 3 &

BEAASHATR O BY R T 5SS SRR Bl Y 2 D-band 2 G-
band 2_ 31 5.5 & v+ & (Io/le) i¥ % 45 1% > D-band % G-band 4 %] i+ 1350 cm™ 2
1580 cm™ » @ ¥ = & &k 5 2700 cmt sl of L 2D-band -~ i1 G'-band ; %%

7 3 D-band s * - 2D-band FiE A A5 %2 B L = 8 s > ¥R F PR
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T &2 A dke B R & F 3 (Childres et al, 2013 5 Kim et al, 2011 5 Rajesh and
Pandurangan, 2014) -
2.5.2BDD % &
EF Pt BDD 24k L 23 A3 RS 3175 BT R &1
4 BDD £ - OH B2 35 (e% 4 s » « OH % £ 54 ;%(10)* BDD 4 & 2
> HO2 4 - HF 5 Oy Tfend PRAEERIENZ I ELRTIE
TG RPFF LY EGTRRUTARA(MZF R im 2 FRELERFEN TR
ZLBEK
1 F8FNTRLAS RGP LY e
2. THEFEIME RGP E G APRIRAT R .
3 FHWIFrNRLICERBF P ZEF iERERE TP FRPFITERAR Z
Bp iR d TR @B e
4, HiFRZFBEFEF PP TR G AT AN -
2 + OH— H,0, (10)
H,0, > 2H + 2¢+0, (11)

ETEATARAT B 4 5(12)

F Jim ¥ 2 B w2 o Bl R

Jiim = 0k, Corg (12)

B P ojim s T3 W24 T % & (Limiting current density for organics
mineralization, Am?2) ; n 2 #% f* £ & ° 2 & =+ #ic(Number of electrons involved in
organics mineralization reaction) ; F 3 /# # % ¥ #c(Faraday’s constant, C mol?) ;
km 5 B £ @ﬁﬁl % #c(Mass transport coefficient, m s) ; Cog 5 7 #2372 2 kR
(Concentration of organics in solution, mol m=3) -

B-F B o735 4 2. T oon % A (Applied current density, Am2) & 7 % jappt » B jiim
> Jappl BF 0 RV B F ik Fd F 5 @ﬁi%li Tondrdl o AT B R RN A F
T F o fiim<Jappl FF 0 %I HE K R D T2 fﬁﬁ%i%%iﬁiﬂ » 2 1335 Fick’s first
law » kR B Ae R B FATL EH 4 > FILORBIEARTE L F BFL G REB L
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f#»x % (Cirfaco et al., 2009; Comninellis and Chen, 2010) -
2.5.3 15 &8 &
2531 &£ &% KFI&

TUEBRE CF Y I BR AR PLL A KRR L R
CHEF LG RS Bt ViR 3 43 4§ & i(Chinetal, 2014) -
Ry bR AR BT AE L COBMN T ARIEYE - Fla B as BiE T
=B o AfEZ 5 COF MR S REBFET XD COA o] 4B

AN ERBE G EEHS &R & A4 4o Pt-Pd ~ Pd-Fe ~ Mo-Pt ~ Ru-
Pt 2 Pt-Ru-Ni & £ 5 3% CO 3 B @l % + 2 B 4&ff 4-(Yang etal., 2013; Arun et
al., 2015) » 3% 5 & & B A M BARGE AT (500 Pt A by H P SR S BB
B R A S el T - o AR RT3 Pt ﬁ%'&-}—m/;‘ v HR 4041 & £ (PtRu
alloy)ff 42 B &7 >t i M F v‘;sé | CO 3 it F &> > CO > T fehfg
THRE  REIHRFF AT AR BB a R F M F RS
(Deivaraj and Lee, 2005; Gasteiger et al., 1995; % % ++, 2014) -
™7 et b & = PtRu alloy d%T 3 =2 }*Je(LaIande et'al.,, 1999)¢ - % ifaaﬂg %
SHHE A E BB EII FiQ 24 2% - RUPtE &9 > Ptord st 65 40%
w2 B PUALY G o 2 3, 4 (face-centered cubic, fee) st 2] 5§ £ &
" RU T Bt Bl E & Ru & & p o R *%##5-'1 Ru=7aj =2 = &2 %
% 32 4% (hexagonal closed packed, hep)#: 71 & 25 @ Pt =74+t & 4 ** 20-40% >
Bl PtRU & & foAp 7] > VA3 fecc & hep & ey -5 5 Ap i 20
W2 B4 e gt b o &4 PIRUCNT 452725 ¢ > %% 3 ff4ie 7 XRD
EE ) R % 24 (112) ~ (200) ~ (220) 2 (311/222) $eid% > 2| 2 %F 5 &
= eh3 SRR A fee # 7 % 4 ¢ = (Li and Xing, 2007) -
2532 PEEHE KL
@18 & BPA T F oo P S i (Core-shell structure) 2.4 % 3 & F¥pi
=M ti(Core)» 323 LR T HE & F Ay ~F &0 &4 ¥ L h & (Shell)#-H
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X7 REES

J;L,]» NN

[N

‘I‘—\:;'ll\ﬂ’—, \77 —* fb' m)’%’# " b I"} nb z'\ r‘gﬂ}\ l.@ ,/!.« Ptﬁ &] PtRu
(Gawande et al., 2015; Goto et al., 2014) -
3.96 T , : , r —4.40
3.94 - immiscibility - 4.38
gap at 1000°C fee
3.92
- - 4.36
3904 / - 4.34
"{_‘_' / alcr:
3.88 1 / :
E ' —-4.32
@
g 3.86 /‘. O
5 f 0O = 4.30
8 3.84 ,‘ Crp
s 2T 428
5 [..
LG OO M This work 426
2.72 A A From Gasteiger
et al L 424
2.70 4
=422
2.68 1 T I T T T
0 20 40 60 80 100

Bulk Pt content (at.%)

Fig. 2.4 Variation of the lattice parameters of the various phases found in as-milled

Pt:Ru alloys (Lalande et al., 1999) .
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26 5 A E 32
26.1 2 kR E

FUHBRMEEREE - 255 To 5 - 2D B4 RIS K = 5%
St & 5 3D ;gyﬁ & Rm &ﬁvgsﬁ-ifﬁ(Fullerene)é OD; &d @ ez
# ¢ (Carbon Nanotubes, CNTs)R| & 1D (Fig.2.5) - CNTs # & % f & #ic 7 & '
wom o B G HEER K ECE (SWCNTs): 5 & 2 % B % A &g (MWCNTS) -
Purohit % % #-% ¥ gk § 3 A#HANEHET FH 5 T 875° 0 4o Table 2.4 #777 -
ZoARE &3 F 2 5 0 5 % R 22 (Electrolysis) ~ &4 it & (Sono-
chemical) £2 -k # ;2 (Hydrothermal) » 7= 3 ;ﬁk d B i &% 4r 2 90 Fd (Arc-
discharge) ~ & & % % (Laser-ablation) w2 2 it & £ 4p i 4% = (Chemical vapor

deposition) > B % 11 {5 = R % J&* (Purohitetal., 2014) -

Graphene

Graphite
Fullerene

Carbon nanotubes

Fig. 2.5 Mother of all graphitic forms. Graphene is a 2D building material for carbon
materials of all other dimensionalities. It can be wrapped up into 0D
buckyballs, rolled into 1D CNTs or stacked into 3D graphite (Geim and
Novoselov, 2007) .
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2.6.1.1 §#AFE

g% 1700 °C 1+ FiE o AP H s 2 2 ¥ B A& it a9 CNTs - gt 2
B> 3t # Fullerene 4 F » T8 q 2% e 27 B R% ~ 2 &4 2 3
FRRE -TERTE - KAFMFAZIZIRIAEAT AL TEBTERAK
BPy QElmme %S 20V T RAS TR FVXBETA L L3
BF AL B R 2o RLE B ITFIIEAR FN L BB RS e Fe
CoOEEHAE FTEFHRDEEEEITHER > P77 @ SWCNTs -
2612 § $#i% ik

A JI* Nd-YAG ¢ COx @ 5k @ 7 5deHf g B IF b f WHhi
Lodgd F A SR R G R A F B R R A AT A RS S B
B S RNRE RIS ZIEHI AN R E 2 TR AR LR IR R - i
i 3 o) #l % SWCNTs j| & 2 ¥4t sepr g Ni~Fe~Co--- %58 £ >
R NT A £ RS ES S F RIERZ F A RAGERS Y LT
FE TP jEe R 2 F]F e
26.1.3 i*F F ipicfhiE

v & § #p i A % (Chemical vapor deposition, CVD) 4 iF } & * fix i cf
A (600-1200°C) » H P  CVD éJis* B 2 B2 > KB K E S AR MIT ¥ <41
BREAZARE B RLIN DI FHAFRNRIE A0 b - HRY FLF
£t CVD g ppta I 84 (4v:CHa~ CO~ CoHor--) e 5 BB » r b5 19 %
VHEEE AP F BRRSRN IR AR AT 25 A2 2 K
B Fla AR R T R RIE A PR $HR K — 423 600-900°C T ]
# MWCNTs ; SWCNTs B #8 = *+ 900-1200°C 2 = o "$ AATERECRA SV F
WA F o5 CVDARA P sl mn EFIA LI RFE < F20p

G 2 RRY BT EEME > 5 TG FR W CVD kel B g 4

B o B Pattinson & A T 7 ¢ > %’ﬁfé 0§ NHz e ~ > 27 34 8 ff 42
BHE R EF R A IS 80§ R fRALE - R A F R E 1 F 1Y
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Ak 5 8 04 K (Pattinson et al., 2012) -

M F ~FHARAFE >3 ﬁfﬁéjﬁiﬁ%&%féf“#&ﬂ g R ARG T EP
ZEHNEEEHE I ERMEIIR A 2 IR L RSO BRFRRF RN
AR E 2§ T PR ARRBAT IR ITHITDE oo AR I TR
B R G P B IR 2N RE LY R RET A
dtm o g Ny REZHNRE A 3L KB4 EINE K8

(Tip growth mechanism)£2 % 3% 4 £ #5 4] (Base/Root growth mechanism) - g $% &2

Bt £ &P £ RS RTE AiE R S E e KRR 2

sl

FX DB FZERI DT a4 gt h+w e Rt RS g
AU R BN S AR E TR S EL LR Ll A S L
Bl £ 2 F TR PR A T R E 0 RIRR S A S G
B it ff o X S AR IR 2 e 0 AIfE2 A% 4 & (Dijon et al.,
2010; Jourdain and Bichara, 2013; Kumar and Ando, 2010; Purohit et al., 2014) -

Water cooled Cu
Nd YAG laser
collector

Graphite target

(b)

1200°C furnace

|

L

o ‘ catalytic decomposition 4 o
! Gas 7 \K ! = —
\ J A

| 5 =
Dj / %ample

L T

Pump  oven

quartz tube

DC arc discharge
Power source

Fig. 2.6 Schematics of (a) arc discharge method, (b) laser ablation and (c) thermal
CVvD
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Table 2.4 Five types of carbon nanotubes on the basis of structure

Single-Walled Nano Tube, SWNT

Have a diameter of close to 1 nm, with a tube
length that can be several thousands times the
diameter.

Multi-Walled Nano Tube, MWNT

Consist of multiple layers of graphite rolled on
themselves to form a tube shape.

Polymerized SWNT

These are the solid-state manifestation of
fullerenes and related compounds and materials.
Many SWNTs intertwine to form polymerized
SWNTs, which are comparable to diamond in
terms of hardness.

Nanotorus

A theoretically described CNT bent into atorus.
Have many unique properties, such as magnetic
moments 1000 times larger than previously
expected for certain specific radii.

Nanobuds

A newly discovered material combining two
allotropes of carbon: CNTs and fullerenes.

In this fullerene-like "buds" are covalently
bonded to the outer sidewalls of the underlying
carbon nanotube.
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262 % ¥ A4

Z3 R RMFELEHERRET 2 HE L R ER (DI SIERs 0] 2
%Q&%@2@%%%%@%&&*%?—ﬁﬁ:@@ﬁ@ﬁiﬁ%@ﬁﬂ
RREB @A T HEAFTEY L5 3RS L2220 R
/% (impregnation method) & % B £ & * > ¥ ¢t 7= 5 fegt it ;2 (microemulsion
method) ~ %% ik ;% (colloidal method) % - 12 & = Pt-Ru & &/ 4-5 0] > & v 48
PR FRELE 1L 4 4 (4o NasPt(SOs)s 22 NasRU(SO3)a)~ B 1t & 4 (4 H2PtCle
2 RUCL) ~ 3 & 1 & 4 (4= [PH(CO)dx 2 Rus(CO)io) 2 7 e @ 1 & 4 (4
Pt(NHz)2(NO2)2 22 RUNO(NO3)x) & » H ¢ 12 HaPtCls 22 RUCls B« % B~18 » F]pt B

L ogg},’ggf;x‘fu]ghg’}r_p v H g

>‘1\§

#ig % NaBHqa~NoHa~ 7 822 3 5
et it 25 % NaBHg ~ NoHg 75 7 2 4e TritonX ~ Berol & AOT % & & /&% (7 5
et A Tk FR B R R R BRE S @ % %~ iR iR & (The Polyol Process)

4\1% A FEA(APVP)y RZ A= Y B WA MR A
S AMmER RS T EE L ARG B R R RE A A R

R - AR A g e |- £ '9#%@‘§mﬁﬁmﬂ%ﬁxyt¢w
ek TR BRI FR MR ARG 2 B R
FREE S s & G Ak ALK IR KA R T 5 e B A

ARBE o HIRE B T 4 SRR F ik e (immerse) ~ & 4&(sputter coating) £ ¥
# % % (spin-coating) % = 3% (Brayner et al., 2014; Deivaraj and Lee, 2005; Guo et
al., 2005; Kim et al., 2004; Liu et al., 2006; Rojas et al., 2005) -

27 BINENI 2
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&R FREBZ EFTEA R I AP HTLRFET - F L AT 2ol
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Q'I ’%‘wl‘lti )J-EE‘;—_QJ]:V"I‘Z_ ) '-:F’@%‘w*"lt7 ng é’:(?ﬂi,‘ip{:é‘/é{ ~ %}E]‘I%\fk:é’;;-‘ N

~.\'~

PR B )8 IR T T B R IR TR e R

PR AT
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271 kKR

8%k R % ;% (Cyclic voltammetry, CV)E &% (T 24303 2 #F LR & T
HiEFRP T eFh  FREFED R0 AoFQ 27 970 > RV EET AR
BBRRLZF L EA T REFZ A E CHRABPRIT B F B
TRt o RRZ T EJRd - &Y s R "f”ﬁ By AT
BAFCRRF BRAS > L BEAmy T BER £2 T (Wang,
2006) - HERIREF L FFERRELAT > VHUE R LRER RIS T
BtirA 2 w225 2% RhFRoFIQ.28 5 7 FIR RS Pt 1B9TIF R
kT Hfp o AN 05MEF P AEOSMERTER ) VL AT w k¢ R
Z3lregion A § & B EH L & B i e 230-0.67 V 2 -0.30 V saregion
PR EA DR ATAE T wgaal:fl Gt B REE T AT 4-022 VR
BRI &G E M F Al 7N ERT region C Azde B L Frde 0 e iR PR A
region D (-0.38 V)sjd & » ¢t 5 £ ity B R 0 G W A0 F L2 BiRF
s T RF R S T A FR
(1) Bieara g4 o 242 4§ pd &

o8]

PtOx+H:0 — PtOx( + OH)+H*+¢ (13)
(2) 33 pd ARFAHEF PFrBRERYTTaTE FLER
PtOx( . OH)‘I‘HZO — PtOyx+1 +H +¢€ (14)
——cycle 1l————cycle 2 —]
S b
Q.02 P
E 0.2 i \\
5 04+ : " ,/ \
< |/ A \
5 i ;g;ere\rse g \
5 “Einitial d 1 “Efinal
0 20 40 60 80

TIME, s
Fig. 2.7 Typical excitation on signal for cyclic voltammetry- a triangular potential
wave form with switching potentials 0.8 and -0.2 V(Kissinger and
Heineman, 1983).
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Fig. 2.8 Cyclic voltammogram of Pt in (a) 0.5 M NaOH and (b) 0.5 M H2SO4 solution
at different temperature. 1, 2, 3 and 4 are represents 288, 298, 313 and 333
K, respectively. Reference electrode: saturated calomel electrode (SCE)
(Arslan et al., 2005) .
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2.7.2 " ifrik% 2

T RZ PR PF 0 B BcPR 100 2 02 PR IR R 5 U R ERR T 2
AR RARA L FRTTERS CVo A B2 R R R R R TS
Rl D 108 M 2 kR R I RS N L TR TR #
BT 3 50 o KPR B 0§ 7 n(Charging current)£2 2 3 %
@ (Faradiccurrent) » e T R 2 T R BRIV A A D RN EL S
T2 TR FlA o FRT RS S BT ARG N A 2 UEL FREER
A - A% Rk % (Normal-plus voltammetry, NPV) £2 X ;% % 7 ik %
(Differential-plus voltammetry, DPV) > = —g 23 5 DPV fw — B frdr A 4 7
MR SFR R o T AT — BEK BT R NPV £ DPV B35 38 e Fig.
2.9 #77+ (Shahrokhian and Rastgar, 2011; Wang, 2006) o
2.7.3 L inreput

T 1Y & % e ds¥ (Electrochemical impedance spectroscopy, EIS)z. & ip| &

WEMMFP RN - R SRS ET R A 2 (PR 54 TR
HA TR FRLTIE T FE DR E AT eSS R e 3

ko
&3
-1 N>
™
)
I
~mh
/w

s T - RRE ‘ié%éi%imgﬁ%émﬁn%
AR A TP T REER A SRS R AR -
FECT AR AL BT AT A SUBLT 78 (Zre) & X P IUELE 78 (Zim)

Y sherig Bl 1820 Nyquist B - & dspaser £ ol 2 fedE < o > 3 2 24
Nyquist ¢ o &59% - F o ghan 2 o 5 iﬁ%ifﬁﬁiﬁk*ﬁ&ﬁﬁﬁ
SRR FRREF SR BT RETRE W F L TR AR

> ) E’L’rﬁgki PR @ Bl MR R B3 0% o R % «hE_Randle-Ershler
£ B HAI(Fig 21029 ¢ 51 R AT R %A wdt e (R
T HEATR T ERY)E LB RIIT A S 28T P Warburg FEcrE 4
(W) (Barsoukov and Macdonald, 2005; Wang, 2006; Ye et al., 2007; # - 2005) -
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Fig. 2.9 Excitation signal for (a) Normal-pulse voltammetry and (b) Differential-plus
voltammetry.
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Fig. 2.10 Faradaic impedance spectra presented in the form of Nyquist plots, along
with the electronic equivalent circuit of the electrified interface (Wang,
2006).
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31 REFESE A

1.

10.

11.

12.

- % 404 & (Hexachloroplatinic, HoPtCls « (H20)s)
Purity 95.0 wt.%, reagent grade, SHOWA, Japan.
= % i+ 41 (Ruthenium(lll) chloride, RuCls)

Purity 99.9 wt.%, 35-40 % Ru, reagent grade, ACROS, Belgium.
Foe it rs = fk (poly (N-vinyl-2-pyrrolidone, (CsHsNO)n, PVP-40)

Purity 99.0 wt.%, reagent grade, Sigma-Aldrich, USA.

fi= (Carbolic acid, Phenol, CeHsOH)

Purity 99.5 %, reagent grade, Riedel-de Haén, Germany.

¥-% R (1,4-Benzoquinone, CeH4O2, 1,4-BQ)

Purity 99.5 %, reagent grade, Merck, Germany.

¥-% = p= (Para-dihydroxybenzene, Hydroquinone, CeHs(OH)2, p-DHB)
Purity 99.5 %, reagent grade, Merck, Germany.

#%-% = @ (ortho-dihydroxybenzene, Catechol, CsHsO2, 0-DHB)
Purity 99.5 %, reagent grade, Sigma Aldrich, USA.

z %% (Acetonitrile, CH3CN)

Purity 99.9%, for HPLC, J.T.Baker, USA.

i = @ 4¢ (Potassium dihydrogen phosphate, KH2PO4)

Purity 99.5%, reagent grade, Merck, Germany.

& # (Argon, Ar)

Purity 99.9 % Argon, Ni-Ni Air Gas Co. Ltd., Taichung, Taiwan.

v 2 (Acetylene, CoHy)

Purity 99.9 % Acetylene, Ni-Ni Air Gas Co. Ltd., Taichung, Taiwan.
# # (Nitrogen, N2)

Purity 99.9 % Nitrogen, Ni-Ni Air Gas Co. Ltd., Taichung, Taiwan.

28



13. % % (Ammonia, NHa)
Purity 21.0 % Ammonia, Ni-Ni Air Gas Co. Ltd., Taichung, Taiwan.
14. % 27z % (Zero grade air)
H20< 1%, O2=21+0.5 %, Zero grade, Ni-Ni Air Gas Co. Ltd., Taichung, Taiwan.
15. w4+ (Carbon fiber cloth, CF)
Model No. EC-CC1-060, 19 cmx 19 cm, ElectroChem Inc., USA.
16. Ru@Pt jf 4+ (Rucore-Ptsnen Nanoparticals, Ru@Pt)
U.S. Patent No. 8709969 B2, Tsan-Yao Chen et al., National Tsing Hua
University, Taiwan.
17. mep& (Sulfuric acid, H2SO4)
Purity 98 %, reagent grade, J.T.Baker, USA.
18. #p& (Hydrochloric acid, HCI)
Purity 37 wt.%, reagent grade, Riedel-de Haén, Germany.
19. f fr (Propanone, CH3COCHs3)
Purity 99.8 %, for liquid chromatography, Merck, Germany.
20. z = p& (Ethylene glycol, CoHs(OH)2, E.G.)
Purity 99.5 wt.%, reagent grade, SHOWA, Japan.
21. & -kz pg (Ethly alcohol, CoHsOH)

Purity 99.5 %, reagent grade, Shimakyu’s pure chemicals, Japan.

32 RHREAABATRE
321 REXKH
1. % #%% (Tubefurnace)
Jyi Goang Enterprise Co. Ltd., Taichung, Taiwan.
2. MR Ik 1Yy (Refrigerated circulators)

Model No. RCB 413, Chunya Technology Corporation, Taichung, Taiwan.
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3. # 44k~ Jkg (Stainless reactor)
Model No. 300 Series Stainless Steel, Jyi Goang Enterprise Co. Ltd., Taichung,
Taiwan.
4. B R ir+E o+ B (Temperature controller display)
Jyi Goang Enterprise Co. Ltd., Taichung, Taiwan.
5. & E 4% (Mass flow control, MFC)
Model No. 5850E, Brooks, Taipei, Taiwan.
6. FEE TR L5 (Mass flow control power supply system)
Model No. KD-4000 4CH, Jyi Goang Enterprise Co. Ltd., Taichung, Taiwan.
7. &% 4= B (Ultrasonic vibrating)
Model No. SK5210HP, Kudos, USA.
8. 5 * g RI F (Vortex- genie)
Model No. G560, Scientific Industries, USA.
9. # % % (Thermocouple)
Jyi Goang Enterprise Co. Ltd., Taichung, Taiwan.
10. £ 45 (Oven)
Model No. DOS60, Deng Tng, Taichung, Taiwan.
11. % %% (Furnace)
Model No. DF-40, Macro Fortunate Co. Ltd., Taipei, Taiwan.
12. ¥ o8 Se £ 3% (Programmable hot plate)
Model No. PMC 730 Series, Dataplate, USA.
13. #ci= 3] 3 4% (Digital centrifuge)
Model No. CN-2060, Hsiangtai Machinery Industry Co. Ltd., Taiwan
14. £ F A4 i o 5 (Refrigerated benchtop centrifuge)
Model No. Velocity 18R, Dynamica Scientific Ltd., UK.
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322 A RBEEEH
1. % »xic ik 4p k& 47 & (High performance liquid chromatography, HPLC)
Model No. PC680A, UVD 170U, Dionex, Thermo Fisher Scientific Inc., USA.
2. B iR AR A 4T R A 47 ¢ 4L (Analytical column)
Product N0.061320 C16 Acclaim Polar Advantage Columna, Dionex, USA.
3. & i“ & Lo 47ik/1 iz (Electrochemical analyzer/ Workstation)
Model No. 627 D , CHI Instrument, USA.
4. /% i+ 8% 7 & (Reference electrode: Ag/AgCl, KCI)
3 M KCI, CHI Instrument, USA.
5 =% =% ik (Potentiostats/ Galvanostat)
Model No. Versa STAT 200, Princeton Applied Research, Ametek Inc., USA
6. 373 #8417 ik (Total organic carbon analyzer)
Model No. TOC-LCPH/CPN, Shimadzu Corporation, Japan.
7. %+ 4 E 7 745 5 2 (Electron beam gun System, E-Gun)
ULVAC Technologies, Inc., USA.
8. 7 i\ 7 F & Hcg (Transmission electron microscopy, TEM)
Model No. JEM-2100., JEOL Ltd., Japan.
9. ¥ 8T + ¥ $5 & #cst (Field emission gun scanning electron microscopy,
FE-SEM), Model No. JSM-6700F., JEOL Ltd., Japan.
10. % f247 X & ¥65+ % (High resolution X-ray diffractometer, HR-XRD)
Model No. D8 DISCOVER SSS, Bruker Corporation, USA.
11. = 22 K =& ¥ k& st (3D Nanometer scale raman PL microspectrometer)
Model No. Nikon Eclips TE2000-U, Andor CCD DU401-BV, Tokyo

Instruments, Inc., Japan.

31



3 THPZ EFEA

331 éasrsadi & & 2 K FPHZ WA
3311 éaz A2 WA

AT F MG T A A2 s PVP-40 2 ¢ - AR
(EG)IT A Mz magl * i JI* At BRRZRHBRY £HW 5%
i B £ AT A BRTFE AN PVP-A0 32 EG RFIRFS
2 PVPIEG. 3R & * » ¥ %> § M d 3> EGCRMU:F 3§ EAEZ
HoPtCI6/E.G. » i 22 PVP/IE.G. i3 %353 (R & » L BF2c » g £ 11 300 rpm & %
TR T PF - PR EARKRT D 433K E #EE AL 200 rpm
B 4nit (7 5 P — o) P4 AP > AP u R i (Thermocouple) ## 5 iRl
BRB2ZAFEN 433 1K e fe h = A8 BN R FRELS TR A Pt
A WK 2R o
3312 4aé1 & £ K2 WA

Pl fapmit RS Fapkd 2 2 F Y4 IFEMEE E2 W SRP
PVP-40 2 E.G.1¥ 4 i3 #gs A 40&o 11423 A BT % £ #-PVP-407% 2+ EG.
REIZIEG~ 5 PVPIEGz iR & * » ¥l W#- Fdafea 2 =2 § 4733
EG.pe#l 5 if % k& 2 HoPtCI/E.G.2* RUCIZ/E.G.3 % » £ 12 Pt 22 Ru f 5 v
L Ll 2 g BR R ,szg;iﬂz y AL 22 PVPIEG.3iRiag R L L R
i AR WH eGP R E SR IERER S T A RUPtE £3 478
B2 WE R o LS RU@PL & & 3 A f 4R &4 S g et
# & > RUQPt e 82 MBI 5 ®Wa 3 2% % (US
20120088651 Al1)(Lin et al., 2014) -
332 B dasi & &2 KRR B

¢ Bl 2 B9 2 Pt~ RuPt &2 RU@Pt ff 4% £ 30F i~ s EG.1F 5
BRI RlB 2Pt Brg e UG BEG. 0 FFY M & FaE

o BRI R B S AR Tl he R AIEER P LR E S NS £

32



REAER o BT MBS PE > f L fRE 5gﬁ%%—ﬁ4c IBMBLAmMmER T
F#* 2000 rpm F¥ 454+ = ges > S5 min {2 f FPERL B AR EZ  Aopt
BAb B D ERRE GG ’%%“,fﬁ i R TR A MR A
BEFRMGEE AFCTI8mL 2 moke B T4 KT BB L5 mL A g g o
B 4 e 4820 17,500 rpm ~ 288 K i (7K % 99 min 2 i e > 3 4
Byo=c it FERRSEF AT Bfo -2 By 0 0.l mL R R AATT Rk
[ kAR A RN L R A R
333 2 FRE/MELTRZUAR

Fr Lol E lomx 3cm 2 @A BAFCRHAL LT F4E T F48 K0
(Electron Beam Gun) i& B *tf4x Z4 B &R 5 750nm~ 15 nm 2. Ti & Ni> i%
» CVD it % 2 B g fhor & TINI-CF o 3 100 5 § AR ff k suig
CVD 425 » #-# 5 128 = 1,023 K » 424538 ~ Ar 1T & i\ F ¥ @ Ar
#
AR ORZFRE 2 R § 40 S 80t B 5 AriNH3 CoH2=55:9:3 » # 4
f3F B¥EFF 25minis s ¥ 22 CNTS/ICF BT &2 W & -

2
|

N
G

e
f-\}

¥ - Hi » NHe i 5 akig Ti &2 NisgRz B o (5. %b/"]‘%“ CoH, 7 5

Fig. 3.3 Chemical vapor deposition system for CNTs growth.
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334 sar b1 L £ R2 & &

& = Pt-CNTs/CF~RuPt-CNTs/CF 22 Ru@Pt-CNTs/CF 7. 1& > #-7v i CNTs/CF
% piE o~ e it 2 Pt~ RuPt 2 RU@Pt 45 30 A 48 iz » € 7 Fre = >
i & BARAEGEL R f * A FE % Pt~ RuPt 2 Ru@Pt 3 F 3k 48 <
HERELR 2 EMES 210 Kmint & 30 Kmintz 4 4w B e o
603 K i (7454 > T = = Pt-CNTS/CF ~ RuPt-CNTs/CF 22 Ru@Pt-CNTs/CF

fn

T

—-\

TR 2 “EE

BAL HFHIT I MEEL 0 EREAF AT

#d SEM % 5 > vRBME 2 E C-CVD A 7 & FRE rif 2
v A TEM 02 7 S S0 S e R 2 UM g W salt 4
L2 F A, fe s X ki & 4 783 (X-ray energy dispersive spectrometer,
EDS) RI¥ $HR it~ ik ~ & T8 TE A 1750187 & 5 CNTs/CF

T iz SEM A 47 > Bop % A 45T SEM U 5 o F AR B - Rt

PR F > 23 Ti~Ni & CNTS 45 o 4+ ZLF0 4 o
342 TN TS MK EHA

" TEM BLE 42 T faimif g 4 47 > 7 @2 Pt~ RuPt &2 Ru@Pt f§
P2 JpRFIT 0 T RE LA SRR RER BB R AP EF TEM
A2 E R 403421 3 3422
3421 A TET L WG

P~ 0.02 mL Pt~ RuPt & Ru@Pt = it i 4% 4= 0.5 mL & -k o psffFi§ > >~
0.05 mL Fitja% » Bii>t 200 mesh s midr e + i 3 » FRE P p Rhic™
%= Pt~ RUPt 2 X f4-TEM 478 5 2. 9 & o
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3422 THAFREFZUG

P~CFs# % 5 3cmx 0.2cm & 4 ~ |4 ]‘\4\: ImL & ke pgivi CNTs 2743
BT ARTEFL AT I0mIn & 2 K g A4 a A ¢ > P~ 0.05mL ¢
wiR e & Bt 200 mesh AAAAF e i 3 = > FEY P KRR LT
CNTS/CFs % 5 % 1 TEM A 473% % 2 % -
343 = i ¥ £ 8 ¥ LKA

g EFHT RN FER IR LA AT “ﬁ#—%ﬂ"ﬂ‘*:‘% - Rk
&I 14 (Ferraro et al., 2003) > #]1 & S eH aded £F TV 7L d R B &
AF T e R RRATAS S AT LEE R R AT AR Y B F
2 A K PAEFTY R L o
3.4.4 X 5k BEs A 7- 5 4p FE

X kst A 457 EAS 2 LB AR Hitdps X > A5 5 XRD # 54
VAR B FPHIRFTERTP o RS HEIT o
345 R i 447

%€$?ﬁﬂ¥%ﬂ?ﬁﬁ%ﬁﬁﬁﬁimﬁkwéﬁ%&kiémw
Br it Bl UEIS)» 5 BF RER R P g B 7 i E 04 ke
KEI-FIQ.34 H 3 ¥ Lem=4ms" ks> 20 Pt 35 st e 74 0 Ag/AQCI 5 %
YR HoSOs 5 T fRREF LA N2 T H L2470

Reference electrode

CH Instruments O
Electrochemical Analyzer -

Working electrode

Counter electrode

Electrochemical equipment

Fig. 3.4 Triple electrode system for cyclic voltammetry and electrochemical
impedance analysis.
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35 REZSZEAS A ¥

TIVEF CFHRET T CE L 7&K Y e Multi-Current Steps (ISTEP) % ¢ i
FRBEBCSS 1 AR E WL HE RS R A A S Sl
G H o AT EPANF %R B TS ¥R Sficde Table3.1 > 4 w2 Pt~ RuPt 2
Ru@Pt jf 4=+ % > CNTS/CF & = Pt-CNTs/CF ~ RuPt-CNTs/CF %2 Ru@Pt-
CNTS/ICF &t e * % 1 F %2 - #&5% 4 3 (Fig.3.5)" gt d d » T
WRH A TEfRRY 3 SRR o oIS RIRAMCERE Y SRR Y 5
603 K> 28m 5 @ fP4 >t 4k { 5353 A 47 @2 28w 5d 30 °C
mint* K1 10°Cmint 5 e 2 T2 2 (L B 5 LG R32 R TR E
WBARY E L Ak E 1T A AR 0 ~ 85 0.1 0.05~0.00MHS04 7 fE% Ik
B% 10~25-50% 75 mg Ltia 4 kR > & RAAEF T 5 100 mL o otk B
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Electrochemical Analyzer
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Fig. 3.5 Electrochemical oxidation system for phenol degradation.
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Table 3.1 Experimental and control conditions for electrochemical reactions

Current density, mA cm?
Total volume of solution, L
Electrolyte

Cathode

Rotational speed, rpm

Temperature, °C

Various electrodes

50
0.1
H2SO4
Inox plate, 1 cm x 3 cm
300
Room temperature (About 20-25 °C)

CNTs/CF
Pt-CNTs/CF
RuPt-CNTs/CF
Ru@Pt-CNTs/CF

Heating rate, K min*t 10, 30
Concentration of electrolyte, mol Lt 0.01, 0.05, 0.1
Initial concentration of phenol, mg L* 10, 25, 50, 75

Table 3.2 Chromatographic parameters of HPLC/UV-Vis detector

UV absorption wavelength, nm

Column Type
Mobile phase

Flow rate of mobile phase, mL mint

Phenol 269
1,4-BO 244
0-DHB 274
p-DHB 288
C16
C2H3N: KH2PO4=3: 2
2
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X5,000 WD 3.0mm 1Tum SEI 30kY X100,000 WD 3.0mm 100nm

X5,000 WD 2.7mm Tgm

X5,000 WD27mm um SEI 3.0kVY X100,000 WD 26mm 100nm

Fig. 4.1 SEM morphology for Original CF (a) x5k; (b) x100k, NiTi-CF (c) x5k; (d)
x100k and NHs treated NiTi-CF (e) x5k; (f) x100k nanoparticles.
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g 'Ek

SEI 3.0kV  X100,000 WD24mm 100nm

Fig. 4.2 SEM morphology for (a) CNTs/CF, (b) Pt-CNTs/CF, (c) RuPt-CNTs/CF
(d) Ru@Pt-CNTSsICF.

40



)

+Speotrum 1

I Spm 1 Electron Image 1 I 4pm 1 Electron Image 1

] | 1 2 . . . B '." g 9 10
Full Scale 223 cts Curgor: 0.000 ket keY|  Ful Scale 161 ofs Cursor: 0.000 ke ke
Element Weight, % Atomic, % Element Weight, % Atomic, %
C 94.13 98.49 C 84.60 96.07
Ti 5.28 1.39 Ti 6.63 1.89
Ni 0.58 0.13 Ni 8.78 2.04
Totals 100.00 100.00 Totals 100.00 100.00

Fig. 4.3(a) Result of EDS analyses for (a) NiTi-CF and (b) NHs treated NiTi-CF.
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(b)

[ Spm I Electron Image 1 [ 400pm I Electron Image 1

] 1 2 3 4 5 g 7 i 9 10

Full Scale 575 cts Curzor: 0.000 ke ke Full Scale 143 otz Cursor 0.000 ke k|
Element Weight, % Atomic, % Element Weight, % Atomic, %
C 95.72 98.96 C 45.48 92.50
Ti 2.83 0.73 Ti 0.71 0.36
Ni 1.45 0.31 Ni 1.37 0.57
Totals 100.00 100.00 Pt 52.45 6.57
Totals 100.00 100.00

Fig. 4.3(b) Result of EDS analyses for (a) CNTs/CF and (b) Pt-CNTs/CF.
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,‘Speotrum 3

[ 20um IElectron Image 1 I Sum 1 Electron Image 1

Spectrum 3

0 I 1I I 2| I 3 I 4 I 5 G v g 9 10 0 I 1 I 2 I 3 I 4 I 5 =] T - i . 10
Full Scale 161 cts Cursor: 0.000 ke ket Full Scale 130 ctz Curzor: 0.000 ke kel
Element Weight, % Atomic, % Element Weight, % Atomic, %
CK 74.44 97.34 CK 65.22 95.27
TiK 1.89 0.62 Ti K 2.21 0.81
Ni K 0.14 0.04 Ni K 1.89 0.57
Ru L 1.49 0.23 Ru L 7.09 1.23
Pt M 22.03 1.77 Pt M 23.59 2.12
Totals 100.00 100.00 Totals 100.00 100.00

Fig. 4.3(c) Result of EDS analyses for (a) RuPt-CNTs/CF and (b) Ru@Pt-CNTs/CF.
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Fig. 4.4 TEM morphology for Pt (a) x400k; (b) x800k, RuPt alloy (c) x400Kk; (d)
x800k and Ru@Pt (e) x400k; (f) x800k nanocatalysts.

Table 4.1 Particle size of Pt, RuPt alloy and Ru@Pt catalysts

Catalyst Dremin, NM DF max, NM Dr average, NM SD
Pt 8.479 20.644 14.419 3.098
RuPt alloy 4.976 13.521 9.128 2.073
Ru@Pt 3.493 9.147 5.364 1.237
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Fig. 4.5 TEM morphology for CNTs/CF which grown at 1,023 K for 25 min (a) x10Kk;
(b, €) x50k; (d) x200k; (e, f) x400k.
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(€)

50 nm

Fig. 4.6 TEM morphology for Pt-CNTs/CF which grown at 1,023 K for 25 min and
annealed at 30 K min heating rate (a) x50k; (b) x100k; (c, d) x400k; (e)
x100k.

47



r 20
ADIE R g

Fig. 4.7 TEM morphology for RuPt-CNTs/CF which grown at 1,023 K for 25 min
and annealed at 30 K min? heating rate (a, b, c) x50k; (d) x100k; (e, f)
x400k.
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Fig. 4.8 TEM morphology for Ru@Pt-CNTs/CF which grown at 1,023 K for 25 min
and annealed at 30 K min heating rate (a) x10Kk; (b, c) x50k; (d) x300k; (e)
x400Kk; (f) x600k.
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Fig. 4.9 TEM morphology for RuPt-CNTs/CF which grown at 1,023 K for 25 min
and and annealed at 10 K min heating rate (a, b, ¢, d) x50k; (€) x200k; (f)
x400K.
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Fig. 4.10 TEM morphology for Ru@Pt-CNTs/CF which grown at 1,023 K for 25
min and annealed at 10 K min! heating rate (a) x10k; (b, c, d) x50k; (e, f)
x200Kk.
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Fig. 4.11 X-ray diffraction pattern of (a) Pt-CNTs/CF, (b) RuPt-CNTs/CF, (c)
Ru@Pt-CNTs/CF and (d) CNTs/CF annealed with a heating rate of 30 K
min,
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Fig. 4.12 X-ray diffraction pattern of Ru@Pt-CNTs/CF which synthesized with two
different heating rates of (a) 30 K min™ and (b) 10 K mint.

|
80 100

Table 4.2 X-Ray data showing pattern for CNTs (Keller et al., 2004)

26, degrees hkl d, nm Intensity, a.u.
12.742 001 0.6947 2
25.940 002 0.3435 100
42.994 100 0.2104 26
53.335 004 0.1717 9
78.798 110 0.1215 8
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ARG R g k2 ST R NS IRATA 2 ONARLE 2 BT AR
EORonedrs gt 2 KRR W E ST ARALE B Flt 2D-band 7 At d
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PL Microspectrometer)4t4 2 # {4 22 CNTS/CF & #&¥7 Origin-CF % & X +fi& {7
AT S % 0 A+ E-beam Gun System #Z4g F Ti~ Ni £ B % 7 5 NiTi-
CF» +* # Origin-CF # NiTi-CF 4 17 #7 % Io/lc (Table4.3)» & % :#4 % 5 0.6
%> ® NiTi-CF & D-band 1% & 5 £ F~Z T ERZF & S5 AR E
42 &m &2 CNTS/CF R &7 | 2 lollc &> & H R 7 A g LR FE
BT o d S EF CNTS/ICE T4 5 5 PSRRI 7 E# AR A -
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234 i pRie 79 542 CNTS/ICF # &1 % e-CNTs/CF » *+ Table

J,m

4.3 7 j.% 5] CNTS/CF £ e-CNTS/CF 5 = Ip/le E3#£ | ** 0.05 % » &7 ' f2
FE BT A AR B EAIR A BT T 2l H

5w R i

Table 4.3 The ratio between D and G-band intensities

Electrode Ratio of intensity, Io/lc
(A) Origin-CF 1.572
(B) NiTi-CF 1.581
(C) CNTS/CF 1.262
(D) e-CNTs/CF 1.261
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Fig. 4.13 Raman spectra of carbon fibers (A) Original-CF, (B) NiTi-CF, (C)
CNTsCF and the electrode which has been conducting degradation of 10
mg L phenol in 0.01M H,SO4 (D) e-CNTSCF (Current density: 50 mA

cm).
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Fig. 4.14 Cyclic voltammogram of (a) NiTi-CF and (b) CNTs/CF in 0.03 M H2SO4
at the scan rate of 0.01- 0.05 V s, heating rate: 30 K min, counter: Pt,
reference: Ag/AgCl.
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Fig. 4.15 Cyclic voltammogram of (c) Pt-CNTs/CF, (d) RuPt-CNTs/CF and (e)
RU@Pt-CNTs/CF in 0.03 M H,SO; at the scan rate of 0.01- 0.05 V s,
heating rate: 30 K min‘, counter: Pt, reference: Ag/AgCl.
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Fig. 4.16 Cyclic voltammogram of (a) RuPt-CNTs/CF and (b) Ru@Pt-CNTs/CF

synthesized by a lower heating rate of 10 K min in 0.03 M H,SO4 at the
scan rate of 0.01- 0.05 V s, Counter: Pt, Reference: Ag/AgCI.
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Table 4.4 Area normalized capacitance of NiTi-CF, CNTs/CF, Pt-CNTs/CF, RuPt-CNTs/CF, Ru@Pt-CNTs/CF

Electrode Equation R? *Normalized capacitance, F cm™

Original CF - (poor conductivity) -

NiTi-CF | (mA) = 0.0006 v(m V.s%) 0.9990 2.00 x 10°*

CNTSs/CF | (mA) = 0.0007 v (m V'sY) 0.9993 233 x 10
Heating rate of 30 K min™

Pt-CNTs/CF I (mA) =0.0380v (m V s?) 0.9589 1.27 x 102

RuPt-CNTs/CF I (MA) = 0.0745 v (m V/ s 0.9953 2.48 x 1072

Ru@Pt-CNTs/CF I (mA) =0.1150 v (m V s%) 0.9989 3.83x 107
Heating rate of 10 K min*

RuPt-CNTs/CF | (MA) =0.0592 v (m V s9) 0.9959 1.97 x 1072

Ru@Pt-CNTs/CF | (MA) = 0.0834 v (m V s 0.9981 2.78 x 1072

*Slop of equation / Area, where equation is plot of current (I, mA) versus scan rate (v, mV s?); geometric area of electrodes is 3 cm?.
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Fig. 4.17 Nyquist plot of (lll) CNTs/CF, (@) Pt-CNTs/CF, (@) RuPt-CNTs/CF and
(A) Ru@Pt-CNTs/CF anodes synthesized under a heating rate of 30 K
minL. Electrolyte 0.1 M H2SO4; counter: Pt; reference: Ag/AgCl. Solid
lines represent the fitting results.

Table 4.5 Impedance fitting result of anodes

Electrode Rs, Q CPE-T CPE-P Rp, Q
CNTs/CF 5.678 1.057 x 102 0.9663 4987
Pt-CNTs/CF 6.858 1.065 x 1072 0.8591 894.3
RuPt-CNTs/CF 6.632 3.756 x 103 0.8912 518.6
Ru@Pt-CNTs/CF 6.134 1.332 x 107 0.8959 135.7
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Fig. 4.18 Adsorption test of phenol on CNTs/CF in 0.01 M H2SO4 for 120 min; initial
concentration of phenol: 10 mg L.
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Table 4.6 Degradation efficiency and 1% order rate coefficient (k) calculated from
electrochemical oxidation of 10 mg L* phenol in 0.01 M H2SO4

Heating rate, K min* k, min? r2 Degradation efficiency, %
RuPt-CNTs/CF
10 0.0311 0.9737 08.84
30 0.0419 0.9859 99.43
Ru@Pt-CNTs/CF
10 0.0411 0.9829 99.58
30 0.0507 0.9856 99.87

Table 4.7 Mineralization efficiency and 1st order rate coefficient ( k; ) of 10 mg L*
phenol oxidation in 0.01 M H>SO; using RuPt-CNTs/CF and Ru@Pt-CNTs/CF

Heating rate, K min ki, min- r? Mineralization efficiency, %
RuPt-CNTs/CF
10 0.0029 0.9522 30.53
30 0.0037 0.9362 34.67
Ru@Pt-CNTs/CF
10 0.0042 0.9569 40.95
30 0.0054 0.9638 50.93

68



0 20 40 60 80 100 120
Time, min

(b)

0 20 40 60 80 100 120
Time, min

Fig. 4.19 Electrochemical oxidation of phenol using (a) RuPt-CNTs/CF and (b)
RU@Pt-CNTs/CF annealed with 10 K min? (hollow) and 30 K min*
(solid) in 0.01 M H2S04 for 120 min, concentration of phenol: 10 mg L*;
current density: 50 mA cm2. Solid lines represent the results of first-order
Kinetics modeling.
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Fig. 4.20 The mineralization current efficiency (MCE) of phenol oxidation using
RuPt-CNTs/CF (O) and Ru@Pt-CNTs/CF(<>) annealed with 10 K min!
(hollow) and 30 K min? (solid) in 0.01 M H»SO. for 120 min, initial
concentration of phenol: 10 mg L.
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4.21 Concentration of total organic carbon (left) and balance of carbon (right)
during the phenol oxidation using RuPt-CNTs/CF annealed at (a) 30 K
mint and (b) 10 K min? heating rate in 0.01 M H,SQO, initial
concentration of phenol: 10 mg L™. Total organic carbon in sample (@);
total organic carbon contributed from phenol(O), 1,4-BQ(/\) and
unidentified intermediates(<>).

71



9 @ 100% 7= & Mineralization of TOC
8 90% O Unidentifid intermediates
7 (%0 o © 80% - B14-BQ
+ 6o ® ° ° 2)_70% i & Phenol
=50 ® . £ 60%
= . | o © ® o 3 509 1]
Q o ,° ® | S a0% {]
= 31 <& = 300 I [ I O O O I
o) S o)
2 1 <& 20% 4 - B [ S B I
1 | & A A N 6
x A o 10% 1 | H 100
OﬁA T T T \@_F@_@_ 0% '.:n T |:.|.:|:.:|:n:.:n"nnn_l 1
0 20 40 60 80 100 120 0 5 10 20 30 40 50 60 75 90 105120
Time, min Time, min
9 (b) 100% -] : B % 8@ Mineralization of TOC
8 i.. 90%. - - @ Unidentifid intermediates
7] ®egq . o 80% - 21,4-8Q
% 6 o [ ° 1—70% i RN & Phenol
- ([ ] 3]
25| o S 8 < 60% 15 0w | [ |-
E % » B 50% {i-fifl 8w | |-
- 4 ]
S 0 _n° S 40% A
F 3 = a0
d 8 5 30% -
2 - O 2
RN N A 20% i AT
11°A I 10% 1 B B
A 8 A A E SRl
O gA T T T T \@_@_ 0% = T - T - T - T ..I ..I -.I.‘ I.. I.- T T 1
0 20 40 60 80 100 120 0 5 10 20 30 40 50 60 75 90 105120
Time, min Time, min

Fig. 4.22 Concentration of total organic carbon (left) and balance of carbon (right)
during the phenol oxidation using Ru@Pt-CNTs/CF annealed at (a) 30 K
mint and (b) 10 K min?® heating rate in 0.01 M H3SO4, initial
concentration of phenol: 10 mg L. Total organic carbon in sample (@);
total organic carbon contributed from phenol(O ), 1,4-BQ(/\) and
unidentified intermediates(<>).
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Table 4.8 Degradation efficiency and 1% order rate coefficient (k) calculated from
electrochemical oxidation of 10 mg L phenol in 0.01, 0.05 and 0.1 M H2SO4
Electrodes k, min* Degradation efficiency, %

CNTs/CF 0.0283 - > 96.43 - -
Pt-CNTs/CF 0.0404  0.0327 0.0291 99.00 96.53 95.06
RuPt-CNTs/CF 0.0419 0.0380 0.0332 99.43 98.17 97.14

Ru@Pt-CNTs/CF 0.0507 0.0457 0.0356 99.87 99.68  98.57

Table 4.9.1 Mineralization efficiency and 1% order rate coefficient (k) of 10 mg L™
phenol oxidation in 0.01 M H2SO4using CNTs/CFs

Electrodes ki, min r? Mineralization efficiency, %
CNTs/CF 0.0020 0.9697 27.40
Pt-CNTs/CF 0.0029 0.9419 29.66
RuPt-CNTs/CF 0.0037 0.9362 34.67
Ru@Pt-CNTs/CF 0.0054 0.9638 50.93

Table 4.9.2 Mineralization efficiency and 1% order rate coefficient (k:) of 10 mg L
phenol oxidation in 0.01, 0.05 and 0.1 M H2SO4 using Ru@Pt-CNTs/CF

Conc. of electrolyte, M ki, min? r? Mineralization efficiency, %
0.01 0.0054 0.9638 50.93
0.05 0.0052 0.9748 47.94
0.10 0.0043 0.9754 40.77
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Fig. 4.23(a) Electrochemical oxidation of phenol using (a) Pt-CNTs/CF, (b) RuPt-
CNTs/CFin A:0.1M, O:0.05Mand <>:0.01 M H2S0O4 for 120 min,
initial concentration of phenol: 10 mg L. Solid lines represent the
results of first-order kinetics modeling.
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Fig. 4.23(b) Electrochemical oxidation of phenol using (c) Ru@Pt-CNTs/CF in /\:
01 M, O: 005 M and <: 0.01 M H.SO4 for 120 min, initial
concentration of phenol: 10 mg L. Solid lines represent the results of
first-order kinetics modeling.
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Fig. 4.24 Electrochemical oxidation of phenol using /A : CNTs/CF, []: Pt-
CNTs/CF, O: RuPt-CNTs/CF and <>: Ru@Pt-CNTs/CF in 0.01 M
H.SO4 for 120 min, initial concentration of phenol: 10 mg L. Solid lines
represent the results of first-order kinetics modeling.
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Fig. 4.25 The mineralization current efficiency (MCE) of phenol oxidation using A\:
CNTs/CF, []: Pt-CNTs/CF, (O : RuPt-CNTs/CF and < : Ru@Pt-
CNTSs/CF in 0.01 M H2SOg4 for 120 min, initial concentration of phenol:
10 mg L.

6 %

Q,AhLt
Fig. 4.26 The mineralization current efficiency (MCE) of phenol oxidation using
Ru@Pt-CNTs/CF in A: 0.1 M, O:0.05 M and <: 0.01 M H2SO. for
120 min, initial concentration of phenol: 10 mg L.
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Fig. 4.27 Generation and degradation of 1,4-BQ during the phenol oxidation reaction
using (<>) CNT/CF and (O) Ru@Pt-CNT/CF in 0.01 M H2SO. for 120
min, initial concentration of phenol: 10 mg L.
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Fig. 4.28 Concentration of total organic carbon (left) and balance of carbon (right)
during the phenol oxidation reaction using Ru@Pt-CNTs/CF in (a) 0.01 M,
(b) 0.05 M and (c) 0.1 M H2SO4 for 120 min, initial concentration of phenol:
10 mg L. Total organic carbon in sample(@); total organic carbon
contributed from phenol(O), 1,4-BQ(A\), o-DHB([_]) and unidentified

intermediates().
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Fig. 4.29 Concentration of total organic carbon (left) and balance of carbon (right) during
the phenol oxidation using (a) CNTs/CF, (b) Pt-CNTs/CF, (c) RuPt-CNTs/CF and
(d) Ru@Pt-CNTs/CF in 0.01 M H2SOs, initial concentration of phenol: 10 mg L
!, Total organic carbon in sample(@); total organic carbon contributed from
phenol(O), 1,4-BQ(A\), o-DHB([]) and unidentified intermediates(<>).
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Fig. 4.30 Electrochemical oxidation of various initial concentration of phenol 10 mg
Lt (), 25 mg L1(O), 50 mg L * (<) and 75 mg L1 (/\) using Ru@Pt-
CNTs/CF in 0.01 M H.SOg4 for 120 min. Solid lines represent the result of
first-order kinetics modeling.
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Fig. 4.31 The mineralization current efficiency (MCE) of phenol oxidation using
Ru@Pt-CNTs/CF in 0.01 M H>SO4 for 120 min, initial concentration of
phenol: () 10mg L?, (O)25mg L?, (<>)50 mg Ltand (A) 75 mg L2,
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Table 4.10 Degradation efficiency and 1% order rate coefficient (k) calculated from
electrochemical oxidation of 10, 25, 50 and 75 mg L™* phenol in 0.01 M H2SO4 using
Ru@Pt-CNTs/CF

Conc. of phenol, mgL?  k, min? r? Degradation efficiency, %
10 0.0507 0.9856 99.87
25 0.0188 0.9822 91.43
50 0.0158 0.9831 82.36
75 0.0120 0.9936 77.30

Table 4.11 Mineralization efficiency and 1% order rate coefficient (k:) of 10, 25, 50
and 75 mg L phenol oxidation in 0.01 M H,SOsusing Ru@Pt-CNTs/CF.

Conc. of phenol, mg Lt ki, min? r? Mineralization efficiency, %
10 0.0054 0.9638 50.93
25 0.0032 0.9142 33.48
50 0.0029 0.9973 29.80
75 0.0018 0.9763 18.96
16 4
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Fig. 4.32 Generation and degradation of (a) 1,4-BQ and (b) o-DHB during the phenol oxidation
reaction using Ru@Pt-CNT/CF in 0.01 M H2SQg, initial concentration of phenol: ([_])
10mg L%, (O)25mgL?, (<>)50mg Ltand (A) 75 mg L2

85



9 @ 100% " @ Mineralization of TOC
8 90% 1. - I i
OUnidentifid intermediates
80% - =
7 1% o N 700/0 814-8Q
— 5 % 7
o 6 7E|Phenol
o5 |
g 5
G4
231
2
1 4 B
0 H"—
0 20 40 60 80 100 120 0 5 10 20 30 40 50 60 75 90 105120
Time, min 100% Time, min
0 T R “@ Mineralization of TOC
20 1@
$ (b) : “OUnidentifid intermediates
® -80-DHB
161 %e L 3P o .B1,4-BQ
- O ® o ° _@Phenol
- 12
g o
G 81 i o ©
o) (@]
F 3
4 &
& 4 >
LBt MAg
0 Kﬁz—@—D—D—D—G—DrD—rD—g— (s

0 20 40 60 80 100 120 0 5 10 20 30 40 50 60 75 90 105120

Time, min Time, min
(C) O T HEE e e ”BMineraIization of TOC
40 ° 90% i [ O Unidentifid intermediates
°q - © 80% E RS : 0-DHB
o ° - 70% 4214-8Q
< 30 A O () ) ;
p O . ® %60% | [ .@Phenol
D —
S 20 O 8 50%
8 o o O | S0 AR = L
O
= Q % 55 30% g - e
10 2 8 O 4 © 200
oo R R R & A Q 10% +{:
Ve O i e O s o780 o - Tt 5 D B
0 20 40 60 80 100 120 0 5 10 20 30 40 50 60 75 90 105120
Time, min Time, min
70 q 100% B B " @ Mineralization of TOC
60 %-. ( ) 90% 4> - @ Unidentifid intermediates
oo o9 P 80% — = _B0-DHB
Qo ® o o X
50 - [ o~70% E | 781,4-BQ
e O Q@ O Phenol
40 - © 5 60% 1 : '
@)
S 5 < 50%
8 30 A O 5 o o g 40% -
o]
= 20 | S £ son
0o 0° N O o | ©oom
10 4 A
oo § a Rab AL A 10%
0 erHro--0-0 O O O 0%

0 20 40 60 86 160 12‘0 0 '5 '10'20'30'40'50'60'75'90 '105'120'
Time, min Time, min
Fig. 4.33 Concentration of total organic carbon (left) and balance of carbon (right) during the
phenol oxidation using RU@Pt-CNTs/CF in 0.01 M H»SOs for 120 min, initial
concentration of phenol: (a) 10 mg L%, (b) 25 mg L%, (c) 50 mg L*and (d) 75 mg L™,
Total organic carbon in sample(@); total organic carbon contributed from phenol(QO),
1,4-BQ(/\), 0o-DHB([]) and unidentified intermediates(<).
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TEAFEL M E G AR A A AR TSP BET
g &4~ 2+ RUPt & £f4-2 RUPL-CNTS/CF 45 b7y » 4
ABERTIBTEHES AT HA 5 TAle WP o 45 A4~ CVD L2
KRR A AR E 2 RUPLFFHLE S 97F 2 &> Rfre 5B 2 A7 @ 3 - 5 =
% 3cm? 2 RUPH-CNTS/CF £ i F AT 5% 62 ~ > L 2 W& * 4
Table 4.12 #75¢ - jp#>t 3 R/ ElectroChem o @ #9px & 2 7 * sk ‘a7 &1 15
EL 2R s USDS 1.85Ap ¥ 3T o 9 59 & o a gl g ARy P
Vi B fEF 2 A XA F 2 RUDPL-CNTS/CF 7 & * RU@Pt-CNTS/CF 7 &+
T AN ERERITLR 26 A B S AIGRAEET E  A R T R 2
B 'R 2 B okag @ A Y PR o
(- ) Akt

R g et (19cem x 19 cm)p§ & * 5 NTD$ 2700» 57 $ % & 1 cm
x 3cm + ] iAo £3H 108 §F oo

NTD$ 2700 + 108 pieces = NTD$ 25 /piece @an

ARk Rk A w4 LT (750 A) ~ Ni (150 A)ia s C-

&
4y
s
o
H

CVD ¢ &g ffrs itk > E4ez g7 @ 180 # RAEAF & 79 AL > #1F if
L=ty * &% L NTD$ 450 2 NTD$ 90 -

NTD$ (450+ 90) + 180 pieces= NTDS$ 3 /piece (18)

() “FF Apicfh

W LAY TP B A RE R R RT L6
# CNTS/CF &> 7@ * 2 Ar~CoH2%2 NHs = fa g > H=c 2@ it * &
A 5] % 4068 cmd ~ 275cm3 2 1500 cm® > f RE4mFXE - E LATE F O B A )

= NTD$ 1800 ~ NTD$ 900 2 NTD$ 5200 -
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1. Ar 45 ¥g3 oo % £:5,600 L

5600 L x 10° cm?/L = 5.6 x10% cm3

NTD$ 1800 x (4068 cm’+ 5.6 x 10° cm*) = NTDS$ 1.31
2.CoHo s sg s L &£ £: 2.7 kg
2700 g = 26 g/mol x 24.5 L/mol x 10 cm?/L = 2,492,308 cm’
NTD$ 900 x (275 cm’+ 2,492,308 cm?) = NTD$ 0.1
3. NHs4w 533 L & £:4 kg
4000 g + 17 g/mol x.24.5 L/mol = 5,764,706 cm?
NTDS$ 5200 x (1500 cm’+ 5,764,706 cm®) = NTD$ 1.35

4.Ar~CoHz 2 NH3 7% e (1 +2.+3)

NTDS (1.31+ 0.1+ 1.35) +~ 6 pieces = NTDS$ 0.46 /piece

(= )RUPt & & ff4tz @&

(19.1)

(19.2)

(20.1)

(20.2)

(21.1)

(21.2)

(22)

& = RuPt & &4 rig * HoPtCles(H20)s(SHOWA, 1 g) ~ RuCls(Sigma-

Aldrich, 5 g) ~ PVP(Sigma- Aldrich, 100 )% z = f(E.G., SHOWA, 4L) &
% 4 w5 NTD$ 4500/g ~ NTD$7952/g ~ NTD$ 22/g # NTD$ 585/L »
Y Ptz RuUZ 4 F#opd s PUP A u|E L3 EG.» 275 A-B~

oL VPR EGITE DHgr T A ASB-CD A BRI AL

A. HthC|6°(H20)6/ E.G.

4645g

£ (NTDS 4500/g x1 g + NTDS 585/Lx 0.01 L) =NTDS 1744.14

B. RuCls/ E.G.

589 505, (NTDS 630/g x0.1659 g+ NTDS$ 585/Lx 0.008 L) = NTD$ 107.14
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C.PVP/E.G.

25¢g

<, (NTD$ 22/g x16 g + NTDS 585/Lx 0.0577 L) =NTD$ 120.55 (5.9)
D. E.G.

NTD$ 585/Lx (11.474 g+ 1110 g/L) = NTDS$ 6.05 (23)
509 RuPt jf4x-& = # 5.7 7 4= (A+B+C+D)

NTDS$ (1744.14 + 107.14 + 120.55 + 6.05) = NTD$ 1978 (24)
&P &2 6 % RUPt-CNTS/CF & 4& i 4= 5.9 il 4~

NTDS$ 39.56/g x 5 g + 6 pieces= NTD$ 32.96/piece (25)

g g 1% RUPH-CNTS/CF (3cmd) 2 i fed ((-)+ (=) +(2)+(z))

NTDS$ (25 + 3 -+ 0.46 + 32.96) = NTD$ 61.4 (26)

Table 4.12 Estimated cost for synthesizing an electrode (NTD$/ piece)

Project cost CNTs/CF  Pt-CNTs/CF - RuPt-CNTs/CF ~ Ru@Pt-CNTs/CF
Carbon fiber $25 $25 $25 $25
1cmx 3cm
E-Beam Gun $3 $3 $3 $3
Ti and Ni

lytic CVD
Catalytic C $0.46 $0.46 $0.46 $0.46
Ar, CoHz2and NH3
Preparation of i $35.92 $32.96 $49.78
Pt series catalysts
Total cost, $ / piece $285 $64.4 $614 $78.2
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FRAA SREFRELTHRSANZ2E 2 %% 2 % CNTS/CF ~ Pt-CNTs/CF ~
RuPt-CNTs/CF 2 Ru@Pt-CNTS/CF 7 #&:& {7 10 mg L1p=§ i~ €457 5% > &t
WEDHBWTEFTENEGT RIS H EfE TR E o FEFTEBREY TR
Btz *E e 4oTabledl13 7 > = F *Fo%k%7 5 Rl & T
7 8 =x £ 4§ 7 % (R8){s > CNTS/CF ~ Pt-CNTs/CF 22 RuPt-CNTS/CF #+3tfs '% fi#
PR T AR 0 IR m AR TR Mt FOR R 20T Iodp it 2 oo

A
"7
PR AL SBET BT NET LT BT R R -

Table 4.13 Degradation efficiency of the 8 times repeat experiment (Rs) using
CNTs/CFs anodes, R; represent the degradation efficiency of first experiment

Electrodes Qegradation Qegradation *Relative error, %
Efficiency R1, % Efficiency Rs, %
CNTs/CF 97.41 96.01 1.45
Pt-CNTs/CF 98.72 98.06 0.67
RuPt-CNTs/CF 99.63 98.56 1.08
Ru@Pt-CNTs/CF 99.82 99.89 0.06

*(2 (R1-Rs) / (R1+Rsg) ) x 100 %
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5.1 ¥3#%
A Y g Ex# Pt RuPtalloy 2 Ru@Pt % 2 X & B4 B
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S L R R A A E 2 A ks AR @ £ 30 K mint A7 & & RuPt-
CNTs/CF &2 RU@Pt-CNTS/CF £ & & 7 #g & fide i T % B 4 5 5 2.48
x 102F cm?¢2 3.83 x 10°Fcm? -
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5. 12 RuPt 2 RU@Pt £ £ ff 47 % Pt-CNTS/ICF 7 1 » F12 £ & 412
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6. Ff1* Ru@Pt-CNTs/CF % #&> 0.01-0.05~0.1M &k ¥ f2ie 4 10mg L™ ps
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Table S1 Conmon circuit elements defined by ZView software

Resistor, R R
Z =R

Zre = R, Zye =0 v

Capacitor, C
1
7= c
Zre =0, Zre=Z=ﬁ
Inductor, L L
Z=j w:L

Constant phase element, CPE
1 CPE

23T Gw? >)

(ZView, Scribner Associates Inc.)

Table S2 JCPDS card of Pt and Ru

n4-0802 Cluality: Pt

CAS Mumber  7440-06-4 Flatirum .
Malecular Weight: 19509 Ref: Swanzon, Tatge, Matl. Bur. Stand. [U.5.], Cire. 539, 1, 31 [1953]

Yolume[CD) 6038

Dw 21461 D 21.370 i g

5.G.: Frndm [225] =< g

Cell Parameters: = -

a 3923 b C 2E

1] B ki Zx

S5/FOM: F 9=143(.0070, 9) @ |

[/l cor: T T T T T

Fad Cukal 0 25 50 75 100 125 26"

Lambda; 1.54056 ] . .

Filter: Mi 26 infh k1| 28 infh ok || 28 it hoko|
drspe 39.763 o0 1 1 1 [81.286 3311 1A 203 31
Mineral Mame: 46,243 §3 200 |85712 12 2 2 2 |12280 204270
Platinwm, sy E7.454 220 |10380 E 4 00 |14826 23 422
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Table S2 JCPDS card of Pt and Ru (continued)

Fu

Rutheniur
Ref: Matl. Bur. Stand. [U.5.), Circ. 533, IV, 5[1955]

5-0663 Cluality: *
CAS Humber,  7440-18-8
Molecular \Weight, 10107
YWolume[CD):  27.15

Dw: 12363 Dme 12200
5.G.: PE3/mmc [134]

Cell Parameters:

a 275 b c 423
o B y
SS5/FOM: F18=86[.011E, 18)
| #lcar:

Fad: Cuk.al

Lambda: 1.5405

Filter: Mi

d-zp:

Mineral Narme:
R uthenium, syn

Fixed Slit
Sqrt Intensity -=

28

38387
42152
44.005
58.323
£3.405
78,388

146 .55

1
125

EIS SIEI .'-"IS 100 2"
int-f h k1| 28 int-f ko k| 28 irt-f
a0 1 0 0 [B22A E 200 (11654 16
a5 00 2 |84703 25 1 1 2 12084 E
100 1 0 1 | 85957 20 201 12528 25
25 1 0 2 [32035 4 004 (13314 18
25 1 1 0 [597.085 8 20 2 (14047 10
25 1 0 3 | 10455 B 104 (14655 16

— a2 —=prarara I

O = a0 =

Ly I AR Rl e T R,
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