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ABSTRACT

Electrochemical Preparation and Particular IR Properties of Nanostructured Island
Films——Surface Combinatorial Sudies by Combining Individually Addressable

Microelectrode Array with in situ Microscope FTIR Spectroscopy

Platinum group metals and their alloys have been extensively employed in energy conversion and green
synthesis as electrocatalysts owing to their high catalytic activity. Pt group metals at nanometer scale have
attracted much attention worldwide because of their higher catalytic activity and better properties. It is well
known that the properties of nanomaterials depend strongly on their nanostructures. Therefore, to
understand the relationship between nanostructures and properties is of importance in exploring the origin
of particular properties observed from nanometer-scale materials, and thereby in further improving or
optimizing their properties. Our group has prepared nanometer-scale metal films in layer structures on
glassy carbon (GC) substrate by cyclic voltammetric deposition. By using CO as probe molecule, we have
revealed for the first time, Abnormal IR Effects (AIRES) on these layer nanostructured films. The AIREs
consists of several abnormal IR features including the enhancement of IR absorption, the inversion of IR
band direction (anti-absorption), and the increase of FWHM (increase of the number of different adsorption
sites). The AIRES was conclusively demonstrated as a particular IR property exhibited commonly by
nanostructured thin films of Pt group metals and their aloys. Further understanding of the relationship
between AIREs and nanostructures is of significance in exploring the origin of AIRES, and in developing
the principle and fundamental of IR reflectance spectroscopy, hanotechnology and nanoscience.

In the present study, nanostructured island films were prepared by using different electrochemical
methods on an individually addressable Pt microelectrode array (denoted as MEAL). These nanostructured
films involved Pt microelectrode subjected to Fast Potential Cycles with Triangular Wave (FPCTW) for
different times (7), Square Wave Oxidation and Reduction Cycles (SWORC) for different 7, Cyclic
Voltammetric (CV) deposition of platinum with different number of cycles (n), the sequentia treatment of
FPCTW for different 7 and CV deposition of platinum with n=10, CV deposition of Ruthenium with
different n, CV deposition of Palladium with different n, CV deposition of Rhodium with different n.

(dbbreviated as PIME(T_7), PtME(S_7), PY(n)/PtME, Pt(10)/PtME(T_7), Ru(n)/PtME, Pd(n)/PtME,



Rh(n)/PtME, Rh(10)/PtME(T _1), respectively) A new surface combinatorial method has been devel oped by
means of combining the MEA1 with an in situ microscope FTIR spectroscopy (in situ MFTIRS). Taken CO
as probe molecule, we have systematically investigated the particular IR properties of nanostructured island
films prepared in this work. The structure and electrochemical properties of these films were studied aso
by using CV, STM (Scanning Tunneling Microscope) and SEM (Scanning Electron Microscope) were also
used to study systematically these films. The relationship between IR properties and nanostructures is
discussed. It was demonstrated that the AIREs is closely related to structures of island films, but not to the
substrate and the preparation methods. A particular IR feature (primarily denoted as Fano-like spectral
feature) has been observed for the first time, when CO is adsorbed on island films of particular structure. It
has also revealed a regular relationship between line shapes of COy4 bands in SPAFTIRS (or SNIFTIRS)
and that in MSFTIRS. The results in this study have shown that the surface combinatorial method possesses
advantages in remarkably economizing investigation time and in improving study efficiency. The results
obtained in this thesis are of significance in exploring the intrinsic properties of |ow-dimensional
nanostructured materials, and in developing fundamental of in situ FTIR reflection spectroscopy, and

nanotechnology and nanoscience as well.

Themain results and conclusions are summarized as follows:

1. The Development of Surface Combinatorial Method.

The individually addressable PIME array, i.e. MEA1, was designed and fabricated. The surface
combinatorial studies were carried out through combining the MEA1 with electrochemical in situ
MSFTIRS.

The relationship between spectral resolution (Res) and signal-to-noise ratio (S/N) was studied
quantitatively. It is found that, when the number of single-beam spectra collected is constant, the value of
SIN is increased with the variation of Res in the order: 1 cm™<2 cm’<4 cm'<8 cm’<16 cm™. The
dependence of the intensity of COy4 band on potentia interval (4E) is discussed in SPAFTIRS and
SNIFTIRS. Both the peak-to-peak intensity (Ip.p) and the integrated intensity (Aco) of COy band increase
as AE becomes larger. The IR absorption of COy4 on nanostructured film of PtME(T_80min) has been
enhanced for 6.6 times. The IR detection sensibility is 2~3 times larger by taking PtME(T_80min) as
sample than that of using a native PtME. The effect of rectangular aperture size was studied by SPAFTIRS.
The maximum spatia resolution of in situ MFTIRS is 40x 40pm?, and the largest IR illuminated area of
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sample is 330x 330pm?. It has been confirmed in an experimental point of view that there is no
electrochemically coupling phenomenon between PIME on the MEA 1. So all the PtIME on MEA1 could be

regarded as 9 individual microelectrodes.

2. The Electrochemical Preparation and Particular IR Properties of Nanostructured Island Films

Combinatorial studies were carried out on nanometer-scale films of four Pt group metals (Pt, Ru, Pd, Rh)
prepared in this work.

CV studies show that the relative surface roughness (R) of PtME(T _7) and Pt(10)/PtME(T _7) keeps a
stable maximum value that is independent of 7. For example, the maximum values of R. on nanostructured
PtME(T _7) and Pt(10)/PtME(T _1) are 2.26 and 12.5, respectively. However, R. of Meta (n)/PtME gradually
increases as n isincreasing. Moreover, R, of nanostructured Pt, Ru, Rh films all exhibit linear augmentation
with the increase of n. Under the experimental conditions used in this work, the maximum values of R,
obtained on Pt, Ru, Pd, Rh films are 94.4, 17.7, 13.2 and 72.4, respectively.

STM studies illustrated that al film samples prepared in this study are of island nanostructure. The
average size (d ) of islandsin the film ranges from tens to hundreds nanometers. With the increase of rand
n, both the average height (h) of islands and d are generally augmented. Apart from this, the average
thickness (1) and the surface roughness average (R, of films are also increased accordingly. Further
observation shows that the islands are composed of small metal crystallites. STM studies demonstrated that
the islands in films exhibit fine micro-structures no matter what preparation methods (e.g. nanostructured
PtME(T_7) and Pt(10)/PtME(T _7) films) were used. The size of small crystallitesin Pt films was measured
less than 5 nm.

IR studies show that Fano-like spectral feature could be observed only on particular nanostructured metal
films. When CO was adsorbed on these films, the IR absorption of CO4 surprisingly gave rise to a bipolar
band. Such line shape is different not only from normal absorption (negative monopolar) that is observed
on native metal, but also from anti-absorption (positive monopolar) of AIREs that has attracted our group’s
attention for a long time. Additionally, it is observed that the particular nanostructures are between the
surface structure of native metal and those producing the AIREs. This result indicates that it is in fact a
transition nanostructure. The universality of Fano-like spectral feature mainly consists of three aspects, ()
it is independent of preparation method of nanostructured films, e.g., it could be observed on Pt films
whatever this film is prepared by FPCTW, SWORC or by CV electrodeposition; () it is independent of
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metal materials, e.g., it could be observed on films of all metals studied such as Pt, Ru, Pd, Ru; () itis
independent of substrates, e.g., Rh films exhibiting Fano-like spectral feature could be prepared by CV
electrodeposition on either native PtME or nanostructured Pt films.

It seems that the IR shape of CO. band is correlated to the metal island size d . With theincrease of d,
particular IR features of nanostructured films gradually transformed from Fano-like spectral feature to
AIREs feature. Such transformation could be clearly seen on the PtIME(T _7) and Ru(n)/PtME in this thesis.
It shows that the critical values for such transformation of d on Pt and Ru filmsare 296nm (h 178 nm)
and 173 nm (h 42 nm), respectively. However, the values on Pd and Rh films are considerably higher.
The former is supposed to be larger than 214 nm  h>111 nm and the latter ranges between 265 nm~832
nm (h, 131 nm~550 nm). The differencein d indicates the discrepancy of IR features anong these metal
nanomaterials.

The line shapes of COy4 band exhibit regular correspondence relation in SPAFTIRS (or SNIFTIRS) and
MSFTIRS. It could be summarized in three situations. (1) if a bipolar band with negative peak at low
wavenumber and positive peak at high wavenumber is seen in the SPAFTIRS (or SNIFTIRS), a
negative-going monopolar (normal absorption) will appear in MSFTIRS; (2) if abipolar band with inversed
direction against above statement is seen in SPAFTIRS (or SNIFTIRS), a positive-going monopolar
(AIRES) will appear in MSFTIRS; (3) if a negative-going monopolar or a bipolar having similar shape as
the 1¥ case while asymmetric in intensity is observed in SPAFTIRS (or SNIFTIRS), a bipolar band with
negative peak at high wavenumber and positive peak at low wavenumber (Fano-like spectral feature) will
be recorded in MSFTIRS.

All the results presented in this thesis indicate the advantages of developing surface combinatorial
method that economizing the study time together with improving study efficiency. Thus, the combinatorial
method at molecular level that is realized by combining electrochemical in situ MFTIRS with individually
addressable microelectrode array will be of significance in many studies, such as understanding the
relationship of surface nanostructures and their particular IR features, exploring the intrinsic properties of
low-dimensional nanomaterials, as well as developing the fundamental of IR reflection spectroscopy and
nanotechnology and nanoscience, screening catalysts with high activity, and so on.

It should be noted that the study of particular IR features of nanostructured films is an important field.
Fano-like spectral feature was observed on films with particular nanostructure in this thesis. Furthermore,
the relationship of particular IR features and nanostructures has been revealed from an experimental point
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of view. However, it is still long way to go for exploring the above intrinsic relationship. Particularly, more
careful investigations should be done for determining the critical parameters of nanostructure (such as d,
h for description of nanometer-scaleisland and |, R, for that of nanostructured film). The present study is
of significance in establishing an appropriate fundamental model, thereafter understanding the origin of
particular IR features from the fundamental level. Further investigations are expected with persistent

endeavors contributed from researchers of all relevant fields.

Thisthesisisdivided into 9 partsthat depicted asfollows,
Preface Presents a review of literature concerning studies of nanomaterials, combinatorial chemistry,
microelectrode technique, the background and research trend of IR reflection spectroscopy. Motivation and
objectives of study are also stated in this part.
Chapter 1 Introduces the methodology employed in this study, including the individually addressable
microelectrode array, in situ FTIR reflection spectroscopy and STM.
Chapter 2 Develops the surface combinatorial methods and optimizes experimental parameters
concerned.
Chapter 3 Studies the structures of nanostructured PtIME(T_7) and PtIME(S _7) and their particular IR
features.
Chapter 4 Studies the structures of nanostructured Pt(n)/PtME and their particular IR features.
Chapter 5 Studies the structures of nanostructured Pt(10)/PtME(T _7) and their particular IR features.
Chapter 6 Studies the structures of nanostructured Ru(n)/PtME and their particular IR features.
Chapter 7 Studies the structures of nanostructured Pd(n)/PtME, Rh(n)/PtME, Rh(10)/PtME(T_7) and
their particular IR features.
Conclusion  Summarizes the whole study. The relationship of particular IR features and nanostructures is

therefore discussed from an experimental point of view.

Keywords: individually addressable microelectrode array, in situ MFTIRS, surface combinatorial

method, nanostructured films, AIRES, Fano-like spectral feature.
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CcO
CcO
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in situ MFTIRS

Pt

in sitt MFTIRS
MEALI FPCTW
(SWORC) Ccv FPCTW CV
Pt CV STM SEM
Pt in sitt MFTIRS CO Pt
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Fano
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§ 1-1

H2SO4 HCIO; ( )
HCI (KthC|6) RUC|3
( ) (PdCly) RhCl3xH,0  (
) COo ( ) N2 ( )
Milli-Q
8§ 1-2
§ 1-2-1
Pt d=6mm
MEA1, MEA2
Au d=7mm
®=0.5mm
SCE SCE PdH
Pd|H Pt Pd|H
SCE 0.27VvV 0.1IM H5S0O,4 SCE PdH
0.27V
8 1-2-2
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§ 1-3

§ 1-3-1
PARC-263A EG&G GPIB
PC M270
8 1-3-2 FTIR
MCT-A EverGlo™
Nexus 870
2 XHD-
MCT-A interferogram Fourier single
beam spectrum S/NO+n
8 1-3-3 STM
ST™M
1nm
I S o
| OVeexp -AdY?S 1-1
Vi d=1/2 D+D, b, D,
A 1 1nm
1-1 S 0.1nm

1-1a

36



1-1b
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(Ve V) =@ -2dz. y)
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Fig.1-1 Schematics of STM scan modes.

SOLVER P4-18-SPM NT-MDT, Russia
SEM S-520 LEO 1530

LEO Electron Microscopy Ltd. of England
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§ 2-1 FTIR In situ MFTIRS

§ 2-1-1
| insitu MFTIRS
Nexus 870 FTIR Nicolet MCT-A
IR-Plan advantage microscope, Spectra-Tech Inc. 15
2-2
PdH
OMNIC
PC
§ 2-1-2
insitu MFTIRS
1 ! (SPAFTIRS)
Z (SNIFTIRS)
FTIR SPAFTIRS 2-3
Ex E, R(E) R(E)
AR _ R(E)-R(E) 0
R R(E))
SNIFTIRS 2-4 SPAFTIRS m
AR_YR(E)-Y RE) 02
R > R(E)

SNIFTIRS  SPAFTIRS SNIFTIRS E:
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SPAFTIRS CO

SPAFTIRS
100 SNIFTIRS 400 100x 4
2 3(MSFTIRS)
MSFTIRS co MSFTIRS
2-5
R(Es) co R(Er)
i
BR - R(Est(—E S(ER) 23
MSFTIRS co
MSFTIR co
COq MSFTIRS
2-3 SPAFTIR MSFTIRS
SPAFTIRS MSFTIRS SPAFTIRS

SPAFTIRS SNIFTIRS

§ 2-2
§ 2-2-1 MEA1
MEA1 20pum 9 Pt Teflon
3x 3 2-6
center-to-center 1 mm ME; Pt PIME
MEz; PIME
§ 2-2-2 MEA2

MEA2 2-1 MEA2
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MEA1

Teflon

Pt(d= 500 pm)

Teflon
CV IR

2-7 MEA2

3mm

1.5mm center-to-center

Table.2-1 The diameters and atom proportion of microelectrodes on MEA2.
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Pt Pt Pt PtRh Ptir
@ (um) 500 200 100 500 500
atoms (% : %) 91 9:1
8§ 2-3
9 MEA1 ME;
9 ME;
ME; 2-8
8 2-4 MEAL 9 PtME CV
MEA1 9 PIME ME; Pt
MEA1 9 ME;
MEA1 9 ME;
9 ME; MEA1L 9 ME;
MEA1 1-6 5 0.05um
ME; 0.1 mol-L ™ H,S04
0.00V~1.58V 0.10V-s* ME;; cv
8 ME; cv 2-9 MEA1 9 ME;
cv 9 ME; Pt cv 009V 025
% Pt



cv Qu Pt
2-2 229 9 CVv Qu
Table. 2-2 List of Q4 measured from CVs of ME;on MEAL
ME; MEy MEp MEs MExn  ME» MExs MEs; MEsp  MEsg
Qu/nC 1752 1764 1824 1792 180.7 1813 1803 1835 1818
9 ME; 175.2 1835nC 9 Qu
>'Q, =1620.8 nC 9 Q, 180.1 Qu
Q. Q. MEAL  PXME
Si= 2~ 1000 MEy S 28%
H
9 ME; MEAL 9 ME;
9 ME;
cv PC-MEA1 9 ME PC-MEA1
PC-ME; CV PC-MEA1 CV H Q'
1628.1 nC PC-ME; > Q, PC-MEA1 MEA1
9 ME;
8 2-5 | CO PtME
> FPCTW Arvia 69
FPCTW PtME
PtME
co
§ 2-5-1 PEME(T _80min)
PtIME ~ 5pm, 1 pm, 0.3 pm, 0.05 pm  Al,O5 0.1mol L *H,S0,
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0.00 V~1.58 V 0.10 V-s*
30.00Vs*
PtME(T_80min) 0.10 v-s*
FPCTW PIME 2-10
8§ 2-5-2 CO PEME(T_80min)
PIME
CO 0.1 mol-L™H,S0,
0.10 v.s' (0/0) co
cVv co
0.00V
2-11 coO PtME(T_Omin)  PtME(T_80min)
co PtIME(T_Omin)  SPAFTIRS
CO PME(T_Omin)
a
SPAFTIRS E. E 000V 025V
| PtME co
co E E. 2-1
Pt 10
2-11b  CO PIME(T_80min) SPAFTIR
PtME(T_80min) CO
PIME PtME(T_80min)
2 (
) PtME 14
COux 8 3
2090 cm®* 2073 cm™
(AIRES) =
FPCTW PtME(T_80min)
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0.00V~1.58V

80 min

Ccv PtME(80min)

0.00 V~0.25 V

SPAFTIR a
2070 cm™*

CO.

CO
Stark

2-11  a

PtME(T_0min)

COu



FPCTW

8§ 2-6 in situ MFTIRS

insitu MFTIRS IR
in situ MFTIRS
insitu MFTIRS
82-5 FPCTW PPME CO
CO
211 CO PtME(T_Omin)  PtME(T_80min)
CO COu
insitu MFTIRS
8 2-6-1 Res
Resolution Res
Res
Res
Res SN
Res
insitu MFTIRS Res
2-12a Res CO PtME(T_100min) SNIFTIR
2070 cm™* CcO

E=025V E;=0.00V Res 5 SN SN
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1 cmi<2 em'<4 cm<8 cm<16cm™® 2-12b 5 Res

cO PtME(T_100min) MSFTIR 2080 cm™ CO.
PtME(T_100min) AIREs 2-12b SIN
2-3 2-12b

Table.2-3 The influence of Res on the S/N.

Res/cm™ 1 2 4 8 16
SIN 0.22 0.67 1.31 3.92 5.88
2-3 SN Res 2-12a
Ress1 2cm™ SN 1 Res
Res 4cm* 8cmt  16cm? SN 1 Res= 4
8 16cm’
Res in situ MFTIRS
Res=4 8 16cm* Res Res=16cm™
SN Res
Stark SN
insitu MFTIRS  Res 4cm®  8cmt
Res 8cmt
8 2-6-2 SPAFTIRS  SNIFTIRS AE
§2-1-2 SPAFTIRS  SNIFTIRS E: E
SPAFTIRS  SNIFTIRS E. B co
co JE  SPAFTIRS
SNIFTIRS  COuy SPAFTIRS AE
co Pt Stark 1215 30 46cm?
V! COy Ei B SPAFTIR
AE co JE co
2-13 AE co PtME(T_80min) SPAFTIRS
COo, 2070 cm™ E: E



AE

COL Ipp

COL 4E

Aco
2.4

Table.2-4 Variation of CO_ band intensity with 4E in SPAFTIR spectra observed on PtME(T_80min).

AEIV 0.25 0.30 0.35 0.40
Ei~E,/V 0.00~0.25 0.00~0.30 0.00~0.35 0.00~0.40
1 2078.53 1 2080.90 1 2081.44 1 2082.20
Vool cmt
I 2056.71 | 2057.68 | 2057.69 I 2059.79
Avlcm? 21.82 23.22 23.75 22.31
lpp/ % 0.73 8.10 9.29 1.04
Aco/ a.u. 0.1183 0.1320 0.1455 0.1574
1 !
Av CO. AE COL
Vco
Av  AE
RE) RE,) CO 2.4
lep  Aco AE lpp Aco
SN lpp  Aco SN
CcO AE
SPAFTIRS SN SNIFTIRS
8 2-6-3 MSFTIRS R(E)
Es Er S/N
SN COy
R(Er)
COy 84-6
§ 2-6-4

in situ MFTIRS
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3100 2400cm™ 2200
§3-2-2
8 2-6-5 in situ MFTIRS
in situ MFTIRS
FPCTW PIME COy
PtME(T_80min) co
insitu MFTIRS
Aperture Aper
O pm 500 pm
PtME(T_80min) COqy
AE
E; 0.40V
2-14a b CO PIME
SPAFTIR ax a
a 2-14b SIN
SIN PtIME
pm 2-14a COyg PIME
PtME(T_80min) COqy
PIME 2 COyg PIME
FPCTW PPIME ~ COqy

2-14b COu
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1700cm™

ab

2-14a

in situ SMFTIR

1400~900cm*

§2-5

FPCTW

SPAFTIRS

ax a

SN

E; 0.00V

PtME(T_80min) a

SIN
PtME(T_80min) COa
a> 140

2-14b a= 60 pum

COyq PtME(T_80min)

PtME(T_80min) SPAFTIR

Aco

SN



215  Aw A= AL/ALY a A a

a= 320 um Ar a Ar
Hm A a A
Ar a a 300 um
CO Ar
AR
2-15 a
1 a>300 pm
PPIME @© 200 pm
a
2 a 300pum 200um PtIME
Aco
3 a<300 pm 200 pm PIME
a
Aco
3.2

a=280

Aco

200 pm

Aco

PtIME

a Aco

PIME

2-15

0 500 um

0x Opm? 330x 330 um?

in situ MFTIRS 330x 330 um? b

COy PtME(T_80min)

in situ MFTIRS 40x 40 pm?
COx PtME(T_80min) SPAFTIR SN a
2-16 SIN SIN
215 SN A a

SN a
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a= 60 um

40x 40pm?

2-16 a

a=280 um



SN a
SIN 2-16 a 400 um ~320 um
2
Aco
SIN 2-16 a 200 um~60 um
3
200 100v/2 pm
SIN 2-16 a 320 um~200 um
SIN a=300 um a=280 um
SIN 2-5
Table.2-5 Variation of S/N obtained from SPAFTIRS for CO_ on PtIME(T_80min) with a.
a/um 400 360 320 280 240 200 160 120 100 80 60
SIN 179 197 21 215 194 164 13 10.2 7 4.5 21
§ 2-6-6 |
PIME CO CO 0.1M H,SO,
040V  PME co |
0.00 V
0.40V insitu MFTIRS
| COx
Stark 2-17

AIREs  PtME(T_120min)
0.00 0.25V 0.10V st CcO
0.00V PtME(T_120min)

0.00V 2-17
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100 100 50sec

50sec
20 1.00vV
2-17
2080 cm'* CO. COL
PtME(T_120min) COL
AIREs COL
CO. t CO.
| t
in situ MFTIRS
lpp
PtIME(T_120min) CO_
218 a b CO. Vco t a b
(531 -442) (5.94 -4.83) a b
a b a b Vo
t a Voo 200 sec b
360 sec COL Veo 2082.9 cm™ Veo t
a b

§ 2-6-7 MEAl

Electrochemical Coupling Effects
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MEA1

MEA1 9 PME
MEA1
MEA1
MEA1
center-to-center 1.0mm PIME
MEA1
CO
MEA1
PtME(T_120min)
§2-6-6
MEA1
PC-MEA1 FPCTW MEA1
PtME(T_120min)
CO
0.00 V MEA1
MEz,
IRD-MEg3,
MEs; 0.00 V
PC-MEs, MEs; 0.00V
MEs,
PC-MEz; MEzs, 0.00V
4
PC-MEs, MEs, 0.00 V
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MEA1
PtME
200 pm

in situ MFTIRS

COgy
MEA1

120 min 9
cVv 9 PME(T_120min)

2-19
MEz,
PC-MEz; MEs;
PC-ME,,
MEz,



PC-MEg, 1.00V
2-3 2-19
Co. PtME(T_120min)
496 sec
PtME(T_120min) 496 sec CO PtME(T_120min)
PC-MEz 0.00 V COL
Co
2-19
2-19 CO, Voo 2-20 2-20
Vco CO
MEA1 PC-MEz; PC-MEy
MEz, Veo t
MEA1 Voo t 2-20
Voo t
2-20 Vo t
MEA1

MEA1 ME; 9 PIME
1 MEA1l IRD-ME; PC-ME; PC-MEA1
2 MEA1 ME;

ME;

3 § 2-4 cv Q4 PC-MEA1 Qi 9 ME;

2.0
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ME;



in situ

MFTIRS MEA1 insitu MFTIRS MEA1
MEA1 insitu MFTIRS
1
2 cv MEA1 9 ME;
3 FPCTW FPCTW COqy
insitu MFTIRS
4 SIN  Res 1 cm’<2 cm™<4 cm*<8 cm™<16cm™
5 SPAFTIRS  SNIFTIRS AE  COgy CO
AE SPAFTIR  SNIFTIR
6 SPAFTIRS insitu MFTIRS

40x 40 pm?  330x 330 um?
7 insitu MFTIRS

8 | MEA1
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Fig. 2-1 block diagram of the principle of Electrochemical in situ
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Fig. 2-2 Schematic structure of electrochemical in situ MFTIRS cell
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Fig.2-5 MSFTIRS experimental procedure
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Fig.2-7 Structure of the MEA2
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Fig.2-8 The schematic structure of electric switch box.
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Fig.2-9 Comparison of cyclic voltammograms of ME;; on the MEA L.
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Fig. 2-10 The treatment procedure of Fast Potential Cycle

with Triangular Wave (FPCTW).

=2.0x103

AR/R

2200 2100 2000
-1
vicm

Fig.2-11 Comparison of SPAFTIR spectra for CO adsorption on

a). PtME and b). PtME(T_80min). 0.1mol-L™ H,S0, +
CO (Saturated), E; = 0.00V, E; =0.25V.
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Fig. 2-12 Comparison of a). SPAFTIR and b). MSFTIR spectra for CO_ on
PtME(T_100min) with different IR spectral Resolution(Res).
SPAFTIRS: E;=0.00V; E;=0.25V;

MSFTIRS: Er=1.00V; Es=0.00V;
Res are denoted beside each spectrum.
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Fig.2-13 Comparison of SPAFTIR spectra for CO_ on

PtIME(T_80min) dependent of AE.
The value of E; and E; are denoted beside spectrum.
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Fig.2-14 Comparison of SPAFTIR spectrafor CO_ on a) PIME(T_Omin);
b.) PPIME(T_80min) with different apertures.
SPAFTIRS: E;=0.00V; E»=0.40V; the size of square apertures
(ax a pum?) are denoted beside each spectrum.
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Fig.2-16 Variation of S/N measured from SPAFTIR spectrafor CO on

PtME(T_80min) with the size of square apertures (a pum).
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Fig.2-17 FTIR spectra for CO_. on PtIME(T_120min) with the
potential from 0.00V to the open circuit.
t is denoted beside each spectrum.
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Fig.2-18 Variation of CO_ IR band center for CO adsorbed on
PtME(T_120min) with t.
The peak-to-peak value measured interferogram:
a) (5.31,-4.42);b.) (5.94, -4.83).
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Fig.2-19 The FTIR spectra for CO_ on PtME(T_120min) in a research of

electrochemical coupling effects.

The potential and t are denoted beside each spectrum. Er=1.00V.

66



2088 *x * %
x & o Am
. *'&
", 3
2084 -
-
G 2080 T * A S
2 ¢ B Step
® Step
2076 *x &
X ep
2072 - - - - . - .
0 180 360 540
t/sec

Fig.2-20 Variation of IR absorption of CO_ on PtME(T_120min) in a
research of electrochemical coupling effects.
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Pt

0.1mol -L'lHZSO4 0.00 V~158 Vv 0.10 V!
MEx 30.00 V! ME; 20 min
FPCTW
MEz, ME; 20min
ME;s MEs...... MEsz, 5 =0 20
40 60 80 100 120 140 160 min 9 PtME(T_7)
0.10V-s* 0.00V~1.58V 9 PME(T_D cv
31 MEA1 ME; T
Table.3-1 ME;; subjected to the FPCTW treatment for different 7 (Omin< 7< 160min).
ME;; ME;; MEp ME;z MExny ME; MEg MEgz; MEs; MEss
7/ min 0 20 40 60 80 120 140 160
8§ 3-1-2 STM
STM PtME(T_ 1)
31 a b STM 4 umx 4 pm
MEA1 9 PIME(T_ 7 r
31 MEy FPCTW PtME(T_Omin) STM STM
MEpn 5 1 03 005pum AlOs
MEqy 0.05 pm Pt
T=20min PtIME
MEi, Pt 3-1a ME;»
d 95 nm 3-1b h 19.4 nm
3-1c FPCTW PtIME
M E12 M E12 T
PIME(T_2) Pt d
FPCTW ME; Pt d h 1
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H ME;» =20 min 95 Nnm ME,, =80 min 174nm 7= 100 min
d MEz; =100 min 296 nm MEss 1=160
min 1200nm MEA1 PIME(T_2) d ME; 3-2
STM PIME(T_ 1) 33
33 PIME(T_1) Pt Pt
ME;, MEy MEo STM Pt 2nm
4nm r
Arvia 613
- 14
32 33 STM PME(T_2)
FPCTW PIME
2nm 4nm
Pt T PIME Pt
Pt
Pt
STM 9  PMET 9
N L
':p;d'Za,j)' (3-)
1Za ST™M @) Zz X Y
512 3-1 262144
Ra
(even plane)
1o,
Rct:_ZZZ|Z(i o | (3-2)
n" ==
Ra |
34  MEAlL 9 PIME(T_2) R. | ME 34
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MEp

PtME(T_Omin) I

Ra

15.8nm 4.4 nm ME;;
T Ry I_
MEz, | R 43nm  12nm MEp
STM 20min  FPCTW PtME
Pt ME;, Pt
ME;, | 43nm 27 FPCTW
PtME 20 min | R, r FPCTW
PtME 160 min | R 861 nm 330 nm  MEg | R,
28 72 PtME(T_160min)
8§ 3-1-3 SEM
STM
SEM 15
STM SEM 3-5a  SEM
PIME(T_ 1) SEM 5x 10° 3-5b
SEM STM 600 nm x 600 nm SEM STM
PIME(T_7) Pt r
SEM PIME(T_7) r
SEM STM 1 FPCTW PIME(T_2)
2
I PME 3 STM
FPCTW PIME(T_ )
PIME(T_2)

FPCTW
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§ 3-1-4 CV

8§ 3-1-4-1 30.00V-s™ CV
cVv MEA1 9 PIME(T_7)
cv PIME(T_ 1)
cVv 0.1mol-L™H,S0, 0.00V~1.58V 30.00V-st
MEA1 9 PME(T_D cv 36 MEA1 9
PIME(T_ 1) 30.00V-s* cVv 30.00V s*
PIME(T_ 1) cv cv
0.05v-st 0.10Vs! Pt
Pt Oming 1< 100 min
cv r PIME(T_ 1)
100 min< 1< 160 min ME;~MEzx 4 cv PIME(T_?)
T 100 min T
cv PIME(T_ 1)
PtME(T_0 min) Pt cv
Q4 16 MEA1 PIME(T_ 1)
R
R = Qu(ME) _
Q, (native PtME)
MEy PtME(T_Omin) Q4
33 FPCTW 1= 100 min PIME(T_ 1)
R 254 36 Oming 1< 100 min T PGPS
NGPS
PIME(T_ 1) cv T FPCTW
PIME(T_ 1)
PIME(T_17) 0 min< 1< 100 min r 1= 100 min

FPCTW
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§ 3-1-4-2 0.10 V.s* CV
37a b MEA1 9 PIME(T_ ) 0.10V-s* cv
3-7a ME;;~ME;; CV 3-7b
MEz;~MEzs cv
PIME(T_2) Pt cv 0.09 V
0.25V Pt
PGPS PME(T 17 0.79 V Pt
NGPS 0.95V PGPS
3-7a T cv ME;; MEy
1< 100 min PIME T 3-7b
MEz3~ME3z; cv FPCTW 100 min PIME
T
cv 0.09 Vv Pt 110
111 120 025V 100
17-19,21 3-7a cVv
r 0.25V 0.09V 3-2
T
Table.3-2 List of the current value of H adtom obtained from cyclic voltammograms of PtME(T_7).
r/ min 0 20 40 60 80 100
I /pA 23.3 21.1 30.1 39.9 4.7 447
I /pA 16.9 195 29.3 38.4 434 43.5
I /1 0.72 0.92 0.97 0.96 0.971 0.973
Arvia 3 (  05KHz<f<5KHz) Pt
Pt 0.42
V~1.08 V Vv.s.SCE 10000 V st Pt
12h cv Pt 111 111
0.02V ~1.32V vs.SCE 14000V s* Pt 12h
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cv Pt(100) 100 101214

cVv
010v-s! cVv
Arvia Arvia
FPCTW Pt FPCTW  Arvia
PtME FPCTW
FPCTW PtME Arvia
22

33 cv PIME(T_?) Qi R ST™

| R d h r R MEAL 9 ME; 3-7c
3-7c R 1 R MEy~MEzs
MEz3,MEz,MEs2,MEz3 2.26
FPCSW PtME 2.26
SWORC Pt 6
010Vs' cv Pt 1.6V SWORC
24V VsSSCE Pt PtME
Pt
! SWORC Pt
50 200 SWORC
§ 3-3 37c R ME; FPCTW
FPCTW
ST™ R, CV R T
Ra T R

FPCTW
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Table. 3-3 List of CV and STM parameters of PtIME(T_7) with 7 (0 min< 1< 160 min).

ME; MEn ME, ME;s MExn MEx MEx MEsx MEx MEg
7/ min 0 20 40 60 80 100 120 140 160
d /nm 95 118 136 174 296 472 683 1200
h /nm 54 194 471 1207 1577 178 2443 350 400
| I nm 158 43 89 157 204 315 390 519 860
R/ nm 44 119 212 509 647 1056 1566 1821 300.2
Qu/nC 176 234 291 345 378 388 391 395 397
R 100 134 165 196 214 221 222 225 226
§ 3-1-4-3 CO PtME(T_7) cV
38 CO MEAL 9 PME(T_7) cv PGPS
CO COy  MEy PME(T_Omin) 0.862V
1.34 pA NGPS cv
0.69 V PGPS
COxy 9 PIME(T_ D cv T
(1) COx Eonset 3-8
(2) COx Ep
(3) COu Ip 3-8
3-4 COy 9 PIME(T_D) Eost Ep Ip
COx Q.. r Q. MEy~MExs
MEzs~MEss Q:XOI r 34 Qn
PME FPCTW
3-8 CV NGPS r
MEAL 9 PME(T_?) 3.14 x 10*cm? FPCTW
9  PME(T_?) R’ ij R’
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Q5 (Ey)

R= Q<2 (native PtME)
34 KR T 3-3 R
R 2.26

(3-4)

3-4 R’ 2.66

Table. 3-4 List of CV parameters of PIME(T _ 7) towards CO4 oxidation (0 min< 1< 160 min).

ME; MEy MEp MEiz MEx MEx MEx; MEyz MEs  MEsg
Eonset/ V 0.854 0839 0834 0833 0.830 0828 0827 0827 0.827
E,/V 0862 0876 0.880 0883 0.885 0887 0.887 0.889 0.891
Ip/ pA 134 139 166 181 257 283 3 33 335
Q:j/ nC 308 323 469 613 791 814 816 818 820
R’ 100 105 152 199 257 264 265 266 266
cV COxn PIME(T_D)
R R STM
Ra T STM Ra
cv R R
8§ 3-1-5 PEME(T 1)
co 0.1mol-L™ H,S0, in situ SMFTIRS
MEA1 9 PtME(T_ 1) PtME(T_2)
CO  0.1mol-L™H,S0,
0.00V~0.25V 010Vv-s! CO CO
0.00V MEA1
PtME(T_ 1) SNIFTIRS
MSFTIRS
§ 3-1-5-1 SNIFTIRS
3-8 (0.00V ~0.30V) CO
SNIFTIRS E. E 0.00V  0.25V co
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PtME(T_7) MEAL 9 PME(T_? COy E1 E
SNIFTIRS MEA1 PC-MEA1
COxy 9 PIME(T_17)
SNIFTIRS
39 co MEA1 9 ME; SNIFTIRS
2070 cm™ CO PME(T_D CO. §2-6-2 COux
PIME ~ SNIFTIR E. B
COy 39 co MEy
PtME(T_Omin) SNIFTIR
COux §2-6-2
co PtME Pt
9 PME(T_? SNIFTIR T COux
1 MEy
2 PtME FPCTW COq Aco
T MEx
PIME 23
3 COyg MEp ME;y MEy MEy COux
PtME
AIREs GC
AIREs
MSFTIRS
SNIFTIRS FPCTW PtME CO, PtME
1 CO FPCTW
Stark COL
2 CO FPCTW
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PtIME Stark = E,

PtME
CO, CO,
CO.
E. B co
SNIFTIRS
MEA1 9 PtME(T_ 1)
8 3-1-5-2 MSFTIRS
SNIFTIRS CO E B
SNIFTIRS COu
Er COuy COux Es
Es COq MSFTIRS co
MSFTIRS MEAL 9 PME(T_2)
MEA1
0.1mol-L ™ H,S0, 0.00V~0.25V PC-MEA1
MEA1
ME; IRD-ME; PC-ME;

Es Es R(Eg)
100V CO CO, 100V Er
R(EY) R(Er) 2-3 IRD-ME; COu Es
MEA1

0.1mol -L ™ H,S0, PC-MEA1 cv
IRD-ME;
PC-ME; ME; MSFTIR
7 MSFTIR
MEA1 9  PME(T_9) COxu
MSFTIRS COu Es Er

CO, R(Es) R(ER) COu
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CO.

§ 2-6-2

CO

COL

MSFTIRS

MSFTIRS

2-3

9 PMET_7

R(Er)

MSFTIR

CO

MSFTIRS

COy

CO

CO

CO
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MSFTIR COq Es COx
3-10a~i co MEA1 9 PtME(T_1) MSFTIR
3-10a MEy PtME(T_Omin) MSFTIR 2070 cm*
COL
CcoL Stark 30.4cm™ Vv* 0.00V
0.40V COL COL
2 Co Pt MSFTIR
3-10f MEos PtME(T_100min) MSFTIR COq
2080 cm™ 1890 cm™* 2080 cm™*
COL 1890 cm* CO COg
MEn CO. MSFTIR
CO. MEgy Stark 185cm™*Vv? PtME(T_Omin) 304 cm™
v? COx  MEys CO.
MEz PtME(T_Omin) COg
Pt FPCTW
MEz COg PtME(T_?)
co COq
Pt/GC AIREs 24
FPCTW 100 min  PtME AIREs 310 9 MSFTIR coL
MEs MEs, MEgs MEz FPCTW = 100 min
PtME(T_ 1) AIREs
310c  CO ME3 MSFTIR COoL
PtME(T_40min) 2079 cm™*
2067 cm* PtME(T_Omin) CO,
2070 cm™® Aco PtME(T_Omin)
§2-2-2 MSFTIRS co Er MSFTIR
COq PtME(T_40min)
MSFTIR coL
COq
STM PtME(T_40min)
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PtME(T_40min)

100V COx
30min  R(Egr)
MSFTIR
Er
CO

CO.
PtME(T_40min)
PtME(T_40min)

CO.

Watanabe = S

ATR-IR CO

Rano Resonance Effects %

27
28,29

30 31 32

Watanabe

Fano

Fano-like spectral feature

310 9

PtME(T_40min)

MSFTIR

Fano

80

CO. MSFTIRS Er
MSFTIRS Er 5 min 10 min
R(Er) 2-3 Er
CO, CO,
PtME(T_40min) COL
MSFTIR Es CO_
PtME(T_40min) SNIFTIR
CO
AIREs Aco
AIREs
PtME(T_40min) AIREs
nm Pt
COgy
Fano-like resonance 1961 Fano
Fano
FR
27
Fano
Watanabe
CO.
Fano CO.
CO,
asymmetric line shape Fano

ME;
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MEy  MEp CO. PtME(T_40min) CO,
Stark 26.8cmtv? PtME(T_40min) Stark
PtME(T_Omin) AIREs  PtME(T_100min) Stark
35 MEA1 9 PIME(T_ 1) CO. Sark
35 311 CO. CO.
r CO. PME(T_D Stark
MEy PtME(T_Omin) Stark 304cm*v? 3 r
ME MExn ME,, MEg;
Stark Stark PIME(T 1)
T
Table3-5 List of Stark tuning rate of CO_ IR band recorded on PPIME(T_7) (0 min< 1< 160 min).
ME; ME;; MEp MEsz MEy MExn MEys ME; MEx MEs;
Stark(t )/ emtv? 206 269 239 198 185 169 138 108
Stark(t ) /emtv 304 294 268 235
1 l
Es=0.20 V MSFTIR 3-12
CO. MEA1 PtME(T_7) MSFTIRS CO.
T
1 COL =0 min COL PtME(T_Omin)
r CcoL PtME(T_20min) PtME(T_40min) PtME(T_60min)
PtME(T_80min) Fano T COL
PtME(T_100min) PtME(T_Omin)
CO. AIREs CO.
r FPCTW Pt r
Fano PtIME(T_20min) PtME(T_40min) PtME(T_60min)
PtME(T_80min) AIREs
2 CO,

COL
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CO PtME(T_ 7)(20 min< 1< 140 min)

=160 min PtME(T_160min)

CO. Veo 313 CO. wo MEA1 ME;;
COL Vco T
Vco PtME(T_Omin)  PtME(T_100min)
Voo T PtME(T_100min) d 29%nm h 178nm
2081 cm* Voo PtME(T_100min)~ PtME(T_160min) r
PtME(T_160min) d 1200nm h 400 nm Veo
2070.5 cm™ PtME(T_Omin) 2071 cm™
CO. FWHM FPCTW PIME CO. FWHM
PIME(T_Omin) FWHM  CO_ FWHM
PtME(T_100min) 34.2cm? PtME(T_Omin) 132cm* 3
FWHM T 1=160min  FWHM  17.9cm* PtME(T_Omin)
47 cm* FWHM
FPCTW PIME(T_1) CO
COx PtME(T_100min)
CO. Aco 312 FPCTW PIME CO,
Aco PtME(T_Omin) T
CO. Ar
MSFTIRS CO, i
co i co
i
i § 3-1-4-2
cv R 33 R
PtIME(T_7)(20 ming 1< 160 min) FPCTW PtME(T_Omin)
R co
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VAL
ME,
4, =~ g oME) (3:5)
R Ay (native PtME)
3-14 Adr ME; Ar ME, MEx
MEss 4.2 3-6 r PtME(T_7) CcOL

Table.3-6 List of IR characters of CO_ bands obtained from Fig.3-12.

ME;; MEj; ME;, ME;3 ME;; ME,, ME,;s ME;; MEs, MEzs

2067.4! 2066.8! 2066.4! 2066.4!
Veo! cm™ 20711 2081.11 20781 207451 2070.51
2076.41 2078.71 2080.21 2080.81

Aveo/ cmt 9 11.9 13.8 14.4
FWHM/ cm™ 13.2 - - - 34.2 226 19.8 17.9
Ao (ME;;)
—_— 1.00 4.20 6.15 10.66 14.13 14.90 14.13 12.26 9.56
Ao (native PME)
AR 1.00 3.13 3.73 5.42 6.59 6.73 6.37 5.46 4.23
1 !

§ 3-1-6 PtME(T_2)

Gutierrez 3 Ir/GC 2047 cmt
co Ir/GC

AIREs COy GC

AIREs Pt
PIME FPCTW AIREs
AIREs
FPCTW PtME(T_7)
Fano AIREs
STM PIME(T_9) | Ra
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Pt

= 100 min

PtME(T_100min)

R. Pt d h

d h r Ccv
R CO
R’ COx  PtME(T_100min)
Vco FWHM Aco
Ar COn PIME(T_ D)
FPCTW

PtME(T_100min)

315nm 105n$m 296 nm 178 nm

COxn PIME(T_20min) PtME(T_40min) PtME(T_60min)

120.7 nm)

PtME(T_80min)

296 nm~1200 nm

§ 3-1-7

312

MFTIRS

=80 min

AIREs Fano
Pt (H ,E) (95 nm, 19.4 nm) (118 nm, 47.1 nm) (136 nm,
Pt d,h 176 nm, 157.7 nm co
AIRES r d d
COxui AIRES

PIME(T_7) Fano

PtIME(T_7)(0 ming 1< 60 min) Fano

PtME(T_7) Fano

0 min<g 1< 60 min 9 MEA1
PtME(T_7)(0 ming t< 60 min) CcoO insitu
3-7 T 9 ME; insitu MFTIRS

PIME(T_7)  MSFTIRS 3-15

Table.3-7 ME;; subjected to FPCTW treatment for different 7 (0 min< t< 60 min).

ME;; ME;, MEizs MExn MEx MEy MEgz; MEs; MEss
7/ min 20 30 34 36 40 46 50 60
MSFTIR FPCTW PIME 2070 cm™*



Pt

CO. PME(T_D

ME; Stark
PtME(T_50min) 3-16 CO.
PtME(T_50min) Stark 25cm*v?
COgy
Fano
Stark PtME
FPCTW
CO CO
MSFTIR
COL PtME(T_0min) Stark
Stark CO,
CO, Stark
3-15 CO,
PIME(T_ 1) STM
FPCTW PtME
PIME(T_17)
CO CO,
FPCTW PtIME(T_17) 20 ming 1< 60 min
CO
Es=0.20 V 3-17 CO. MEA1 9
PPIME(T_7) Omin< 1< 60 min COL
T CO.
1 Aco

85



Pt

§ 3-2 MEA2

Pt
FPCTW
Pt
Fano AIREs
MEA2 MEA2
Pt 2-8 2-1 MEA2
Pt o) 100 200 500 um ® 500 pm Pt PtRh
Ptir co FPCTW
COx MEA2
§ 3-2-1
35
% FPCTW MEA2 AIREs
MEA2
MEA2
MSFTIR Co,
MEA2 PC-MEA2 FPCTW MEA2
80 min CO insitu MFTIRS MEA2
® 3-18 a~d PtME(T_80min) & 200 pum

PtME(T_80min) & 500 um
MSFTIRS
318 b c d
MSFTIR CO,
® 500um

® 200 ym PME

PtRAME(T_80min) & 500 um PtIrME(T_80min) & 500 um

CO.

a CO.

FPCTW

20ming 1< 60mMin
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Fano

80 min
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Pt

COu 318 4 MSFTIR

COqy PtRhAME (T_80min) & 500 um >PtIrME (T_80min) &
500 um >PtME(T_80min) & 500 pm >PtME(T_80min) & 200 pm Pt (6(0)
Pt MEA2 MSFTIRS
insitu MFTIRS
3-18a d COqy 3-8

Table.3-8 List of the onset potential of CO, oxidation obtained from MSFTIR spectra of microelectrodes

on MEAZ2 subjected to the treatment of FPCTW with 80 min.

Pt Pt PtRh Ptir
@ (um) 500 200 500 500
atoms (% : %) pure pure 91 91
Eonet/ V 0.50 0.55 0.35 0.45
in situ MFTIRS
§ 3-2-2
in situ MFTIRS
COn MEA2
PtME(T_80min) & 500 um SPAFTIR

insitu MFTIRS
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3-19 co PtME(T_80min) @ 500 um SPAFTIR
ab c SPAFTIRS
4000 3100cm® v-OH 2400 2200cm® v-CO, 2090 2040cm? v-CO.

1700~1400 cm™*  &-OH v-OH v-CO, &-OH

3-19 SPAFTIR
insitu MFTIR

3100 cm?* 2400 cm® 2200 cm® 1700 cm? 1400 cm™~900 cm?

8 3-3 PME(S_1)
Arvia 37
SWORC
cVv 2.4V v.s. SCE
SWORC 400 ¥ otto
8 SERS SERS
AIREs
in stiu MFTIRS SWORC PtME(S_7)
FPCTW
8§ 3-3-1 PEME(S_ 1)
SWORC PIME(S 1) %
PIME 5 1 03 005um Al,05 0.1 mol-L™H,S0,
0.00V~1.58V 0.10V-st
267V 007V 0.5mol-LH,S0, 1.5KHz

PtME Imin  2min
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0.1 mol-L™*H,S0, 0.10V-s* 0.00 V~0.50 V
Pt cV
PIME(S_1min) PtME(S_2min)
0.00V~158V  PtME(S 1min) PtME(S _2min) cv
Pt
SWORC PtME SWORC PIME
3-20
§ 3-3-2 PtME(S_1min) PEME(S_2min)
321 SPAFTIRS  MSFTIRS co
PIME(S_1min)  PtME(S_2min) PtIME(S 2min)  SPAFTIR
2076 cm™ CO. PtME(S_2min)
PIME(S_1min) SPAFTIR CO. 2067 cm™ CO.
COxq SPAFTIR
MSFTIR COux
Fano PtIME(S_1min)  PtME(S_2min) CO,
SPAFTIR MSFTIR COux
MSFTIR 321c d
Fano SPAFTIR  SNIFTR MSFTIR
SPAFTIRS COux
Fano
SPAFTIRS MSFTIRS
MSFTIRS
AIREs  Fano SPAFTIRS
39 COux SPAFTIR SNIFTR MSFTIRS
3-10 PIME(S 1min)  PtME(S_2min)
PtME(T_Omin) CO,
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Table.3-9 The correspondence of the shape of COy IR bands observed in SPAFTIR (or SNIFTR) and in

MSFTIR spectra.

Transition state of
State Normal IR absorption Abnormal IR absorption
abnormal IR absorption

SNIFTIRS _VA_ _PVL ‘AV’

bipolar monopol ar
'P bipolar
~ na S
MSFTIRS
monopolar bipolar monopolar

Table.3-10 Comparison of CO_ IR features recorded on PIME(S_1min), PPIME(S_2min) and PIME(T_Omin).

PtME(T_Omin) PtME(S_1min) PtME(S_2min)

veo(t )/ cmt 2073 2073
Veo(! )/ cm® 2071 2050 2038
Aveol cm® 23 35
Aol AL 1.0 14.1 110.4
Qu/nC 176 3185.6 4030.4
R 1.0 18.1 22.9
AR 1.0 0.8 48
3-10 COL PIME(S _1min) PtME(S_2min)
AVeo 23cm®  35cm? Aueo T 36 PtME(T_20min)
PtME(T_40min)  PtME(T_60min) 9 12 14 cm? SWORC FPCTW
Fano
Tian ! AFM Pt SWORC
R=50 PtIME(S_2min)
Pt 100 nm~250 nm 10 nm~30 nm R=330
R=132 Pt 200 nm~400 nm

30 nm~80 nm SWORC FPCTW Pt
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100 nm~400 nm PtME(S_1min) PtME(S_2min)

PtME(T_60min) PtME(T_80min) (6(0)
Fano
Fano AIREs
CO4 Fano
AIREs Pt
Fano 95 Nnm~296 nm Pt
PtIME(S_1min)  PtME(T_60min) FPCTW Pt
150 nm~250 nm SWORC 100 nm~250 nm
Avco Avco 3-6 3-10
35 PtME(S_1min) AR 0.8 1

PIME(S 1min) CO_

500 PIME(S_17) FPCSW Pt
SWORC 267V
Pt % Pt
Pt CO SWORC
Aco 3-5 AR
Pt PtME(S_1min) PtME(S_2min)
AR 16 96 CO PtME(S_1min)
SWORC PIME(S _1min) PtME(S_2min)
Fano FPCTW PtME(T_7)
Pt co PtME(S_7)

PIME(T_17)
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FPCTW PtME MEA1 9 PIME(T_7) 0 min< T
< 160 min CV STM  insitu MFTIRS
PIME(T 1)
1 ¢V PIME(T_7) R T
CO 0.1M HySO, cv R 1 R
2 STM  SEM T PIME
Il R d h r d r
PIME(T_ 1) Pt
2nm~4nm Pt
3 SNIFITRS 20 ming < 80 min COgy
MSFTIRS SNIFTIRS
Pt Fano Fano
AIREs
4 MSFTIRS FPCTW PIME(T_17)
T ( ) CO Stark ( )Co.
( ) Vo )
CO. FWHM  Aco PtME(T_100min)
() cv R PIME(T_7)
PtME(T_100min) Ar () SNIFTIRS MSFTIRS
COx
5 Fano PtIME(T_ 1) 0 ming < 60 min

CO.

()
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PFCTW MEA2

SWORC

PtME(S_1min) PtME(S_2min) CO_ Fano FPCTW  SWORC
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Fig.3-1 2-dimensiona structures (a) and 3-dimensiona structures (b) of
PtIME(T_7) with different 7 (t=0,20,40,60,80,100,120,140,160min)
recorded by STM.

Scan size: 4um x4um; I = 0.200nA, V, = 0.150V.
(c) Height measurement of metal islands in nanostructured films.
PtME(T_40min) is taken as example for such measurement.
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Fig.3-2 Variation of average size (E) of nanometer-scale islands on
PtME(T _7) with different 7 (1=20,40,60,80,100,120,140,160min).
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Fig.3-3 Fine surface structures of STM images recorded on
PtIME(T_7) with differentr.
MEj2: PPIME(T_20min); ME,;: PPIME(T_60min);
ME,: PPIME(T_80min);
[t =0.200nA, V;, = 0.150V
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Fig.3-4 Variation of average thickness (|_) and relative roughness

average (R, obtained from STM images of PtME(T_17) with
different 7. (1 20, 40, 60, 80, 100, 120, 140, 160min)
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The surface structures of PIME(T_7) with different 7 (t = 0,20,60,80,120min).

(a). SEM pictures (5000% ); (b) STM images (ME;1~ME;,: 600nm x 600nm;
ME31:2400nm x 3000nm; I; = 0.200nA, V,, = 0.150V)
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Under 0.IM H,S0; solution with 30.00V-s* scan rate
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Fig.3-7 Cyclic voltammograms of PtIME(T_7) on the MEA1 with differentr.
Under 0.1M H,S0, solution with 0.10V -s* scan rate conditions.
a) MEy to ME (T = 0,20,40,60,80,100min);
b) MEx to MEss (T = 100,120,140,160min);
c) Variation of surface roughness R; with ME;;.
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Fig.3-8 Cyclic voltammograms of CO adsorption and oxidation of PtME(T_7)
with different 7 (t = 0,20,40,60,80,100,120,140,160min)..
Under 0.1M H,S0, solution saturated with CO, 0.05V-s* scan rate
conditions.
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Fig.3-9 Comparison of IR spectra of CO adsorbed on PtIME(T_7)
of the MEA1 studied by SNIFTIRS.
ME; were treated by FPCTW for differentr (t = O, 20, 40,
60, 80, 100, 120, 140, 160min);
E;=0.00V, E»=0.25V; 0.1M H,SO, solution (saturated with
CO); ME;; and r are annotated beside each spectrum.

106



L0T

ME11

0.4v

2.0x107°

—

0.3V

1.0x107
2.0x107°
— |

0.2v

—p|

0.1v

AR/ R
AR/ R

o
2

T ]
2100 2000

v/cm?

2200

ME1,

W\/\’\/MM

0.3V
0.2V
0.1V
0.0v
| | |
2100 2000
v/cm?
b

AR /R

ME 13

0.4v

0.3V

0.2v

0.1v

0.0v

| |
2100 2000
v/icm?

d



80T

= 1.0x107%

AR /R

ME>;

0.5v

~f“‘-“-//\v//~,,\,\:ff§\/\»
0.2v
0.1v
0.0v
' 2150 2050 1950 |
v/icm™

= 1.0x102

AR/ R

g 05V

0.2

A N

'; Y

", 0.1V

" \{0)

f T T T T T
2150 2050 1950

vicm?

e

0.40v

0.30v

0.20v

AR /R

0.10v

0.00v

JL,\
b —

2100 2000 1900
v/icm?

d



60T

M E31 M E32 M E33
o 3 ' ™ 0.3V
o o o
S o o
— co] 0 0.2V
T 0.2v I 0.2V Il
x o o
— = 0.1V
0.0V 0.0V 0.0V
T T T T T T 1 r T T T T T 1 r T T T T T 1
2150 2050 1950 2150 2050 1950 2150 2050 1950
v/icm? v/icm? v/icm?
g h i

Fig.3-10 IR adsorption of CO, on PEIME(T_7) of the MEA1 studied by MSFTIRS.
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Er=1.00V; 0.1M H>SO, solution (saturated with CO); Es, ME;; and 7 are annotated beside each spectrum.
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Fig.3-11 Variation of Stark effects of CO_. IR bands
recorded on PtME(T _7) of MEA L.
ME;; were treated by FPCTW for different 7 (1 =
0, 20, 40, 60, 80, 100, 120, 140, 160min).
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120, 140, 160min); Eg=1.00V, Es=0.20V; 0.1M H,SO, solution (saturated
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Fig.3-14 Variation of IR enhancement factor (4g) of CO. band obtained
from MSFTIR spectra of PIME(T_7) of the MEA1 versus ME;;.
AR is calculated by the Equation 3-5.
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Fig.3-15 IR adsorption of CO adsorbed on PtIME(T_7) of the MEA1 studied

by MSFTIRS.

ME;; were treated by FPCTW for differentr (t = 34, 36, 46, 50min);
Er=1.00V; 0.1M H,SO, solution (saturated with CO); ME; and Es
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Fig.3-17 Comparison of IR spectra of CO adsorbed on PtME(T _7) of
the MEA1 studied by using MSFTIRS.
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Fig.3-21 IR spectra of CO adsorbed on PtME(S 7) studied by
SPAFTIRS and MSFTIRS.
PIME(S_7) were prepared by using the treatment of
SWORC;
a)t=2min; b) t=1min (SPAFTIRS: E;=0.00V, E,=0.25V)
c)t=2min; d) t=1min (MSFTIRS: Es=0.00V, Er=1.00V)
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AIREs AIREs
Sun 1996 ! Pt Pt/GC AIREs
GC Pd® Ru® Rh* Ni°
67 GC Ir  Os AIREs
co
1 2 3
AIREs
GC
AIREs GC !
PFCTW Pt Pt
AIREs AIREs
CV GC
8
Pt/Pt AIREs
AIREs AIREs
MEA1 cVv 9
Pt(n)/PtME n co insitu MFTIRS
9 Pt(n)/PtME
STM Pt(n)/PtME Pt
pt* Fano
Pt

§ 4-1 Pt(n)/PME

Ccv
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MEAL Pt(s7)/PtME

Pt(n)/PtME
2x10°mol L* Pt  0.1M 060V 000V
n Pt
MEA1 ME; MEA1
9 Pt(n)/PtME
MEA1 51 03 005um Al,O; 0.1 mol-L™H,S0,
0.00V~1.58V 0.10V-st
MEA1 PC-MEA1 0.05 v.s'
10
MExp 20
ME, MEgs......MEs, ) n=10
30 50 70 90 110 130 150 170 9 Pt(n)/PtIME
MEA1 0.1 mol-L™*H,S0, 0.10V-s* 0.00V~1.58V
9 Pt(n)/PtIME cVv
MEA1 ME; n 4-1

Table. 4-1 ME;; on the MEA1 subjected to electrodeposition of Pt* under cyclic voltammetric conditions

for different n (10< n< 170) between 0.00V and 0.60V.

ME; MEy MEp ME;z MEn MEx MExs ME; MEp  MEss
n 10 30 50 70 90 110 130 150 170
8 4-2 CV
41 9 MEA1 Pt(n)/PtME (10 n< 170) 0.1
mol-L *H,S0, 0.10 V-s!
PtIME 4-1
Pt(n)/PtME cv (0.00V~0.40 V)

(0.40 V~1.30 V)

009V 025V Pt
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MEAL

Pt(s7)/PtME

PA(n)/PtME

9  PYn)/PIME

Ccv Cv

R 4-2

3.14x 10 cm? cVv
R °R 33 PtME

MEA1 Pt(n)/PtME

Table4-2 Listof Q,(ME;) and R measured from CVsof Pi(n)/PtME on the MEA1 (10< n< 170).

ME; MEy MEyp ME;  MExn MEyp MExs  ME;w  MEp  MEg

n 10 30 50 70 90 110 130 150 170
Q,(ME;)/nC 1397 3156 5316 7116 9109 11411 12685 14826 16616

R 7.9 179 302 404 517 64.8 721 84.2 94.4

n Pt(n)/PtME R
n FPCTW
PIME(T_1) R 2.26 Pt(n)/PtM PtME(T_?) R Pt(n)/PtM
SWORC Pt(30)/PtME
Pt(S_1min) R Pt(S 2min) R Pt(30)/PtME  Pt(50)/PtME
cv R Pt 42 MEA1L
PtME(T_ 1) R ME; 10< n< 170
Pt(n)/PtME R n
8 4-3 STM
ST™M Pt(n)/PtME 4-3
MEy ME;z MEy, MEy MEsg; 5 ST™M Pt(n)/PtME
43 a b 5200x 5200
nm? 1320x 1320nm?  STM Pt(n)/PtME
4-3c 1320x 1320nm* STM
cVv Pt(n)/PtME a
Pt(n)/PtME Pt MEy MEgs ST™M
n 10 50 Pt
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Pt(s7)/PtME

b

Q|

nm

Pt Pt n
| n>9 Pt PME
b ¢ Pt
Pt(n)/PtME d 100 nm Pt
Pt d n
Pt d n “ STM
" b Pt(n)/PME 4-4
Pt
Pt(n)/PtIME Pt
Pt 100 nm Pt
20 nm Pt n
cv Pt(n)/PtME n
4-5 Pt(n)/PtME Pt d n n=10
H 82 nm ﬁ 186nm Pt
10< n< 170 n=170 d h 141.8
82.2 nm P(10)/PME  d Pt(n)/PtME d
n 4-3
Table.4-3 List of structural parameters of Pt(n)/PtME measured from STM images.
n 0 10 50 90 130 170
d/nm 82 93.7 108.5 123.2 141.8
h/nm 5.8 18.6 333 40.7 56.2 82.2
1 /nm 15.8 47.8 51.3 58.8 68.3 84.8
R,/ nm 4.4 9.8 15.2 18.9 24.8 26.9
4-6 Pt(170)/PtME ST™M
Pt(n)/PtME Pt Pt Pt 2 nm~4
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MEAL

Pt(s7)/PtME

nm Pt(n)/PtIME Pt
FPCTW Pt PIME(T_7) Pt
Pt(n)/PtME PIME(T_7) Pt 1011
Pt 5 nm Pt
2 nm~4 nm Pt
STM | Ra
31 3-2 Pt(n)/PtME | R
43 47 Pt(n)/PIME R. | ME cv
Pt 4-3 47 PtME
PtME R, | 45nm  15.8nm n
P(n)/PtME | n=10 | R
98nm 47.8nm PtME | R PtME 3 2 n
R, n=170 | R, 848nm  26.9 nm
PtME 6 cv
Pt(n)/PtME
8 4-4 Pt(n)/PtME
PIME(T_2)
PIME(T_2) co
in situ MFTIRS MEAL1 9 P{(n)/PtME
MEAL1  P(n)/PIME 0.00V~0.25V 0.10V st
co 0.00V
SPAFTIRS MSFTIRS
8§ 4-4-1 SPAFTIRS
§2-6-2 co JE
SIN  SPAFTIR SPAFTIRS
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Pt(s7)/PtME

E; 0.00V

E, 040V 040V cv Pt(n)/PtME
MSFTIRS 0.40 V COxn  Pt(n)/PIME
SPAFTIRS E,
4-8 co MEA1 9 Pt(n)/PtME ~ SPAFTIR
2072 cm* CO. P(n)/PtME 4-8
CO. Pt(n)/PtME Pt(n)/PtME CO.
Pt(n)/PtME Fano
n CO. 4-4 CO,
Pt(170)/PtME Aco Pt(10)/PtME 22
R | R n Pt(n)/PIME COo.
n § 4-4-2 Pt(n)/PtME
4-4 Pt(n)/PtIME CO, Veo
9 Pt(n)/PIME CO. Vo N
Table.4-4 IR features of CO_ band obtained from SPAFTIR spectra of Pt(n)/PtME (10< n< 170).
ME; MEy MEy MEis MExn  MEx MEx; ME;  MEx  MEs
n 10 30 50 70 90 110 130 150 170
Ao / AL 1 1.6 1.8 2.6 4.2 9.6 12.7 20.5 21.7
Veo/ cm?  2065.2 2069.7 2069.7 20734 20752 20737 20701 2073.8 2069.9
8 4-4-2 MSFTIRS
SPAFTIRS CO B &
co MSFTIRS MEA1
9 Pt(n)/PtME
MEA1 9 PME(T_D
Pt(n)/PtME cv CcO
0.00V MEA1 MEA1
ME; PC-ME;;
Es 1.00V CO

CO,
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MEAL Pt(s7)/PtME

Er E(ER) 2-3 ME; MSFTIR
MEA1 co cVv co
ME;; co ME;
MSFTIR
7 PYn)/PtME MSFTIR
Es COy COx
COux
COx
4-9a-i (0/0) MEAL 9 Pt(n)/PtME MSFTIRS
9  Pt(n)/PtME CcOL
Ccv Pt(n)/PtME Fano 4-9a~i
COL lpp n
4-9i co Pt(170)/PtME MSFTIR COL
Inp 8.3x 107 COL
lnp PtME(S_2min) lpp 35x 107
Pt(170)/PtME coL Pt(170)/PtME
in situ MFTIRS co
COx Pt(170)/PtME
co
4-10a Er Es
2074 cm™ CO. 4-10b R(Er) R(E9) Es=0.00V
R(Es)-R(Er) CO
Pt(170)/PtIME Fano
2065 cm™* in situ MFTIRS
co Pt(170)/PtIME
Co
Pt(n)/PtME in situ MFTIRS
4-9i CO.  Pt(170)/PtME
2076 cm* 2055 cm™ PtME
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127

2070 cm™  Pt(170)/PtME COL Stark
4-11 CO.  Pt(170)/PtME Stark
234cm*v? PIME Stark 30cm™*Vv? co
MEA1 Pt(n)/PtME Stark Pt(170)/PtME COL
Stark PtME Stark
45
co Pt(n)/PtME Es=0.20 V MSFTIR
4-12 4-12 COL
45 PIME COL
2070 cm™ 2070 cm™ Co,
n
1 CO. AVeo Ao N
45 MEun  Aueo 30cm? MEy 24 cm™* MEgs
20 cm™ Pt(n)/PtME CO. Aveo
PtME(S_7) PtME(T_7) Pt(n)/PtME
PtME(T_7) PtME(S_7)
Pt AVeco
§ 4-5
2 COo 4-12 coL n
Pt(n)/PtME Fano CO,
Pt(n)/PtME AR 35 R
cVv Pt(n)/PtME Aco(ME;)
MSFTIR COq Ar  ME;
4-13 AR n VAT
ME;; MEyy; AR AR
0.0168 cVv Ru AR
0.0168 MEy; MEy AR 0.9
n Ag MEzz MEss Ar
AR 0.1292 7.7 MEg



MEAL Pt(s7)/PtME

VAT

58 MEz; Ar 3.6 AR

Pt(n)/PtME co,

Table.4-5 List of CO. IR features obtained from MSFTIR spectra of Pt(n)/PIME (10< n< 170).

ME; MExs MEwm, MEs MExn MEx MEs MEsn  MEsp  MEs
n 10 30 50 70 90 110 130 150 170
Sark/cmv?t 191 252 187 187 155 220 232 204 234
veo(t )/cm® 20783 20766 20781 20786 20813 20768 20751 20829 20762
Veo(! )/cm® 20492 2047 20437 20461 2057.8 20512 2054 2060.7 20557
Mveolom™ 291 295 344 325 235 256 211 222 204
Al | AL 104 254 446 660 931 1382 2506 4020 5399
A 13 14 15 16 18 22 36 48 58
1 l
§ 4-5 Pt(/)/PtME
n PH(n)/PtME | R
Pt d h MSFTIRS COu
P(N)/PIME ~ PIME(T_2)
Ar | R d h COu
Fano AIRES COu Ar
| R d h
P(n)/PME ~ PIME(T_2) Pt
Fano I R
d h PIME(T_2) AIRES P(N)/PME ~ PtME(T_3)
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MEAL Pt(s7)/PtME

PY(n)/PtME
PIME(T_2) A | R d h
Pt
P(n)/PME ~ PIME(T_2) co nor
1<100 min  PtME(T_3) 10< n< 170 PYn)/PME
Fano 43 33 d
82 nm~296 nm Ra | Pt(n)/PtME
R 17.1nm PIME(T_1) Ra
201nm | Ra PIME(T_ ) | P(n)/PtME
| R ] |l R d h
Fano Pt E ﬁ CO.
d h d h co,
Pt d h 296 nm 178nm  CO
Ar AR | R d h
CO. g A | R d h
P{(130)/MME  PtME(T_40min)
Fano | R d h
4R
Griffiths 8 Pt/Pt co Pt/Pt
0.072 M 2.6x 10*M Pb(Ac),
60 mA 15 s
Pt CO Pt/Pt

10 mA 3min
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MEAL Pt(s7)/PtME

Pt Pt
COu
Griffiths
Ra COxy
Ra Griffiths
Pt(n)/PtME
n Pt(n)/PtME (10< n< 170)
PIME (8]
8 15s Pt
Pt cv Pt
8 4-6 MSFTIRS R(E)
MSFTIRS Es Er
SIN
Pt(12)/PtME COux
4-14 cO Pt(12)/PIME MSFTIRS
MSFTIR Es Er=1.00V R(Er)"
Es R(Es) 4-14a
CO Egr 10 min R(Er) 2
4-14b 0.00 V R(Er) ® R(Er) °
4-14c 414a b ¢ CO COL Voo Aco
a b Co Pt(12)/PtME
Pt(12)/PtME Fano
CoL COoL b
c 414a b c
Es Eg MSFITR

4-14a b c¢ SN SN
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Pt(s7)/PtME

MSFTIR SN 69 44 30
MSFTIR SN Es
SN MSFTIRS Es
4.9 COqy
R(Es) R(Er)
Es Er
Ipp
in situ MFTIRS
COy Pt
CO, H.O
H,O
R(Es) R(Er)
SN MSFTIRS COqy
R(Er) SN MSFTIR
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Pt(s7)/PtME

< 170

cv MEA1 9 Pt(n)/PME  10< n
Cv STM in situ MFTIRS Ru(n)/PtME
cv Pt(n)/PtME R Pt(n)/PtIME
R n
ST™M Pt(n)/PIME Pt | R d h
n Pt(n)/PtME Pt
2nm~-4nm Pt
SNIFITRS Pt(n)/PtME Fano
n COL ACO
MSFTIRS Pt(n)/PtME Fano n
CO. () Stark ()
Avco ( )Aco C D4r
PY(n)/PME  PIME(T_2) Ar I
R. d h d h
Fano AIREs 6 ﬁ 296 nm 178 nm
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MEAL Pt(s7)/PtME

-167

T T T T T
0.00 0.40 0.80 1.20 1.60
E/V(Pd|H)
Fig.4-1 Cyclic voltammograms of Pt(n)/PME on the MEA1 with
different n(10< n< 170).
Under 0.1M H,S0O, solution with 0.10V s scan rate conditions;
Solid line represent Pt(n)/PtME; dash line represent native PtME.

100+

80 -

60 -

40

20 -

ME11 ME12 ME13 ME2IME 1, ME 23 ME31ME3,ME33

Fig.4-2 Variation of R, obtained from H region area in Cyclic
voltammograms of Pt(n)/MME on the MEA1l with
different n(10< n< 170).
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Fig.4-3 The pattern of STM images of Pt(n)/PtME with progressive structures on the MEAL for different
n (n=10,50,90,130,170).
STM 2-dimensional surface structures with scan size: a) 5.2um x5.2um; b) 1.32um x1.32um;
STM 3-dimensional surface structures with scan size ¢) 1.32um x1.32um;
l; = 0.200nA, V, = 0.150V;
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Fig.4-4 Distribution of sizes of Pt nanometer-scale islands measured from STM
images of Pt(n)/PtME on the MEA 1 with different n (n=10,50,90,130,170).
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MEAL Pt(s7)/PtME

160
n
m
120 A
m
=
-
c 84 "
| ©
40
0 I T T T T I T T T
ME11 ME1s ME2> ME3z1 MEz3

Fig.4-5 Variation of average size (E) of Pt nanometer-scale islands measured
from STM images of Pt(n)/PMEt on the MEA1 with ME;;.
Pt(n)/MME were prepared by using Cyclic Voltammetric
electrodeposition for different n (n=10,50,90,130,170).
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Fig.4-6 Fine structures of STM images of Pt(170)/PtME fulfilled by
progressively deducing the scanning size.
Size: 1200x 1200nm?% 600x 600nm% 300x 300nm? 150 x
150nm? 80x 80nm?; 50x 50nm?; 25x 17nm?.
I = 0.200nA, V;, = 0.150V
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MEAL PE(/7)/PLME

100

607

| and R/ nm
5
N
N

20

0 i

T T T T T T

PtME MEnn MEiz MEz MEs;

Fig.4-7 Variation of average thickness (|_) and roughness average
(Ry) obtained from STM images recorded on Pt(n)/PtME of
MEA1 with M Ei;.

For the sake of comparison, the STM data of a native PtIME
isalso displayed in the same figure.
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~— ME11(n=10)

—~— e ME12(n=30)

\Vams M E13(n=50)

— \/ T MEx(n=T0)
M E22(n=90)

J
|

M E23(n=110)

4.0x1072

|

M Ez1(n=130)

M Es2(n=150)

L

|

M Es3(n=170)

! | !

2100 2000 1900
v/cm?

Fig.4-8 Comparison of IR spectra of CO adsorbed on Pt(n)/PtME of
the MEAL1 studied by SPAFTIRS.
E;=0.00V, E»=0.40V; 0.1IM H,SO, solution (saturated with
CO); ME; and n are annotated beside each spectrum.
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0.7V
| 0.6V 0.4V
0.4V \ |
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o o 0.3V
0.3V = ST =
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Fig.4-9 IR adsorption of CO adsorbed on Pt(n)/PtME of the MEA1 studied by MSFTIRS.
Er=1.00V; 0.1M H,S0O, solution (saturated with CO); Es, ME;; are annotated beside each spectrum.
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MEAL Pt(s7)/PtME

= S

2\\\ "
A
A

™~~~
e .

e

Es= 0.00V

A
é§
4

0.50v Er=1.00V (a)

2200 2100 2000 1900 1800
v/cm?

Fig.4-10 In situ single beam spectra recorded on Pt(170)/PtME of the MEA1
under 0.1M H,SO, solution (saturated with CO) conditions.
a) R(Er) and R(Es) with the potential of Er and Es annotated beside
each spectrum;
b) Comparison of R(Eg) (dotted line), R(Es) with Es=0.00V (solid
lined), R(Es)-R(ER) (break line).
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MEAL Pt(s7)/PtME

_ 23.3cm* Vi)
2080

20767
20721
2068+

20641
2060- 23.6cmtvi()

Vco/ Cm'l

20561
2052+

0.00 0.10 0.20 0.30 0.40
E / V(Pd|H)

Fig.4-11 Variation of center of CO_ IR band (vco) recorded from MSFTIR
spectra of Pt(170)/PtME with the potential.
Solid block (1t ) represent positive-going peak of CO_ IR
absorption; empty block (1 ) represent negative-going peak of
CO. IR absorption.
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- M Eu(n=10)
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Fig.4-12 Comparison of IR spectra of CO adsorbed on
Pt(n)/PtME of the MEA1 studied by MSFTIRS.
Er=1.00V, Es=0.20Vv; 0.1IM H,SO, solution
(saturated with CO); ME; and n are annotated

beside each spectrum.
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AIR

1419

12

104

2 1 1 1 1 1 1 1 1 1 1
ME11 ME12; ME13 ME21 ME12 ME2s ME3; MEs; MEss

Fig.4-13 Variation of IR enhancement factor (4r) of CO. band
obtained from MSFTIR spectra of Pt(n)/PtME on the
MEA1 versus ME;;.
AR is calculated by the Equation 3-5
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MEAL Pt(7)/PtNE
noise
0.50V l
0.40V
0.30V |
0.20V '
0.10V
0.00V
a Fig.4-14 Comparison of MSFTIR
spectra of Pt(12)/PtME with R(ERr)
0.50V recorded at different time and the
(\'CID r potential.
v, A0V Under 0.1M H,SO, solution
Si v (saturated with CO) conditions, Es
1 are annotated beside each spectrum
e Q.20V (. The first R(Er) (Er =1.00V)
E N was collected instantly following
N1 ' R(Es) collection;
0,00V (b).The second R(Er) was collected
b after 10min from the first R(Er)
collection;
0.50V (c).When the potentid was
;v deduced to 0.00V, then the third
040 R(Er) was collected.
0.30V
020
0.10
0.00
c
I ! I ! | 1
2150 2050 1950
viem™
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MEA1 Pt(10)/PtME(T_1)

MEAL PL(10)/PLVE(T 1)

Pt Pt(10)/PtME(T_1)

in situ
MFTIRS Pt(10)/PtME(T_7) COux
Pt Pt(10)/PIME(T_7)  COq
8 5-1 Pt(10)/PtME(T 1)
Pt(10)/PtME(T_7)
FPCTW cv
MEA1 51 03 005um Al,O; 0.1 mol-L™H,S0,
0.00V~1.58V 0.10V-st
§3-1 MEA1 PIME(T_17)
PIME(T_ 1) 2x10°mol LY Pt* 01 M
§4-1 PC-MEA1 10
MEA1 0.1 mol-L™*H,S0, 0.10V-s* 0.00V~1.58V
cV 9 Pt(10)/ PtME(T_7)
MEA1 ME; FPCTW 7(0 min< 1< 160 min) cVv
n=10 Pt(10)/PtIME(T_7) ME; 7 51

Table.5-1 Correspondence of ME;; and Pt(10)/PtME(T_r) with different 7 (0 min< 7< 160 min).

ME;; ME;; ME;, ME;z MEn MEy MEx ME;n ME;p  MEg

7/ min 0 20 40 60 80 100 120 140 160
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MEA1

PY(10)/PIME(T 1)

8 5-2 CV
010V-s* cVv MEA1 9 Pt(10)/PtIME(T _7)
Pt(10)/PtME(T_7) cVv Pt
9  P{(10)/PIME(T_1) 3-3 R
Pt(10)/PtME(T_7) Q| R 52 51 MEAl1 9
R ME; R 1 9 ME; R 1
Re MEw~MEz; MEzz MEs; MEz
MEss 12.5 PtME
12.5 51 R T
PtME(T_7) PtME(T_7)
cv Pt Pt(10)/PtME(T_1)
PIME(T_7)

Table5-2 List of Q and R of Pt(10)/PtME(T_7) on the MEAL (O min< 1< 160 min).

ME; MEy MEyp MEi MExn MExp MExs ME; MEsp MEsg
Q; /nC 1456 1683 1925 2067 2132 2170 2196 2197 2190
R 8.3 96 109 117 121 123 125 125 124
52d MEA1 MEgy Pt(10)/PtME(T_120min) 0.1 mol-L™ H,S0,
0.10V-s*! PIME cVv
52a b ¢ PIME PtME(T_120min)  Pt(10)/PtME
cVv 5-2 4 cv
(0.00 V~0.40 V) (0.40 V~1.30 V)
53 Q R
PtME(T_120min) R 2.2 Pt(10)/PtME(T_120min) R
12.5 PtME(T_120min) 5.6 PtME
cV Pt Pt(10)/PtME(T_Omin) R 7.9
PIME PtME(T_120min) Pt
Pt Pt Pt
5-2 4-2 Pt(10)/PtME(T_120min) R Pt(10)/PtME
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MEA1 Pt(10)/PtME(T_1)

Pt(30)/PtME
Table. 5-3 Comparison of CV characters of Pt(10)/PtME and PtME(T_120min) with native PtME and

Pt(10)/PtME(T_120min).

Electrode PtIME PtME(T_120min) Pt(10)/PtME Pt(10)/ PtME(T_120min)
Q, /nC 176 391 1397 2196
R 1.00 2.22 7.9 125
8 5-3 STM
5-3 Pt(10)/PtME(T_120min) ST™M
abc d 72umx6.4um 4.8umx44um 24umx22um 1.2 pmx1.1
pm ST™M 5-3e 4.8 pm x4.4 pum ST™M
Pt(10)/PtME(T_120min) Pt PtME
CcV Pt(10)/PtIME(T _1)
5-4 Pt(10)/PtME(T_120min) Pt
Pt 100 nm~550 nm PIME(T_17) Pt(n)/PtM
Pt(10)/PtME(T_120min) Pt 100 nm~550 nm
Pt Pt(n)/PtME 10

Pt(10)/PtME(T_120min) PME(T_7) PYn)/PtME ~ STM

Pt(10)/PtME(T_120min)

Pt(10)/PtME(T_120miin) Pt d 248 nm PtME(T_120min)
472 nm PtME(T_100min) 296 nm Pt(10)/PtME 82 nm
cv Pt(10)/PtME(T_120miin)
PUME(T_120min) d PIME Pi(10)/PME d
PIME(T_1) cv Pt
Pt PIME

Pt(10)/PtME(T_120min)
PIME(T_120min) cv Pt

cv
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MEA1 Pt(10)/PtME(T_1)

Pt(10)/PtME(T_120min)

STM Pt(10)/PtME(T_120min) |
Ry 566.9 nm  283.3nm cv PtME(T_120min)
5-3e  Pt{(10)/PtME(T_120min)
PtME(T_120min)

Pt Pt

|l Ry 5-4

Table.5-4 Comparison of STM parameters of some nanostructured films with native PtIME.

d /nm | /nm Ra/nm
Pt(10)/PtME(T_120min) 248 566.9 283.3
PtME(T_100min) 296 315 105.6
PtME(T_120min) 472 390 156.6
PtME(T_140min) 683 519 182.1
Pt(10)/PtME(T_Omin) 82 47.8 9.8
PtME(T_Omin) - 15.8 4.4
8 5-4 Pt(10)/PtME(T D)
in situ MFTIRS co MEA1 9
Pt(10)/PME(T_7) (O min< 1< 160 min) 0.00V~0.25V
0.10V-s* co 0.00V MEA1

SPAFTIRS MSFTIRS

§ 5-4-1 SPAFTIRS

SPAFTIRS E B 000V 040V MSFTIRS
040V  COuy Pt(10)/PtME(T_7)
040V SPAFTIRS E,
5-5 Co MEA1 9 Pt(10)/PtME(T_1) SPAFTIR

2075 cmit P{(10)/PtME(T_7) COoL
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MEA1 PY(10)/PME(T_1)
COL 55 Pt(10)/PtME(T _7) co,
MEy MEp  MEgs CO,
ME;; MEzs SPAFTIR COL
Pt(10)/PIME(T_7) Omin< t< 160 min Fano
9  Pt(10)/PtME(T_7) SPAFTIR r CO.
1 Veo 56 CO. Wwo MEA1 Pt(10)/PtME(T _7)
CO. Vco T
CO, Vco MEuy MEg Vco T
MEis 2077.8cm™  MEp Vco 2056.1cm™ MEgs
Vco MEn 21.7 cm* Veo MEs~MEgz; r
MEzs Veo 2067.6 cm’* r CcoL Veo
ME;3~MEz3 55 CO. Vco ME;;
Table.5-5 IR characters of CO, obtained from SPAFTIR spectra of Pt(10)/PtME(T_7) (Omin< 1< 160min).
ME; MEy  ME;, MEs; MEy  MEy,  MEs  MEy  ME;  MEg
7/ min 0 20 40 60 80 100 120 140 160
20755, 20748, 2069.6. 2070.0, 20682 2067.7.
Veo! cm™ 2065.11 2067.4. 2077.8.
200061 2087.91 208431 208431 2082.81 208251
Aiox 10 (au) 3167 3699 5856 1123 1017 1595 1581 1523 1531
Alp x 10 au) 0.99 2.56 419 4.38 6.6 7.37
Acox 10 Yau.) 3167 3699 585 1222 1273 2014 2019 2183  22.68
Aol A 0088 0251 0262 0277 0433 0481
1 !
2 CO. Aco 5-5 Aco r
Omins t< 40 min  Aco ME11~MEj3 40 mins t< 160 min Aco
MEjs~MEss Aco COL
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MEA1 PY(10/PME(T_1)
Ao ! Ao
MEz Aol A, 0088 T 160 min MEz; Ao’ Aco
0.481 Ao’ Ao r
Pt(10)/PtIME(T_1) AIREs r
8§ 55
8 5-4-2 MSFTIRS
MSFTIRS § 4-4-2 MEA1 9  Ptn)/PtME 5-7ai
co MEA1 9 Pt(10)/PtIME(T_1) MSFTIRS
9 CO.
Pt(10)/PtME(T_7) Fano
58 CO MEz MSFTIR CO.  Pt(10)/PtME(T_60min)
2085 cm'* 2065
cm* 5-9 Pt(10)/PtME(T_60min) CO.
Stark 258cm* v PtME(T_60min) 23.9cm™
v? Stark 309 cm* v*! PIME Stark
7cm* VvVt Co Stark
Pt(10)/PtME(T_60min) co
co
Pt(10)/PtME(T_60min) coL
COL
5-10 co MEz MSFTIR CO.  Pt(10)/PtME(T_120min)
2078 cm™ 2057 cm® 511
Pt(10)/PtME(T_120min) co. Veo
Pt(10)/PtME(T_120min) COL Stark 24.1
em'v?t 372cmtv? PIME 30.0cm* V!
Stark 13cmtv? Pt(10)/PtME(T_60min) 2 5-10

COL CC)L
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MEA1 PY(10)/PME(T_1)
CO PtIME(T _7) ( =40 min, 60
min) Fano Pt(10)/PtME(T_120min) COL
Stark Pt(10)/PtME(T_120min)
Pt(10)/PtME(T_60min) Pt(10)/PtME(T_120min)  CO_ CO
57 MSFTIR
Pt(10)/PtME(T_120min) CO. Pt(10)/PtME(T_1)
(t=80, 100, 140, 160 min)
56 CcO MEA1 9 Pt(10)/PtME(T_1)(0 ming 1<
160 min) Stark 5-6 5-12 CO.
co, Pt(10)/PtME(T_1)
Stark PtME 30.4cm™* Vv Stark
Stark Pt(10)/PtME(T_7)(100 min< 1< 160 min) Stark
Pt(10)/PtME(T_160min ) CO, Stark 449 cm® v?!
CO. Stark T = 100 min CO.
Stark 25cmtv?t  40emtv?t Stark
Pt(10)/PtME(T_1) r
Table.5-6 Variation of Stark tuning rates of CO_ bands recorded on Pt(10)/PtME(T_7) (0 ming 1< 160 min).
ME;; MEyy MEp MEs MExn MEx MExs MEn MEx  MEs
Sark(t )/ecm*v?t 209 283 210 258 198 254 242 255 273
Stark(t )/emtv?t 227 - - 309 352 401 372 444 449
1 l
5-7a~<i Es=0.20V MSFTIR 5-13
COL (0O ming 1< 160 min)
1 COo Vo 514  P{(10)/PtME(T_1) Co,
Veo  ME; PIME  Veo 2070 cm™
COL Vco Vco
Vco T Vco

ME; Pt(10)/PtME(T_40min)  Pt(10)/PtME(T_60min)
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MEA1 PY(10/PME(T_1)
Veo 2086.8cm™  2062.0 cm™ 5-14
= 60 min CO. Vco
2  COo, A Veo 5-7 PIME(T_ 1)
Pt(n)/PtME Pt(10)/PtIME(T_ 1) A Veo A Veo
7 60 min< 1< 160 min
3 CO 5-15 ME; CO.
Ao’ Aco STM Pt(10)/PtME(T_17)
Pt co Pt(10)/PtME(T_1)
Co. Pt Aol Ao
CO. AIREs Fano
5-13 Pt(10)/PtME(T_2) Aol A 0.5
CO.
Aol Ao ME;; Cco.
AIREs CO_ Pt r
Table.5-7 IR characters of CO_ bands recorded on Pt(10)/PtME(T_7)(0 min< 1< 160 min).

ME; MEy MEyp MEs  MEx  MEyp MExs MEx  MEm  MEs
Voo(1)/cm™ 20783 2079.4 2086.8 2083.7 20805 2077.7 2077.6 20749 20749
Voo(t)/cm™  2049.8 20450 2050.8 2061.9 2056.6 20553 2053.6 2049.3 2048.4
Aveo! cm™ 29.5 34.4 36.0 21.8 23.9 22.4 24.0 25.6 26.5

Ao(1) (au) 00081 00092 00137 0037 00661 0114 01177 0.1453 0.1733
Ao(l) (au) 00914 01035 0.1408 03338 0.3835 05234 05142 04847 04736
Aol A 0.0886 0.0889 0.0973 0.1108 0.1724 0.2178 0.2289 0.2998 0.3659
A, (au) 0.0995 0.1127 0.1545 0.3708 0.4496 0.6374 0.6319 0.63  0.6469
Al AT 1309 1483 2033 4879 5916 8387 8315 8290 8512

AR 1.58 1.54 1.86 4.17 4.89 6.82 6.65 6.63 6.86
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MEA1 Pt(10)/PtME(T_1)

4 CO Aco 5-13 COL Pt(10)/PtME(T_1)
Ao T
Pt(10)/PtME(T_1) Co. Pt(10)/PIME(T_ 1)
AR 35 Aco(native PtME) PtME  CO_
Aco(ME;) Pt(10)/PtME(T_1) Co.
Ar  ME; 5-16 AR T
AR ME;,  MEyx AR
ME;; MEg 6.8 57  Pt(10)/PtME(T_n)(0 min< T
< 160 min) CO,

§ 5-5 Pt(10)/PtME(T_7)

§ 4-5 Pt COu Co Pt
d h PIME(T_1) pd h
CO. Fano
AIRES Pt d h 296nm 178 nm 5-4
Pt(10)/PtME(T_120min) d 248 nm 296 nm
CO Pt(10)/PtME(T_120min) Fano
Stark Pt(10)/PtME(T_120min) COL Fano
STM PIME(T 1)
STM Pt 100 nm
Pt(10)/PME(T_7) STM Pt(10)/PtME(T_120min) Pt
100 nm 500 nm Pt(10)/PtME(T_120min) Pt d
296 nm Pt(10)/PtME(T_120min) co, PIME(T_7)
Fano Pt CO.
Pt(10)/PtME(T_7)
PIME(T_7) PY(n)/PtME PIME(S_7)  Pt(10)/PtME(T_2) co.
Pt Pt(n)/PtME

PIME(T_7) Stark
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MEA1

PY(10)/PIME(T 1)

PL(10)/PtME(T_7) PtME(S 1)

Pt

Pt

< 296 nm
CO.

STM

Stark

Pt

Pt(10)/PtME(T_120min)

CO.

Pt

CO.

CO.

100 nm

100 nm~500 nm

CO.

159

Stark
Pt
P[
PtME(S_2min) 100 250 nm
co,
co, co. pt d
co, Pt d=29%nm
Co,
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MEA1 PY(10)/PME(T_1)
FPCTW CV MEA1 Pt(10)/PtME(T_7)(0 mins 1<
160 min) Cv STM in situ MFTIRS
Pt(10)/PtME(T_7)
1 cv Pt(10)/PtME(T_7) PtME(T_7)
Pt(10)/PtME(T_7) R 1 R
2 STM Pt(10)/PtME(T_7) Pt
PtME(T_7) cV Pt PtME
3 SPAFITRS Pt(10)/PtME(T _7) co T
) Veo ( ) Ao )
A\’EO/ALZO
4  MSFTIRS Pt(10)/PtME(T_7) co.
CO. T
5  PY10)/PtME(T_7) PIME(T_7) PME(S 7 Pt(n)/PtME CcoL
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MEA1 Pt(10)/PtME(T_1)

13
12 7 _—

11 ]

o ]
107

ME11 ME12 ME13 ME21ME 1, ME2s ME31ME3,ME33

Fig.5-1 Variation of R; of Pt(10)/PtME(T _7) on the MEA1 with
ME;; (t =0,20,40,60,80,100,120,140,160min).
Under 0.1M H,S0, solution with 0.10V-s* scan rate
conditions.

'3 T T T T T T T T T
0.00 0.40 0.80 1.20 1.60

E / V(Pd|H)
Fig.5-2 Comparison of cyclic voltammograms of a). native
PtME; b). PtME(T_120min); c¢). Pt(10)/PtME(T_Omin);
d). Pt(10)/PtME(T_120min).
Under 0.1M H,S0, solution with 0.10V-s® scan rate
conditions.
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MEA1 PY(10)/PME(T 1)

(c) (d)
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MEA1 P(10)/PME(T_7)

SCALE X:500 nm Y:500nm Z:500nm

(€)

Fig.5-3 The STM images of Pt(10)/PtME(T_120min) with progressively
deduced scan size. |; = 0.200nA, V,, = 0.150V.
2-dimensional surface structure with scan size of a) 7.2um x6.4um;
b) 4.8um x4.4um; c) 2.4um x2.2um; d) 1.2um x1.1um;
3-dimensional surface structure with scan size of €) 4.8um x4.4um.

BENON N
... °

Frequency (%)
@ R

4-

O_
50 100150200250 300350400450500550600
Diameter (nm)

Fig.5-4 Distribution of sizes of Pt nanometer-scale islands obtained
from STM images of Pt(10)/PtME(T_120min).
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MEA1 Pt(10)/PtME(T_1)

= 2.0x102

AR/ R

1
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1

1

i
A Mednn : M E23(100min)
v . M Es1(120min)

1

1

1

ME11(0min)
E12(20min)

A

MEz13(40min)

ME21(60min

ME22(80min)

M Ez2(140min)

M Es3(160min)

- .
3000 2000
v/cm?

Fig.5-5 Comparison of IR spectra of CO adsorbed on
Pt(10)/PtME(T_1) of the MEA1 studied by SPAFTIRS.
ME; were treated by sequentidl FPCTW and CV
electrodeposition with different 7(Omin< 1< 160min);
E;=0.00V, E»=0.40V; 0.1M H,SO, solution (saturated with
CO); ME; and 7 are annotated beside each spectrum.
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MEA1 Pt(10)/PtME(T_1)

2094 7

2088 n

2082

2064 7

2058

T T T T T T T T T
ME11 MEi;, MEi;z MEz; MEi, MEzz MEs; MEz, MEszs

Fig.5-6 Variation of CO_ band center obtained from SPAFTIR
spectra of Pt(10)/PtME(T_1) of the MEA1 versus ME;;.
Empty blocks represent the negative-going peaks of
CO_ bipolar bands and solid blocks represent the
positive-going peaks of CO, bipolar bands.
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Fig.5-7 IR adsorption of CO4y on Pt(10)/PtME(T _1) of the MEA1 studied by MSFTIRS.
Er=1.00V; 0.1M H»SO4 solution (saturated with CO); Es and ME;; are annotated beside each spectrum.
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Fig.5-8 In situ FTIR spectra of CO on Pt(10)/PtME(T_60min).
Under 0.1mol-L™*H,S0, solution (CO saturated) conditions;
Er=1.00V; Esisindicated in the figure.
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MEA1 Pt(10)/PtME(T_1)

2090 A Lo

] 25.8cm™ V(1)
2085 A
2080 A

2075 -

Veo / cm™

2070 -

2065 - =

30.9cmt Vi)

2060 v 1 v 1 v 1 N 1 v 1
0.00 0.10 0.20 0.30 0.40 0.50

E / V(Pd|H)

Fig.5-9 Variation of center of CO_ IR band (vco) recorded from
MSFTIR spectra of P{(10)/PtIME(T_60min) with the
potential.

Solid block (1t ) represent positive-going peaks of CO_
bipolar bands, empty block (! ) represent negative-going
peaks of CO. bipolar bands.
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Fig.5-10 In situ FTIR spectra of CO on Pt(10)/PtME(T_120min).

Under 0.1mol-L™*H,S0, solution (CO saturated) conditions;
Er=1.00V; Esisindicated in the figure.
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MEA1 Pt(10)/PtME(T_1)

2085 A

241 cm* Vi)

2080 -
2075 -
£ 2070 -
(&) i
5 2065

2060 A

2055 A

2050 A 37.2cmt Vi)

0.00 0.10 0.20 0.30 0.40 0.50
E / V(Pd[H)

Fig.5-11 Variation of center of CO_ IR band (vco) recorded from
MSFTIR spectra of Pt(10)/PtME(T_120min) with the potential.
Solid block (1 ) represent positive-going peaks of CO_ bipolar
bands; empty block (1 ) represent negative-going peaks of CO_
bipolar bands.
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MEA1 Pt(10)/PtME(T_1)

50
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Fig.5-12 Variation of Stark effects of CO. IR bands recorded
on Pt(10)/PtME(T_1) of the MEA1 with ME;;.
Empty blocks represent the negative-going peaks of
CO. bipolar bands and solid blocks represent the
positive-going peaks of CO_ bipolar bands.
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Fig.5-13 Comparison of IR spectra of CO4y adsorption on Pt(10)/PtIME(T _1)
of the MEA1 studied by MSFTIRS.

ME;; were treated by sequential FPCTW and CV electrodeposition

with different 7(Omin< 1< 160min); Er=1.00V, Es=0.20V; 0.1M
H,SO, solution (saturated with CO); ME;; and 7 are annotated beside
each spectrum.
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MEA1 Pt(10)/PtME(T_1)

2090 -

| P .
20801 5 m .
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ME11 ME12 ME13 ME21 ME12ME23 ME31ME3; MEsz3

Fig.5-14 Variation of CO. band center obtained from MSFTIR spectra (Er=1.00 V,
Es=0.20 V) of Pt(10)/PtME(T_1) of the MEA1 versus ME;;.
Empty block represent the negative-going peaks of CO. bipolar bands and
solid block represent the positive-going peaks of CO. bipolar bands.

0.40n
0.35-
0.30- u
0.25-
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Aco(t )/ Aco(! )
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0.157
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Fig.5-15 Variation of the ratio of positive-going and negative-going peaks
in CO bipolar band( A, (1)/ A,(1)) obtained from MSFTIR
spectraof  Pt(10)/PIME(T_7) on the MEA1 versus ME;;.
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MEA1 Pt(10)/PtME(T_1)

T T T I T T T T T
ME11 MEi» MEiz MEz; MEi, MEzz MEz; MEs; MEss

Fig.5-16 Variation of IR enhancement factor (4r) of CO. band
obtained from MSFTIR spectraof Pt(10)/PtME(T _7) of
the MEA1 versus ME;;.

ME; were treated by FPCTW for differentz (t = 0, 20,
40, 60, 80, 100, 120, 140, 160min) followed by CV
electrodeposition.
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MEAL Ru(/7)/PtME

MEAL Ru(n)/PtME
DMFC
4 PtRu >
PtRu Ru CcO
PtRu
PtRu Pt *8 pt Ru**® Ru Pt'’
PtRu 1823 2428 Ru Sn Pt CO
67 29-32
Ru PtRu
Ru
24,33,34 Ru Ru
Zheng ® AIREs
Ru nm-Ru/GC CO
CO Ru
AIREs CO nm-Ru/GC CO Ru
Pt Pt
GC Pt COux
CcO Fano
Ru CcO
MEA1 cVv 9
Ru(n)/PtME n (6(0)
in situ MFTIRS 9 Ru(n)/PtME

STM 9 Ru(n)/PtME

Pt Fano AIREs
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MEAL Ru(/7)/PtME

Ru AIREs Ru

COy Fano

§ 6-1 Ru(/)/PtME

Ccv Ru
PIME
Ru Pt 0.00V
cVv cVv Ru
co insitu MFTIRS co
Ru Ru
Ru
-023V 037V cv Ru
Ru(n)/PtIME cVv Ru 023V 037V
Ru PtME Ru PtME
Ru
Ru(n)/PtME
2x10°mol L*Ru*  0.1M n Ru
MEA1 9 Ru(n)/PtME
MEA1 51 03 005um Al,O; 0.1 mol-L™H,S0,
0.00V~1.58V 0.10V-st
MEA1 -023V 037V PC-MEA1
0.05Vs* 50
MExp 40
ME, MEgs......MEs, , n=50 90
130 170 210 250 290 330 370 9 Ru (n)/PtME
MEA1 0.1 mol-L™*H,S0, # Ru
090V RHE cV 0.00V~0.78 V 0.10V-s'
9 Ru(n)/PtME cv

MEA1 Ru(n)/PtME n 6-1
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MEAL

Ru(n)/PtME

Table. 6-1 ME;; on the MEA1 subjected to electrodeposition of Ru®" under cyclic voltammetric conditions

with different n (50< n< 370) between -0.23 V and 0.37 V.

ME; MEy MEp ME;z ME,; MEx MExs MEs;  MEp  MEg
n 50 90 130 170 210 250 290 310 370
8 6-2 CV
6-1 9 MEA1 Ru(n)/PtME (50< n< 370) 0.1
mol-L *H,S0, 0.10 Vv-s' cv PtME
cVv 6-1 Ru(n)/PtME
cv Ru(n)/PtME 0.00V~0.25V
PGPS 0.25V~0.65V
Ru OH OH
Ru PGPS OH NGPS
075V 012V
MEA1 9 PME 3.14x10™ cm? cVv
6-1 n cVv
Ru(n)/PtME n
cv Ru(n)/PtIME R
33 Q, (native PtME) PtME cv 176nC
cv MEA1 Ru(n)/PtME R 6-2
Table.6-2 CV characters of Ru(n)/PtME on the MEA1 with different n(50< n< 370).
ME;; MEy MEp ME;s MExy MEp MExs MEx  ME;  MEg
n 50 90 130 170 210 250 290 330 370
Qi(ME;) /nC 4445 8395 1018 1298 1654 2194 2432 2783 3116
R 25 47 5.7 7.3 9.4 124 138 158 177
Ru(n)/PtME R n
Ru(n)/PtIME n 6-2 MEA1 Ru(n)/PtME
R ME; 50< n< 370 Ru(n)/PtIME R
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Ru(n)/PtME

8 6-3 STM
6-3a b MEA1 9 Ru(n)/PtME ST™M
ST™M 1.35 pm x 1.35 pm 6-3c Ru(170)/PtME
cv Ru(n)/PtME 6-3
Pt(n)/PtME Ru
nm-Ru/GC ® cV nm-Ru/GC
Ru Ru
Ru Pt Ru
Pt Ru
nm-RWGC  Ru(n)/PtME cv Pt
Ru
Ru
Ru Ru n
“ STM " 6-3  Ru(n)/PtME
6-4 Ru
Ru(n)/PtME Ru
n< 250 150 nm 6-4
Ru(n)/PIME Ru n cv
Ru n
6-5 Ru(n)/PtME Ru d n =50
PtME d 797ném h 14nm  Ru n
d 50< n< 370 n=210 370 d 1727
nm 196.4 nm n=50 21 25 ﬁ 41.8nm 87.5nm
Ru(n)/PtME d h 6-3
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MEAL Ru(/7)/PtME

Table.6-3 Surface structural characteristics of Ru(n)/PtME films measured from STM images.

n 0 50 90 130 170 210 250 290 310 370

d/nm 79.7 143 1618 1692 1727 1770 1802 187.7 1964

h/nm 54 14 223 342 371 41.8 58.5 67.2 80.7 875

I /nm 158 663 722 774 84.6 975 1134 1437 1894 2381

Ra/ nm 4.4 77 149 166 199 27.8 32.0 40.0 46.4 57.2

ST™M I Ra
6-3 ST™M Ru(n)/PtME | R 6-6
PH(n)/PtME R. | ME cV
PIME 63 66 PIME
PIME Ra | 45n$m 158 nm n Ra |
8 6-4 Ru(n7)/PtME
co insitu MFTIRS MEA1 9
Ru(n)/PtME CO 0.1 mol-L™*H,S0,
MEA1 Ru(n)/PtME 0.10V-s* co

SPAFTIRS MSFTIRS

8§ 6-4-1 SPAFTIRS

SPAFTIRS E. E 000V 025V MSFTIRS
0.25 V COx Ru(n)/PME SPAFTIRS
co E. E Ru(n)/PtME

6-7 co MEA1 9 Ru(n)/PtME SPAFTIRS
2000 cm™ CO. E; E Ru(n/PME

1600 cm® 1200 cm*t
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Ru(n)/PtME 9  Ru(n)/PtME SPAFTIR
n CO.
1 CO, MEn
ME, n
2 n MEg MEy 225
3 MEy MEp MEi MEy COq
Ru(n)/PtME Fano CO,
Ru(n)/PtME AIREs MSFTIRS
8 6-4-2 MSFTIRS
MEAL 9 PIME(T_?)
Es COy Er COy Ru
COq 2 COq
Ru(130)/PtME  Ru(370)/PtME
Ru(n)/PtME
6-8 CO 01 M H,SO, MEzs
Ru(370)/PtME MSFTIR 1650 cm*
1200 cm’™
SO~ Er 6-8 PtME
CO. Es=0.00V MSFTIR co PtME 2065 cm’™
PtME Ru(370)/PtME COx
COL COg 1970cm™ 1750 cm™
COg Ru(370)/PtME COq co
Ru(370)/PtME Lin 24 Ru
Ru(370)/PtME COq PtME
CO. FWHM 13cm*t Ru(370)/PtME CO. FWHM
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90cm’™ nm-Ru/GC % 53cm™
Ru(370)/PtME COq MEzs
Ru(370)/PtME AIREs co FWHM
Ru CO
COg 2 Ru(n)/PtME COg
Ru 6-8 MSFTIRS
Es 0.00~0.25 V CO. COg
025V COL co Ru(370)/PtME
0.25V Ru # nm-Ru/GC ¥ co
PtME Ru co 0.00~0.25 V
CO. COg Es
6-9 Ru(370)/PtME CcoL Voo  0.00~0.25V
CcoL Stark 93cm*Vv? Ru #  52cm’?
vl nm-RuGC % 3cmtv?
6-10 Es co MEi;  Ru(130)/PtME MSFTIR
6-10 PtME CO.  Es=0.00 V MSFTIRS
Ru(130)/PtME COL 2035 cm’*
1980 cm™* Ru(130)/PtME Fano
PtME Ru(130)/PtME CO.
Ru(130)/PtME CcOoL Es 6-11
Voo Es Ru(130)/PtME COL
Stark 55.9cm*v?  566cmtVv? 24
Ru Stark 52cmtv? Ru(130)/PtME Stark
Ru(130)/PtME coL Stark
Ru Fano
Pt Ru Fano Fano
AIREs
co MEA1 7 Ru(n)/PtME MSFTIR
Fano MEy MEy MEy AIREs
MEyx MEy; MEs MEsp SPAFTIR COoL
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MEAL Ru(/7)/PtME

SPAFTIRS SNIFTIRS MSFTIRS CO_

Co Ru(n)/PtIME Es=0.00 V MSFTIR
6-12 Ru(n)/MME  COg 1750
1850 cm* Co, Ru(n)/PtIME COg n Co.
1 COL Fano AIREs
MEyu~MEz 50< n< 170 CO, n
ME~MEgz;
210< n< 370
Ru(n)/PtME Ru n
2  Co Aco 6-12 Ru(n)/PtME Aco
n 3-5
Ru(n)/PtME CO. AR 6-2 R
MEyu~MEz Aco(ME;) MSFTIR Co,
MEz~MEqz; Aco(MEj) CcO. Ar  ME; 6-13
n dr N ME;; 18.1
Ar N ME, Ar 15.5 MEz3~MEz
12
3 Cco Veo MEu~MEz CO,
Veo MExy 2023 cm* MEzs 2028 cm*
MEy, 2017 cm* ME,, 2023 cm*
Veo MEz; 1960 cm™  MEss Veo 68cm’
Vco Ru
Ru(370)/p—Pt Stark 93cm?tv? 68 cm™ MEss
MEys 600 mV Stark d-1e*
MEs;  Ru d-*
MEqs; d co 1 c-O
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Ru(n)/PtME

4 CO FWHM  FWHM MEx~MEgs MEx,
ME;; FWHM 42cm*  43cm? FWHM V= 90 cm™*
MEy, MEs FWHM FWHM
Ru(n)/PtME Co
n
5 COL COL
MEyu~MEx co,
n MEz~MEgs
ME;
Ru(n)/PtME 6-4
Ru(n)/PtME COL
Table.6-4 IR characters of CO_ obtained from MSFTIR spectra of Ru(n)/PtME (50< n< 370).
ME; MEx MEp, MEi MEx; MEx, MEs MEy ME;p  MEg
n 50 <0 130 170 210 250 290 330 370
ol )/em® 2023 2005 2028 2017 2020 2024 2016 1975 1960
wo(t )/ em* 1972 1974 1977 1952 - : i i i
FWHM /cm?* - - - 42 43 51 81 90
AL IART 883 2586 9185 13368 14543 147.04 17598 191.73 220.44
AR 35 544 159 181 155 118 127 121 125
1 !
8§ 6-5 Ru(n7)/PtME
co. Pt Pt
Fano AIREs d 296 nm h 178 nm Ru Pt
Ru Fano
AIREs Ru 6-3 64
Ru Fano AIREs d 173nm h
42 nm Ru E Pt
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Zheng ® cv nm-Ru/GC co
nm-Ru/GC CO.
nm-Ru/GC AIREs Fano STM nm-Ru/GC
Ru 250 nm 30nm
Ru Fano AIREs d 250 nm
6-12 Ru(170)/PtME Fano
COL 6-4
Ru(170)/PtME Ar Ru CcO.
Fano AIREs PIME(T_17)
Pt CO. AIREs

o

Pt Ru Ar Ru | R
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Ru(n)/PtME

cVv 9 Ru(n)/PME 50< n< 370
CV STM  in situ MFTIRS
Ru(n)/PtME
1 CV Ru(n)/PtME cVv
Ru(n)/PtME R n
2 STM | R d h Ru(n)/PtME d h 50<n
< 370 n
3 SNIFITRS Ru(n)/PtME co, n
n Ru(n)/PtME  50< n< 370
Fano AIRES
4  MSFTIRS Ru(n)/PME  COwu co,
n 1 Fano AIRES
2 Ar 3 CO. Vco
4 FWHM E22~E33 5 COL
5 Ru(n)/PtME | Ry
d h Ru Fano AIREs d
1730m h  42nm

187



MEAL Ru(/7)/PtME

10

11

12

13

14

15

16

17

18

19

20

21

22

23

A. Heinzel, V. M. Barragan, J. Power Sources, 84(1), 1999, 70-74.

M. Baldauf, W. Preidel, J. Power Sources, 84(2), 1999, 161-166.

L. J. Hobson, Y. Nakano, H. Ozu, S. Hayase, J. Power Sources, 104(1), 2001, 79-84.

M. Watanabe, M. Vehida, S. Motoo, J. Electroanal. Chem., 229, 1987, 395.

M. Watanabe, S. Motoo, J. Electroanal. Chem., 60, 1975, 267.

M. Watanabe, S. Motoo, J. Electroanal. Chem., 60, 1975, 275.

C.E. Lee, SH. Bergens, J. Phys. Chem. B, 102, 1998, 193.

E. Herrero, K. Franaszczuk, A. Wieckowski, J. Electroanal. Chem., 361, 1993, 269.

K.A. Friedrich, K.P. Geyzers, U. Lince, U. Stimming, J. Stumper, J. Electroanal. Chem., 402, 1996,
123.

W. Chrzanowski, H. Kim, A. Wieckowski, Catal. Lett., 50, 1998, 69.

W. Chrzanowski, A. Wieckowski, Langmuir, 13, 1997, 5974.

W. Chrzanowski, A. Wieckowski, Langmuir, 14, 1998, 1967.

J.C. Davies, B.E. Hayden, D.J. Pegg, Electrochim. Acta, 44, 1998, 1181.

W.F. Lin, M.S. Zei, M. Eiswirth, G. Erh, T. Iwasita, W. Vielstich, J. Phys. Chem., 103, 1999, 6968.
K.A. Friedrich, K.P. Geyzers, F. Henglein, A. Marman, U. Stimming, W. Unkauf, R. Vogdl, in: A.
Wieckowski, K. Itaya (Eds.), Electrode Processes VI, The Electrochemical Society, PV 96-8, 1996,
1109.

R. J. Behm, Surf. Sci., 411(3), 1998, 249-262.

E. Ticiandlli, J.G. Beery, M.T. Paffett, S. Gottesfeld, J. Electroanal. Chem., 258, 1989, 61.

H.A. Gasteiger, N. Markovic, P.N. Ross, Jr, E. Cairns, J. Phys. Chem., 98, 1994, 617.

K. Wang, H.A. Gasteiger, N.M. Markovic, P.N. Ross, Electrochim. Acta, 41, 1996, 2587.

A. Kabbabi, R. Faure, R. Duramed, B. Beden, F. Hahn, JM. Leger, C. Lamy, J. Electroana. Chem.
444, 1998, 41.

D.R. Rolison, P.L. Hagans, K.E. Swider, JW. Long, Langmuir, 15, 1999, 774.

N. Markovic, H. Gasteiger, P.J. Ross, X. Jiang, |. Villegas, M. Weaver, Elctrochim. Acta, 40, 1995,

188



MEAL Ru(/7)/PtME

24

25

26

27

28

29

30

31

32

33

35

91.

W.F. Lin, T. lwasita, W. Vielstich, J. Phys. Chem. B, 103, 1999, 3250-3257.

M. Watanabe, M. Uchida, S. Motoo, J. Electroanal. Chem., 229, 1987, 395.

R. lanniello, V.M. Schmidt, U. Stimming, J. Stumper, A. Wallau, Electrochim. Acta, 39, 1994, 1863.
F. Richarz, B. Wohlmann, U. Vogel, H. Hoffschulz, K. Wandelt, Surf. Sci., 335, 1995, 361.
Z. Jusys, H. Massong, H. Baltruschat, J. Electrochem. Soc., 146, 1999, 1093.

M. M. P. Janssen, J. Moolhuysen, Electrochim. Acta, 21, 1976, 861.

M. M. P. Janssen, J. Moolhuysen, J. Catal., 46, 1977, 289.

A. Wieckowski, J. Electroana. Chem., 78, 1977, 229.

M. Krausa, W. Vielstich, J. Electroanal. Chem., 379, 1994, 307.

C. Gutierrez, JA. Caram, B. Beden, J. Electroana. Chem., 305, 1991, 1289.

R.C. Walker, M. Bailes, L.M. Peter, Electrochim. Acta, 44, 1998, 289.

M. S. Zheng, S. G Sun, J. Electroanal. Chem. 500 2001 223-232.

189



MEAL Ru(/7)/PtME

2_
0_
<
3
=~
-4
'6 T T T T T T T T T 1
0 020 040 060  0.80
E / V(Pd|H)

Fig.6-1 Comparison of stable cyclic voltammograms of a native PtME (dotted
curve) and 9 Ru(n)/PtME (solid curves) with n (50< n< 370).
Under 0.1mol-L™*H,S0, solution, sweep rate 0.10V s™ conditions;
The current of the PtIME was amplified by 5 times.
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Fig.6-2 Variation of relative roughness R, obtained from H region areain
Cyclic voltammograms of Ru(n)/PtME on the MEA 1with ME;;.
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Fig.6-3 STM images of Ru(n)/PtME on the MEA1.
Scan size: 1.35um x 1.35um, I; = 0.401nA, V, = 0.15V.
a) 2-dimensioanl surface structure;
b) 3-dimensioanl surface structure;
¢) Ru(170)/PtME STM image is taken as example for
illustration of h measurement with scan size 8.0um x 8.0um
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Fig.6-4 Distribution of sizes of Ru islands measured from STM images of Ru(n)/PtME on the MEAL.
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Fig.6-5 Variation of average size ( d ) obtained from STM images of
Ru(n)/PtME on the MEA1 vesus ME;;.
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Fig.6-6 Variation of average thickness (|_) and roughness average (R,) obtained

from STM images recorded on Ru(n)/PtME of MEA1 with ME;;.
For the sake of comparison, STM data of a native PPIME was also
displayed in the figure.
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Fig.6-7 Comparison of IR spectra of CO adsorbed on Ru(n)/PtIME of the

MEA1 studied by SPAFTIRS.

E;=0.00V, E»=0.25V; 0.1M H,SO, solution (saturated with CO);

ME;; and n are annotated beside each spectrum.
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Fig.6-8 The comparison of in situ IR spectra of CO adsorbed on
Ru(370)/PtME (Es is denoted in figure, Eg=1.00V) and PtME
(Es=0.00V, Ex=1.00V) in 0.1mol -L *H,S0, solution (CO saturated).
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Fig.6-9 Potential dependence of IR band center of CO._ on Ru(370)/PtME.
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Fig.6-10 Comparison of in situ FTIR spectra of CO adsorbed on
Ru(130)/PtME (Es is indicated in the figure, Er=1.00V) and
PIME (Es=0.00V, Er=1.00V), 0.1mol-L™*H,SO; solution (CO
saturated).
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Fig.6-11 Potential dependence of positive (1 ) and negative
(v ) peaks of the CO. bipolar band on Ru(130)/PtME.
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Fig.6-12 Comparison of in situ FTIR spectra of CO adsorbed on
Ru(n)/PtME of the MEA1, Er=1.00V, Es=0.00V, 0.1M
H.SO, solution saturated of CO, ME; and n are
annotated beside each spectrum.
The spectrum of MEy; isenlarged for 3 times.
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Fig.6-13 Variation of IR enhancement factor (4g) of
CO. band obtained from MSFTIR spectra of
Ru(n)/PtME of the MEA1 versus ME;;.

AR iscaculated by the Equation 3-5.
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PY(n)/PtME
n PIME
400
Pd(n)/PtME

MEA1 9 Pd(n)/PtME

1 MEA1 Pd n

cv Pd(n)/PIME

060V 000V
PME Pd
cv Pd
n n= 45
Pt(n)/PtME
Pt 7-1 2
0.07 V~0.77V

Table. 7-1 ME;; on the MEA1 subjected to electrodeposition of Pd** under cyclic voltammetric conditions

for different n (5< n< 45) between 0.00 V and 0.60 V.

ME; MEy MEp ME;z ME,; MEx MExs MEs;  MEp  MEg
n 5 10 15 20 30 35 40 45
8 7-1-2 CV
7-1 9 MEA1 Pd(n)/PIME (55 n< 45) 0.1
mol-L ™ H,S0, 010 Vst cv PIME
cVv Pd(n)/PtME cv 0.07 V~0.30 V
Pd NGPS
PGPS Pd
Pd(n)/PME  Pt(n)/PtME  Ru(n)/PtME cv Pd(n)/PtME
Pt(n)/PME  Ru(n)/PtME Rh(n)/PtME
0.00V Pd(n)/PtME 0.07V
MEA1 9 PtME 3.14x10" cm? Pd(n)/PtME cv
7-1 Pd(n)/PtIME cv n
Pd(n)/PtME n
33 R Pd(n)/PtIME R
Qu(native PIME) 4-6 PIME ~ CV PIME
0.00 V~0.30 V Qu(native PIME) 176nC cVv MEA1
Pd(n)/PtME R 7-2 7-1 Pd(n)/PtME Q. (ME;)
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0.07 v~0.30 V Pd

Pd(n)/PtME R 7-2

Table.7-2 List of Q,(ME;) of and R: of Pd(n)/PME on the MEA1 (5 n< 45).

ME; MEy MEy, MEs MExy MEx, MEx; ME; MEp  MEg
n 5 10 15 20 25 30 35 40 45
Qi(ME;)/nC 2036 639.4 985 1228 1247 1265 1526 2070 2331
R 115 363 559 697 708 718 867 1176 1324
Pd(n)/PtME R n Pd(n)/PtME
n 7-2  MEA1 Pd(n)/PtME R
ME;; 5< n< 45 Pd(n)/PtME R n
0388 5<n<20 0.021 20<n
<30 0425 30< n< 45
8 7-1-3 STM
ST™M ME;, MEg Pd(10)/PIME
Pd(45)/PtIME 7-3 ST™M
52 ym x 52 ym  1.35 pm x 1.35 um SEM
Pd(n)/PtME 7-4 PtME  Pd(10)/PtME SEM
ST™M SEM Pd(n)/PtME Pd
Pd nm-Pd/GC »
Pd(n)/MME  nm-Pd/GC
Pd(n)/PtME Pd n “ STM
” 7-3  Pd(10)/PtME  Pd(45)/PtME Pd 7-5
Pd(n)/PtME Pd
Pd 100 nm Pd(n)/PIME Pd
n PtME cv Pd
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MEA1

PA(/)/PEME  Rh(7)/PLME

7-3
n=10 PIME
d
n=10 60 nm

Pd(10)/PtME

=45

n Ra

Pd(n)/PtME

Pd(45)/PtME

d 155

Pd(n)/PtME

nm

d

2146 nm h

h 232mm

111.3nm

Ccv

Table.7-3 List of surface structura parameters of PtME and Pd(n)/PtME measured from STM images.

205

n 0 10 45
d/nm 155 214.6
h/nm 5.8 23.2 111.3
I /nm 15.8 01 135
R./ nm 4.4 15.6 41
8 7-1-4 Pd(n)/PtME
MEA1 9 Pd(n)/PtME
MEA1  Pd(n)/PtME 0.00V~0.25V 010V s*
co
SPAFTIRS MSFTIRS Pd(n)/PtME
§ 7-1-4-1 SPAFTIRS
SPAFTIRS E. E 000V 025V MSFTIRS 0.00
V~0.25V co Pd(n)/PtME
7-6 co MEA1 9 Pd(n)/PtME SPAFTIR
1955 cm™ Pd(n)/PtME COs
Pd(n)/PtIME Fano 9  Pd(n)/PtME
SPAFTIR n COg Aco Veo 7-4
Aco n MEss MEy
12.05 Veo 1955 cm'™
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Table.7-4 IR characters of COg obtained from SPAFTIR spectra of Pd(n)/PtME (5< n< 45).

ME;j; MEn ME MEsz MEx MEx MEs MEn ME;;  MEs

n 5 10 15 20 25 30 35 40 45

Al,/au. 00057 0.0163 0.0191 0.0314 0.0343 0.0374 0.0441 0.0574 0.0687

A AT 1 286 335 551 602 656 773 10.07 12.05

Voo/ cm™ 19553 19564 19545 19545 19558 1954.3 19553 19556 1954.9

§ 7-1-4-2 MSFTIRS

MSFTIRS MEA1 9 PME(T_9)
Es COu Er COgy Pd
COu COux
» Pd(40)/PtME Pd(n)/PtME
7-7 CO  0.IM H,S0, co MEsz, Pd(40)/PtIME
MSFTIR 1957 cm™* Pd(40)/PtME
COs COs 1968 cm'™ 1947 cm™
Pd(40)/PtME Fano % co Pd
nm-Pd/GC 1965 cm™ Pd(40)/PtME
COg Pd Pd(40)/PtME COg
COg 7-8 Pd(40)/PIME
COs Stark 287cm*Vv?t 285cmt Vv
Pd 2 Stark 28cm™* v Pd Pd(40)/PtME
COg Pd Fano
co MEA1 Pd(n)/PtME MSFTIRS
Pd(n)/PIME COg Pd(n)/PtIME Fano
Pd Stark n 28cm*vi~30cm*v?

= nm-Pd/GC 38cm?tv?
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MEA1

PA(/)/PEME  Rh(7)/PLME

CO Pd(n)/PtME Es=0.25V MSFTIR
7-9 7-5
Pd(n)/PtIME COg Aco 7-5
Pd(n)/PtME COs Ao N 35 Ar
Pd(n)/PtME AR R Pd(n)/PtME cv
7-10  4r ME; i
0.55~1.10 7-2 R AR 7-5
Pd(n)/PtME CO Aco
n Pd(n)/PtME 7-5 COg
n AVeo
Table.7-5 List of COg band IR features obtained from MSFTIR spectra of Pd(n)/PtME (5< n< 45).
ME; MEj; ME;, MEj; MEx ME, ME; ME;; MEs; MEg3;
n 5 10 15 20 25 30 35 40 45

Veo(t )/ emt

Veo(d )/ em®

19709 1970.1

1964.6 1966.8 1965.7 19654 1967.9 1968.1 19718

19542 19542 19481 1949.1 19499 19462 19446 1947.3 19451
Aveol cmi” 167 159 165 177 158 192 233 208 267
Stark / cm* V* - - 32.8 - 22 341 35 287 302
Ao/ AR 132 200 326 553 721 733 896 1243 1463
AR 114 055 058 079 102 102 103 106 110
1 !
§ 7-2 MEA1 Rh
8 7-2-1 Rh(n)/PtME
Rh(n)/PtME 5< n< 45 50< n< 370 CV STM
Rh(n)/PtME 2 x10°%mol
L™ RhCl3:H,0+0.1 M H,S0;4 PY(n)/PtME
060V  0.00V n PIME
Rh Rh(290)/PtME
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peak-to-peak 1295 Gain=1
7-11 712 0.10 V-s* 0.00 V~0.77 V
Rh (n)/PtME cVv Rh(n)/PtME cVv
0.00 V~0.30 V Rh 33
R Rh(n)/PtME R Qu(native PtIME)
PIME CV 176nC Rh(n)/PtME
0.00 V~0.30 V MEA1 Rh(n)/PtME R cVv
7-6 77 7-11b  7-12b 76 77 R ME;
n Rh(n)/PtME R Rh(n)/PtME
n Rh(50)/PtME Pd(45)/PtME
R Rh(370)/PtME R 72.41 Pt(130)/PtME
R 711b 7-12b Rh(n)/PtIME R n
7-11b  7-12b 0178 0.188
Rh(n)/PtME 0< n< 370
Table.7-6 List of CV characters of Rh(n)/PtME (5 n< 45).
ME;; MEy MEp ME;s MExn  MEyx MEx MEx  ME;  MEg
n 5 10 15 20 25 30 35 40 45
Q. (ME;)/nC 380 498 661 854 961 1081 1310 1462 1762
R 216 283 376 48 546 614 744 831 1001
Table.7-7 List of CV characters of Rh(n)/PtME (50< n< 370).
ME;; MEy MEp MEiz MExy MEx MExs MEx  ME;  MEg
n 50 90 130 170 210 250 290 330 370
Qi(ME;)/nC 2267 3879 5996 7380 8774 9404 10610 11205 12744
R 1288 22.04 3407 4193 4985 5343 6028 63.66 7241
ST™ Rh(50)/PtIME  Rh(370)/PtME 7-13a
270 um x 270 um  0.70 pm x0.70 pm  STM
7-13b 1.35 pm x1.35 ym  STM
Rh(n)/PtIME Rh Rh nm-Rh/GC
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714 Rh(50/PtME  Rh(370)/PtME Rh
Rh(n)/PtME Rh
40 nm Rh(370)/PtME
Rh(50)/PtME Pt Pd Ru n
PIME cv Rh n ST™
Rh(50)/PtME ~ Rh(370)/PtME d h |l R 7-8
PIME cV Rh Rh(50)/PtME d
786nm h 13.4nm Pd(45)/PtME 2146nm h 111.3 nm
d Rh(370)/PtME d 571 h
41.7 nm =50 21 nm d h I RR P Ru Pd
n Ccv
Rh(n)/PtME

Table.7-8 List of surface structural parameters of PtME and Rh(n)/PtME measured from STM images.

n 0 50 370
d/nm 78.6 57.1
h/nm 5.8 134 41.7
I /nm 15.8 51 67.5
R./ nm 4.4 105 16.5
in situ MFTIRS co Rh(n)/PtME
H,O CO,
Pt ® 6mm
Rh(n)/Pt n=10, 50, 370 co
7-15 2340 1600 cm™ CO,
H,0 1200 1050 cm™ SO HSO,
% Rh COx SPAFTIRS MSFTIRS
7-16 7-17 CO. COg 2030cm™  1910cm*

Rh(n)/Pt  COx Rh* n
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MSFTIRS COgy SPAFTIRS
Rh(n)/Pt Fano
Au ® 7mm Rh(50)/Au
CO Rh(50)/Au Rh 7-18
Rh(50)/Au CO SPAFTIR Rh(n)/Pt Rh(n)/Au
Fano COgy

§ 7-2-2 Rh(10)/PLNE(T_7)

Pt Au Ccv Rh Fano
COqy
PtIME(T_7) Rh COgy
7-19 0.00V~0.77V 0.10V-s* Rh(10)/PtME(T_7)
PIME(T_17) Ccv 7-9 Ccv R
PtIME(T_7) Rh R 357 337 PtME
n 283 PIME(T_1)
PtIME

Table.7-9 Comparison of CV characters of Rh(10)/PtME(T_60min) and Rh(10)/PtME(T_100min).

PtME(T_60min) ~ PtME(T_100min)  Rh(10)/PtME(T_60min)  Rh(10)/PtME(T_100min)

Q,(ME;)/nC 345 388 1230 1312
R 1.96 2.21 7.00 7.45
7-20 Rh(10)/PtME(T_60min)  Rh(10)/PtM E(T_100min) ST™
Rh(10)/PtME(T_7) 7-21  Rh(10)/PtME(T_60min)
Rh Rh(n)/PtME
230 nm~330 nm 100 nm Rh(10)/PtME(T_60min)
Rh(10)/PtME(T_100min) 7710 | R

PtME(T_60min) PtME(T_100min) d 136nm
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296 nm h 1207nm 178 nm Rh

Q|
>

d 265nm 832 nm h 130.7nm 550 nm Weaver 2

Pt Pd Au Cu Au Pt Pd

PIME(T_1) Rh

Table.7-10 List of surface structural parameters of Rh(10)/PtME(T_60min) and Rh(10)/PtME(T_100min).

PtME Rh(10)/PtME(T_60min)  Rh(10)/PtME(T_100min)
d/nm 265 832
h/nm 5.8 130.7 550
| /nm 15.8 143 704.3
R./nm 4.4 40.8 195.2
co insitu MFTIRS Rh(10)/PtME(T_60min)
Rh(10)/PtME(T_100min) 7-22 723 CO Rh
SPAFTIR COu COu Rh
CO, COg CO PtIME(T _7)
Rh PtME(T_1) COq Rh
PtME(T_1) PtME(T_60min)  Rh
Fano PtME(T_100min)  Rh AIREs
Rh
Rh MSFTIRS Rh(10)/PtME(T_60min)
Rh(10)/PtM E(T_100min) 7-24  7-25 co
Rh CO. COg 7-11 MSFTIRS co
Rh % Rh  nm-Rh/GC
Rh(10)/PtME(T_7) COwy
1  COu Rh co Rh(10)/PtME(T_60min)

Rh(10)/PtME(T_100min)
Rh(10)/PtME(T_60min)  Rh(10)/PtME(T_100min) Fano AIREs

2 Veo Rh CO. COg Veo 2023 cm*
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MEA1

PA(/)/PEME  Rh(7)/PLME

1916 cm®™  nm-Rh/GC Voo 2030cm® 1908 cm™ Rh
RH/PIME(T_1) CO. COg Veo Rh(10)/PtME(T_100min)
nm-Rh/GC AIREs CO. COg Veo
3 FWHM Rh CO. COg FWHM 21 cm™® 16 cm™
Rh(10)/PtME(T_100min) FWHM 284 cm® 487 cm®
COg FWHM coL
4  Ag 35 Rh Ar 205 704
Rh PtME(T_7) 542 6.73
5 Sk Rh ® CcOo. COg Stark 384 cm' V'
nm-Rh/GC % 36cm*v? Rh(10)/PtME(T _7)
COg Stark COg Stark Rh
10 cm* v*! Cco. Sak COg Rh CcoL
Rh(10)/PtME(T_60min)  CO_ Stark Rh(10)/PtME(T_100min)
Rh Stark 7-11

Table7-11 IR fegtures of CO obtained from MSFTIR spectraof Rh(10)/RME(T_60min) and Rh(10)/PME(T_100min).

Rh(10)/PtME(T_60min)

Rh(10)/PtME(T_100min)

Co, COs CO. COs
Veo(t )/ em™ 2045.4 1924.1 2031.6 1908.1
Veo(d )/ cm™ 2015.0 1882.5 - -
Aveol cm™ 30.4 31.6 - -
FWHM / cm* - - 28.4 48.7
Stark(t )/ em?tv? 43.9 26.3 34.7 27.1
Stark(t )/ emtv?t 43.6 26.3 - -
Aco(t )/ au. 0.0324 0.0149 0.2376 0.1612
Aco(t )/ au. 0.0426 0.0189 - -
Aco, +co, | BU. 0.1088 0.3988
AR 2.05 7.04
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§ 7-3 Pd Rh

Pd(n)/PtME d h I R n
d
h co Pt Ru Fano AIREs Pt Ru
Fano AIREs d h Pd Pt Ru
Pt Pd d h
5< n< 45 CcoO Pd(n)/PtME
Fano Pd Fano AIREs
d h Pd 155 nm
< d< 2146 nm (6(0] Fano Pd
d 214.6nm h>111.3nm
cvV  STM Rh(n)/PtME h R | n
COu
Rh(n)/PtME Fano Rh
d h Rh(50)/PtME d 786 h 134 nm
Pt Ru Pd d h d h
Fano n Rh(n)/PtME d
Rh(370)/PtME d 57.1 d Rh(n)/PtME
h I R Rh(50)/PtME h 134nm | 5L0nm R, 105 nm
Rh(370/PME ~ h 417nm | 67.5nm R, 165nm Rh(370)/PtME Fano
Rh(10)/PtME(T_7) T 60 min,100 min COgy Fano

AIREs STM Fano
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PA(/)/PEME  Rh(7)/PLME

Rh(10)/PtME(T_60min) d  265nm AIREs Rh(10)/PtME(T_100min) d
832 nm Rh Fano AIREs d  265nm 832
nm d 131nm 550 nm Pt Ru Rh
Rh d Pt d 29%6nm Ru 173 nm
Zheng 2 nm-Rh/GC
co AIREs Rh Ar
79 nm Ar 129
Rh 10 nm Ar 552 AIREs
Rh(50)/PtME ~ Rh(370)/PtME | 51nm
61.5nm co AIREs e
5.52~12.9
COux Pt Rh
Rh dr  COy Rh
Pt d h
COu |
cv MEA1 9 Pd(n)/PtME  5< n
< 45 CV STM in situ MFTIRS Pd(n)/PtME
e, Pd(n)/PtME cv Pd(n)/PtME
Pd(n)/PtIME R n
2 STM cV Pd(n)/PtME d h R I
n
3 SNIFITRS Pd(n)/PtME COs

214



MEAL PA(r)/PEME  Rh(/7)/PME

Pd(n)/PtME 5< n< 45 Fano COg
Aco n
4 MSFTIRS Pd(n)/PtME Fano Pd(n)/PtME
Stark n Pd(n)/PtIME COg Ax n
cV MEA1 Rh(n)/PtME 5< n< 45  50<
n< 370 CV STM insitu MFTIRS Rh(n)/PtME
Pt Au cv Rh
Rh(10)/PtME(T_7) CV STM in situ
MFTIRS
5 Cv Rh(n)/PtME 0.00 V~0.30 VV
Rh Rh(n)/PtME R 5< n< 370 n
6 STM Rh(n)/PtME Rh h R |
n
7 Rh(n)/Pt  Rh(50)/Au Fano
COx
8 STM Rh(10)/PtME(T_7) Rh cV STM IR
PIME(T_7) Rh
9 Rh PIME(T_1) COx
() Rh(10)/PtME(T_60min)  Rh(10)/PtME(T_100min) Fano
AIREs () veo Rh/PME(T_7) CO. COg Voo
( ) FWHM () Rh Ar 205 704 () Sak
Rh(10)/PtME(T_7) CO. COs Stark
10 Pd Rh Fano AIRESs d h Fano
AIRES Pd d 214.6 nm Rh

d 265nm 832nm
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MEAL PA(r)/PEME  Rh(/7)/PME

0.0 01 02 03 04 05 06 0.7 0.8
E / V(Pd|H)
Fig.7-1 Cyclic voltammograms of Pd(n)/PtME (solid line) on the MEA1

with different n(5< n< 45) and a native PEIME (dash line).
Under 0.1M H,S0, solution with 0.10V-s™ scan rate conditions.

ME11 ME12 ME13 ME21IME 1, ME2s ME31ME3,ME33

Fig.7-2 Variation of relative roughness R, obtained from cyclic
voltammograms of Pd(n)/PtME on the MEA 1.
ME; were treated by using cyclic voltammetric
electrodeposition of Pd?* with different n (5< n< 45).
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Pd(10)/PtME Pd(45)/PtM E

Fig.7-3 The comparison of STM images of Pd(10)/PtME and
Pd(45)/PtME in 2-dimensional and 3-dimensional structure
with scan size 5.2um x5.2um; 1.35um x1.35um.

It = 0.200nA, V, = 0.150V
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(b) Pd(10)/PtM E

Fig.7-4 The comparison of SEM pictures of a). native PtIME
(5,000x ) and b). Pd(10)/PtME(100,000% ).
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Fig.7-5 Distribution of sizes of Pd nanometer-scale islands measured from STM images of a)Pd(10)/PtME and
b) Pd(45)/PtME prepared by using Cyclic Voltammetric el ectrodeposition.
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AR /R

Fig.7-6 Comparison of IR spectra of CO adsorbed on
Pd(n)/PtME of the MEA1 studied by SPAFTIRS.
E;=0.00V, E;=0.25V; 0.1M H,SO, solution
(saturated with CO); ME; and n are annotated
beside each spectrum.
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Fig.7-7 IR absorption of CO5 on Pd(40)/PIME studied by

MSFTIRS.

Er=1.00V; 0.1M H,SO, solution (saturated with CO);

Es are annotated beside each spectrum.
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Fig.7-8 Potential dependence of positive (+ ) and negative (1 )
peaks of the COg bipolar bands on Pd(40)/PtME.
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Fig.7-9 Comparison of IR spectra of CO adsorbed on
Pd(n)/PtME of the MEA1 studied by MSFTIRS.
Er=1.00V, Es=0.25V; 0.1IM H,SO, solution
(saturated with CO); ME; and n are annotated
beside each spectrum.
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1.0
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0.0

ME1n MEi, ME13 ME21 ME12 ME2s ME3; ME3; MEss

Fig.7-10 Variation of IR enhancement factor (4r) of

COg band obtained from MSFTIR spectra
of Pd(n)/PtME on the MEA1 versus ME;;.
AR is calculated by the Equation 3-5.
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ME11 ME12 ME13 ME21IME 1, ME2s ME31 ME3,ME33

Fig.7-11 Cyclic voltammetric studies of Rh(n)/PtIME on the MEA1 with
different n(5< n< 45).
a) Cyclic voltammograms of ME;; (solid line) and a native PtIME
(dash line);
b) Variation of relative roughness R; with ME;; on the MEA1,
Under 0.1M H,S0, solution with 0.10V s scan rate conditions.
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Fig.7-12 Cyclic voltammetric studies of Rh(n)/PtME on the MEA1 with
different n(50< n< 370).
c) Cyclic voltammograms of ME;; (solid line) and PtME (dash line);
d) Variation of relative roughness R, with ME;; on the MEAL,;
Under 0.1M H,S0, solution with 0.10V s scan rate conditions.
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(b)

Fig.7-13 STM images of Rh(50)/PtME and Rh(370)/PtME.
l; = 0.200nA, V, = 0.150V;
a) 2-dimensional surface structure with scan size
2.70um x 2.70um and 0.70um x0.70um;
b) The comparison of 2-dimensional and 3-dimensional
surface structure with scan size 1.35um x1.35um.

228



6¢c¢

Frequency (%)

70j
60j
507
407
307
207
- i
0 T 1
30 50 70 90 110 130

Diameter (nm)

(@)

Frequency (%)

70i
60i
507
407
30'_
207
107

T T T T T T 1

0
30 40 50 60 70 80 90 100 110 120 130

Diameter (nm)

(b)

Fig.7-14 Distribution of sizes of Rh nanometer-scale islands measured from STM images of a)Rh(50)/PtME and
b) Rh(370)/PtME prepared by using Cyclic Voltammetric electrodeposition.
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Fig.7-15 IR adsorption of CO4 on Rh(n)/Pt studied by MSFTIRS.

Er=1.00V; 0.1M H,S0, solution (saturated with CO).
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Fig.7-16 Comparison of IR adsorption of COy4 on
Rh(n)/Pt studied by SPAFTIRS.
Rh(n)/Pt (n=10, 50, 370) were denoted
beside each spectrum;
E;=0.00V, E»=0.25V; 0.1M HySO,
solution (saturated with CO).
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Fig.7-17 Comparison of IR adsorption of COy4 on

Rh(n)/Pt studied by MSFTIRS.

Rh(n)/Pt (n=10, 50, 370) were denoted
beside each spectrum,

Es=0.00V, Er=1.00v; 0.1M H»SO,
solution (saturated with CO).
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Fig.7-18 Comparison of IR adsorption of COy on
Rh(50)/Au studied by SPAFTIRS.
E;=0.00V, E;=0.25V; 0.1M HySO,
solution (saturated with CO).
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Fig.7-19 Comparison of cyclic voltammograms of

a). PIME(T_60min);

b). PtIME(T_100min);

¢). Rh(L0)/PtME(T_60min);

d). Rh(10)/PtME(T_100min).

Under 0.1M H»S0, solution with
0.10V-s* scan rate conditions.
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Fig.7-20 The comparison of STM images of Rh(10)/PtME(T_60min)
and Rh(10)/PtME(T_100min). I = 0.200nA, V, = 0.150V.
The latter 4 STM images are in the identical scan size of
1.35um x  1.35um.

233



MEAL PA(r)/PEME  Rh(/7)/PME

301

S 20

>

o

c

Q) -

>

o

o

L 107 I
0
210 310 330 350

Diameter (nm)

Fig.7-21 Distribution of sizes of Rh nanometer-scal e islands measured
from STM images of Rh(10)/PtME(T_60min) prepared by
using sequential FPCTW and cyclic voltammetric
electrodeposition.
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Fig.7-22 Comparison of IR spectra of a@)PtME(T_60min) and
b)Rh(10)/PtME(T_60min) studied by SPAFTIRS.
E;=0.00V; E,=0.25V; 0.1M H,SO, solution
(saturated with CO).
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Fig.7-23 Comparison of IR spectra of a)PtME(T_100min) and
b)Rh(10)/PtME(T_100min) studied by SPAFTIRS.
E;=0.00V; E»=0.25V; 0.1M H,S0O, solution (saturated
with CO).
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Fig.7-24 IR spectra of Rh(10)/PtME(T_60min) towards CO
adsorption studied by MSFTIRS.
Er=1.00V; Es were denoted beside each spectrum.
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Fig.7-25 IR spectra of Rh(10)/PtME(T_100min) towards CO

adsorption studied by MSFTIRS.

Er=1.00V; Es were denoted beside each spectrum.
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Pt Pt Pt Pt Ru Pd Rh Rh
FPCTW SWORC cv cv cv cv cv cv
PtME PtME PtME PIME(T_1) PtME PtME PtME PIME(T_1)
7/ min 0~160 1,2 - 0~160 - - - 60, 100
H,SO, H,SO, H,SO, HCIO, H,SO, HCl H,SO, H,SO,
N In - - 10~170 10 50~370 5~45 50~370 10
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h /nm 178 - >822 - 42 > 111 >42 131~550
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