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Enhancement of Methanol Electro-oxidation via Core-shell PtRu

Nanoparticles and Functionalized Carbon Supports

Student: Yu-Chi Hsieh Advisors: Prof. Pu-Wei Wu
Dr. Jyh Fu Lee

Department of Materials Science and Engineering

National Chiao Tung University

Abstract

The objective for this research is-to improve methanol electro-oxidation in direct methanol fuel
cells via fabricating core-shell PtRu nanoparticles and functionalizing carbon supports
simultaneously. First, galvanostatic deposition in rectangular pulses is employed to prepare PtRu
nanoparticles on carbon cloths in various sizes and compositions. By adjusting duty cycle, we are
able to control the surface composition of PtRu effectively. Material characterizations including
XRD, TEM, XPS, and ICP-MS, as well as electrochemical analysis such as cyclic voltammetry and
hydrogen desorption are carried out. We found that in a displacement reaction which Ru atoms are
alternately deposited and dissolved during Ton and Toff, while Pt atoms are continuously deposited.
To further investigate the extent of displacement reaction, we adopt XAS to explore the oxidation
state and neighboring atoms for Pt and Ru in samples produced by immersing carbon-supported Ru
nanoparticles in hexachloroplatinic acid solutions with pH of 1, 2.2 and 8, respectively. Spectra

from XAS confirm that the pH value of hexachloroplatinic acidic solution determines the type of



ligands complexing the Pt cations, and consequently affects the extent of displacement reaction and
alloying degree of core-shell (Ru@Pt) nanoparticles. As a result, the samples from pH=1 bath
reveal a desirable core-shell structure that displays a reduced onset potential in CO stripping and
stable catalytic performance for the H, oxidation reaction, while the samples from pH=8 bath
indicate formation of Pt clusters on the Ru surface that leads to poor CO stripping and lower H,
oxidation performance. Lastly, we develop a facile electrochemical route to generate functional
groups on the carbon surface via engaging the degradation of Nafion ionomer by multiple CV
sweeps in oxygen-saturated H,SO, electrolyte. lon chromatography confirms the dissolution of
sulfate anions upon CV scans. Raman analysis suggests a minor modification to carbon structure.
XPS indicates a significant increase of oxygenated functional groups in conjunction with notable
reduction in the fluorine content. The amount of the oxygenated functional groups is determined by
curve-fitting of C1s spectra with known constituents. The functionalized electrode allows a 170%
increment of Pt ion adsorption compared to that without functionalization. After electrochemical
reductions, the functionalized electrode reveals significant improvements in electrocatalytic
performance in methanol oxidation, which is attributed to the oxygenated functional groups that

facilitate the oxidation of CO on Pt.



3R 3

MR AT 3R IR o B

44ﬁ@ﬁﬁ{ﬁuf%’@uéiﬁmiﬁﬁﬁ’%%g ey

F',-g ;figo*w,
%
[

PR GLHPRE o shel s B2l TR BE S R AP E o g R

T D P S
T

AN F GFPNE N S E PR o B FPN e B A PRGN Hid A AR .

FARMA N LS kg P S FREE I AP L AR L 2R
B A G AEEE > EP eSS R Rl - S KEA S AT EEFL AL
BEARF S FAAAYEF LI WHEFOBET OF ] 0 AP TRE BT B2 (X
PSR RAGIS SR ADPE T LY AN ART F LD b SR g
) TRt AR SRS A EEESTIE SR Jia s SE R FF EN SE R
ﬁﬁﬁ%ﬁgﬁﬁg°“mi*ﬁ%&% #ﬁ&%4w TYEETE RRA T A

-
B BE SR ARG 2008 F ARMAR L EH  FI G RBERT 4L
,‘qv B 73 5% % Dr. Adzic > F]t T A F RiE B < & hfdF 0 2010 £ A BT BT
?ga’ﬁii@—ﬁ%ﬁfmﬁﬂiwmgﬁm¢iﬁgé—ﬁm?% 2011 = F 4 nige
BETHAFRFEL AR RITEDL - £ B o FA g MEAXFE
ht 5 o REW B BT X fFm~ S8 & g o= B3t 45 ?'u#«ffz%%;%’*mﬂ?%\p F
X RN T A ‘*éF’iFFW'¢#ﬁ§§4’71m{§W$#Wm; 2l
% AEM GO RERE 0L BERKE TR 2 2 A A e A e R
kﬁiﬁﬁﬁﬁﬁf—ﬁﬁ%ﬁﬁ’%??ﬁJ°Wﬁ%%%%%’§§i§?ﬂéiﬁx
TR FP  F T EEF I PR P AR E I REAAFEES BERAHHY
R LARTY iR E 3 W“%@%m&hmﬁﬁﬁﬁﬁ&%mﬁﬁﬁﬁ #F2 0
FREFHLIELS  FP sk REIARHREMEEY BFA ERTT L wohig v
hUR#MFEFOTI AL FF L ey & %i*@%ﬁF%w—@ﬁ°é‘iPﬂ
R RASR]D I HRFPEIRLEPRE 4 FIXF-2 > FARIHRT -

L

.3\

o

- A B MR Ry F’EﬁvW°&ﬁamﬁ4ﬂ§»n R SR R NN aF 3
B0 B E R o A B A giokitat o n ﬁ%éﬁ’ B S R U
ﬁﬁﬁﬁ##%ﬂ%ﬁﬂﬁ%ﬁ%?i%’ﬁﬂwﬁ PEARETALER HE Rl E
?ﬁiiiéﬁ?%%éﬁﬂvw%ﬁ’f%—%ﬁ* §okp e & ’EnJﬂﬁﬁffﬁ%”-<@*whﬂm
AR FHREFAPEA AL BHFF A VE]I A TR T IRER &ﬁ R R
N4 EVARF SRR ARATH A ET ER PSR i*éq‘ﬂ#'),'g‘; Brg v B EEPG R R
AF Y AP PErFE RS il A B RREN FMR e HER R G g FERR
TEENFY RS c FREFLERE] VRFEERIFEL > @i AN PR S o
EPEHPFEI RO QAP FA L A RDERF AP RN IR o B

\Y

’



BLE AR B R B IR IR
: ﬁc‘i EEFILh > ApTin A EHEERA T ERILILL
éﬁ@ T AR FARE R BHE & TEM ¢ 2 afll ) B B g
RAPRET URE LY X AR L pE; BSRRA
4 - el R AHE Al A BT L A EHA S
%%@o?t3%%Wﬁ%’@ﬁﬁMMg%?%iﬁkwiﬁ,”ﬁ*ﬂéﬁﬁxé%Q
EERPEEVUBCHEET o RE - B R AT OBV ERERLR  EAEY T ’”‘ﬁ*‘?
FLOREFY O RRGEF G o},épﬁr A48 < IR %2« XRD % B 1 cipans o g Jeh
FRZAIEERL > - R FEIRAF S FHFESELAGHE > £ P2
GRE R AT % o B AR 2 & HRTEM b A entaet o BEE £ B ARTR 1
i tiéﬁﬁj}“ ARG P R o A T L L 4 BLOLCL XAS § St g
B HE o Bie ALt BLITCLXAS 9 % 1 ehfiiFia et 22 08 - B ikt i % 8
& XAS ¥ wazMﬂMeu HCE o R E T & XPS RE L FI o BB FE b E M-
Ao R e e B SHEIe S B ST R et oF S m B A RTIE LR F i
FRT DR FES R RS AN - RS

T

IR TN Sl i

O £Baad 4o palthimme e g o fm 221358 @i o Pin
;‘\:FB— A% 27 ;\1‘3‘,4 WP R BT e ffiégihﬁrrigzg' 4T ERG Eekine
TR HERAITE 0 AR A E RO %Ti\ Bl e AR o B A F O b nfles o B

ST ES ESE R AP E A (FHEY o R R A I R T L H e B
FRRERAAGF YR R YRR A L4 (RU) F 54 A ik
g7 o FAFLLEP DL DE VR B LFHLEBRAL ST
R i L o Bz w*@ﬂ@n}q‘%:‘_mnﬂ;@%ﬁ%ygbg\,‘ﬁ@#ﬁ‘rﬁ%{&ogb
gk}é%%"“ﬁ;“‘igﬁfy FRY Fémfbﬁ)w}é&f FRER AL R Rihd BE RN - i
RIRE M T R S R S AR H T BT 2T AT
P :’%ﬁm& v » RHIT A EQCM Fentnet o REBE R AT G E 0 AT E AEF AN
AR PE-o R BT B 2 ’#fi'—?#g;:?fﬁ?, éf’—mfr* o-?ﬁé}j;:-w ¢§%3ﬁ*ff°’i+ﬂ$£~+#'§‘ﬁp

m

g

M

HRERSBERS HMAR-EFTF S FFE M MY R E S F kRT3
WEE~ MR E (S Fd 1) MRA \éE;}\“‘\i}Tiz?% % Al éi%p&a\aéﬁ,ﬁéf]\a?ﬁfr’;%\
ERE S ARp R B G E A A AR B B L FIend E R R4 e

B B E Gt o F AR D Jia X Wang # T2t b % B hdn 308 o Jia &
4T \

:Ti.‘:'-ﬁjri; ’%E/i‘gﬂg -g?#"mﬁdﬂgf\? alﬁ”ﬁiﬁia’ﬁﬂ% i%’ﬂé‘/#]%—-g?#;;—r—g“m 3 o
LEL DI R aR P2 Fenl pho G JUIE Jied %o v EAFY FIHPBE DG e L o
SR BP0 B R LE B - & LRTUR Bee o A4 2 B Dr

3
A

Radoslav Adzic » 3t 4c » (& PRI > A B FTE 4 B % eht A o iéﬂm?”f‘{@ i
FIRATR A B RE S B o ARG S E W L R A8 AR I 4o 4 4



~ e B fefef iR 0 AR Y SR - AR b o A K B T
B dofs 23 - MBI o BERADER REFY i > mELEE |
4%#%ﬁ#mw¢%ﬂ@mzﬂo@ﬁinaﬁi’ﬁsﬁﬂ%ﬁ%%—&w%@°#ﬁ
BEHBERARY A b BB A ES Fo PG A gy F A asEy o B Wei-Fu
CMn#CWmeg#ﬁ’ﬁﬂﬁﬁﬂ’ﬂAEi@*?”Ei‘rf?&m4m AP
et E e 2 flb o #Yun Cai, 2 CuUPD il ey By 2wl g
4 OPARA RehE G o },@\;gﬁ,ﬁgj‘f?% - RBFRF YL - E 0 XD T PR - AedRIRap
+ o & ¥ YongMan Choi, g% egkfpe# » ¥ 4p 2 2 o g 3 Kotaro Sasaki » .. In-site XAS + &
engcd - f P Miomir fe Stoyan, &R S E % 2mE 1 gl - HARAIN LI
BT PR A A E R e B o

(LEENCE S BENY L S E N RS T A R R
B PHERRAT K FRF YRGS MPE R DRAT 3T RLFED
///A\Tg__l Y- % }C‘T;;‘{;’g,—,sg\;;»[] EFEXEFEIHRT R INIELIZI] Nirg A ey

mﬁmmﬁ?’ﬁ¢2i4%,%ﬁwiﬂ%ﬁ?@{ﬁiiﬁo%’ﬁﬁ“l A

PRE S BRI SN FIE R F e 27 ) Ead 0 o BF o SRR T o
P B R i AT L b B 1R RN A o TR B T B B i o 3R
AT ARG A kS Y A A TR R A e LR T T A RS MR A
hp > - R AN 3 > REF RS TR 4 o

N ER L R EE e A AL g

vii



Table of Contents

Fi\ o131 - Lot ol (@011 T=T-Y=) T i
FAN o1 4 ot (1 T4 1T 1 ) RN iii
Acknowledgement (CHINESE) ...cc.uuiiiiiieiiiiiieiiiiiiecirree et ssenee e s sene e s sesnssssssesnssssssennsssssanns v
Table Of CONEENES ...t ee e e s s esa s e s s sennsssstasnsssssssnnsssssssnssssssans viii
(T oY B I 1 o1 [T POt X
LISt Of FIBUIES . ieeeeiiiiiiieciiiiiiiistiee et eereeense s s esnssesssenssssssesssssssasnnsssssssnssssssennsssssennnssssssnnnnes Xii
Chapter 1 INtrodUCtioN .....c.cieeiieeiiiiiiicre e reeereeeteerenereseressresseasseassrassrnsesasssassssssssnsesnsssnsesansnen 1
1.1 BacKBroUNd .....ccuciieeiiiiiiiiieiiiiiiirieereneertneiereaestnneseassseneserenssssenssssnnsesensssssnsesenssssansasannnans 1
P 1Y/ oY AV 1 o o NS 6
Chapter 2 Literature REVIEW .....cc..iiieeiiiiiiiiiiiiiiiciiiisieecieneeseneesensstsnsessnsssnsnsessnssessnsssssnssssnanans 7
2.1 Anode electrocatalysts for direct methanol fuel cell..............corriemiiriiciiiicrcccreeeee, 7
2.2 Platinum monolayer core-shell electrocatalysts ........c.ccceeerieiiiiniiiiiniiiieniiicninicienenienee, 12
2.3 Carbon based mMaterials ........c.cictiiiiiiiiiiiiii st reneiereniereaestnsiesenssssseserenssessnsssssnnans 18
2.3.1 Applications in fuel CelIS....o i et e et e e e e 18
2.3.2 Surface fuNCtioNalization ... i it e e e e e e e e e e e e e e e e e 19

P \\E= Y 1T 4 W ToTy Vo 4 1= s S e SRR 20

Chapter 3 Enhancement of Methanol Electro-oxidaiton Performances via Core-Shell PtRu

Nanoparticles Prepared by Pulse Current Deposition .......cc.cccvveueiiiiirnniiiiinneniiiiieniininnnnienns 21
20 T 1410 o 11T o 4o T N 21
3.2 EXPerimental ..ot s e e e e e s e a e s e n e e s e n s s enasesenssssannsenanans 23
3.3 Results and diSCUSSION ......coiiieueiiiiiiuiiiiiiiiiiiiiiiiiiiieeiiiineeisirssssirssssssssrssssssssesssssssenns 25

3.3.1 Various T for pulse electroplating........cccuviiiieeee e 25
3.3.2 Various Top, for pulse electroplating .......ccceviiiieiee e 31
3.3.1 Duty Cycle for pulse electroplating........cccccviiiieiee e 35
3.3.4 X-ray absorption spectroscopy analysis........ccccveeiieieciiiiieee e 43
3.4 CONCIUSIONS..ccuuiiiiiieiiiiiiniiiiiiteiiiireaiitireaesitrrasssstrssssssssssnsssssrsnssssstssssssssssnssssssssnsssssssnns 51

Chapter 4 Investigation of Formation Mechanisms for PtRu Core-Shell Nanostructures during

Galvanic Displacement by XAS and EQCM........cccceuueiiiiimneiiiniinniininnniiiimemsiimensissiessss 52
L 01 T 143 o T [T 4 ' o 52

L B o8 (o Y= 4 T4 =T 3 55
4.3 Results and diSCUSSION .....ccieueeiiiiimuiiiiiinniiiiiieniiiiireeiiiiensiiiienisimenssssmmssssmssssssssrsnsses 59
4.3.1 Materials characterizations on RU@PE/XCT72/CC...uuvuiieiiiieieieeeeeeeeeeeeeeeeeee e eeeseiaeeeeeeens 59
4.3.2 XANES and EXAFS @NalYSiS ..uueeeeiiiieiiiiiiieie e ettt e ettt e e e e e e e nna e e e e e e e e e snnraeeeeeaans 67



4.3.3 Electrochemical analysis of RU@PE/XCT72/CC ......uuveeeeireeeeeeieee et eeetreee e eeveeeeeeeireee e 82
L TV =T T= 1 1Y SRR 86
L 0 N oY Yol [T o 3 L 90

Chapter 5 Enhancement of Methanol Electro-oxidation via Functionalization of Carbon Supports

by the Electrochemical Degradation of Nafion lonomer ..........cccciiiiieeiiiiiieiiiiiinencinnneeeccnneennee 91
L I 141 o o 11T o 4o T N 91
5.2 EXPErimeENtal ... ccuiiiiiiiiiiiireeireeietertierenereeerenesennersseraseressreseresssenssensssnsssnsesnsesnsesanssanssnnnes 92
5.3 Results and diSCUSSION ......coiiieeiiiiiiiuiiiiiiiiiiiiiiiiiiiiniiinreess s rrssssssssssssssssssssssssenns 94

5.3.1 Electrochemical degradation of Nafion ionomer .........ccccoveeeeeiiie e 94
5.3.2 Carbon functioNalization.........cooieeiiiiicececee e e e 99
5.3.3 Methanol electro-oXidation ..........cc.uiiiiiiiiiiiiiiie e s 109
LR 000 T3 ol [T T 116

Chapter 6 Conclusion and FUtUre WOrK.......cccciieeiiiieiiiimiiiineiiieniiieniiinieienisissersssessnsssssssesens 117
0 T 00T ol [T T 117
LR V) 0V T o 119

6.2.1 Development of electrocatalysts with different nanostructures by the advanced pulse
LY [Tt o] o1 = A TV e S U 119
6.2.2 Development of electrocatalysts with different compositions for other catalytic
(=T [ A o] o TS T L SO e O PP PT PO PPPTPUPPPTRPN 119
[ {21 =T o = N 120



Table 3.1

Table 3.2

Table 3.3

Table 3.4

Table 3.5

Table 3.6

Table 3.7

Table 3.8

Table 3.9

Table 4.1

Table 4.2

Table 4.3

Table 4.4

Table 5.1

Table 5.2

Table 5.3

List of Tables

Results from materials characterizations on the PtRu nanoparticles with fixed values of T, (50 ms),
Ja (50 mA/cm?), and total coulombic charge (8.0 C/CM2).......oeeeeie i,
Electrochemical parameters from the CV scans in mass activity of the PtRu-Catalyzed carbon cloths
with fixed values of T,, (50 ms), J, (50 mA/cm?), and total coulombic charge (8.0 C/cm?)..............
Results from materials characterizations on the PtRu nanoparticles with fixed values of T (400
ms), J, (50 mA/cm?), and total coulombic charge (8.0 C/CM?).........oeeee e,
Electrochemical parameters from the CV scans in mass activity of the PtRu-catalyzed carbon cloths
with fixed values of T, (400 ms), J, (50 mA/cm?), and total coulombic charge (8.0 C/cm?)............
Results from materials characterizations on PtRu nanoparticles with fixed values of To, (50 ms), T
(400 ms), and total coulombic charge (8.0 C/CM?).......uuueee oot
Electrochemical parameters from the CV scans in mass activity of PtRu-catalyzed carbon cloths
with fixed values of T,y (50 ms), Tos (400 ms), and total coulombic charge (8.0 C/cm?)..................
Lattice parameter and alloyed Ru for the PtRu nanoparticles with fixed values of T,, (50 ms), J, (50
mA/cm?), and coulombic Charge (8.0 C/OMA) it & i v et
Results from XPS and curve fitting of PtRu nanoparticles with fixed values of T,, (50 ms), J, (50

mA/cm?), and total coulombic charge (8:-0-CIOM?). . .. ue. it

EXAFS fitting parameters at Pt'L;,-edge and at the Ru K-edge for PtRu nanoparticles with different
values T (100, 400 and 600 ms) and fixed values of T, (50 ms), J, (50 mA/cm?) and coulombic

charge (8.0 CICMD) ... . e e e,
EDX results on Ru@Pt/XC72 fromgroup-A of pH-4, pH 2.2, andpH 8. ...,

ICP-MS results on Ru@Pt/XC72/CC from group A of pH 1, pH 2.2, and pH 8, as well as their
corresponding HoPtClg SOIULION. ..ot e
EXAFS fitting parameters at the Ru K-edge for Ru/XC72/CC and Ru@Pt/XC72/CC under various
ot ) o 1T 0TSSR
EXAFS fitting parameters at the Pt Lj,-edge for Ru/XC72/CC and Ru@Pt/XC72/CC under various
(0100 1T 0TSSR

The atomic ratios for carbon, oxygen, and fluorine from XPS profiles for as-prepared electrode, as
well as electrodes after CV scans with and without the supply of ambient oxygen........................
The atomic ratios for the C-C, —OH, —C=0, —COOH, and C-F from XPS curve fitting for
as-prepared electrode, as well as electrodes after CV scans with ambient oxygen and without
AMD BN XY BN, ..ttt
The atomic ratios for C—C, —OH, —C=0, —COOH, and C—F from Cl1s XPS curve fitting for
as-prepared electrode, as well as electrodes made of XC-72R/carbon cloth with and without

immersion in HCI solution containing concentrated residues from Nafion ionomer decomposition....

26

29

32

32

36

36

40

42

50

64

67

73

78

101

103

109



Table 5.4 Electrochemical parameters obtained from CV profiles on functionalized and reference electrodes

for methanol electro-OXidation. ... ..ot

Xi



Figure 1.1
Figure 1.2

Figure 2.1

Figure 2.2

Figure 2.3
Figure 2.4

Figure 2.5

Figure 2.6
Figure 2.7

Figure 2.8

Figure 2.9

Figure 2.10

Figure 2.11

Figure 2.12

Figure 2.13

Figure 2.14
Figure 3.1

List of Figures

Possible operation modes for electrodeposition..............oovviiiiiiii e
A schematic demonstration for the functional group formation and physical adsorption of
SEIECTIVE CALIONS. ... ee it e
Schematic illustration of methanol oxidation on Pt surface in different potential regions, studied
by FTIR and attenuated total reflection (ATR).........cooiiiiiiriiiii e
Schematic illustration of methanol oxidation on PtRu surface in different potential regions,
studied BY FTIR @nd AT R ..o e et e e
[llustration structures of PtRu alloy, Ru@Pt core-shell, monometallic nanoparticles..................
Cyclic voltammogram for the Au (111) single crystal electrode in 1 mM CuSO, with 0.05 M
HySO4. The SWeep rate Was L MV/S. . ...t
Interfacial structure of the Cu UPD on Au (111) single crystal surface after the first UPD peak:
(2) tOP VIEW (D) SIAB VIBW. ... e ettt e e e e
The top view of the Cu-(1x1) monolayer on Au (111) surface after the second UPD peak.........
Polarization curves for the ORR on .the iPt :monolayer supported on different single crystal
SUITACES. ..ot e e et e e P e e et
STEM HAADF image (left).and the-EDS line scan profile (right) indicating the core-shell
structure of the Pt monolayer-catalyst on Pd nanoparticles.««..............ccoooiiiiiiiiiiiiinens
The Pt mass activities for the' ORR as a function of the potential cycle number n during fuel cell
testing for the Pt monolayer catalyst.on Pd nanoparticles(red), compared to those for commercial
Pt/C catalysts (green and blue). The potential cycles were square waves with a 30s dwell time at
0.7and 0.9V each (VS. RHE) at 80 OC...... ..ottt e
The structure for the Pt submonolayer catalyst on Ru core (the inset) PtRu,q and its HOR behavior
for the CO tolerance test, compared to that of a commercial Pt,Rus catalyst............................
(@) Methanol-oxidation currents normalized by the total noble-metal mass, and (b) the
chrono-potentiometric measurements at 0.69 V for the MOR, for the Pt monolayer catalyst on Ru
nanoparticles, compared to that on the commercial PtRU................cocoiiiiiiiiiiiii e
(@ TEM image of PtRu nanoparticles decorated on CNTs (sample B02). (b) Cyclic
voltammograms for the MOR of PtRu nanoparticles on CNTs (B02) and commercial PtRu
catalyst produced by Johnson Matthey (J-M), in N,-saturated 0.5 M H,SO,; + 1 M CH;0OH
BlECTIOIYEES, 20 MV S, .o e
(@) The equilibrium potential diagram showing the potential difference between carbon (CNTS)
and metal ions (PtCl?). (b) Polarization curves for the MOR on Pt nanocatalysts supported on
CNTs with (line 1) and without (line 2) surface functionalization.......................cooiiiiinnl,
Example structure of a sulphonated fluoroethylene from Dupont.................ccoeiiiiiiiiiinn.n,
Representative TEM images for the PtRu nanoparticles with fixed values of Ty, (50 ms), J, (50
mA/cm?), and coulombic charge (8.0 C/cm?), as well as Ty of (A) 400 and (B) 600 ms..............

Xii

10
11

13

13
14

15

15

16

17

17

18

19
20



Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10

Figure 3.11

Figure 3.12

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

CV profiles in mass activity for the PtRu-catalyzed carbon cloths with fixed values of T, (50
ms), Ja. (50 mA/cm?), and coulombic charge (8.0 C/cm?), as well as T of (a) 100, (b) 300, (c)
500, (d) 200, (€) 400, and (F) BO0 MS.......utiritieit et e et e e aean
Representative TEM images for the PtRu nanoparticles with fixed values of T (400 ms), J, (50
mA/cm?), and coulombic charge (8.0 C/cm?), as well as T,, of (A) 25 and (B) 400 ms...............
CV profiles in mass activity for the PtRu-catalyzed carbon cloths with fixed values of Ty (400
ms), Ja (50 mA/cm?), and coulombic charge (8.0 C/cm?), as well as T, of (a) 25, (b) 50, (c) 100,
AN (A) A00 M. ..ot e e
The effect of duty cycle on the Pt atomic ratio for the PtRu nanoparticles. Data are from Tables
L), T (O), BNV (X) ettt ettt e e
The XRD patterns for the PtRu nanoparticles with fixed values of T, (50 ms), J, (50 mA/cm?),
and coulombic charge (8.0 C/cm?), as well as T of (a) 100, (b) 400, and () 600 ms.................
XRD patterns from Fig. 3.6 with an enlarged range between 38 and 42° for lattice parameter
AEIEIMINATION. .. .. et e,
(A) XPS signals of Ru (3pa) from PtRu nanoparticles with fixed values of T, (50 ms), J, (50
mA/cm?), and coulombic charge (8.0 Clem?); as well as T in (a) 100, (b) 400, and (c) 600 ms.
(B) The results of curve fitting using RU°, RUO,, and RUO, NH,0 . ...t
(@) The Pt L,;;-edge XANES and EXAFS spectra and (h) the Pt L;,-edge k-space spectra for PtRu
nanoparticles with different values of Tog (100, 400, and 600 ms) and fixed values of T,, (50 ms),

Ja (50 mA/cm?), and coulombic charge (8.0 C/cm?), along-with Pt foil serving as the reference in

(@) The Ru K-edge XANES spectra and:(b)-the'Pt K-edge k-space spectra for PtRu nanoparticles
with different values of T (100, 400 and 600 ms) and fixed values of T, (50 ms), J, (50
mA/cm?), and coulombic charge (8.0 C/cm?), along with Ru metal serving as the reference in (b)..
(@ The Pt Lj-edge and (b) the Ru K-edge Fourier-transformed EXAFS spectra for PtRu
nanoparticles with different values Ty (100, 400 and 600 ms) and fixed values of T, (50 ms), J,

(50 mA/cm?) and coulombic charge (8.0 C/CMA)........oee oot
Schematic diagrams for cross sections of PtRu nanoparticles with different values To (100, 400

and 600 ms) and fixed values of T,y (50 ms), J, (50 mA/cm?) and coulombic charge (8.0 C/cm?)...
A flow chart for the processing steps involved to prepare samples of group A, group B and
[ (=T Ao | o o PP
The XRD patterns for the XC72/CC, Ru/XC72, Ru/XC72/CC, and Ru@Pt/XC72/CC from group
Aof pH 1, pH 2.2, and pH 8 in scan range of (a) 30™-90"and (b) 36"42".............ccceoiiiiinn.l,
The XRD patterns for the Ru@Pt/XC72/CC from group B of pH 1, pH 2.2, and pH 8 in scan
range of (2) 30—90" and (D) 36°—42 ... ..o i
The TEM images for (a) Ru/XC72 and Ru@Pt/XC72/CC from group A of (b) pH 1, (c) pH 2.2,

and (d) pH 8. The insets are their respective mages in high resolution..................................

Xiii

30

33

34

35

39

37

41

44

46

49

51

57

61

63



Figure 4.5
Figure 4.6
Figure 4.7
Figure 4.8
Figure 4.9
Figure 4.10
Figure 4.11
Figure 412
Figure 4.13

Figure 4.14

Figure 4.15

Figure 4.16

Figure 4.17

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

The Ru K-edge XANES spectra of Ru, RuO,, and Ru/XC72/CC from reference group of pH 1,
PH 7, and PH 8. e e
The Ru K-edge XANES spectra of Ru@Pt/XC72/CC from group Aand groupB.....................
The Ru K-edge Fourier-transformed EXAFS spectra from Figs. 4.4and 4.5...................ooenn.
The Pt L;-edge XANES spectra of Pt foil and H,PtClg solution of pH 1, pH 2.2, and pH 8.........
The Pt Lj-edge XANES spectra of Ru@Pt/XC72/CC from group A and group B..........cccoeeereene
The Pt L;-edge Fourier-transformed EXAFS spectra from Figs. 4.8and 4.9.........................
The Ru K-edge XANES spectra of Ru ions after displacement reaction, along with Ru metal,
Ru/C, RuClj(aqg) and RUO,(S) SErving as referenCes..........coveiiiiiirceneieeeses e
Schematic diagrams for PtRu displacement reaction occurring at (a) low pH and (b) high pH
CONTITIONS. ..o e e e et
The cyclic voltammetric curves for CO oxidation on E-TEK/CC and Ru@Pt/XC72/CC from
group BofpH 1, pH 2.2, and pH 8o o
The H, oxidation curves in (a) apparent current density and (b) mass activity on E-TEK/CC and
Ru@Pt/XC72/CC fromgroupBof pH 1, pH 2.2, andpH 8.
EQCM measurements using Pt plating bath; (a), (b), and (c), as well as PtRu plating bath; (d), (e),
and (f). The (a) and (d) are the.current profile during pulse deposition. The (b) and (e) are their
respective mass variation in each pulse.-The (c) and (f) are the voltage reading during plating time
and open circuit voltage during reSting tiMe.....ci it it
EQCM profiles in a single pulse; (a), (b), and (c) for Pt plating bath, and (d), (e), and (f) for PtRu
plating bath. The (a) and (d) arethe current profile during pulse deposition. The (b) and (e) are
their respective mass variation in‘each pulse. The-(c) and (f) are the voltage reading during plating
time and open circuit voltage during resting time...........cocooviiiiineneee e
Ratio of (a) the surface oxide mass change (for the sample in Pt bath) or (b) the displacement
mass change (for the sample in PtRu bath) to the electrodeposition mass change. These data were
obtained for the first ten pulses from EQCM measurements in Fig. 4.15........ccccooviviivnieiinneneeneene.
A schematic of the electrochemical cell for CV scans in 0.5 M H,SO, aqueous solution. The
carbon cloth is partially exposed to ambient OXYgen.............oooiviiiiiiiiiiieee

Profiles from multiple CV scans with ambient oxygen for electrodes containing carbon cloth,
XC-72R, and Nafion I0NOMET ..ot
Profiles from multiple CV scans (a) with ambient oxygen and (b) without ambient oxygen for
electrodes containing carbon cloth and Nafion ionomer. Also shown in (a) is the electrode with
Carbon ClOth ONIY ...
Comparison in the current value obtained at 0.5 V from the 20th CV cycle for electrodes
containing carbon cloth (CC), Nafion ionomer, CC/Nafion ionomer,and CC/XC-72R/Nafion
ionomer. These CV experiments are performed with ambient oxygen and without ambient

OXYQEN, TESPECHIVEIY ...

Xiv

79

81

83

85

87

88

89

93

95

97



Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8
Figure 5.9

Figure 5.10

Figure 5.11

Figure 5.12
Figure 5.13
Figure 5.14

Figure 5.15

Raman spectra for electrodes after CV scans with ambient oxygen and H,SO, immersion only.
These electrodes contain carbon cloth, XC-72R, and Nafion ionomer...................cccooeiiian
XPS surveys for (a) as-prepared electrode, as well as electrodes after CV scans (b) without
ambient oxygen and (c) with ambient oxygen. These electrodes contain carbon cloth, XC-72R,
and Nafion T0NOMET ... e
(a) C1s XPS profiles for as-prepared electrode, as well as electrodes after CV scans without
ambient oxygen and with ambient oxygen. (b) Curve fitting for the C 1s XPS profile from
electrode after CV scans with ambient oxygen. These electrodes contain carbon cloth, XC-72R,
and Nafion T0NOMET. ...t e
lon chromatogram for Nafion ionomer degradation in 0.1 M HCI aqueous solution...................
Variation of sulfate concentration as a function of CV scans with ambient oxygen. The data at Oth
cycle is obtained from the electrode immersed in 0.1 M HCI aqueous solution........................
C1s XPS profiles for (a) as-prepared electrode (carbon cloth/XC-72R/Nafion ionomer), as well as
electrodes (carbon cloth/XC-72R) (b) before and (c) after immersion in HCI solution ontaining
concentrated residues from Nafion ionomer decomposition..................cooviiiiiiiiii i
S2p XPS profiles for (a) as-prepared electrode (carbon cloth/XC-72R/Nafion ionomer), as well as
electrodes (carbon cloth/XC-72R) (b) before and (c) after immersion in HCI solution containing
concentrated residues from Nafion ionomer-decomposition...................ooovviiiiiiin e
TEM images for deposited Pt-nanoparticles on (a) functionalized and (b) baseline electrodes.......
ECSA profiles for functionalized and baseline IeCtrodes...oc........coooviiiiiiiiiiiii e,
CV profiles for functionalized ‘and baseline electrodes on methanol electrooxidation in (a)
apparent current density, (b) mass activity, and.(¢) unit Pt electrochemical surface area..............
Chronoamperograms for functionalized and baseline electrodes on methanol electro-oxidation at

0.5V for 30 Min iN Mass aCtiVItY.......c.ooiuiii e

XV

100

102
104

105

107

108
110
111

114



Chapter 1 Introduction

1.1 Background

Fuel cells are of considerable interests as alternative energy-generating systems for sustainable
future with reduced emission. To render the fuel cells commercially viable, it is necessary to reduce
system cost and operation life time simultaneously[1, 2]. Unfortunately, conventional
electrocatalysts are primarily based on precious metals and they tend to aggregate or break off
during cell operations. Therefore, one particular aspect to overcome these obstacles is to fabricate
electrocatalysts in desirable core-shell structures with reduced particle size, and establish uniform
dispersion and solid anchoring onto suitable carbonaceous supports. In a core-shell arrangement, the
inexpensive element can constitute the core while the expensive one can reside on the surface
instead. In such way, the electrocatalytic activity for the shell element remains intact but the catalyst
cost is expected to be reduced substantially[3-5]. Alternatively, it is suggested that the carbon
surface can be deliberately functionalized so the anchoring sites for depositing ions can be increased,
leading to larger catalyst loading and stronger bonding. between the carbon support and active
metal[6]. It is surmised that interaction like this could relieve catalyst loss or aggregation.

Among many materials investigated for fuel cell applications, the development of bimetallic
PtRu nanoparticles has attracted substantial attention recently because the PtRu is not only an
effective electrocatalyst for methanol oxidation reaction in direct methanol fuel cells (DMFCs) but
also demonstrates impressive CO oxidation ability for reformate hydrogen fuel cells[7, 8]. In
DMFCs, methanol electro-oxidation entails consecutive removal of hydrogen that leaves a CO
strongly bonded to the Pt, resulting in a gradual loss of catalytic activity known as CO poisoning.
For the reformate hydrogen fuel cells, there is often minute presence of residual CO in the hydrogen
feeds so it becomes a concern once the Pt is employed for hydrogen oxidation at the anode. To

alleviate the CO poisoning effect, the Ru is purposely alloyed with Pt because the Ru can either



provide the oxygenated species for CO oxidation to CO, (known as bifunctional model) or alter the
electronic structure of Pt so the CO-Pt bond is weakened significantly (known as ligand effect)[3, 9,
10].

To prepare PtRu nanoparticle, it is established that the electrochemical pulse electroplating
method allows interrupted time for mass transport so better control over composition and
morphology is possible over conventional galvanostatic or potentiostatic counterparts. For example,
Tsai et al. (3% # %) has employed the pulse deposition, with the addition of chemical additives,
to prepare fine PtRu on carbon nanotube surface for enhanced catalytic actions[11]. In general,
many electrochemical variables can be adjusted to attain desirable deposit properties (See Fig. 1.1
as follows). However, one of the drawbacks is that there are nucleation and growth occurring in
each pulse so the deposits are known to reveal a wide size distribution of particle sizes. In addition,
for PtRu the replenishment of individual -cations depends-on their respective concentrations and
diffusion coefficients. As a result, this is likely to produce unnecessary variation in deposit

composition in each pulse.
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Figure 1.1 Possible operation modes for electrodeposition.

Recently, X-ray absorption spectroscopy (XAS) has been established as a powerful tool to



elucidate the detailed arrangement for Pt and Ru in nanoparticulate forms[12, 13]. It is because with
light source from NSRRC (National Synchrotron Radiation Research Center), any minute variation
in the absorption coefficient can be diagnosed. For example, spectra of XANES (X-ray Absorption
Near Edge Structure Spectroscopy) and EXAFS (Extended X-ray Absorption Fine Structure) are
routinely used to determine the oxidation state, fractional d-electron density, atomic environment of
the absorbing atom, as well as its short-range ordering and geometric arrangement. In this regard,
with XAS, we can follow the formation mechanism of PtRu nanoparticles and analyze Pt and Ru
for both deposit and solution states. Moreover, recent studies have adopted the in-situ XAS to
characterize the surface rearrangement in PtRu nanoparticles during fuel cell operation (under
polarizations) so better understanding over life time performance can be established[14, 15].
Another important factor affecting the performance of electrocatalysts is the catalyst supports.
Amount many conductive materials, ‘carbonaceous materials have been widely employed as the
substrates for catalyst impregnations-in room tempeaturare fuel cells[11, 16, 17]. It has been found
that nanoparticulate PtRu are able to distribute uniformly, leading to reduced loading and better
catalyst utilization[6]. Untreated carbon®is usually hydrophobic that allows poor adsorption of
catalyst precursors and active metals. After proper surface functionalizations to render a hydrophilic
surface, the carbon is expected to adsorb more catalyst precursors for a larger amount of catalyst
deposition. In literature, carbon functionalization involves anodization treatments in corrosive acids
at moderate temperature. For example, Kangasniemi et al. imposed potentiostatic treatments on
Vulcan XC72 (XC72) in 1 M H,SQO, solution, and observed a signficant oxidation for the anodizing
voltage of 1.2 V for 16 h. The degree of surface functionalization also depends on the type of
carbon because its surface area and microstructure differ considerably. After functionalization,
surface oxidized groups such as phenols, carbonyls, carboxylic acids, ethers, quinones, and lactones
have been identified*’. The exact mechanism responsible for the formation of selective functional

groups is contingent on the processing steps employed and the type of carbon.



Another route to functionalize carbons is via the chemical changes of polymeric binders. In
electrode fabrications, Nafion ionomer is often added in mixture with carbon, serving not only as a
binder but also conductive channels for proton transports. Therefore, it is expected that the Nafion
ionomer would suffer from structural alteration and loss of sulfonic acid side chains if deliberate
electrochemical treatments are imposed. Previously, extensive efforts have been devoted to
understand the responsible mechanism for Nafion membrane degradation in different environments
and factors including humidity, temperature, and oxygen concentration are found to be critical[18,
19]. According to Bruijn et al., hydroxyl ( «+ OH) and peroxy ( «+ OOH) radicals formed during fuel
cell operations are able to attack polymer end groups that still contain residual terminal
H-groups[20]. Further studies also indicate that the sulfonic acid side groups are more susceptible to
radical attacks than poly(tetrafluoroethylene) backbone[21]. The broken species of Nafion ionomer
contain free radicals that attach to the carbon-which catalyze further carbon oxidation[22]. Presence
of functionalized groups has been established to catalyze additional oxidized groups. Therefore, we
realize that the intentional degradation of Nafion ionomer provides a facile route for carbon support
functionalization. Fig. 1.2 depicts a schematic showing the formation of functionalized groups and

adsorption of selective cations.

carbon
substrate

| oo - BEDD)
! Functionalization P 2::3?: pI::: I

& @

Figure 1.2 A schematic demonstration for the functional group formation and physical adsorption of
selective cations.



An alternative route to manipulate the surface composition of PtRu is to take advantage of the
displacement reaction. The displacement reaction is also known as redox-transmetallation reaction
or spontaneous deposition, and it often occurs in multi-component systems with constituents
revealing distinct values of redox potentials[23, 24]. In principle, when a binary deposit is in contact
with their respective cations in electrolyte, the constituent of lower redox potential is dissolved from
the deposit while the one with a higher redox potential is reduced from the electrolyte.
Consequently, the deposit on the surface can be tailored for a desirable makeup which is different
from that of bulk if the displacement reaction is carefully controlled. For PtRu, once the Ru is
immersed in the electrolyte containing Pt cations, the Ru would undergo an oxidation reaction in
conjunction with the reduction of Pt cations. Previously, Adzic et al. and Huang et al. (5 & P& % $2)
have adopted the displacement reaction to tailor core-shell nanoparticles with impressive results[12,

25].



1.2 Motivation

In this study, | attempt to prepare desirable PtRu core-shell nanoparticles for improved
catalytic behaviors. In addition, | explore the functionalization of catalyst support in order to
obtain a better life time performance. To realize the core-shell structured PtRu nanoparticles, |
adopt galvanostatic pulse deposition. The surface composition of PtRu nanoparticles is controlled
via the displacement reaction. To prolong life time activity, | carry out functionalization treatment
to anchor electrocatalysts on the carbon support. In Chapter 2, more literature reviews are provided

so that readers can be acquainted with our work.



Chapter 2 Literature Review

2.1 Anode electrocatalysts for direct methanol fuel cell

Fuel cells using hydrogen or methanol as fuels and oxygen or air as oxidants convert chemical
energy in the fuels directly into useable electrical energy, and thus they are suitable as power
sources for automobiles and portable electronics. In particular, using fuel cells in electric vehicles
has been considered as a promising route to reduce energy consumption since they can generate
electricity in a cleaner and more efficient way as compared to conventional gasoline-based engines.
To date, there are many fuel cell systems competing for commercial viability. Among them, the
direct methanol fuel cell (DMFC) has been studied extensively because of its simple fuel usage and
feed strategies[26, 27] Comparing to hydrogen gas for other fuel cell systems, the DMFC uses
methanol as the feedstock. Methanol is-liquid and easy to be handled, stored, and transported. In
addition, methanol is renewable and is of high energy density. Therefore using methanol as the fuel

can simplify the entire fuel cell system.

So far, the most popular electrocatalyst for methanol electro-oxidation is Pt and its alloys.
Methanol oxidation reaction (MOR) on the Pt metal involves several reaction steps including (1)
methanol adsorption; (2) C-H bond activation (methanol dissociation); (3) water adsorption; (4)
water activation; and (5) CO oxidation[28]. Previously, the detailed MOR mechanisms on the Pt
have been investigated by in-situ Fourier transform infrared spectroscopy (FTIR) and
electrochemical quartz crystal microbalance (EQCM)[29, 30], and they are discussed below at
different potential regimes.

Electrochemical mechanism for the methanol oxidation reaction (MOR) on platinum (Pt) metal
is composed of series of reaction steps including (1) methanol adsorption; (2) C-H bond activation
(methanol dissociation); (3) water adsorption; (4) water activation; and (5) CO oxidation [28].
The detailed MOR mechanisms on Pt have been investigated by in situ Fourier transform infrared

spectroscopy (FTIR) and electrochemical quartz crystal microbalance (EQCM)[29, 30] in different
7



potential regions, explained as follows.

1) At potential region around 0.05V:

Methanol molecules dissociate and adsorb on the Pt surface by dehydrogenation and the

subsequent formation of formyl (-CHO) and CO, as shown in Equation (2.1-2.2) and Figure 2.1.

4Pt + CH30OH = Pt-CHO + 3Pt-H (2.1)
Pt-CHO + Pt - Pt-CO + Pt-H (2.2)

2) At potential region around 0.05V-0.2V:

The intermediate CO at Pt sites and the adsorbed H,O molecules form formic acid (HCOOH)s,
as shown in Equation (2.3) and Figure 2.1.
2Pt-CO + 2Pt-OH; = Pt,-(HCOOH), + 2Pt (2.3)

3) At potential region around 0.2V-0.6V:

(HCOOH), is oxidized via two pathways as shown.in Equation (2.4-2.5) and Figure 2.1
Pt,-(HCOOH), > Pt-(CO,) + Pt-=COOH + 3H" + 3¢" (2.4)
Pt,-(HCOOH), > 2Pt-(CO,) + 4H" + 4¢” (2.5)

4) At high potential region (over 0.6V):

The adsorbed H,O molecules on the Pt surface form the surface oxide Pt-OH, and

consequently, the CO can be oxidized to CO; via the reaction between Pt-OH and Pt-CO, as

shown in Equation (2.6-2.7) and Figure 2.1

Pt-OH, > Pt-OH + H + ¢° (2.6)

Pt-CO + Pt-OH = Pt-(COy) + Pt + H* + ¢ 2.7)
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Figure 2.1 Schematic illustration of methanol oxidation on Pt surface in different potential regions,
studied by FTIR and attenuated total reflection (ATR)[30].

From the above discussion of MOR mechanism-on the Pt surface, we note that the Pt surface
can form sufficient bonding with the adsorbed:-CO. However, the CO is difficult to desorb once it
occupies the Pt surface. Therefore one rational solution is to add second or even third elements into
the system for the purpose of promoting the oxidation of Pt-CO to Pt-CO,. To suit this function, the
PtRu catalyst is well known as a promising DMFC catalyst because it can easily remove CO from
the Pt sites. The function of Ru can be explained by two mechanisms[31-43].

1) Bifunctional effect

In an aqueous solution, the H,O molecules can adsorb onto the Ru surface and form Ru-OH at

low potentials. And the CO adsorbed on neighboring Pt sites can be oxidatively removed by the

reaction between Ru-OH and Pt-CO. Alloying Ru with Pt is able to increase the CO tolerance.

The detailed reaction mechanisms are shown in Figure 2.2.
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Figure 2.2 Schematic illustration of methanol oxidation on PtRu surface in different potential
regions, studied by FTIR and ATR[44].

2) Ligand effect (electronic effect)

The second element added to the Pt-based catalysts will directly or indirectly modify the

electronic structure of Pt, decrease the adsorption ability of CO on Pt, and consequently

enhance the performance toward the MOR[45].

Usually the variables affecting the activities of PtRu electrocatalysts include particle size, the
dispersion of nanoparticles on carbon supports, and etc. By further study of the atomic structure in
bimetallic PtRu nanoparticles, it is found that different nanostructures such as core-shell structures
or perfect alloying ones impose significant effects on the electrochemical behaviors of PtRu
catalysts for the MOR[9, 37, 38, 42, 43, 46]. For example, Selim et al.[3] proposed that the in H,

atmosphere with 1000 ppm CO, the effective CO oxidation to CO, can be catalyzed at 30 °C by

10



Ru@Pt core -shell nanostructured catalyst, which is superior as compared to 85 °C by commercial
PtRu alloy nanocatalyst, at 93 °C by monometallic mixtures of Pt and Ru nanoparticles, and at 170

°C by pure Pt nanoparticles. Figure 2.3 illustrates the structures of these nanoparticles.

PtRu alloy Ru@Pt core-shell Linked monometallic nanoparticles

Figure 2.3 illustration structures of PtRu alloy, Ru@Pt core-shell, monometallic nanoparticles[3].

Huang et al. (% & P& & $#2)[9, 25, 47]. have also studied the structural impact of PtRu catalysts on
the anodic MOR currents by X-ray absorption spectrascopy (XAS). They found out that the MOR

performances were enhanced with the increased Pgy values.

Pru= Nrurt/(Nru-pt + Nru_ru)

The Pry value represents the possibility of forming a heterostructure for Ru atoms with Pt atoms.
The increased Pg, suggests the increased Ngy pt and the decreased Ngy gy, and the more profound
bifunctional effect of PtRu. And therefore the PtRu heterostructure can promote the performance

toward MOR.
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2.2 Platinum monolayer core-shell electrocatalysts

Further decreasing the Pt amount and enhancing the Pt utilization remain to be one major goal
for the development of noble-metal-based catalysts in recent years. The Pt monolayer
electrocatalysts developed by R.R. Adzic’s group provide the ultra-low Pt content, the highest Pt
utilization, and impressive activity[12, 48]. The Pt monolayer is prepared via a technique involving
copper underpotential deposition (Cu UPD).

Cu UPD deposits one monolayer of copper on different electrically conductive substrates with
higher reduction potentials than that of Cu. It entails the chemisorptions of copper atoms on the
substrate at the underpotential with respect to the potential for Cu bulk deposition which occurs at a
more positive potential than the thermodynamic potential for Cu deposition in the electrolytes. UPD
is a surface-limited monolayer-deposition. process and it can be performed with or without the
coadsorption of anions in the electrolytes. Take the formation of Cu monolayer on Au (111) single
crystal surface as an example[49, 50], there are two Cu UPD peaks on the Au (111) in CuSQO,
electrolyte (Fig. 2.4). After the first UPD peak around 0.2 V/ (vs. SCE) (Fig. 2.4), the commensurate
(\3xV3)R30° Cu adlayer occupying the ‘3-fold-hollow sites on Au (111) is formed with the
coadsorption of Cu®* cations and SO, anions, as shown in Fig. 2.5. In Fig. 2.5, the lowest layer is
the Au (111) substrate, the middle layer is the Cu adlayer, and the top layer is the coadsorbed SO4*
anion overlayer. With additional UPD after the second UPD twin-peak around 0.05 V (vs. SCE)
(Fig. 2.4), the Cu monolayer, i.e. the Cu-(1x1) structure is formed on Au (111), as shown in Fig. 2.6.
The coadsobed SO4* anions adopt an unchanged (V3x\3)R30° arrangement forming an overlayer
on top of the two Cu adlayers with different arrangements. By controlling the potential, a complete

Cu monolayer can be formed on the substrate.
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Figure 2.4 Cyclic voltammogram for the Au (111) single crystal electrode in 1 mM CuSO,4 with
0.05 M H,SO4. The sweep rate was 1 mV/s [49].

06

Figure 2.5 Interfacial structure of the Cu UPD on Au (111) single crystal surface after the first UPD
peak[49]: (a) top view (b) side view.
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Figure 2.6 The top view of the Cu-(1x1) monolayer on Au (111) surface after the second UPD
peak[50].

In the study of Adzic’s group, the Cu monolayer adsorbed on different substrates is
subsequently galvanically displaced with PtCl,* ions in order to place a Pt monolayer on the
substrates. They have placed the Pt monolayer on different single crystal electrodes (Au, Pd, Ir, Ru
and etc.) and studied the catalytic activities toward the oxygen reduction reaction (ORR), and their
results are provided in Fig. 2.7. They have also developed a scale-up synthesis method based on Cu
UPD to produce gram-quantity Pt monolayer catalysts[51]. The core-shell structure for the Pt
monolayer on Pd nanoparticles, prepared by this'scale-up Cu UPD synthesis method, is studied by
the scanning transmission electron microscopy (STEM), high-angle annular dark field (HAADF)
image, and the elemental line scan profile by the energy dispersive spectroscopy (EDS), as shown
in Fig. 2.8. The Pt monolayer nanocatalysts supported on Pd cores exhibite enhanced and stable

activities for the ORR at the cathode in fuel cells[52], as shown in Fig. 2.9.
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Figure 2.7 Polarization curves for the ORR on the Pt monolayer supported on different single

crystal surfaces[53, 54].

160 ——Pd

Figure 2.8 STEM HAADF image (left) and the EDS line scan profile (right) indicating the
core-shell structure of the Pt monolayer catalyst on Pd nanoparticles[52].
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Figure 2.9 The Pt mass activities for the ORR as a function of the potential cycle number n during
fuel cell testing for the Pt monolayer catalyst on Pd nanoparticles (red), compared to those for
commercial Pt/C catalysts (green and blue).. The:potential cycles were square waves with a 30s
dwell time at 0.7 and 0.9 V each (vs. RHE) at 80 °C[52].

The Pt monolayer catalysts prepared by the Cu UPD have also been applied as the anode
catalyst in fuel cells. Pt reveal reasonable activities for hydrogen oxidation reaction (HOR), but
suffers from undesirable CO tolerance. The CO exists either as an inevitable impurity in the H, gas
feed produced by re-forming ethanol or hydrocarbons used as the fuel for the proton-exchange
membrane H,/O, fuel cells (PEMFC), or as the byproduct produced in the process of methanol
oxidation reaction (MOR) for the direct methanol fuel cells (DMFC). The Pt monolayer catalysts on
Ru nanoparticles exhibit higher CO tolerance for the HOR (Fig. 2.10) and more stable activity for
MOR (Fig. 2.11). All these results in literatures suggest that the CO-tolerant ability for PtRu

catalysts depends strongly on their geometrical structures and atomic distributions.
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Figure 2.10 The structure for the Pt submonolayer catalyst on Ru core (the inset) PtRu, and its
HOR behavior for the CO tolerance test, compared to that of a commercial Pt,Rus catalyst[4, 12,
55].
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Figure 2.11 (a) Methanol-oxidation currents normalized by the total noble-metal mass, and (b) the
chrono-potentiometric measurements at 0.69 V for the MOR, for the Pt monolayer catalyst on Ru
nanoparticles, compared to that on the commercial PtRu catalyst[12].
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2.3 Carbon based materials
2.3.1 Applications in fuel cells

Carbon-based materials display sufficient electrical conductivity, chemically inert structure,
large surface area, porosity, and most importantly, inexpensive material cost. As a result, carbon
demonstrates potential applications in many electrochemical fields such as capacitors and fuel cells.
Nanostructured carbon materials exhibit enhanced electrical conductivity and chemical stability,
and thus become rather promising for applications in electrochemical fields. For example, carbon
nanotubes (CNTs) decorated with metal nanoparticles as catalysts have improved the performance
of fuel cells. One primary reason is the extraordinary electrical conductivity of CNTs that can
reduce unnecessary energy dissipation. The other secondary reason is that the special
two-dimensional hexagonal structure of CNTs improves the dispersion uniformity and thus the
utilization and catalytic activities of metal nanocatalysts. As'shown in Fig. 2.12, PtRu nanoparticles

decorated on CNTSs exhibit a higher activity for the MOR than.the commercial PtRu catalyst.
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Figure 2.12 (a) TEM image of PtRu nanoparticles decorated on CNTs (sample B02). (b) Cyclic
voltammograms for the MOR of PtRu nanoparticles on CNTs (B02) and commercial PtRu catalyst

produced by Johnson Matthey (J-M), in Nj-saturated 0.5 M H,SO, + 1 M CH3OH electrolytes, 20
mV/s[56].
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2.3.2 Surface functionalization

The catalytic activities for metal nanocatalysts supported on carbon-based materials are
affected by the chemical properties of the carbon supports. First, most of the chemically-stable
carbon structures are graphitic arrangements, in which carbon atoms are bound together by sp?
hybrid bonds. This ring-like structure reveals a significant hydrophobicity. However,
oxygen-containing functional groups can be generated on the carbon surface by the interaction
between the defective sites on the carbon surface with unsaturated bonding and water molecules in
aqueous solutions. Such hydrophilic oxygen-containing functional groups on the carbon surface
have strong adsorption tendency for metal ions in precursor solutions and thus enables more loading
of metal catalysts on carbon supports.[57] In addition, spontaneous deposition of metal precursors
on the carbon supports can occur because of -the «driving force from the reduction potential
difference between carbon and metal ions{58, 59], as shown in Fig. 2.13 (a). Furthermore, the
oxygen-containing functional groups (-OH, C=0 and COOH) on the carbon supports can also

promote MOR behaviors for Pt nanocatalysts[58], as shown in Fig. 2.12 (b).
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Figure 2.13 (a) The equilibrium potential diagram showing the potential difference between carbon
(CNTs) and metal ions (PtCls®). (b) Polarization curves for the MOR on Pt nanocatalysts supported
on CNTs with (line 1) and without (line 2) surface functionalization.[58]
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2.4 Nafion ionomer

In the fuel cell, the solid polymer membrane acts as the proton conductor between the two
electrodes allowing the rapid proton transport. The most commonly used solid electrolyte is Nafion
ionomer (Dupont).

As shown in Fig. 2.14, Nafion consists of a strongly hydrophobic polytetrafluoroethylene

(PTFE) backbone, and a strongly hydrophilic side chain ending with the sulphonic acid (SOsH).

Indeed, the —SOSH group is ionically bonded, which makes the end of the side chain to be actually —

803_. Due to the high hydrophilicity of the side chain, the regions around it will become hydrated

via the absorption of large quantities of water. Protons are first gathered within these hydrated

regions, and then they are mobile along theside chain because they are only weakly attracted by —
803_, and they are eventually transported by the Nafion ionomer. This is how the Nafion ionomer

works as the proton conductor[18, 19, 60, 61].

[(CFCF,)(CF,CFy),, | -
OCF,CFOCF,CF,SO;H
|
CF,

Figure 2.14 Example structure of a sulphonated fluoroethylene from Dupont[61].
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Chapter 3 Enhancement of Methanol Electro-oxidaiton Performances via
Core-Shell PtRu Nanoparticles Prepared by Pulse Current Deposition
3.1 Introduction

Development of clean and affordable energy has attracted considerable attention due to rising
concerns over oil price and harmful CO, emission. Among the possible systems under study, the
direct methanol fuel cell (DMFC) is recognized as a promising power source for applications in
portable electronics and transportations.[1, 2] Because electro-oxidation of methanol is intrinsically
slow, many materials have been investigated as electrocatalysts at the anode. They include alloys in
binary, tertiary, and quaternary compositions such as PtRu, PtCo, PtRuCo, and PtRuNiZr.[27, 62-65]
So far, the PtRu has appeared as the leading candidate with superbl ectrocatalytic performance. It is
because by alloying with Ru, the undesirable Pt poisoning by CO could be largely reduced.
Mechanisms including bifunctional effect and-ligand model are proposed to explain the contributory
role of Ru while alloying with Pt.[66, 67] Moreover, the catalytic behaviors of PtRu depend greatly
on its surface composition. For example, Richarz et ‘al. prepared the PtRu;— in various
compositions and determined the PtysRups to- possess the highest activity for methanol
electro-oxidation.[32]

In practice, the PtRu is impregnated on appropriate carbon supports for an extended reaction
interface. Conventional synthetic approaches for the PtRu-catalyzed electrodes entail techniques in
chemical reduction and hydrogen annealing.[42, 68] These methods add substantial difficulties in
controlling the locations and compositions of the resulting PtRu nanoparticles. In contrast,
approaches involving electrochemical reductions are rather straightforward. Because the growths of
PtRu nanoparticles are occurring selectively at the interface between electrode and electrolyte, the
electrodeposition routes are recognized to produce electrodes with exceptional efficiencies in the
catalyst utilization, albeit with moderate size distributions.[56, 69] Because the nuclei formation

and growth are extremely sensitive to the overpotentials imposed, potentiostatic and galvanostatic
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depositions are known to produce distinct morphologies and compositions in the resulting PtRu
nanoparticles. Between them, the galvanostatic deposition is suitable to prepare catalysts in a larger
geometric area and better distributions, in addition to simpler operation setups.[38, 40, 70, 71]

In the galvanostatic depositions, the driving forces are imposed in manners of direct current or
pulse current (pc). With a single variable in current density (J,), the dc deposition is known to
produce dendritic morphologies, because growths of the deposit are capped by the mass transport at
a diffusion-limiting current.[72] In contrast, deposition in the pc mode allows independent
adjustments of J,, current on-time (Ton), and current off-time (To), offering more opportunities to
obtain deposits with desirable attributes. As a result, many groups have employed pc depositions to
fabricate electrocatalysts in Pt and PtRu.[38, 40, 70, 73-75] For example, Choi et al. reported
notable advantages of pc deposition in particle sizes, adhesions, and uniform distributions.[73]

During the To in a pc deposition for;binary alloys, differences in the redox potentials for the
deposited metals often render a spontaneous galvanostatic displacement reaction in which the
constituent of less positive redox potential dissolves from the deposit while the one with a higher
redox potential is reduced from the electrolyte.~A-well-studied system is the CuNi alloy where
detailed theoretic modeling and experimental results were discussed.[76-78] In this system, the Ni
was alternately deposited and dissolved during To, and Tef;, While the Cu was deposited
continuously. Hence, the ratio for the To./Tofr played an important role in determining the resulting
CuNi composition. So far, many groups have employed the displacement reaction to prepare
substrates with unique surface layers.[23, 79-82] For instance, noble films of Au, Pd, and Pt were
deposited on Ge substrates with reasonable adhesions.[79] In addition, Brankovic et al. have
explored the spontaneous depositions of Pt on both singlecrystalline and nanoparticulate Ru
surfaces.[34, 83, 84] In Ru single crystals, they believe the surface oxidations are responsible for
the reduction of PtClg® from the electrolyte. However, in the case of nanoparticles, partial

dissolutions of Ru are likely to contribute to the PtCl¢*~ reductions.
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To date, many groups have employed pc deposition to fabricate PtRu nanoparticle and
characterize their electrochemical performances.[38, 70, 72, 74, 75] However, none of them
discussed the possible influences of displacement reaction in determining the resulting PtRu
compositions. In this work, we investigate relevant variables to identify the effect of displacement
reaction by carrying out careful analysis on the compositions and associated methanol

electro-oxidation behaviors.

3.2 Experimental
Commercial carbon (XC-72R) on carbon cloth

A carbon cloth (E-TEK) is used as the starting substrate for the growth of PtRu. Prior to the PC
deposition process, the carbon cloth is coated with an ink dispersion in which 5.0 mg Nafion
solution (5.0 wt %) and 8.0 mg carbon powders (Vulcan XC-72R) are mixed in 5.0 mL 99.5 wt %
ethanol for 30 min. The ink dispersion is deposited repeatedly on a 2x2 cm? carbon cloth which is
kept at 80 °C atop a hotplate to evaporate the residual solvent. The weight of the coated electrode is
26.3 mg/cm?. Subsequently, an electrochemical-conditioning step is conducted by imposing five
voltammetric scans on the coated carbon cloth at potentials between -0.2 and +1.1 V (vs. Ag/AgCl)
at a scan rate of 50 mV/s in an electrolyte of 0.5 M H,SO,. The purpose for this treatment is to

homogenize the coated carbon cloth and expose a larger effective surface area.

PtRu pulse current electroplating

The plating bath for the electrodeposition is formulated by mixing 99.9 wt % RuCl;
(Sigma-Aldrich) and 97.0 wt % NaNO, (Showa) in an aqueous solution at 100 °C for 1.0 h,
followed by dissolution of 99.9 wt % H,PtCls. Afterward, the solution is cooled to room
temperature with the addition of 97.0 wt % H,SO, (Showa) to increase the conductivity of the

electrolyte. The resulting concentrations for the H,PtCls, RuCls, NaNO,, and H,SO, are 0.005,
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0.005, 0.050, and 0.250 M, respectively. The solution is aged for several days to reach a steady state
for the complex ions. In the PC depositions, rectangular pulses with independent parameters in Top,
Torr, and J, are explored. Three sets of experiments are designed to elucidate the effect of
displacement reaction. First, To, of 50 ms and J, of 50 mA/cm? are selected with the Tos varied
between 100 and 600 ms. Second, Tor of 400 ms and J, of 50 mA/cm? are chosen with the To,
varied between 25 and 400 ms. Lastly, we maintain the To, and Tos at 50 and 400 ms, but adjust the
Ja between 75 and 200 mA/cm?. Throughout our experiments, the total coulombic charge is kept at
8.0 C/cm?. Once the deposition is completed, the carbon cloth was removed and washed for

subsequent methanol electro-oxidation characterizations.

Electrochemical analysis

The electrochemical measurements were:conducted at 26°C in a three-electrode arrangement
using an EG&G 263A. First, to evaluate the electrochemical surface area (ECSA), the
PtRu-catalyzed carbon cloths were subjected to cyclic voltammetric (CV) scans in the voltage range
of -0.2 and 0.9 V in H,SO4 at a scan rate of 50-mV/s. The ECSA was estimated by the integrated
charge in the hydrogen desorption region.[85, 86] Next, for catalytic abilities on the methanol
electro-oxidation, multiple CV sweeps were performed in a potential range of -0.2 and 0.9 V at a
scan rate of 20 mV/s in 500 mL of 0.5M H,SO, and 1.0 M CH30OH, The area for the working
electrode was 1.0 cm® The Ag/AgCl and Pt foil (10 cm?) were used as the reference and counter

electrodes, respectively. The CV scan at the second cycle was used for comparison purposes.

Materials characterizations
For phase confirmation of the deposited PtRu nanoparticles, X-ray diffraction (XRD, Siemens
D5000) with a Ka of 1.54 A was employed. A transmission electron microscope (TEM, Philips

Tecnai-20) was used to observe the morphologies and distributions for the PtRu nanoparticles. The
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average sizes and standard deviations of the PtRu nanoparticles were obtained by analyzing images
from the TEM through software (Image-Pro Plus 6.0). Catalyst loadings of the PtRu after the pc
depositions were determined by an inductively couple plasma mass spectrometry (ICP-MS, SCIEX
ELAN 5000), where the samples were dissolved in a solution containing HCI, HNOg3, and HF at a
2:2:1 volume ratio. X-ray photoelectron spectroscopy (XPS, Thermo Microlab 350) was used to

confirm the oxidative states of Ru in the PtRu nanoparticles.

3.3 Results and discussion
3.3.1 Various T for pulse electroplating

Previously, several reports have identified the nitroso compounds of Ru to be promising
complexes as the Ru sources for PtRu electrodepositions.[31, 35, 36] When dissolved in an acidic
electrolyte, a spontaneous Ru deposition was-not observed in nitroso precursors as compared to the
typical RuCl3.[87] This contributed to a longer lifetime and minimal bath management. In addition,
Gavrilov et al. indicated that the presence of nitroso-ligands shifts Ru/Ru(lll) redox potential to
more positive values.[88] Therefore, with the selection of nitroso precursor, similar Pt:Ru ratios are
expected to be obtained in both deposit and solution states. This is especially critical because
previous studies using the RuCl; and RuCls reported substantial Pt enrichments with respect to their
concentration ratios in the electrolyte. Consequently, their fabrications of desirable PtRu
compositions hinged on empirical determination entirely.

Our preparation steps of nitroso Ru precursor followed earlier documentation in which the
dissolution of RuCl; in excess NaNO; at elevated temperatures was carried out.[89] The resulting
complex was confirmed by Blake et al. to be Ru(NO)(NO,)4(OH)*".[90] However, in our electrolyte
we also added H,PtClg after the formation of Ru nitroso complex. Because the molar ratio for
Pt:Ru:NaNO, was 1:1:10, we surmise that the simultaneous presence of PtCls> and Pt(NO,),Cle*

is likely. The color for the plating bath is in light yellow. This is in sharp contrast with the
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electrolytes of RuClz and RuCls, which appear in dark brown.

For the pc depositions, intricate interactions between To,, Tor, and J, exert significant
influences over the PtRu catalyst loadings, compositions, distributions, as well as particle sizes.
Therefore, careful scrutiny in the plating variables would be necessary. In our first set of
experiments, pc depositions were conducted at various Te, While the To, and J; remained
unchanged at 50 ms and 50 mA/cm?, respectively. Because we maintained the total charge constant
at 8.0 C/cm?, the entire deposition process lasted approximately 4-35 min. Table 3.1 lists the
experimental parameters as well as results from TEM and ICP-MS for the PtRu nanoparticles. As
presented, the PtRu loadings were in the range of 67.6-128.5 pg/cm?®. Following faradaic law, the
coulombic efficiencies were estimated at 1.8-3.6%. These reduced values are attributed to the
parasitic hydrogen evolution occurring on the Pt surfaces. Currents from the capacitive charge and
discharge were not expected to be substantial, as the effective working range for the capacitance
component were less than 1.0 ms for T, and To.[75] We observed a notable trend for the PtRu
composition on different pulses. The ratio for- the Pt in the PtRu nanoparticles increased
considerably with a longer T At the shortest Tarr 0f 100 ms, we determined the composition to be

Pts2 7Ru47.3. In contrast, at the largest Tqs of 600 ms, the makeup was confirmed as Ptgz sRuU16.6.

Table 3.1. Results from materials characterizations on the PtRu nanoparticles with fixed values of T,
(50 ms), Ja (50 mA/cm?), and total coulombic charge (8.0 C/cm?).

Pt Ru Pt/Ru Total metal i Standard
Toff . _ _ _ Average size o
(ms) Loadlnzg Loadlnzg Ator_nlc Ioadmgzl (nm) deviation

(ug/cm?)  (ug/cm®) ratio (ng/cm®)

100 62.5 28.9 52.8/47.2 91.4 7.2 5.6
200 89.8 38.7 54.6/45.4 1285 12.9 8.7
300 64.0 21.0 61.2/38.8 85.0 6.6 5.4
400 52.4 15.2 64.1/35.9 67.6 4.1 2.8
500 78.5 115 77.9/22.1 90.0 6.3 4.7
600 100.8 10.4 83.4/16.6 111.2 11.3 9.4
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TEM observations on the particles sizes indicated a slightly wider distribution as compared to
those from conventional chemical reduction methods. For example, at a T of 200 ms, the PtRu
nanoparticles were an average of 12.9 nm with a standard deviation of 8.7 nm. Moderate size
distributions are typical, because the nucleation and growth took place during each individual pulse.
A recent report by Bennett et al. also observed similar behaviors when they prepared Pt
nanoparticles on diamond thin films.[91] Figure 3.1 provides the representative TEM images for the
PtRu nanoparticles from Ty of 400 and 600 ms, respectively. The average size of the PtRu
nanoparticles from the To¢ of 400 ms was 4.1 nm, while the To of 600 ms revealed a somewhat
larger size of 11.3 nm. These TEM images also indicated that the PtRu nanoparticles were dispersed

uniformly on the carbon substrates with negligible aggregation.
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Figure 3.1. Representative TEM images for the PtRu nanoparticles with fixed values of T,, (50 ms),
Ja (50 mA/cm?), and coulombic charge (8.0 C/cm?), as well as Tof of (A) 400 and (B) 600 ms.

Fig. 3.2 exhibits the CV profiles in mass activity for the PtRu catalyzed electrodes at various
Tosr. Critical information from the CV responses, including the onset potentials, peak current (i,) and
potential (V,) at anodic scans, peak current (ic) and potential (V) at cathodic scans, as well as values
for ECSA, are listed in Table 3.2. For the samples with Ty in 100 and 200 ms, their CV curves

revealed moderate current outputs. This is unexpected, because compositions for these two samples
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were Pts; gRug7.2 and PtsqgRugs 4, respectively. In contrast, the CV profiles of the remaining samples
demonstrated obvious anodic signals with relatively reduced cathodic signals, suggesting
considerable abilities for the methanol electro-oxidation. In addition, the onset potentials became
smaller when the amount of Ru was increased, a fact that is consistent with what was reported in
literature that alloying with Pt promotes methanol electro-oxidation. The ratio for the i/i. indicates
the capabilities to remove CO after methanol dehydrogenation. Among these samples, the one with
Torr OF 400 ms demonstrated the highest value. As expected, for the mass activities, the sample with
Tore in 400 ms exhibited the highest value of 213 mA/mge:. Moreover, the general trend for the

ECSA was consistent with that of i,, in which a larger ECSA is associated with a higher i,.

Table 3.2. Electrochemical parameters from the CV scans in mass activity of the PtRu-Catalyzed
carbon cloths with fixed values of Ton (50-ms), Ja (50'mA/cm?), and total coulombic charge (8.0
Clcm?).

Anodic scan Cathodic scan
ot & i, Vo i ECsA /i,
(ms) (cm?/Pt mg)
(mV) (mA/mg py) (mV) (mAlem?)

100 516.3 52.5 NA NA 251.0 NA

200 509.8 48.9 NA NA 209.3 NA

300 521.2 116.5 387.5 NA 477.3 NA

400 560.4 213.8 360.0 0.7 751.4 304.6
500 558.7 133.4 448.6 51.1 286.0 2.61

600 541.6 119.8 407.0 50.1 152.5 2.39

a) potential at peak current density in anodic scan
b) peak mass activity in anodic scan

c) potential at peak current density in cathodic scan
d) peak mass activity in cathodic scan

e) ECSA from hydrogen desorption data
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Figure 3.2. CV profiles in mass activity for the PtRu-catalyzed carbon cloths with fixed values of

Ton (50 ms), Ja (50 mA/cm?), and coulombic charge (8.0 C/cm?), as well as Tos of (a) 100, (b) 300,
(c) 500, (d) 200, (e) 400, and (f) 600 ms.
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3.3.2 Various Ty, for pulse electroplating

In our second set of experiments, the pc depositions were carried out at various To, while the
Tofr and J, were held at 400 ms and 50 mA/cm?, respectively. Because we kept the total charge
unchanged at 8.0 C/cm?, the entire deposition process lasted approximately 2.6-45.0 min. Table 3.3
provides the experimental conditions as well as results from TEM and ICP-MS for the PtRu
nanoparticles. As listed, the PtRu loadings were in the range of 67.6-128.8 pg/cm?. Similarly, the
coulombic efficiency was estimated at 1.8-2.6%. These values were in line with results obtained
from our first set of experiments. An interesting trend was observed in which a longer T,, resulted
in a lower amount of Pt in the PtRu nanoparticles. At the shortest T, 0of 25 ms, we recorded the
composition to be PtgygRug 1. In contrast, at the largest T, of 400 ms, a composition of Pts, sRuU475
was measured.

TEM observations on the PtRu ‘nanoparticles confirmed a similar pattern in the size
distributions. For example, at a To,-0f 25 ms, we obtained the average size to be 6.7 nm with a
standard deviation of 5.0 nm. At a larger. To, of 400-ms, the average size was 8.4 nm with a standard
deviation of 7.4 nm. Representative TEM pictures-from those two samples are provided in Fig. 3.3.
Consistent with images in Fig. 3.1, the PtRu nanoparticles were deposited uniformly throughout the
substrates without aggregation. Fig. 3.4 demonstrates the CV profiles in mass activity for the PtRu
nanoparticles at various To,. Relevant parameters from the CV responses are also provided in Table
3.4. Apparently, all the samples revealed obvious anodic peaks without notable cathodic peaks.
They suggest the presence of reasonable catalytic behaviors for methanol electro-oxidation. As
expected, the onset potentials and the peak potentials at the anodic scans became smaller with
increasing Ru amounts. The sample with a Ty, of 50 ms revealed the highest mass activities,
reaching values at 213.8 mA/mgep. Similarly, the trend of ECSA agreed with that of i, a fact we

established in the previous set of experiments.
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Table 3.3. Results from materials characterizations on the PtRu nanoparticles with fixed values of T
(400 ms), Ja (50 mA/cm?), and total coulombic charge (8.0 C/cm?).

Pt Ru Pt/Ru Total metal i Standard
Ton . . ] : Average size .
ms) Loadlnzg Load|n2g Ator_nlc Ioadlngzg (nm) deviation

(ng/cm?)  (ng/cm?) ratio (ug/lcm®)

25 92.3 4.7 90.9/9.1 97.0 6.7 5.0
50 524 15.2 64.1/35.9 67.6 4.1 2.8
100 88.8 40.0 53.7/46.3 128.8 8.3 5.2
200 56.1 27.3 51.5/48.5 83.4 8.7 5.0
400 48.1 22.5 52.5/47.5 70.6 8.4 7.4

Table 3.4. Electrochemical parameters from the CV scans in mass activity of the PtRu-catalyzed
carbon cloths with fixed values of Tos (400 ms), Ja (50 mA/cm?), and total coulombic charge (8.0
Clemd).

Anodic scan Cathodic scan
Ton ) ECSA® o
YA i,” A i9 , iofic
(ms) X (cm/Pt mg)
(mV) (MA/mg py) (mV) (mA/cm®)
25 565.1 66.3 433.1 "%\ s 105.0 5.20
50 560.4 213.8 360.0 0.7 751.4 304
100 540.0 81.2 NA NA 188.9 NA
200 539.2 100.1 NA NA 296.0 NA
400 518.0 108.7 NA NA 130.4 NA

a) potential at peak current density in anodic scan
b) peak mass activity in anodic scan

c) potential at peak current density in cathodic scan
d) peak mass activity in cathodic scan

e) ECSA from hydrogen desorption data
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Figure 3.3. Representative TEM images for the PtRu nanoparticles with fixed values of Ty (400
ms), Ja (50 mA/cm?), and coulombic charge (8.0 C/cm?), as well as To, of (A) 25 and (B) 400 ms.
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Figure 3.4. CV profiles in mass activity for the PtRu-catalyzed carbon cloths with fixed values of

Toft (400 ms), Ja (50 mA/cm?), and coulombic charge (8.0 C/em?), as well as T, of (a) 25, (b) 50, (c)
100, and (d) 400 ms.
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3.3.1 Duty Cycle for pulse electroplating

We realized that the duty cycle, defined as Ton /( Ton + Tos), Would be an appropriate indicator
to solicit further information on the composition variations over To, and Tor. As defined, a higher
duty cycle is closer to the dc deposition, while a lower one represents a longer stop time between
pulses. Fig. 3.5 exhibits the ratio of Pt in the PtRu nanoparticles as a function of duty cycle from the
data listed in Tables 3.1 and Tables 3.3. Remarkably, the Pt ratio increased rapidly as the duty cycle
was reduced. This infers that a longer To renders a pronounced effect of Ru loss in the PtRu
nanoparticles. At higher duty cycles, we reached a plateau, with the resulting composition
approaching Pts,Russ. These behaviors were expected, because the galvanostatic deposition from
nitroso precursors of Pt and from these samples were rather consistent, indicating that the pc
deposition was insensitive to the current densities under.study once the To, and Tz Were determined.
In addition, the catalyst loadings werein the-range of 49.1--67.6 pg/cm?, values that are in line with

earlier results. Table 3.6 also lists the electrochemical characteristics for these samples.
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Figure 3.5. The effect of duty cycle on the Pt atomic ratio for the PtRu nanoparticles. Data are from
Tables 3.1(m), 3.3 (0), and 3.5 (x).

35



Table 3.5. Results from materials characterizations on PtRu nanoparticles with fixed values of T, (50
ms), Toi (400 ms), and total coulombic charge (8.0 C/cm?).

Pt Ru Pt/Ru Total metal i Standard
Ja . . ] : Average size .
Loading Loading Atomic loading deviation
(mA/cm?) 2 5 ) ) (nm)
(ng/cm?)  (ng/cm?) ratio (ug/lcm®)
75 39.1 10.0 66.8/33.2 49.1 7.2 59
100 42.4 10.9 66.7/33.3 53.3 11.4 8.9
200 49.9 13.0 66.5/33.5 62.9 14.3 9.6

Table 3.6. Electrochemical parameters from the CV scans in mass activity of PtRu-catalyzed
carbon cloths with fixed values of Ton (50 ms), Tos (400 ms), and total coulombic charge (8.0
Clcm?).

I Anodic scan Cathodic scan .
ECSA
" V.o R Ve i ) i
(mA/cm®) X (cm“/Pt mg)
(mV) (mA/mg ) (mV) (mA/cm®)
75 531.8 197.7 386.0 3.8 526.8 51.2
100 524.5 138.9 NA NA 434.5 NA
200 487.0 37.4 NA NA 243.4 NA

a) potential at peak current density in anodic scan
b) peak mass activity in anodic scan

c) potential at peak current density in cathodic scan
d) peak mass activity in cathodic scan

e) ECSA from hydrogen desorption data

To account for the apparent enrichment in the Pt at shorter duty cycles, we believe a
displacement reaction was taking place where the Ru in the PtRu nanoparticles was preferentially
dissolved while the Pt cations in the solution were reduced during Tes This is attributed to the
observed rise in the Pt ratio when the T was prolonged. The nature of displacement reaction could
be supported by detailed XRD analysis on the PtRu nanoparticles to determine their lattice
parameter. Fig. 3.6 exhibits the XRD patterns for the PtRu nanoparticles with Tq of 100, 400, and

600 ms, respectively. The complete parameters for their synthetic conditions are shown in Table 3.1.
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Due to the interferences from carbon cloths, the XRD profiles were expectedly rough. Nevertheless,
the signals from Pt(111), Pt(200), Pt(220), and carbon were identified. Because we did not observe
the characteristic Ru peaks, we rationalize that alloying of Ru into the Pt lattice was successfully
achieved. Moreover, because the atomic radius of Ru is smaller than that of Pt, substitution of Ru in
the Pt unit cell results in the reduction of lattice parameters. This engenders a slight shift of
diffraction peaks to larger angles. To minimize undesirable noises, we selected the signal from

Pt(111), as shown in Fig. 3.7, to estimate the lattice parameter with the equation below

_ V32ka
2 sin@sinbpgy (3.)
a=ay— 0.124xp, (3.2

where a is the lattice parameter, Omax IS the peak position for Pt(111), and A, is the
wavelength of X-ray. The value for a could further be used to deduce the amount of alloyed Ru, as
suggested by Antolini et al., in the following relation[92] where a0 is the standard lattice parameter
from a bulk Pt (JCPDS: 870646) and Xg, is the atomic Ru ratio in the alloyed state. The results from
these estimations are presented in Table 3.7. As listed, we noticed that when the To was prolonged,
the ratio for the alloyed Ru also decreased. This behavior is understandable, because when the
displacement reaction was occurring (at larger To), the Ru on the surface were dissolved
preferentially, leaving those buried inside (the alloyed Ru) intact. An alternative explanation for the
Pt enrichment at shorter duty cycles is a cementation process. As proposed by Spendelow and
Wieckowski, spontaneous deposition of Pt from electrolyte could proceed via the oxidation of Ru
substrate.[93] In such a reaction, the Ru is not dissolved but exists in an oxidized state on the
surface with metallic Pt deposited from the electrolyte. This model poses a drastic contrast with that
of displacement reaction, where the Ru is dissolved. Therefore, we could identify the exact

mechanism in our case simply by determining the oxidative states of Ru at different duty cycles.
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Fig. 3.8(a) presents the XPS signals from Ru (3ps/z) on samples of Ty in 100, 400, and 600 ms,
respectively. The complete synthetic parameters can be obtained in Table 3.1. The selection of Ru
(3psr2) instead of Ru (3ds/2) was to avoid possible interference from that of C (1 s). As shown in the
diagram, all the samples revealed rather broad profiles. The signals peaks were located at 462.2,
462.0, and 461.9 eV for samples of 100, 400, and 600 ms, respectively. Earlier, the peak for
metallic Ru was documented at 461.1 eV, which was close to what we measured.[94] A slight
deviation is expected, because there is a minor shift of Ru signals (less than 0.1 eV) in the PtRu
from that of metallic Ru.[95] Nevertheless, our broad signals seem to suggest that Ru existed in
multiple oxidative states. Furthermore, the XPS signal intensity decreased considerably with longer
Tosr, indicating that the amount of Ru, regardless of its oxidative states, decreases when the duty is

reduced. This is consistent with our argument of steady Ru loss during Togs.
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Figure 3.6. The XRD patterns for the PtRu nanoparticles with fixed values of T,, (50 ms), J, (50
mA/cm?), and coulombic charge (8.0:C/cm?), as well as Tos of (a) 100, (b) 400, and (c) 600 ms.
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Figure. 3.7. XRD patterns from Fig. 3.6 with an enlarged range between 38 and 42° for lattice
parameter determination.
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Table 3.7. Lattice parameter and alloyed Ru for the PtRu nanoparticles with fixed
values of T,, (50 ms), J, (50 mA/cm?), and coulombic charge (8.0 C/cm?).

sample Pt (111) peak (deg) Lattice parameter a (A ) Xru (%) Pt/Ru
atomic ratio®
TF100 40.21 3.879 339+2 52.8/47.2
TF400 40.16 3.884 30.2+2 64.1/35.9
TF600 39.97 3.902 159+ 2 83.4/16.6
Pt* 39.79 3.920

a) from JCPDS 870646
b) from ICP-Mass (as shown in Table 3.1)

In an acidic environment, we suspect the possible oxidation states of Ru are Ru’, RuO,, and
RuO,-nH,O. To determine their relative ratios quantitatively, we carried out curve fitting using
software (Thermo Avantage 3.20). The corresponding peaks for RuO,, and RuO,-nH,0O were 462.2
and 463.8 eV, respectively.[93, 96] As shown'in Fig. 3.8(b), we acquired a reasonable match for the
observed XPS responses. The detailed fitting results are listed in Table 3.8. When the To¢ was
prolonged, we observed that the ratio for the metallic Ru increased, while the ratio for the
RuO,-nH,0 decreased steadily. Interestingly, the ratio for the RuO, remained unchanged. Because
the metallic Ru existed in the alloyed state buried inside the PtRu nanoparticles, the loss of Ru in

the displacement reaction was likely from the RuO,-nH,0O on the surface.
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Figure 3.8. (A) XPS signals of Ru (3ps2) from PtRu nanoparticles with fixed values of T, (50 ms),
Ja (50 mA/cm?), and coulombic charge (8.0 C/cm?), as well as T in (a) 100, (b) 400, and (c) 600
ms. (B) The results of curve fitting using Ru®, RuO,, and RuO,-nH.O0.
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Table 3.8. Results from XPS and curve fitting of PtRu nanoparticles with fixed values
of To, (50 Ms), J, (50 mA/cm?), and total coulombic charge (8.0 C/cm?).

Toff Binding energy® Reference binding energy® Suggested Ratio
(ms) (eV) (eV) species (%)
100 461.1 461.1 Ru 36.5
462.6 462.2 RuO, 33.9
463.9 463.8 RuO,-nH,0 29.6
400 461.1 461.1 Ru 41.1
462.4 462.2 RuO, 34.5
463.8 463.8 RuO,-nH,O 24.4
600 461.2 461.1 Ru 43.8
462.4 462.2 RuO, 36.4
463.8 463.8 RuO,-nH,0 19.8

a) From XPS curve fitting
b) From Ref.[93, 94, 96]
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3.3.4 X-ray absorption spectroscopy analysis

X-ray absorption spectroscopy (XAS) studies were carried out to investigate the atomic
structures of PtRu nanoparticles with 7o of 100, 400 and 600 ms, respectively, and the samples
were designated as TF100, TF400, and TF600, respectively. XAS spectra for the Pt Lj;-edge were
obtained. Fig. 3.9(a) demonstrates the Pt L;;-edge XANES and EXAFS spectra from PtRu
nanoparticles with different To¢. The Pt Ly -edge involves the energy associated with the electronic
orbital transitions including 2ps; — 5ds;2 and 2ps;, — 5dsp, also known as the white line. In general,
the white line intensity can be used to determine the oxidation state of Pt due to its relevance to the
vacancy of the d-band orbitals such as dsj, and ds;,. Usually a larger white line intensity indicates
more vacant d-band orbitals, and consequently a higher oxidation state or a lower metallic state, and
vice versa. The inset of Fig. 3.9(a) magnifies the white lines for our samples. It is noted that with a
longer Tof, the metallic state of Pt inferred by-the white line intensity of Pt L;;-edge became higher.
The TF600 sample with the longest Zos Was the closest to the metallic state among all our samples.
This agrees well with the Pt/Ru atomic ratios measured by ICP-MS (Table 3.9). The higher Pt/Ru
atomic ratios in PtRu alloys indicated a lower-alloying degree and hence a metallic state. The
TF600 sample with the longest To revealed the highest Pt/Ru atomic ratios rendering the highest
metallic state among our samples. It has been reported that the binding energy between Pt atoms
with neighboring ones decreased in the PtRu alloy.*® Because the Ru atoms incorporating in the Pt
lattice substituted some Pt atoms while the overall crystalline structure remained as fcc structure,
the binding energy for Pt was altered magnificently. This resulted in the observed white line

increase for PtRu nanoparticles as compared to that of Pt foil.
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Figure 3.9 (a) The Pt Lj;-edge XANES and EXAFS spectra and (b) the Pt L;;-edge k-space spectra
for PtRu nanoparticles with different values of T (100, 400, and 600 ms) and fixed values of To,
(50 ms), Ja (50 mA/cm?), and coulombic charge (8.0 C/cm?), along with Pt foil serving as the

reference in (b).
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Fig. 3.9 (b) displays the Pt Lj-edge k-space spectra for three samples, along with Pt foil
serving as the reference. The phases of oscillation, i.e. the spectrum shapes, for three samples from
TF100 to TF600 with prolonged Ty, revealed more resemblance to that of Pt foil. This indicates
that the number of Pt-Pt bond increased with longer T, On the other hand, the amplitudes of
oscillation for all three samples were much smaller than that of Pt foil, suggesting that nanoparticles
contained fewer atoms with low coordination numbers as opposed to that of Pt foil.

Fig. 3.10 (a) demonstrates the Ru K-edge XANES spectra from PtRu nanoparticles with
different T, The Ru K-edge involves the ionization of electrons from the 1s orbital. The inflection
points of absorption for the three samples all close to 22117 eV, slightly increase with the metallic
state value of Ru metal. So the Ru K-edge XANES spectra alone couldn’t provide distinctive
information about the oxidation state or metallic state of Ru in three samples under different pulse
deposition conditions.

Fig. 3.10 (b) displays the Ru K-edge k-space spectra for our samples, along with Ru metal
serving as the reference. The phases-of. oscillation for the samples TF100 and TF400 were rather
similar to that of Ru metal. However, the‘phase-of oscillation for sample TF600 obviously deviated
from that of Ru metal. This indicates that with a longer Ty, Ru-Ru bond is broken due to Ru
dissolution in displacement reaction, leading to a higher possibility for the remaining Ru atoms to
be bonded with Pt atoms. Consequently, the sample TF600 with the longest To demonstrated a
larger number of Ru—~Pt bond than the other two samples. On the other hand, the amplitudes of
oscillation for all three samples were notably smaller than that of Ru metal, suggesting that

nanoparticles contained fewer atoms with low coordination numbers than bulk Ru metal.
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Figure 3.10 (a) The Ru K-edge XANES spectra and (b) the Pt K-edge k-space spectra for PtRu
nanoparticles with different values of Ty (100, 400 and 600 ms) and fixed values of To, (50 ms), Ja
(50 mA/cm?), and coulombic charge (8.0 C/cm?), along with Ru metal serving as the reference in

(b).
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The k®weighted x(k) data in k-space for the Pt Ly-edge (Fig. 3.9(b)) and Ru K-edge spectra
(Fig. 3.10(b)) were Fourier-transformed to r-space. Fig. 3.11(a) shows the Pt L;,-edge
Fourier-transformed EXAFS spectra. There were two obvious peaks for our samples. We surmised
that the peak with a shorter bond distance (R) was associated with Pt-Ru bond, and the peak with a
longer R was Pt-Pt bond, respectively. This is because at the first shell coordination with the Pt
atom at the center, the Pt-Ru bond was reported to have a shorter bond distance than that of Pt-Pt
bond[97, 98]. With a longer T, the amplitude of the peak associated with Pt-Ru bond became
smaller and the amplitude of the peak associated with Pt-Pt bond became larger. This suggests that
Pt atoms tended to form Pt-Pt bond rather than Pt-Ru bond after displacement reaction.

Fig. 3.11(b) shows the Ru K-edge Fourier-transformed EXAFS spectra. There were two
notable peaks for our samples. We realized that the peak with a shorter bond distance (R) was
associated with Ru-Ru bond, and the peak with a longer R was Ru-Pt bond, respectively. At the first
shell coordination with the Ru atom at the center, the Ru-Ru bond was demonstrated to have a
shorter bond distance than that of Ru-Pt band[97, 98]. With a longer T, the amplitude for the peak
associated with Ru-Ru bond became smaller and-the amplitude for the peak associated with Ru-Pt
bond became larger. This suggests that the Ru atoms tended to form Ru-Pt bond rather than Ru-Ru
bond after displacement reaction. This fact is consistent with the result from Pt L;-edge
Fourier-transformed EXAFS spectra (Fig. 3.11(a)).

The EXAFS spectra (Fig. 3.11) in r-space were fitted by the data analysis package (Athena and
Artemis) to analyze the coordination numbers between the center atom and the neighboring atoms.
Fixed bond distances were employed for Pt-Ru bond (Rpt.ry, = 2.65 A) and Pt-Pt bond (Rpe.pt = 2.70
A). The EXAFS fitting results are summarized in Table 3.9. The Npi.ry is the coordination number
between the Pt center atom and the neighboring Ru atom. The Pg; is the possibility for the Pt center
atom to encounter a heterogeneous Ru atom. The equations for the calculation of Pp; and Pg, are as

follows[99].
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Combining the spectra in k-space and r-space, and the fitting results, we conclude that in pulse
current deposition, for Pt atoms at the center, with a longer Ty i.e. with a longer displacement
reaction time, the Pt atomic ratio would become higher, the number for Pt-Pt bond would be larger
and the number for Pt-Ru bond becomes smaller, and hence the possibility of P Pt is lower. On the
other hand, for Ru atoms at the center, with a longer T i.e. with a longer displacement reaction
time, the Ru atomic ratio would be lower, the number for Ru-Pt bond would become larger and the
number for Ru-Ru bond would become smaller, and hence the possibility Pg, is higher. In addition,
during galvanic displacement reaction in pulse current electrodeposition, Pt ions react directly with
Ru atoms, leading to effective deposition of Ptiions on the surface of nanoparticles and an increased
numbers of Pt-Pt bond and Ru-Pt bond. While Ru atoms are oxidized to ions by releasing electrons
and subsequently dissolve in electrolytes, leading to a decreased numbers of Ru-Ru bond and Pt-Ru
bond. All these results strongly confirm that the displacement reaction between Ru atoms and Pt

ions has occurred when the current was resting in pulse current electrodeposition.
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Figure 3.11 (a) The Pt L;-edge and (b) the Ru K-edge Fourier-transformed EXAFS spectra for
PtRu nanoparticles with different values To (100, 400 and 600 ms) and fixed values of T, (50 ms),
Ja (50 mA/cm?) and coulombic charge (8.0 C/cm?).
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Table 3.9 EXAFS fitting parameters at Pt Lj-edge and at the Ru K-edge for PtRu nanoparticles
with different values Tos (100, 400 and 600 ms) and fixed values of Ton (50 ms), Ja (50 mA/cm?)
and coulombic charge (8.0 C/cm?).

Npt.ry Npt.pt YENet  Nrypt Nrere  ZNru P Pgy Pt Ru
(at%) (at%)
TF100 4.16 5.91 10.07 4.69 3.54 8.23 0.41 0.57 51.9 48.1

TF400 2.25 5.9 8.15 6.2 2.98 918 0.28 0.68 655 34.5

TF600 1.0 8.98 9.98 9.01 1.52 1053 01 085 834 16.6

Furthermore, by comparing the values of X Npand X Ng, (Table 3.9), we can analyze the
atomic distribution of bimetallic PtRu nanoparticles, and then determine which element was located
at the core and which element was located in the shell. Ru atoms incorporating in the Pt lattice
substituted some Pt atoms while the overall crystalline structure of PtRu nanoparticles remained the
Pt-fcc structure. So the element with-a larger total coordination number (X N) resided at the core,
and the element with a smaller X N-resided in the-shell. Guided by this principle, we obtained the
schematic diagrams for the cross sections-.of PtRu nanoparticles prepared by pulse current
electrodeposition under different conditions (Fig. 3.12). For the sample TF100 with the short T
and the high duty cycle, its X Np; was larger than > Ngy,, suggesting that the nanostructure was
composed of the Ru-rich shell and the Pt-rich core. While for the sample TF600 with the long T
and the low duty cycle, its > Np; was smaller than X Ngy, suggesting that the nanostructure was
composed of the Pt-rich shell and the Ru-rich core[99]. It is demonstrated that not only the
elemental composition but also the atomic distribution of bimetallic PtRu nanoparticles can be

effectively controlled and adjusted by the pulse current electrodeposition technique.
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Figure 3.12 Schematic diagrams for cross sections of PtRu nanoparticles with different values T
(100, 400 and 600 ms) and fixed values of T, (50 ms), J. (50 mA/cm?) and coulombic charge (8.0
Clem?).

3.4 Conclusions

The pc depositions were employed to prepare PtRu nanoparticles on carbon cloths. Parameters
including Ton, Tor, and J, were explored to identify the optimized catalytic performances for
methanol electro-oxidation. TEM images.onthe PtRu nanoparticles revealed a uniform distribution
with moderate size variations. Measurements from ICP-MS indicated that a displacement reaction
was occurring, resulting in the enrichment of Pt in the PtRu nanoparticles when the duty cycle was
shortened. XRD analysis on the PtRu nanoparticles exhibited a slight shift of diffraction peaks,
suggesting Ru was alloyed with Pt successfully. In addition, the alloyed Ru was found to decrease
with reduced duty cycles. Analysis from XPS confirmed a steady loss of RuO,-nH,O from the
particle surface when the To was prolonged. Furthermore, XANES and EXAFS analyses verified
the occurrence of displacement reaction during To and suggested the structural evolution from
Ru-rich shell to Pt-rich shell with diminished duty cycles. By the pulse current electrodeposition
technique, the desired elemental composition and atomic distribution of PtRu nanoparticles were

achievable and controllable.
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Chapter 4 Investigation of Formation Mechanisms for PtRu Core-Shell
Nanostructures during Galvanic Displacement by XAS and EQCM

4.1 Introduction

The development of bimetallic PtRu nanoparticles has received considerable attention recently
because the PtRu is not only an effective electrocatalyst for methanol oxidation reaction (MOR) in
direct methanol fuel cells (DMFCs) but also demonstrates impressive CO oxidation ability for
reformate hydrogen fuel cells[8, 100, 101]. In DMFC, the oxidation of methanol entails consecutive
removals of hydrogen that leaves a CO strongly bonded to the Pt, resulting in a gradual loss of
MOR activity. This CO-induced performance degradation is known as CO poisoning which is
particularly pronounced in Pt[102-106]. For the reformate hydrogen fuel cells, there is always
minute presence of residual CO in the hydrogen feeds so it becomes a concern once the Pt is
employed for hydrogen oxidation at the anode. To overcome the CO poisoning effect, the Ru is
often alloyed with Pt to facilitate the oxidative removal of CO. It is realized that the Ru can either
provide the oxygenated species for CO oxidation to CO; (bifunctional model) or alter the electronic
structure of Pt so the CO-Pt bond strength is weakened considerably (ligand effect) [66, 67, 107]. In
general, the catalytic performance of PtRu nanoparticles is determined by their size, morphology,
crystallinity, composition, as well as the surface distribution of Pt and Ru. Since both Pt and Ru are
precious metals, recent researches are steered toward the preparation of PtRu with reduced loading
while still maintain desirable catalytic activities.

In general, the atomic arrangement of PtRu nanoparticles can be in alloy or core-shell
(core@shell) structure, and both states reveal distinct catalytic performances and life time.[33, 43,
108] However, even in an alloyed PtRu there still exists considerable microsegregation on the
surface composition so the Pt/Ru ratio on the surface is different from that of the core. For example,
it is reported that the Ru has a larger heat of adsorption for O,.[10, 109] Hence, under a O, heat

treatment, the PtRu surface is enriched with Ru. On the contrary, the Pt exhibits a higher preference
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for H, and consequently a H; treatment engenders a Pt-rich surface instead.[10, 109] In contrast, the
core-shell structure displays a well-defined regime for the respective core and shell components and
the responsible mechanism for the CO oxidation involves the ligand model in which the shell
element’s electronic structure is altered by the core element underneath. In addition, because the
catalytic shell element constitutes a relatively smaller amount as compared to the core element, the
effective mass activity can be substantially increased.[4, 5, 110] Therefore, the material cost for
electrocatalyst is expected to reduce greatly without compromising catalytic ability. To date, a
variety of core-shell PtRu nanoparticles have been synthesized and evaluated with various successes.
For instance, PtRu deposited on an inexpensive core such as PACu@PtRu[5] and Co@PtRu[111]
are reported with notable performance improvements. Alternatively, the Pt shell is deposited
directly on a Ru core with thickness ranging from' sub-monolayer to multiple layers forming a
Ru@Pt structure.[34, 39, 97]

To fabricate Ru@Pt nanoparticles, the simplest synthetic scheme entails a displacement
reaction which is also known in literature as redox-transmetalation reaction or spontaneous
deposition.[25, 112] The displacement reaction-often occurs in binary systems with constituents
revealing distinct values of redox potentials. For example, CuNi, AgGe, and AuGe, have been
demonstrated and their formation mechanisms are thoroughly discussed.[23, 76, 79] In principle,
when a binary deposit is in contact with their respective cations in electrolyte, the constituent of less
positive redox potential is dissolved from the deposit while the one with a higher redox potential is
reduced from the electrolyte. Consequently, the deposit on the surface can be tailored for a desirable
makeup which is likely different from that of bulk if the displacement reaction is carefully
controlled. Since the Ru exhibits a higher redox potential than that of Pt, once the Ru is immersed in
the electrolyte containing Pt cations, the Ru would undergo an oxidation reaction in conjunction
with the reduction of Pt cations. Earlier, Brankovic et al. have studied the displacement reaction of

PtClg” on both single crystalline and nanoparticulate Ru.[24, 83, 84] They suggested that the
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driving force for the displacement reaction is the potential difference between the PtCls* reduction
and Ru° oxidation. In Ru single crystals, the Ru experiences a surface oxidation reaction forming
Ru(OH)y, or even a higher oxidized form. However, they pointed out that the redox potential for the
corrosive dissolution of Ru is insufficient to reduce PtClg”, so they name this process a cementation
reaction as well. In contrast, for Ru nanoparticles, both surface oxidation and corrosion dissolution
are likely to provide necessary electrons for PtCls* reduction.[24, 83, 84, 113] In addition to Ru, the
nature of Pt on the PtRu nanoparticles is still under debate. From X-ray absorption spectroscopy
(XAS), Manandhar et al. emphasized that the spontaneously-deposited Pt on the Ru core was Pt
cations in intermediate oxidation states instead of metallic Pt.[24] However, similar XAS studies by
Adzic et al. received different interpretations as they believed that the Pt exists in a metallic state
and they attribute the observed d-band vacancy in Pt to the underlying Ru that alters the electronic
structure of Pt above.[4]

Previously, Spieker et al. adopted the XAS to investigate the hydrolysis reaction of H,PtClgin
an aqueous solution and identified the coordination environments of Pt cations in different pHs and
CI" concentrations.[114] They determined that the-PtCls* is present only in an acidic solution with
moderate excess of CI” or neutral solution with large excess of CI". In contrast, the OH" or H,0O
would replace CI" as a complexing ligand in alkaline solution with reduced CI" content. It is
rationalized that the type and number of ligands are critical in determining the activities for the
cations. Therefore, any changeup in the number of H,O, OH", and CI" ligand for the Pt cation is
expected to affect its redox potential. Consequently, the extent of displacement reaction is likely
varied once the Ru is immersed in PtCls® solution at different pHs. This is a variable that is often
overlooked by previous studies in PtRu displacement reaction.

In this work, we attempt to distinguish the effect of pH on the Pt complexes for Ru@Pt
formation during the displacement reaction. The XAS is employed to provide a qualitative insight

on the oxidation states and coordination environments for both Pt and Ru in electrolytes and Ru@Pt
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nanoparticles. Materials characterizations including XRD, TEM, and ICP-MS are conducted and
correlated with results of CO oxidative ability and life time performance from electrochemical

analysis.

4.2 Experimental
Functionalization of commercial carbon black Vulcan XC-72R

Functionalization of commercially available carbon black Vulcan XC-72R (XC72) was
conducted by immersing the as-received XC72 in a solution of sulfuric acid (97 wt%) and nitric
acid (61 wt%) at a 3:1 volume ratio for 1 h at 25°C, followed by washing and drying at 80°C to
obtain dry powders. The purpose for this acid treatment was to improve the adhesion of chemically
reduced Ru nanoparticles by providing suitable functional groups on the XC72 surface[6].
Fabrication of XC72-supported Ru nanoparticles

Ru nanoparticles were impregnated onto the functionalized XC72 via a chemical reduction
method. First, 0.2 g RuCl; (99.9 wt%) and 0.8 -g- functionalized XC72 were mixed in excess
de-ionized water to form a stable suspension.-Subsequently, an appropriate amount of NaBHy,
serving as the reducing agent, was dissolved in de-ionized water and slowly added to the
RuCls/XC72 mixture. At this stage, the Ru** was reduced to form Ru nanoparticles evenly
supported on the XC72 matrix (designated as Ru/XC72). Afterward, the Ru/XC72 was filtered and
washed by de-ionized water, followed by 80° C drying in oven to remove residual solvent.
Sample preparation of Ru@Pt nanoparticles

To carry out the displacement reaction with Pt cations, the Ru/XC72 powders were deposited
on a carbon cloth (CC) of 2x2 cm? which was employed as a substrate. We adopted an ink method
in which the ink suspension was composed of 8 mg Ru/XC72, 5 mg PTFE (30 wt%), and 5 mL 99.5
wt% ethanol. The ink suspension was well-dispersed by ultrasonication for 30 min and was

transferred to the CC atop a hot plate at 80°C. After drying out residual solvent, the sample,
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designated as Ru/XC72/CC, was immersed in 5 mM aqueous solution of hexachloroplatinic acid
(H2PtClg; 99.9 wit%) at selective pH values. The intrinsic pH value for the 5 mM H,PtClg aqueous
solution was 2.2, and it was adjusted to pH 1 by perchloric acid (HCIO4) and pH 8 by potassium
hydroxide (KOH), respectively. The immersion lasted for 24 h at 40°C, allowing sufficient
replacement of Pt for Ru. The as-prepared samples were thoroughly rinsed with de-ionized water
and were designated as “group A”. A second set of samples undergoing a hydrogen reduction
treatment after the immersion in H,PtCls solution at identical pH conditions was labeled as “group
B”. The hydrogen reduction was conducted with pure hydrogen at 80°C for 2 h. Samples after the
immersion in H,PtClg solution were designated as Ru@Pt/XC72/CC because the Pt cations were
expected to deposit on the Ru nanoparticles forming a Ru core and Pt shell structure. For
comparison purposes, we also immersed the Ru/XC72/CC in solutions of HCIO, (pH 1), deionized
water (pH 7), and KOH (pH 8) to-evaluate the chemical stability of Ru/XC72/CC in those
environments and the amount of Ru that was corrosively dissolved. A flow chart for the preparation
steps involved is depicted in Fig. 4.1.
Materials characterizations

X-ray diffraction (XRD) patterns were obtained by Max Science-M18XHF KXY-8019-1 with
a Cu K, of 1.54 A. The X-ray diffractogram was recorded at a scan rate of 4 degree/min for 20
values between 30° and 90°. To distinguish the crystalline state of Ru@Pt, we also carried out XRD
analysis for 20 values between 36° and 41° at 0.5 degree/min. Transmission electron microscopy
(TEM) was employed to observe the morphology for the as-prepared Ru and Ru@Pt nanoparticles
using JEOL JEM-3000F with an accelerating voltage of 300 kV. The XC72-supported Ru and
Ru@Pt nanoparticles were carefully removed from the CC after rinsing in ethanol followed by
ultrasonication. We also obtained the PtRu ratio with an energy-dispersive X-ray spectroscopy
(EDX) equipped on the TEM. The exact Pt and Ru amount for the Pt and Ru@Pt nanoparticles was

determined by an inductively coupled plasma mass spectrometry (ICP-MS) where samples of
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Ru/XC72/CC and Ru@Pt/XC72/CC were dissolved in a solution containing HCI, HNO3, and HF of
2:2:1 volume ratio at 180°C. In addition, we retrieved liquid samples from the H,PtClg solution after

the displacement reaction to validate the concentration of remaining Pt and dissolved Ru cations.
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Figure 4.1 A flow chart for the processing steps involved to prepare samples of group A, group B

and reference group
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XAS measurements and analysis

X-ray absorption spectra (XAS) for the Pt Lj-edge (11,564 eV) and Ru K-edge (22,117 eV)
were obtained at beamlines BL0O1C1 and BL17C1 of the Taiwan Light Source, National
Synchrotron Radiation Research Center (NSRRC), Hsinchu, Taiwan. The storage ring energy was
1.5 GeV, and the stored current was in the range of 300-360 mA. A double Si(111) crystal
monochromator was adopted for energy selection with a resolution AE/E better than 2x10™ at both
beamlines. Rh or Pt-coated mirrors were adopted to reject high-order harmonics, collimate
(upstream) and refocus (downstream) the X-ray beam. The XAS measurements were conducted in a
fluorescence detection mode at 25°C. A Lytle fluorescence detector along with three gas-filled
ionization chambers were used to measure the intensities of the X-ray fluorescence photons from
the sample (l¢), incident beam (lo), transmitted beam through the sample (l;), and transmitted beam
through the reference metal foil or powder-(l;). A Pt foil was served as a reference for Pt L;-edge
measurements and metallic Ru powder was used for Ru K-edge measurements.

Extended X-ray absorption fine structure (EXAFS) data-analysis and fitting were processed by
IFEFFIT 1.2.11c data analysis package (Athena,-Artemis, and FEFF6)[115, 116]. In each scan, the
recorded data were calibrated by aligning against the reference. After the calibration, they were
averaged to achieve better signal quality. X-ray absorption near edge structure (XANES) spectra
were acquired after normalization by Athena software. The EXAFS function was obtained by
standard protocols including pre-edge and post-edge background subtraction, and normalization
with respect to the edge jump. The detailed procedure has been reported elsewhere[117]. The
resulting EXAFS function, y(E), was transformed from the energy space to k-space. The value k
refers to the photoelectron wave vector. At the high k-region of y(k) data, multiplication by k® was
adopted to compensate the damping of EXAFS oscillations. Next, the k* weighted y(k) data were
Fourier-transformed to r-space. Specific ranges in k-space for the Fourier transformation were

selected from 3.32 to 12.74 A for the Pt L;;-edge and from 4.01 to 13.42 A ™ for the Ru K-edge.
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The EXAFS curve fitting in r-space was applied by a nonlinear least-square algorithm. In addition,
the r-space ranges for the curve fitting were established without phase correction from 1.29 to 3.12
A for Pt and from 1.32 to 2.73 A for Ru. The structural parameters were fitted by Artemis with
theoretical standards generated by FEFF6 code[118]. The fitted structural parameters included the
coordination number (N), bond distance (R), Debye—Waller factor (AO'J‘Z), and inner potential shift
(4Ep). Two assumptions were made in the EXAFS fitting for the H,PtClg solution. First, we
assumed that the Pt cation (IV) complexes were octahedrally coordinated, which kept the sum of
Pt-Cl and Pt-O coordination number at six for all complexes. Second, the difference in g for the
Pt-Cl and Pt-O was assumed to be identical[114]. In addition, the amplitude reduction factor (S¢°)

for Ru was obtained by analyzing the reference Ru powder and found to be 0.79.

4.3 Results and discussion
4.3.1 Materials characterizations on RU@Pt/XC72/CC

The XRD patterns are able to provide qualitative evidences for the PtRu displacement reaction
since the Pt and Ru adopt distinctive lattices.of fcc and-hcp, and the alloying of a relatively larger Pt
atom (1.35 A) into Ru (1.3 A) structure is expected to render a slight expansion in lattice parameter.
Fig. 4.2(a) exhibits the XRD patterns for the XC72/CC, Ru/XC72, Ru/XC72/CC, and group A of
Ru@Pt/XC72/CC from H,PtClg solution of pH 1, pH 2.2, and pH 8, respectively. As shown, the
XCT72/CC exhibited an amorphous background with a notable diffraction peak at 43.62°. This peak
was also present for remaining samples in Fig. 4.2(a) and it is a characteristic carbon signal as
evidenced by many studies.[119-122] For the Ru/XC72, the hcp phase of Ru was confirmed with
relevant planes properly indexed. In addition, the XRD pattern suggested a polycrystalline structure
with relative intensity consistent with that of JCPDS 06-0663. The observed stronger signals for the
Ru/XC72 over those of Ru/XC72/CC were attributed to the sample preparation difference where a

larger amount of Ru/XC72 was used for XRD measurement. For samples of Ru@Pt/XC72/CC, the
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only discernible diffraction peaks were (100) and (101) which were associated with the Ru lattice.
Since the (101) overlapped with the background diffraction from the XC72 and CC, we repeated the
XRD measurements at a slower scan rate around the (100) peak for comparison. The
high-resolution XRD pattern for 36°-41° is displayed in Fig. 4.2(b). As shown, the Ru/XC72/CC
revealed a (100) peak at 38.74°. For samples of pH 1, pH 2.2, and pH 8, the (100) peak was located
at 38.7°, 38.5°, and 38.82°, respectively. The minor variation between these diffraction peaks was
likely caused by poor crystallinity of Ru after displacement reaction as well as background noises
from the XC72 and CC that compromised signal quality considerably. We believed that the
possibility for PtRu alloying was rather remote as the displacement reaction took place at 40°C and
any interdiffusion between Pt and Ru was unlikely. Hence, the formation of core-shell Ru@Pt was
presumed because from the standpoint of displacement reaction, the Pt was deposited upon removal
of Ru and this dislocation process was ocecurring on.the Ru surface exclusively. According to
Alayoglu et al., for Ru@Pt nanoparticles with an approximately 1-2 monolayer-thick Pt shell, both
hcp Ru and fcc Pt diffraction peaks-were observed, albeit with considerable noises and reduced
crystallinity.[108] In our case, unfortunately, the Pt signal was not identified form Fig. 4.2(b).
Earlier, Manandhar and Kelber studied the spontaneous deposition of Pt on Ru(0001) single crystals
by X-ray photoelectron spectroscopy and confirmed that the Pt was partially reduced as Pt(Il)
cations on the Ru surface.[24] Therefore, it is likely that the Pt might exist in an oxidized form

instead of metallic one in our case after the displacement reaction.
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Figure 4.2. The XRD patterns for the XC72/CC, Ru/XC72, Ru/XC72/CC, and Ru@Pt/XC72/CC
from group A of pH 1, pH 2.2, and pH 8 in scan range of (a) 30-90" and (b) 36™—42".
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To validate our premise that the Pt was not present in metallic state after the displacement
reaction, we carried out the hydrogen reduction treatment and Fig. 4.3(a) demonstrates the XRD
patterns for Ru@Pt/XC72/CC from samples of group B. Similar to what we observed in Fig. 4.2(a),
a broad diffraction peak was recorded around 44° which was attributed to the combined effects of
XC72/CC and Ru (101). Fig. 4.3(b) provides the high-resolution XRD pattern for 36°-42°. For
samples of pH 1, pH 2.2, and pH 8, the Ru (100) peak was located at 38.5°, 38.54°, and 38.62°,
respectively. These peaks were orderly shifted to lower angles as compared to that of Ru/XC72/CC
at 38.74°. This suggested a moderate alloying of Pt in Ru matrix after the hydrogen reduction
treatment. In addition, the degree of alloying increased with baths at smaller pH value. Moreover,
for samples of pH 2.2 and pH 8, there appeared a minor diffraction peak of Pt (111) at 39.48°
corresponding to a fcc Pt with a lattice parameter-of 3:95 A . This value was slightly larger than the
bulk Pt of 3.92 A which was unexpected because the underlying Ru core is presumed to exert finite
constrains for the Pt lattice above, causing it to shrink its lattice parameter slightly. However, we
rationalized that the signals from CC-and XC72 might-interfere with diffraction responses from the
Pt so the peak location might lose its fidelity. Nevertheless, we concluded that the Pt was present
initially in some oxidized forms but transformed to metallic one after the hydrogen reduction

treatment.
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The TEM images for Ru/XC72 and Ru@Pt/XC72 (group A) of pH 1, pH 2.2, and pH 8 are
exhibited in Fig. 4.4. Also displayed in the insets are their respective pictures in high magnification.
As shown in Fig. 4.4(a), the Ru nanoparticles were irregular but uniformly distributed in the XC72
support with an average size of 3.6 nm. The high-resolution image confirmed a polycrystalline
structure for each individual particle. Interestingly, their sizes were slightly increased after the
displacement reaction from the TEM images in Fig. 4.4(b-d). The average size for the Ru@Pt
nanoparticles of pH 1, pH 2.2, and pH 8 was 4, 3.8, and 4.6 nm, respectively. However, their
morphologies were similar to that of Fig. 4.4(a). This minute variation in sizes between each group
suggested that the Ru nanoparticles were rather stable in various environments against corrosive
dissolution. This behavior was not unexpected as Pourbaix diagram predicted similar behaviors. In
addition, due to the coulombic balance during the displacement reaction, the loss of Ru introduces
deposition of Pt that rendered the Ru@Pt at similar sizes Moreover, results from EDX, listed in
Table 4.1, confirmed the presence of Pt after the displacement reaction. The bath of pH 1 revealed
the largest amount of Pt, followed by pH 2.2'and pH 8, indicating that the acidic environment was
favored for Pt deposition or adsorption. These results were consistent with the XRD patterns in Fig.
4.3(b) since at pH 1 and pH 2.2, some of the Pt were alloyed with Ru so a relatively larger amount

of Pt was reasonably expected.

Table 4.1. EDX results on Ru@Pt/XC72 from group A of pH 1, pH 2.2, and pH 8.
Ru (at%) Pt (at%)

pH 1 88.92 11.08
pH 2.2 93.35 6.65
pH 8 96.62 3.38
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Figure 4.4. The TEM images for (a) Ru/XC72 and Ru@Pt/XC72/CC from group A of (b) pH 1, (c)
pH 2.2, and (d) pH 8. The insets are their respective mages in high resolution.

Since the EDX results provided qualitative evidences at best, more accurate reading for the Pt
and Ru amount after the displacement reaction was obtained via ICP-MS. Table 4.2 presents the
ICP-MS results for the Ru@Pt/XC72 from group A of pH 1, pH 2.2, and pH 8, as well as their
corresponding H,PtClg solution after the displacement reaction. As listed, the Pt loading was 1.26,
1.17, and 0.62 umole for samples of pH 1, pH 2.2, and pH 8, respectively. Apparently, a lower pH
bath allowed more Pt deposition or adsorption on the remaining Ru nanoparticles, a behavior

consistent with EDX results in Table 4.1. Likewise, the Ru loading was 2.02, 2.94, and 4.86 pmole
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for samples of pH 1, pH 2.2, and pH 8, respectively. For the corresponding H,PtClg solution, the
amount of residual Pt at various pH values agreed well with what we expected. In addition, the
amount of Ru cations in the H,PtCls solution was proportional to the Ru loss in Ru@Pt
nanoparticles. Obviously, considerable Ru dissolution in conjunction with Pt deposition was
observed at a low pH bath. From Table 4.2, the composition for the Ru@Pt nanoparticles was
PtssRug, PtagRU72, and PtiRugg for samples of pH 1, pH 2.2, and pH 8, respectively.

In order to remove possible effect of Ru corrosion encountered in the acidic electrolyte, we
also obtained ICP-MS results from samples of Ru/XC72/CC immersed in aqueous solution of pH 1,
pH 7, and pH 8 (reference group). Since the Pt cations were not present in the solution, the amount
of Ru recorded in the solution was caused entirely by corrosive dissolution instead of displacement
reaction. The Ru amount in pH 1, pH 7, and pH 8-bath was 0.31, 0.01, and 0.03 umol, respectively.
It can be seen that the Ru suffered from moderate corrosion in pH 1 bath but became relatively
stable in pH 2 and pH 8 bath. Nevertheless, the amount of corrosive dissolution of pH 1 bath was
still insufficient to account for the Ru content reported in Table 4.2. According to the Pourbaix
diagram, the Ru is expected to be in a metallic state-at 0V for bath of pH 1, pH 2, and pH 8. Hence,
we concluded that the observed displacement reaction was not driven by the corrosive dissolution of
Ru but initiated by the difference in the redox potentials between the Ru and Pt complexes at
different pH baths. According to Brankovic et al.[83], the driving force (4U) for the displacement
reaction is the potential difference between the [PtClg]* reduction and Ru oxidation as shown in

equations below.

AU =AE, oo —AE o0 >0 (1)
[PtCI [ +4e” = Pt° +6CI" )
(AEV]~0.74+0.015l0g[ PtCI,]") (3)
Ru®+x(H,0) =RuO,H, +(2x—y)H" +(2x—y)e 4)

66



In addition, it is believed that the oxidative dissolution of Ru occurs at a potential more positive
than the equilibrium potential of Pt/[PtClg]* so it is unlikely to trigger the displacement

reaction.[123]

Table 4.2. ICP-MS results on Ru@Pt/XC72/CC from group A of pH 1, pH 2.2, and pH 8, as well
as their corresponding H,PtClg solution.

Pt (umol) Ru (umol)
Ru@Pt/XC72/CC pH 1 1.26 2.02
pH 2.2 1.17 2.94
pH 8 0.62 4.86
H,PtCls solution pH 1 20.01 1.88
pH 2.2 21.61 1.37
pH 8 22.57 0.05

4.3.2 XANES and EXAFS analysis

Since the activity for Pt complexes and their associated redox potentials are determined by the
nature and number of ligands, the solution pH value therefore becomes very critical because the
hydrolysis of Pt complexes is highly pH-dependant. The nature and number of ligand around the Pt
cation in the electrolyte, as well as the oxidation state for Pt and Ru in the Ru@Pt nanoparticles can
be inferred from XANES and EXAFS analysis. The Ru K-edge XANES spectra for the reference
group (Ru/XC72/CC in pH 1, pH 2, and pH 8 solution) are demonstrated in Fig. 4.5, along with Ru
and RuO; serving as the reference. The metallic Ru is established to have a K-edge absorption
around 22,117 eV and its position is shifted to higher energy in oxidized state, as confirmed by the
RuO,. Spectra from the Ru/XC72/CC after immersing in HCIO, (pH 1), de-ionized water (pH 7),

and KOH (pH 8) suggested that some of the Ru existed in oxidized forms and their oxidation states
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were rather similar. However, the exact oxidation state was still unknown but its value was
estimated between 0 and +4 as indicated by the absorption edge between Ru and RuO,. According
to literature, the Ru was prone to form surface oxide and hydroxide when it was immersing in a

liquid electrolyte. Hence, presence of Ru in an oxidized state was not entirely unsupported.[124]

- - -Ru/XC72/CCpH 1
- = Ru/XC72/CCpH 7
- = Ru/XC72/CC pH 8

Normalized absorbance (a.u.)
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RuO
2
22110 22140 22170 22200
Energy (eV)

Figure 4.5. The Ru K-edge XANES spectra of Ru, RuO,, and Ru/XC72/CC from reference group
of pH 1, pH 7, and pH 8.

Fig. 4.6 exhibits the Ru K-edge XANES spectra for samples from group A and group B,
respectively. In general, their spectra were similar to those obtained in Fig. 4.5. Hence, we
concluded that the oxidation state of Ru remained unchanged regardless the electrolyte they
encountered was HCIO4, KOH, or H,PtClg. However, after further exploration, as shown in the
inset of Fig. 4.6, it was found that the Ru from group A was slightly more oxidized than that in
group B. This behavior was not unexpected as the samples from group B underwent a hydrogen
reduction treatment leading to their reduced oxidized state. It is noted that from XRD in Fig. 4.2 and
Fig. 4.3, the samples from group A and group B did not reveal the presence of RuOy or Ru(OH)y.

However, in the XANES spectra, the Ru existed in an oxidized state anyway. We attributed this
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discrepancy to the sensitivity of XANES that took into consideration of both metallic Ru at the core
and oxidized Ru on the surface. Besides, the oxidized Ru was likely amorphous that obscured the

XRD signal.
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Figure 4.6. The Ru K-edge XANES spectra of Ru@Pt/XC72/CC from group A and group B.

Similarity in Fig. 4.5 and Fig. 4.6 confirmed that the Ru maintained an identical oxidation state
with or without displacement reaction. Therefore, during displacement reaction, we believed that
the oxidized Ru left the surface in the form of dissolved complexes and freshly-exposed Ru adopted

a similar oxidation state. To confirm our premise, it is necessary to carry out XANES analysis on
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the electrolyte to verify the identity of dissolved Ru cations. Unfortunately, the Ru cations in the
electrolyte after displacement reaction was so dilute that validation of their identity became rather
difficult. From samples of group B, the oxidation state for Ru was not completely reduced to
metallic form which suggested that the oxidized Ru state we observed was intrinsic to Ru after the
Ru was exposed to electrolyte or ambient moisture.

The Ru K-edge Fourier-transformed EXAFS spectra for the reference group, group A, and
group B are provided in Fig. 4.7. The peaks at 1.6 A and 2.3 A (without phase correction) were
associated with Ru-O bond and Ru-Ru bond at the first shell coordination. The EXAFS fitting
results are summarized in Table 4.3. For the reference group, the coordination number for Ru-O in
all baths was around 2. This bonding between Ru and O was attributed to the formation of oxide or
hydroxide on the Ru surface. On the other hand, the Ru-Ru coordination number was around 4-5,
which was expected because earlier studies-by Huang et al.-reported a similar coordination number
for Ru nanoparticles.[25] For the Ru@Pt/XC72/CC (sample of group A), we obtained a reduced
Ru-O coordination number for pH 1 and pH 2.2 bath.-On the other hand, the coordination number
of Ru-Ru remained unchanged suggesting that the-Ru core was likely intact. However, the EXAFS
fitting did not reveal any Ru-Pt bond which excluded the possibility of Pt sitting next to Ru in the
Ru@Pt nanoparticles. Nevertheless, once the hydrogen reduction treatment was imposed (as shown
in group B), the Ru-Pt coordination number of 1.33, 1.08, and 0.82 was obtained for pH 1, pH 2.2,
and pH 8 bath, respectively. At the same time, the number of Ru-O bond became smaller due to the
hydrogen reduction treatment. Likewise, the Ru-Ru bond remained relatively unchanged because
the Ru core was mostly unaffected. Based on previous work by Hu et al.[125], the Ru might form a
Ru-O-Ru bonding near its surface. In our case, the bridged oxygen was likely to connect both Pt
and Ru forming a Ru-O-Pt. As a result, the Ru-O-Pt was formed instead of Ru-Pt on the surface of
Ru nanoparticles. Hence, it became reasonable that the Ru-Pt coordination was established as long

as the bridged oxygen was removed during hydrogen reduction treatment.

70



Ru/XC72/CC pH 1
— = Ru/XC72/CCpH7
- === Ru/XC72/CCpH 8

Group A Ru@Pt/XC72/CC pH 1
- = Group A RU@Pt/XC72/CC pH 2.2
- === Group A Ru@Pt/XC72/CC pH 8

FT magnitude (a.u.)

—— Group B Ru@Pt/XC72/CC pH 1
= = Group B RU@Pt/XC72/CC pH 2.2
- == Group B Ru@Pt/XC72/CC pH 8

R (Angstrom)

Figure 4.7. The Ru K-edge Fourier-transformed EXAFS spectra from Figs. 4.4 and 4.5.

Fig. 4.8 demonstrates the Pt Lj-edge XANES spectra for H,PtClg at pH 1, pH 2.2, and pH 8,
respectively. Also shown is the XANES for Pt foil. The purpose for this measurement is to
determine the nature of complexing ions for the Pt cations in different environments. From
literature, electronic transitions from 2ps, to 5d is responsible for the Pt Lj-edge which is also
known as white line.[126, 127] In general, the white line intensity is able to provide information on
the oxidation state of Pt due to its relevance to the d-band vacancy. A larger white line intensity
often infers more vacant d-band orbitals. From the XANES spectra, there appeared a high intensity

white line for the Pt cations in H,PtClg solution at various pH values. These patterns were expected
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as the Pt cations were possibly present in Pt*". For the white line of Pt foil, its low intensity

confirmed its metallic nature and its magnitude corresponded to the oxidation state of “0”.
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Figure 4.8. The Pt L;-edge XANES spectra of Pt foil and H,PtCls solution of pH 1, pH 2.2, and
pH 8.
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Table 4.3. EXAFS fitting parameters at the Ru K-edge for Ru/XC72/CC and Ru@Pt/XC72/CC under various conditions.

Coordination Bond distance, Inner potential  Debye-Waller factor,

Path — imber, N R (A) shift, AEo (&)  Ao? (% 10° A%
i Ru-O 1.95 2,04 5.45 5.43
Ru-Ru 461 267 9.92 7.29
Ru-O 1.99 2,04 4.36 5.41
Reference pH 7
Ru-Ru 5.00 267 -10.4 7.98
e Ru-O 1.94 2,04 6.15 3.32
Ru-Ru 415 267 -12.05 7.45
i RU-O 123 2,05 0.55 0.13
Ru-Ru 4.06 267 735 7.02
Ru-O 1.33 2,07 1156 0.46
Group A pH 2.2
Ru-Ru 4.28 268 710 8.26
e Ru-O 1.99 2,02 7.46 1.78
Ru-Ru 4.08 265 1288 7.03
RU-O 1.07 2,05 6.54 4.23
oH 1 Ru-Ru 5.24 269 371 6.70
Ru-Pt 133 271 -9.44 5.91
Group B Ru-O 1.36 2,05 5.03 5.30
oH22  Ru-Ru 5.12 269 4,14 7.20
Ru-Pt 1.08 270 11359 6.62
RU-O 1.41 2,05 0.47 6.96
OH 8 Ru-Ru 454 269 3.62 6.91

Ru-Pt 0.82 2.71 -8.24 5.64
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For the identity of Pt atoms which were deposited onto Ru after the displacement reaction, the
Pt L;;-edge XANES spectra in Fig. 4.9 can provide insightful information. In general, for samples
from group A and group B, the XANES spectra clearly demonstrated a notable distinction in which
signals from group A revealed a larger d-band vacancy than those from group B. This trend was
expected as samples from group B underwent a hydrogen reduction treatment. For samples of group
A, obviously the pH 8 sample revealed the largest d-band vacancy with its magnitude close to the
H,PtCls solution in Fig. 4.9. This suggested that the Pt existed in +4 oxidation state on the Ru
particle after the displacement reaction which inferred a physical adsorption process without
involving the oxidation loss of Ru. In addition, for baths of pH 1 and pH 2, it appeared that the Pt
still existed in the oxidized state albeit with a slightly reduced state. This trend was reversed from
samples of group B in which the pH 8 sample demonstrated the lowest oxidative state with
magnitude close to the metallic Pt foil shown in Fig. 4.8. However, the samples from pH 1 and pH
2.2 indicated that the Pt was present at a slightly oxidized state. We surmised that at pH 8 the Pt
atoms clustered around themselves revealing a metallic behavior while at pH 1 and pH 2.2, the Pt
atoms were intermixed with Ru forming a quasi-alloying state instead. Earlier, it was suggested by
Sasaki et al. that in alloying of PtRu the Pt-exhibits a larger d-band vacancy because its electronic
structure is influenced by nearby Ru[4]. This might be another possible reason accountable for the
recorded oxidized Pt in Fig. 4.9. An alternative explanation-is that the RuOx is able to withdraw

electrons partially from the Pt nearby leading to relatively stronger white line intensities.
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Figure 4.9. The Pt L;-edge XANES spectra of Ru@Pt/XC72/CC from group A and group B.

The Fourier-transformed EXAFS spectra for H,PtClg, group A, and group B are exhibited in
Fig. 4.10. As shown, the peaks at 1.7-A. and 2.0 A -(without phase correction) were associated with
the Pt-O bond and Pt-Cl bond at the first shell coordination, respectively. On the other hand, the
peaks at 2.1 A and 2.7 A (without phase correction) corresponded to the Pt-Ru bond and Pt-Pt bond
at the first shell coordination, respectively. The EXAFS fitting results are summarized in Table 4.4.
In H,PtClg solution, the coordination number of Pt-O was 1.31, 1.65, and 3.58 for pH 1, pH 2.2, and
pH 8 bath, respectively. In addition, the EXAFS results determined that the coordination number of
Pt-Cl was 4.69, 4.35, and 2.42 for pH 1, pH 2.2, and pH 8 bath, respectively. Previously, Spieker et
al., in their careful study of dilute H,PtClg acid with various pH values, observed that the chloride
ion ligands associated with the Pt complexes can be exchanged by hydroxide ligand (OH) or aquo
ligand (OH,) due to the hydrolysis reaction.[114] Similar phenomena were observed in this work in
which the EXAFS fitting for samples of different pHs indicated a significant ligand changeup
between the Pt-Cl and Pt-O coordination number. In other words, the number of chloride ligands on
the Pt complexes was reduced due to the hydrolysis reaction when the pH value was increased. The
variation of Pt ligand species was believed to be responsible for the notable difference toward the

behavior of displacement reaction.
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Figure 4.10. The Pt Lj,-edge Fourier-transformed EXAFS spectra from Figs. 4.8 and 4.9.

For group A, the sum of coordination number for Pt-O and Pt-Cl was decreased after the
deposition/attachment to the Ru. This indicated that some of the ligands were removed from the Pt
complexes when the Pt cations were anchored to Ru. Nevertheless, a direct Pt-Ru bond was not
established which was consistent with what we found in Table 4.4. Therefore, the bridged oxygen
structure was believed to be the linkage between the Pt and Ru. For samples in group B, the
coordination environment was changed dramatically with the disappearance of Pt-O and Pt-Cl.
Instead, we witnessed the formation of Pt-Ru and Pt-Pt. The coordination number for Pt-Ru was
5.75, 4.23, and 3.21 for pH 1, pH 2.2, and pH 8 bath. These results suggested that at low pH value,
the Pt atoms were embedded in the Ru core occupying lattice sites vacated by dissolving Ru atoms.
At a high pH value, the Pt cations were merely adsorbed physically on the Ru surface which led to a
decrease in the Pt-Ru coordination number after the hydrogen reduction treatment. On the other
hand, the coordination number for Pt-Pt was 1.71, 2.43, and 4.24 for pH 1, pH 2.2, and pH 8 bath,
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respectively. At a low pH value, the Pt atoms were assumed to mix with Ru forming a
quasi-alloying state that resulted in a small Pt-Pt coordination number. On the contrary, the Pt
clusters on the Ru surface were expected to exist for the pH 8 bath. These results were consistent

with XRD data in Fig. 4.3, leading to a larger Pt-Pt coordination number.
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Table 4.4. EXAFS fitting parameters at the Pt L;;;-edge for Ru/XC72/CC and Ru@Pt/XC72/CC under various conditions.

Coordination Bond Inner potential Debye-Walle
Path number, N distance, shift, 4E r factor, Ao;’
R (A) (eV) (x 10° A%
H1 Pt-O 1.31 1.99 -2.14 2.79
P Pt-Cl 4.69 2.31 10.16 2.79
: Pt-O 1.65 1.99 -1.95 3.77
H,PtCls Solution pH 2.2
Pt-Cl 4.35 2.31 10.34 3.77
Ha Pt-O 3.58 1.99 1.44 4.21
P Pt-Cl 2.42 2.31 13.83 4.21
H1 Pt-O 1.95 1.99 7.26 1.78
P Pt-Cl 1.69 2.30 9.16 1.57
Pt-O 1.83 2.00 7.79 1.79
Group A pH 2.2
Pt-Cl 2.41 2.30 8.80 4.47
Ha Pt-O 3.66 1.99 3.73 2.42
P Pt-Cl 1.83 (48% 18.35 11.17
H1 Pt-Ru 5.75 2.71 8.66 5.61
P Pt-Pt 1.71 2.76 7.52 2.96
Pt-Ru 4.23 2.71 7.69 5.60
Group B pH 2.2
Pt-Pt 2.43 2.76 8.65 4.82
Pt-Ru 3.21 2.71 6.69 6.25
pH 8

Pt-Pt 4.24 2.75 7.26 4.66
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We have also examined the oxidation state of Ru ions after galvanic displacement reaction by
XAS. During the displacement reaction, the metallic Ru atoms were oxidized by the PtClg® ions,
and became Ru ions. The carbon-supported Ru nanoparticles, with additional treatment of hydrogen
reduction at 100 °C for the removal of surface oxide, were immersed in the aqueous 80 mM
H,PtClg solution at 30 “C for 24 hours, followed by filtering of the suspension. The electrolyte
contained dissolved Ru ions and excess H,PtClg were studied by XAS measurements. As shown in
Fig. 4.11, by comparing the Ru K-edge XANES spectra of Ru ions, with those of Ru metal, Ru/C,
RuCls(aq) and RuOy(s), it is noted that the inflection point of absorption curve for the Ru ions was
very close to that of RuCls(aq) but not of RuO,(s). This suggested that the valence of Ru ions is
smaller than +4 . Also it is known that Ru?* ions are not able to exist in a stable state in aqueous
solution. We determine that the valence of Ru ions after displacement reaction is +3. And therefore
the PtRu galvanic displacement reaction for Ru nanoparticles in aqueous H,PtClg solutions can be

expressed as

3PtCls* +4Ru’>3 Pt’+ 4Ru> + 18.CI- (4.5)

3

8 1291 Ru K-edge XANES
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Figure 4.11 The Ru K-edge XANES spectra of Ru ions after displacement reaction, along with Ru
metal, Ru/C, RuCls(aqg) and RuO,(s) serving as references.
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By summarizing the analytical results from XRD, ICP-MS, TEM, EDX, and XAS spectra, a
mechanism for the Pt displacement reaction on the Ru nanoparticles is provided in the schematic
diagrams shown in Fig. 4.12. Fig. 4.12(a) depicts the scenario for pH 1 and pH 2 in which the Pt
cations were partially reduced accompanied by the oxidative dissolution of Ru on the surface. The
dissolution of Ru was likely resulted from Pt reduction. Meanwhile, the formation of Ru oxide layer
on the surface took place slowly during the immersion into aqueous baths which eventually
terminated the displacement reaction as the surface oxide layer prevented the underneath Ru from
further dissolving and consequently inhibiting the reduction of Pt ions. Fig. 4.12(b) illustrates the
mechanism of PtRu displacement reaction in pH 8 scenario. The Pt cations were physically
adsorbed on the Ru surface mostly, and after the hydrogen reduction treatment, the Pt cations were
reduced and agglomerated as clusters on the Ru surface. In short, the pH values of H,PtClg acid
played a critical role for the extent of displacement reaction between the Pt and Ru and its resulting
alloy state. Furthermore, two factors should also be considered. They were the various ligands
around the Pt complexes and extent of Ru.dissolution in acidic/basic aqueous solvents. The

deposition for Pt on the Ru was formed through the bridged oxygen instead of direct Pt-Ru bonding.
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Figure 4.12. Schematic diagrams for PtRu displacement reactibh__p‘ urring at a) low pH and (b) high pH conditions.
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4.3.3 Electrochemical analysis of Ru@Pt/XC72/CC

An alternative route to confirm the core-shell structure for the Ru@Pt nanoparticles is to carry
out CO stripping experiments on the samples after hydrogen reduction treatment (group B). Since
the CO is known to form a strong chemical bonding with Pt that deactivates the Pt from subsequent
electrochemical actions, the modification of Pt by underlying Ru has been reported to alleviate the
CO poisoning effect via a mechanism of electronic modification.[66, 67] As a result, the Ru@Pt
nanoparticles are expected to reveal superior performances for CO oxidation and this can be easily
seen by the negative shift of the onset potential in CO stripping measurements. To carry out the CO
stripping experiments, we saturated 0.5 M H,SO, solution with gases of 3 vol% CO and 97 vol.%
N, for 30 min at -0.15 V (vs. Ag/AgCl) to ensure adequate adsorption of CO on the
Ru@Pt/XC72/CC. Afterward, cyclic voltammetric scans (CV) were imposed on the samples for
-0.2~0.9 V to obtain current responses associated with CO oxidation. The resulting CV profiles are
displayed in Fig. 4.13. Also shown for comparison is the commercial PtRu from E-TEK.
Apparently, the E-TEK PtRu exhibited an onset potential of 0.23 V, while the Ru@Pt nanoparticles
of pH 1, pH 2.2, and pH 8 displayed an onset potential-of 0, 0.02, and 0.04 V, respectively. The
improvements in the onset potentials for-the: CO stripping provided additional evidences of
core-shell formation in our samples. In addition, the sample of pH 1 revealed the lowest onset
potential because its surface structure-was between alloyed and core-shell arrangement that revealed

the largest ligand effect.

82



10 ——p——r————r———————r——r——

s E-TEK/CC
10 [ | o [ | o [ | o [ | o [ | o [ |

Group B RU@Pt/XC72/CC pH 1

Groullp B Ru@Pt/XCZZ/CC pII—I 2.2 -

Group B Ru@Pt/XC72/CC pH 8

-0.2 0.0 0.2 0.4 0.6 0.8 1.0
E (V vs. Ag/AgClI)

Figure 4.13. The cyclic voltammetric curves for CO oxidation on E-TEK/CC and
Ru@Pt/XC72/CC from group B of pH 1, pH 2.2, and pH 8.
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Tolerance for CO poisoning can also be confirmed by subjecting the Ru@Pt nanoparticles
(group B) in mixed gas of H,/N,/CO (200/9.7/0.3 in vol. ratio) for H, oxidation reaction. The
experiments were performed at 0.05V (vs. Ag/AgCl) in 0.5M H,SO, solution for 1 h to record the
resulting current responses. Fig. 4.14 demonstrates the H, oxidation curves for both apparent
current density and mass activities in which identical trends were observed. In general, the obtained
current revealed moderate instability which was caused by gas bubble adsorption and desorption.
These undesirable current fluctuations were also observed by Brankovic et al. and Adzic et al..[12,
34] For the E-TEK PtRu, there appeared a gradual loss in the H, oxidation ability which agreed
with earlier results.[34] They attributed this degradation behavior to the CO poisoning of Pt. A
similar pattern was also witnessed for Ru@Pt nanoparticles of pH 8 which was possibly due to the
formation of Pt clusters on the Ru surface that exposed unalloyed Pt for Pt-CO bonding. In contrast,
the Ru@Pt nanoparticles of pH1 demon strated an increasing catalytic ability for H, oxidation
initially but stabilized after 1000 s with negligible performance degradation. This notable
improvement further substantiated the formation of desirable core—shell structure that enabled facile
CO removal as evidenced in Fig. 4.13..1t is noted that the.in situ XAS would be very insightful to
detect any changeup in Pt or Ru during fuel-cell operation when the electrode is under polarization.
In a recent article by Zhou et al., they carried out the in situ XAS on Pd,Co-supported Pt monolayer
for the oxygen reduction reaction and observed that the white line intensity of the Pt L;-edge did
not show any noticeable change until the applied potential was positive of 0.9V.[15] In our case, the
potential for the hydrogen oxidation reaction occurred at 0.25V so it is likely that the in situ XAS
for the hydrogen oxidation reaction might not pick up sufficient variation in the white line intensity
of Pt L,-edge. However, there is also possibility that the Ru would become Ru oxide or hydroxide
at 0.25V and hence alters the electronic structure of Pt nearby. In such scenario, the Pt L,;; white
line might be slightly affected.
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Figure 4.14. The H, oxidation curves in (a) apparent current density and (b) mass activity on
E-TEK/CC and Ru@Pt/XC72/CC from group B of pH 1, pH 2.2, and pH 8.
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4.3.4 EQCM analysis

Electrochemical quartz crystal microbalance (EQCM) measurements were performed to
further investigate mass variation occurring during PtRu galvanic displacement reaction. The quartz
crystal, with an Au film on surface for electrical conductivity, was immersed in the Pt or PtRu
plating baths. The Pt bath was 10 mM H,PtClg + 100 mM H,SO, aqueous solution, and the PtRu
bath was 5 mM H,PtCls + 5 mM Ru(NO)(NO,)4(OH)* + 100 mM H,SO, aqueous solution.
Periodic pulse currents were imposed at repeated sequences of 50 mA/cm? for 1 sec and rested for
50 sec. The plot of current density vs. time is shown in Fig. 4.15(a) and Fig. 4.15(d). The mass of
electrodeposited species on the Au surface as a function of time was recorded for Pt and PtRu baths,
respectively (shown in Fig. 4.15(b) and Fig. 4.15(e)). At a fixed pulse current, the mass increment
in each pulse for the Pt bath was nearly identical (Fig. 4.15(b)). In contrast, the mass increment in
each pulse for the PtRu bath was notably different (Fig. 4.15(e)). The open circuit potential for the
metal deposited on the Au surface as a function of time was also recorded. As shown in Fig. 4.15(c),
during the pulse current deposition in Pt bath, the potential remained unchanged during resting time
of 50 sec, indicating that the surface state for the deposited Pt was rather stable. In contrast, as
shown in Fig. 4.15(f), during the pulse current deposition in PtRu bath, the potential changed
significantly during resting time, suggesting that a continuous surface rearrangement was taking
place. This surface rearrangement was attributed to the displacement reaction between the freshly

deposited Ru metal and Pt cations during resting time of 50 sec.
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Figure 4.15 EQCM measurements using Pt plating bath; (a), (b), and (c), as well as PtRu plating
bath; (d), (e), and (f). The (a) and (d) are the current profile during pulse deposition. The (b) and (e)
are their respective mass variation in.each pulse. The (c)-and (f) are the voltage reading during
plating time and open circuit voltage during resting time.

The enlarged EQCM profiles for a single pulse are ‘presented in Fig. 4.16 in which the blue
vertical line defines both the ending point of the pulse current of 50 mA/cm?and the starting point
of resting time. As shown in Fig. 4.16(b), in.the Pt bath the mass change at the blue vertical line
was associated entirely with pulse current electrodeposition, designated as the “electrodeposition
mass change”, while the mass change after the blue vertical line was significantly smaller as
compared to the “electrodeposition mass change”. This reduced amount was attributed to the Pt
surface oxidation, which is designated as the “surface oxide mass change”. Also the potential for
the deposited Pt after the blue line, as shown in Fig. 4.16(c), stabilized rapidly and arrived at a value
that is rather close to the thermodynamic potential of oxide formation on the Pt surface (E°= 0.43 V
vs. Ag/AgCN[30]. In contrary, in PtRu bath, the mass change after the blue line was considerably
larger than the “electrodeposition mass change” before the blue line, as shown in Fig. 4.16(e). Also
the potential for the deposited PtRu after the blue line shown in Fig. 4.16(f) stabilized slowly as
compared to that shown in Fig. 4.16(c). We attribute such notable mass and potential variations on
the samples from PtRu bath to galvanic displacement reaction. When the current was resting, a
severe displacement reaction took place between the metallic Ru atoms electrodeposited on the Au
surface and the Pt ions in the plating bath, resulting in the observed changes in both mass and
potential.
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Figure 4.16 EQCM profiles in a single pulse; (a), (b), and (c) for Pt plating bath, and (d), (e), and (f)
for PtRu plating bath. The (a) and (d) are.the current profile during pulse deposition. The (b) and (e)
are their respective mass variation in.each-pulse. The (c) and (f) are the voltage reading during
plating time and open circuit voltage during resting time.
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Fig. 4.17 provides the ratio for the surface oxide mass change (for the sample from Pt bath)

or the displacement mass change (for the sample from PtRu bath) to the electrodeposition mass

change, i.e. the ratio of mass change when the current was resting to that when the current was on.

As shown in Fig. 4.17(a), in Pt bath, the ratio of mass change was merely 30-40 %. In contrast, in

PtRu bath, as shown in Fig. 4.17(b), the mass change when the current was resting was 50-400 %,

suggesting that a substantial amount of mass increment was resulted from the galvanic displacement

reaction when the current was turned off.
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Figure 4.17 Ratio of (a) the surface oxide mass change (for the sample in Pt bath) or (b) the
displacement mass change (for the-sample in PtRu bath) to the electrodeposition mass change.
These data were obtained for the firstten pulses from EQCM measurements in Fig. 4.15.
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4.4 Conclusions

The mechanism of Pt displacement reaction on the Ru to form Ru@Pt nanoparticles was
investigated by immersing the carbon-supported Ru nanoparticles in hexachloroplatinic acids with
various pH values, followed by hydrogen reduction. XRD patterns demonstrated that the Ru hcp
lattice was expanded slightly after Pt incorporation. Results from ICP-MS suggested that the
dissolution of Ru was mostly caused by the reduction of Pt cations. TEM images demonstrated a
uniform distribution of Ru@Pt in size of 3-5 nm. Analysis from XANES and EXAFS indicated that
the pH value of hexachloroplatinic acids determined the type of ligands around the Pt cations that
led to different stages of displacement reaction. The oxidation state of Ru ions after displacement
was determined to be +3 by Ru K-edge XANES. After hydrogen reduction, samples from pH=1
bath revealed a desirable core-shell structure that displayed a reduced onset potential in CO
stripping measurements and stable catalytic performances for H, oxidation with negligible
performance degradation. The further exploration on the displacement reaction mechanism was
carried out by EQCM. The unusual magnificent: mass increment could not be explained unless it

was ascribed to the galvanic displacement reaction.

90



Chapter 5 Enhancement of Methanol Electro-oxidation via Functionalization of

Carbon Supports by the Electrochemical Degradation of Nafion lonomer

5.1 Introduction

Carbonaceous materials have been widely used as the substrates for catalyst impregnations in
room tempeaturare fuel cells like polymer membrane fuel cells and direct methanol fuel cells.[7,
128-136] It is because with the selection of carbons as supports, nanoparticulate catalysts such as Pt
and PtRu are able to distribute uniformly, leading to reduced loading and better catalyst utilization.
To date, carbons in a rich variety of forms including carbon blacks, carbon nanotubes (CNTS),
mesoporous carbons, carbon nanocapsules, activated carbons, and carbon xerogels have been
investigated as the catalyst supports with impressive results.[137-142] The interactions between the
carbon and catalyst are critical because a lack of sufficient bonding between them causes possible
detachments and colaescence, which results in undesirable performance degradation.[6]
Unfortunately, untreated carbons are often hydrophaobic in nature that allow poor adsorption of
catalyst precursors and catalysts. Therefore, it is necessary to carry out additional functionalization
treatments on the carbons to render a hydrophilic surface instead. After proper surface
functionalizations, the carbons are expected to adsorb more catalyst precursors for a larger amount
of catalyst deposition.

Earlier studies on the carbon functionalizations-are concerned with carbon corrosions because
under the operation conditions of phosphoric acid fuel cells, the carbon is prone to oxidation loss by
the formation of surface oxidized groups.[143-147] In general, the functionalization of carbon
involves anodization treatments in concentrated acids at moderate temperature.[148, 149] For
example, Kangasniemi et al. imposed potentiostatic treatments on the Vulcan XC72 (XC72) in 1 M
H,SO, solution, and determined that at room termperature, a signficant oxidation was occurring for
the anodizing voltage of 1.2 V for 16 h but 0.8 V was sufficent at 65°C to produce the same
effect.[150] A similar anodization treatment of 2 VV was employed by Stevanovic et al. to introduce
selective functional groups on the glassy carbons.[151] The degree of surface functionalization also
depends on the type of carbon materials because their surface area and microstructure differ
considerably. For instance, the CNTs reveal notable oxidation resistance over the XC72 while the
BP2000, with a larger specific surface area (m°g?), experiences more oxidation loss as opposed to
the XC72 with a smaller specific surface area.[152] So far, after functionalization, surface oxidized

groups such as phenols, carbonyls, carboxylic acids, ethers, quinones, and lactones have been
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identified. The exact mechanism responsible for the formation of selective functional groups is
contingent on the processing steps involved and the type of carbon materials. Since the carbon is
relatively inert in corrosive electrolytes, typical surface functionalization steps are rather
time-consuming. Therefore, it is of particular interest to develop a simple and efficient process for
functionalization purpose.

An alternative approach to functionalize the carbon materials is by chemical alteration of
polymeric binders. In electrode fabrications, Nafion ionomer is often added in mixture with carbons,
serving simultaneously as a binder and conductive path for proton transports. Therefore, it is
possible that the Nafion ionomer would suffer from structural damage and loss of sulfonic acid side
chains if deliberate electrochemical treatments are applied. Previously, extensive efforts have been
devoted to understand the responsible mechanism for Nafion membrane degradation in different
environments and factors including humidity, temperature, and oxygen concentration are found to

be relevant.[18, 153] According to literature, hydroxyl ( «+ OH) and peroxy ( - OOH) radicals formed

during fuel cell operations are able to react with polymer end groups that still contain residual
terminal H-groups.[20, 154, 155] Further studies indicate that the sulfonic acid side chains are also
susceptible to radicals[21, 153, 156]. In addition, the degraded species of Nafion contain free
radicals that have been reported to attack carbons and chemically bond to their surface.[22, 157, 158]
Moreover, it is suggested that the ‘presence of functionalized groups on the carbon surface is
possible to engender additional oxidized groups.[159-161] In light of this information, we realize
that the intentional degradation of Nafion ionomer might provide an effective route for carbon
functionalization.

In this work, we conducted multiple cyclic voltammetric scans (CV) to introduce functional
groups on the electrode structure, followed by Pt cation adsorption and electrochemical reduction to
produce nanoparticulate Pt impregrenated on the functionalized support. Electrocatalytic analysis
on the methnaol electro-oxidation was performed to elucidate the effect of functionalized support

for catalytic actions.

5.2 Experimental
Carbon surface functionalization by Nafion ionomer

The electrode for surface functionalization was fabricated by depositing a carbon/Nafion
mixture onto a commercially available carbon cloth (E-TEK). First, 10 mg Nafion ionomer solution
(5 wt%) and 8 mg carbon powders (Vulcan XC-72R) were mixed in 5 mL 99.5 wt% ethanol for 60
min under sonication to form an ink dispersion. The dispersion was deposited repeatedly on a 4 cm?
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carbon cloth which was kept at 80°C atop a hotplate to evaporate residual solvent. The loadings for
the XC-72R and Nafion ionomer on the carbon cloth were 2 and 0.05 mgem 2, respectively.
Subsequently, the surface functionalization was performed by imposing CV scans on the electrode
(active area of 0.785 cm?) for 20 cycles between —0.2 and 1.1 V (vs. Ag/AgCl) at 50 mVs ™ in an
aqueous electrolyte of 0.5 M H,SO,. A Pt foil of 10 cm? was used as the counter electrode. The
duration for the CV scans was 17 min. In order to introduce oxygen during the CV scans, the
backside for the electrode was pressed against a stainless steel foil that was partially exposed to the
ambient oxygen. A schematic for the cell design is illustrated in Fig. 5.1. For comparison purpose,
we also immersed the as-prepared electrodes in 0.5 M H,SO,4 or 0.5 M HCI aqueous solution with
concentrated residues from Nafion ionomer decomposition to analyze their surface functional
groups. The functionalized electrode was immersed in a 5 mM H,PtClg aqueous solution (pH
adjusted to 8) at 40°C. The immersion lasted for 48 h to ensure sufficient adsorption of PtCls® . To
reduce the adsorbed Pt ions, CV scans were carried out between —0.2 and 0.2 V in 0.5 M H,SO, at
50 mVs .

Pt foil —> stamleis steel foil
carbon
reference —> cloth

electrode

Figure 5.1. A schematic of the electrochemical cell for CV scans in 0.5 M H,SO, aqueous solution.
The carbon cloth is partially exposed to ambient oxygen.
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Electrochemical analysis

The functionalized electrode was immersed in a 5 mM H,PtClg aqueous solution (pH adjusted
to 8) at 40°C. The immersion lasted for 48 h to ensure sufficient adsorption of PtCls’". To reduce
the adsorbed Pt ions, CV scans were carried out between —0.2 and 0.2 V in 0.5 M H,SO, at 50
mVs *. To evaluate the electrochemical surface area (ECSA) for the deposited Pt, we conducted CV
scans between —0.2 and 0.9 V in 0.5 M H,SO, at 50 mVs . The ECSA was estimated by the
integrated charge in the hydrogen desorption region. For methanol electro-oxidation, multiple CV
scans were performed between —0.2 and 0.9 V at 50 mVs * in 500 ml of 0.5 M H,SO4 and 1 M
CH3OH. The area for the working electrode was 0.785 cm?. The Ag/AgCl and Pt foil (10 cm?) were
used as the reference and counter electrodes, respectively. Surface functionalization, PtCle®

reduction, ESCA determination, and methanol electro-oxidation were carried out at 26°C in a

three-electrode arrangement using a EG&G 263Apotentiostat.
Materials characterizations

X-ray Photoelectron Spectroscopy (XPS; Thermo_Microlab 350) was adopted to evaluate the
oxygenated functional groups on the functionalized. electrodes. Raman Spectroscopy (LabRAM
HR800) was conducted to detect the -microstructure variation on the XC-72R after CV scans. lon
chromatography (Dionex DX120) was utilized to analyze the concentration of dissolved SO,* and
fluoro carbons from the decomposition of Nafion-ionomer. Transmission Electron Microscope
(TEM; Philips Tecnai-20) was used to observe the-morphologies and distributions for the Pt
nanoparticles. The average Pt size was obtained by TEM image analysis (Image-Pro Plus 6.0).The
amount of Pt loadings was determined by an Inductively Coupled Plasma Mass Spectrometry
(ICP-MS; SCIEX ELAN 5000) where the samples were dissolved in a solution containing HCI,
HNO3, and HF at a 2:2:1volume ratio.

5.3 Results and discussion

5.3.1 Electrochemical degradation of Nafion ionomer

Fig. 5.2 provides the CV profiles at various cycles for the electrodes containing carbon cloth,
Nafion ionomer, and XC-72R with the supply of ambient oxygen. As shown, the CV profiles
exhibited a characteristic behavior for capacitors with symmetric responses in which considerable
anodic and cathodic currents were observed above 0.9 V and below —0.1 V, respectively. Notably,
the current from the anodic scan for the first cycle was negligible until 0.9 V when a sharp rise
occurred. After that, there appeared obvious currents for the cathodic scan, suggesting surface
activation at an oxidative potential above 0.9 V in the first cycle. Interestingly, both the anodic and

94



cathodic currents demonstrated steady increments with increasing CV cycles. We understood that
the recorded currents were mostly from the XC-72R as the carbon cloth contributed an insignificant
amount with its relatively reduced surface area. However, in our observation, samples of XC-72R
deposited on the carbon cloth revealed CV curves that were insensitive to increasing cycles, a
generic behavior for electrochemical double-layer capacitors. Therefore, we realized that there was

chemical degradation of Nafion ionomer that led to the increasing currents.
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Figure 5.2. Profiles from multiple CV scans with ambient oxygen for electrodes containing carbon
cloth, XC-72R, and Nafion ionomer.

In order to observe the effect of Nafion ionomer degradation more clearly, we need to remove
the capacitive currents from the XC-72R. Therefore, we carried out additional experiments with the
electrodes containing carbon cloth and Nafion ionomer only. Fig. 5.3(a) exhibits the CV profiles for
the samples with the supply of ambient oxygen. As shown, there appeared obvious oxidation and
reduction peaks centering around 0.55 and 0.34 V, respectively. In addition, these signals increased
steadily with increasing cycles. According to literature, these peaks were attributed to
hydroquinone-quinone redox couple on the carbon substrates, suggesting the formation of

oxygenated functional groups on the surface.[150-152] Also shown is the carbon cloth without the
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addition of Nafion ionomer but with the oxygen supplied from ambient. Obviously, there was
negligible current in the CV scans, indicating that without Nafion ionomer, oxygenated functional
groups on the carbon surface were not formed at noticeable amount.

Earlier studies on the Nafion membrane degradation have identified the hydroxyl ( - OH) and
peroxy ( + OOH) radicals to be the active species to attack the chemical structure of Nafion. It was

suggested that the dissolved oxygen diffuses to the anode side reacting with the hydrogen to form
hydrogen peroxide.[20, 153] In our case, with sufficient supply of ambient oxygen, the CV scans in
an acidic environment on the carbon electrodes were likely to initiate the oxygen reduction reaction
by a two-electron route which led to the formation of hydrogen peroxide.[60, 162] This hydrogen
peroxide subsequently engendered the decomposition of Nafion ionomer that further accelerated the
oxidation of carbon. To verify the significance of oxygen in this process, we repeated the
experiments with the electrodes containing carbon cloth and Nafion ionomer but without the supply
of ambient oxygen. The elimination of oxygen was achieved by immersing the working electrode to
the electrolyte completely in a sealed three-electrode cell in conjunction with sufficient argon
purging to remove any dissolved oxygen. The. resulting CV profiles are displayed in Fig. 5.3(b).
Interestingly, there was negligible difference for the C\/ responses between the first and 20" cycle,
and the absence of the hydroguinone-gquinone redox couple was obvious. This behavior indicated
that without the simultaneous presence of oxygen and Nafion-ionomer, the formation of oxygenated
functional groups on the carbon surface was-rather unlikely. An alternative approach to produce the

hydroxyl radical ( «+ OH) is the direct oxidation of water.[20] This is a scenario that is possible in the

CV scans without the supply of ambient oxygen. However, from Fig. 5.3(b) we concluded that the
direct oxidation of water was unable to produce sufficient hydroxyl radicals ( -+ OH) for Nafion
iomomer degradation. Therefore, the principal cause for the formation of oxygenated functionalized
groups on the carbon surface was the oxygen reduction route that engendered the decomposition of

Nafion ionomer.
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Figure 5.3. Profiles from multiple CV scans (a) with ambient oxygen and (b) without ambient
oxygen for electrodes containing carbon cloth and Nafion ionomer. Also shown in (a) is the
electrode with carbon cloth only.
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To further validate the contributory role of Nafion ionomer and oxygen for carbon
functionalizations, additional experiments on the carbon cloth and Nafion ionomer were carried out.
We performed the CV scans with and without the supply of ambient oxygen, and recorded their
anodic currents at the 20" cycle. Fig. 5.4 exhibits the comparison for the anodic current at 0.5 \/ for
both samples, as well as data from Fig. 5.2 and Fig. 5.3(a), respectively. Apparently, without the
supply of ambient oxygen, the anodic current became relatively subdued for every sample. In
general, the presence of oxygen promoted the oxidation of carbon and hence resulted in a larger
oxidation current. However, with the addition of Nafion ionomer, the effect of oxygen became more
pronounced. It is therefore concluded that the degradation of Nafion ionomer, promoted by the

presence of oxygen, led to accelerated carbon functionalization.
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Figure 5.4 Comparison in the current value obtained at 0.5 V from the 20th CV cycle for electrodes
containing carbon cloth (CC), Nafion ionomer, CC/Nafion ionomer,and CC/XC-72R/Nafion
ionomer. These CV experiments are performed with ambient oxygen and without ambient oxygen,
respectively.
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5.3.2 Carbon functionalization

Fig. 5.5 demonstrates the Raman spectra for the electrodes after CV scans and H,SO,
immersion. As shown, both samples revealed characteristic peaks which were defined as D-band
(1310 cm ™) and G-band (1596 cm ™), respectively. The D-band represented the presence of defects
and disorder in the carbon structure while the G-band reflected the graphitic in-plane vibrations
with Ezq symmetry.[6] Hence, the ratio of D/G signals suggested the degree of crystallinity in the
carbon structure. As mentioned earlier, the electrode undergoing the H,SO,4 immersion was selected
for comparison purpose and it exhibited a D/G value of 2.57. In contrast, the sample after CV scans
revealed a D/G value of 2.67. This moderate variation in the D/G ratio inferred that the carbon
structure was reasonably maintained after CV treatments. The XPS was adopted to obtain variations
on the signals from carbon, oxygen, and fluorine for the electrodes under CV scans with and
without the supply of ambient oxygen. We also performed the XPS analysis on the as-prepared
electrode without CV scans for comparison. As shown in Fig. 5.6, relevant peaks on the XPS
profiles (resolution in 1 eV) were labeled properly. and they were identified as F1s, Fyy, O1ls, and
Cls, respectively. Table 5.1 lists their respective atomic ratios. It can be seen that there was
negligible difference in the atomic ratios between samples in the as-prepared state and after CV
scans without the supply of ambient oxygen. However, the sample after CV scans with the supply
of ambient oxygen revealed a similar. carbon amount but its atomic ratio for the oxygen was
increased considerably in conjunction with.a notable reduction in the fluorine content. These results
suggested that the CV scans coupled with the supply of ambient oxygen were able to produce
oxygen-rich functional groups on the electrode surface while the Nafion ionomer was partially

decomposed.
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Figure 5.5. Raman spectra for electrodes after CV ‘scans with ambient oxygen and H,SO,
immersion only. These electrodes contain carbon cloth, XC-72R, and Nafion ionomer.
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Figure 5.6. XPS surveys for (a) as-prepared electrode, as well as electrodes after CV scans (b)

without ambient oxygen and (c) with ambient oxygen. These electrodes contain carbon cloth,
XC-72R, and Nafion ionomer.
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Table 5.1. The atomic ratios for carbon, oxygen, and fluorine from XPS profiles for as-prepared
electrode, as well as electrodes after CV scans with and without the supply of ambient oxygen.

C (at%) O (at%) F (at%)
as-prepared 61 4.3 34.7
CV scans without O, 62 3.5 34.5
CV scans with O, 61.6 10.5 27.9

Fig. 5.7(a) presents the C1s XPS profiles (resolution in 0.1 eV) for the as-prepared electrode
and electrodes after CV scans with and without the supply of ambient oxygen, respectively.
Apparently, the as-prepared sample and the one after CV scans without the supply of ambient
oxygen displayed similar patterns as expected. In contrast, the sample after CV scans with the
supply of ambient oxygen demonstrated a notable peak around 286-288 eV in addition to the typical
Cls signal at 284.5 eV. To understand its nature, this C1s profile was subjected to curve-fitting with
known functional groups to determine their relative amounts. Fig. 5.7(b) illustrates the curve-fitting
results and the atomic ratios for individual functional groups are listed in Table 5.2. These
functional groups were selected from earlier literature reports and were presumed to be present in
the functionalized electrodes.[148, 150-152] From Table 5.2, the sample after CV scans with the
supply of ambient oxygen revealed a notable reduction in the amount for C—F group. In addition,
the oxidized —C=0 and —-COOH groups were substantially increased along with considerable

reduction in the C—C backbone.
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Figure 5.7. (a) Cls XPS profiles for as-prepared electrode, as well as electrodes after CV scans
without ambient oxygen and with ambient oxygen. (b) Curve fitting for the C 1s XPS profile from
electrode after CV scans with ambient oxygen. These electrodes contain carbon cloth, XC-72R, and
Nafion ionomer.
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Table 5.2. The atomic ratios for the C—C, —OH, —C=0, —COOH, and C—F from XPS curve fitting
for as-prepared electrode, as well as electrodes after CV scans with ambient oxygen and without
ambient oxygen.

c-C -OH -C=0 -COOH C-F (atb+c)/C—C
(at%) (at%) (at%) (at%) (at%)
(backbone) @ (b) (©)
as-prepared 63.7 14 6.3 5.7 10.3 40.8 %
CV scans
) 63.7 14 6.3 5 11 39.7 %
without O,
CV scans
) 48 14 20.6 9.1 8.1 91 %
with O,

So far, our results indicated that the decomposition of Nafion ionomer was initiated by the
ambient oxygen and this process resulted in the formation of oxygenated functional groups on the
carbon surface. To validate our premise, we attempted to obtain the S2p signal but the 0.5 M H,SO4
aqueous solution provided unnecessary background noises. Hence, we prepared several electrodes
(carbon cloth/XC-72R/Nafion ionomer) ‘and subjected them to CVs in 0.1 M HCI aqueous solution
instead. The purpose for these CV scans was to-decompose the Nafion ionomer so the HCI solution
with concentrated residues was formed. According to Teranishi et al., the degradation of Nafion
produced F~, SOs*", CO,, SO,, and some fluoro carbons.[163] Subsequently, we immersed the
electrode made of XC-72R and carbon cloth in the HCI solution containing concentrated Nafion
ionomer residues to allow sufficient adsorption of the decomposed species. As shown in Fig. 5.8,
signals from the ion chromatography were attributed to SO,°" and F~ in different intensities. Similar
constituents were observed in earlier work by Chen and Fuller for Nafion membrane
degradation.[61] In their work, a rather strong CF3COO peak was identified on the cathode side
associated with the oxygen reduction reaction. Unfortunately, in our case the amount of CF3COO
was below the detection limit. This notable absence of CF3COO ™ was possibly due to its immediate

readsorption onto the carbon surface after detachment from the Nafion backbone.
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Figure 5.8. lon chromatogram for Nafion ionomer degradation in 0.1 M HCI aqueous solution.

To monitor the extent of Nafion ionomer degradation, we recorded the signal for SO4*~ upon
CV cycles and the resulting data are displayed in Fig. 5.9. The value for the 0 cycle was obtained
from the sample with immersion in the 0.1 M HCI aqueous solution for 17 min, which served as the
reference because the sample of 20 CV cycles experienced the same amount of time in the 0.5 M
H,SO,4 aqueous solution. As shown, the reference sample revealed sulfate concentration of 0.35
ppm. This reduced amount was not unexpected as the Nafion ionomer likely maintained reasonable
chemical stability against the 0.1 M HCI aqueous solution at 25°C. However, once CV scans were
applied, the sulfate anion concentrations became larger considerably reaching a plateau after 20
cycles at 4.3 ppm. Apparently, within the first 20 cycles, there appeared a linear increase in the
sulfate concentration with cycling number. This indicated that a desirable amount of Nafion
decomposition and its subsequent carbon functionalization was possible by selecting appropriate

CV scans.
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Figure 5.9. Variation of sulfate concentration as a function of CV scans with ambient oxygen. The
data at Oth cycle is obtained from the electrode immersed in'0.1 M HCI aqueous solution.

Fig. 5.10 provides the Cls XPS profiles (resolution in 0.1 eV) for the as-prepared electrode
(carbon cloth/XC-72R/Nafion ionomer) as well as electrodes (carbon cloth/XC-72R) with and
without immersion in the HCI solution containing concentrated residues from Nafion ionomer
decomposition. Apparently, the electrode of XC-72R/carbon cloth demonstrated a single C1s peak
at 284 eV while the as-prepared electrode exhibited an additional C—F peak around 291 eV.
However, the electrode of XC-72R/carbon cloth immersed in the HCI solution with concentrated
decomposed Nafion ionomer residues revealed a strong signal around 289 eV which was attributed
to the oxygenated groups on the carbon surface. Table 5.3 lists the atomic ratios for the individual
functional groups from the curve-fitting results of Fig. 5.10. Apparently, the sample after immersing
in the HCI solution showed a large amount of oxygenated functional groups. We surmised that the
Nafion ionomer residue in the HCI solution was likely present as CF;COO . After chemical
adsorption, these residues were transformed to the oxygenated functional groups on the carbon

surface.
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The chemical adsorption of Nafion ionomer residues can also be confirmed from the S2p XPS
profile (resolution in 0.1 eV) displayed in Fig. 5.11. The electrode of XC-72R/carbon cloth revealed
a characteristic S2p signal near 164 eV which was attributed to the impurity intrinsic to the carbon
material. However, the electrode of XC-72R/carbon cloth/Nafion ionomer demonstrated an
additional peak around 168 eV which was caused by the HSO3; from the Nafion ionomer.
Interestingly, the XC-72R/carbon cloth sample immersed in the HCI solution with concentrated
Nafion ionomer decomposed residues also exhibited the HSO; signal in addition to the S2p from
impurity. This further supported our premise that the decomposed Nafion ionomer residues were

able to chemically adsorb onto the carbon surface.
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Figure 5.10. C1s XPS profiles for (a) as-prepared electrode (carbon cloth/XC-72R/Nafion ionomer),
as well as electrodes (carbon cloth/XC-72R) (b) before and (c) after immersion in HCI solution
ontaining concentrated residues from Nafion ionomer decomposition.
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Figure 5.11. S2p XPS profiles for (a) as-prepared electrode (carbon cloth/XC-72R/Nafion ionomer),
as well as electrodes (carbon cloth/XC-72R) (b) before and (c) after immersion in HCI solution
containing concentrated residues from Nafion ionomer decomposition.
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Table 5.3. The atomic ratios for C—C, —OH, —C=0, —COOH, and C—F from C1s XPS curve fitting
for as-prepared electrode, as well as electrodes made of XC-72R/carbon cloth with and without
immersion in HCI solution containing concentrated residues from Nafion ionomer decomposition.

C-C —OH —-C=0 -COOH C-F (atb+c)/C-C
(at%) (at%) (at%) (at%) (at%)
(backbone) @ (b) (©)
as-prepared 63.7 14 6.3 5.7 10.3 40.8 %
XC-72R/carbon
cloth without 63.7 17.2 8.3 7 3.8 51 %
immersion
XC-72R/carbon
cloth with 46.5 11.6 8.2 27.9 5.8 102.5 %
immersion

5.3.3 Methanol electro-oxidation

Fig. 5.12(a) demonstrates the TEMimage for Pt nanoparticles deposited on the functionalized
electrode followed by electrochemical reduction. As shown, there were plenty Pt nanoparticles
uniformly distributed with notable aggregations. The primary particle size from the image analysis
software was 2.68+1.62 nm. The TEM image on the reference sample (simple H,SO4 immersion
followed by electrochemical reduction)-is.presented in.Fig. 5.12(b). Apparently, the amount of Pt
nanoparticles was substantially reduced, a fact consistent with earlier findings from ICP-MS. In
addition, their size was slightly smaller at 2.20£1.45 nm. These results confirmed that the
functionalized electrode enabled a larger amount of Pt deposits, albeit with moderate coalescence.
Fig. 5.13 presents the CV profiles of hydrogen desorption and adsorption for the functionalized and
reference electrodes, respectively. As expected, there appeared stronger responses in hydrogen
desorption and adsorption for the functionalized electrode because of its relatively larger amount of
Pt deposit. Estimation on the ECSA was conducted by the integral area for hydrogen desorption in
the anodic scan and the resulting ECSA values were 82.2 and 60.9 cm? for the functionalized and
reference electrodes, respectively. This ratio of 1.35 was smaller to that of 1.70 for the Pt loading
from ICP-MS. We attributed the reduced ESCA ratio to the observed Pt aggregation on the

functionalized electrode.
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Figure 5.12. TEM images for deposited Pt nanoparticles on (a) functionalized and (b) baseline
electrodes.
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Figure 5.13. ECSA profiles for functionalized and baseline electrodes.

Fig. 5.14(a) provides the CV profiles for methanol-electro-oxidation in apparent current
density for the functionalized and reference-electrodes, respectively. Relevant electrochemical
parameters from these curves are listed in Table 5.4. According to literature, in these profiles the
anodic peak (i) is attributed to the oxidation of methanol while the cathodic peak (ic) corresponds
to the oxidation of carbonaceous species produced from earlier methanol oxidation.[41, 86, 164] In
addition, the ratio (ia/ic) indicates the electrocatalytic ability to remove CO. Hence, an electrode
with a higher apparent current and a larger i./i ratio is always desirable. Notably, the functionalized
electrode demonstrated a substantial current increment over that of reference electrode. This notable
improvement was partially caused by a larger Pt deposits which lead to higher nominal current.
Therefore, to compare fairly it is necessary to replot the CV profiles in mass activity and unit Pt
ECSA, as shown in Fig. 5.14(b) and Fig. 5.14(c). Apparently, there appeared a consistent trend in
which the functionalized electrode revealed significant enhancements over that of reference sample
but their i,/ic ratios remained relatively unchanged. These results suggested that the oxygenated

functional groups were likely contributing to the methanol electro-oxidation. Similar phenomena
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were also reported previously in which the oxidized functional groups were believed to provide
oxygen-rich species to facilitate CO oxidation on Pt surface.[151, 165, 166]

After confirming enhancements in CVs for the functionalized electrode, it is necessary to
evaluate its chronoamperogram for lifetime determination. Fig. 5.15 provides the
chronoamperograms for the functionalized and baseline electrodes at 0.5 V for 30 min in mass
activity. Apparently, both electrodes displayed a notable current decay in the first 20 min. However,
the amount of current decay was relatively constant for both electrodes and the functionalized
electrode was consistently better than the baseline electrode. Since the Pt was used in our study,
these performance degradations were not unexpected as poisonous intermediates were able to
adsorb on the Pt surface compromising its catalytic ability for methanol oxidation. It is noted that
similar behaviors were also observed by Ma et al. in their study of Pt-Ru(OxHy)m
electrocatalysts.[167]
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Table 5.4. Electrochemical parameters obtained from CV profiles on functionalized and reference electrodes for methanol electro-oxidation.

Anodic scan Cathodic scan
a
Pt - b iac iad iae VCf ng iCh iCi
Loading
uglem®  mV. mA/cm? mA/ mg s mA/cm?s, mvV mA/cm? mA/ mg p; mA/cm?p
Functionalized
511 729 38.9 76.1 0.47 502 437 85.5 0.53
electrode
Reference
301 677 204 67.7 0.33 428 19.7 65.4 0.32
electrode

*total weight of Pt as determined by ICP-MS
®peak potential in anodic scan

‘peak apparent current density in anodic scan
%peak mass activity in anodic scan

*peak Pt surface activity in anodic scan

"beak potential in cathodic scan

9peak apparent current density in cathodic scan
"peak mass activity in cathodic scan

'peak Pt surface activity in cathodic scan
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Figure 5.14. CV profiles for functionalized and baseline electrodes on methanol electrooxidation in
(a) apparent current density, (b) mass activity, and (c) unit Pt electrochemical surface area.
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Figure 5.15. Chronoamperograms for functionalized and baseline electrodes on methanol
electro-oxidation at 0.5 V for 30 min in mass activity.

So far, our work demonstrates a facile approach to functionalize catalyst supports without
involving high temperature and large anodic potentials. Since the Nafion ionomer itself is often
used as a binder in electrode fabrication, a simple CV with dissolved oxygen nearby could
decompose the Nafion ionomer partially resulting in the formation of oxygenated functional groups.
These functional groups are active in assisting the Pt for methanol electro-oxidation. It is noted that
the enhancement effect observed in this work is different from conventional approaches in which
the role of Nafion ionomer is to extend the interfacial area between the Nafion ionomer and
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electrocatalyst.[168] Moreover, the functional groups could potentially enable a larger
electrocatalyst impregnation leading to an improved stability.[169] Further studies are under way to
explore the anchoring effect for the functionalized groups and life time performances of supported
Pt electrocatalyst.

5.4 Conclusions

We conducted multiple CV scans in an acidic electrolyte on the electrodes containing carbon
cloth, XC-72R, and Nafion ionomer. With the supply of ambient oxygen, the Nafion ionomer
experienced chemical attacks leaving decomposed residues which were able to adsorb onto the
carbon surface leading to an accelerated formation of oxygenated functional groups. The
decomposition of Nafion ionomer was attributed to the hydrogen peroxide produced from the
oxygen reduction reaction during CV scans. Raman analysis on the carbon electrodes revealed
minor structural modification after CV scans. Results from XPS surveys indicated a substantial
significant increase of the oxygenated functional groups on the carbon surface in conjunction with a
notable reduction in fluorine content. The functionalized electrode was determined to allow a larger
amount of Pt ion adsorption as compared to-the reference sample. After electrochemical reduction,
the Pt nanoparticles were evenly formed on the carbon supports. Electrochemical analysis on the
methanol electro-oxidation was performed and we observed significant increments in apparent

current density, mass activity, as well as unit Pt ESCA for the functionalized electrode.
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Chapter 6 Conclusion and Future Work

6.1 Conclusions

We have enhanced performances for the methanol electro-oxidation reaction (MOR) via the
optimized PtRu nanostructured electrocatalysts with the desired atomic structure and surface
composition controllable through the galvanic displacement reaction between Ru atoms and Pt ions.
PtRu nanoparticles were prepared on carbon cloths by pulse current deposition in the aqueous
electrolyte bath containing RuClsz, H,PtCls and NaNO,. During the time of current on (To,), PtRu
alloy nanoparticles were deposited on carbon cloths with a uniform size distribution; while during
the time of current off (Tof), Ru atoms on particle surface were galvanically displaced by the excess
PtClg” ions in the electrolyte to yield the nanoparticle with a Pt-rich shell. The total metal loading,
the surface composition and atomic distribution of Pt and Ru can be adjusted by the balance
between To, and T, i.€. by the duty cycle defined as Ton/(Tont Toff), in Order to attain the optimized
core-shell PtRu nanocatalysts for the enhanced MOR performances.

In addition, by the advanced mechanism investigation of galvanic displacement reaction
between Ru atoms and Pt ions to form. Ru-core Pt-shell nanoparticles, we have proven that the
surface composition and the alloying degree of PtRu nanoparticles can be simply controlled and
modified by the pH value of aqueous H,PtClg solutions in which Ru nanoparticles are immersed.
The analyses from X-ray absorption near edge-structure (XANES) and extended X-ray absorption
fine structure (EXAFS) revealed that the pH value of H,PtClg solutions determined the type of
ligands complexing the Pt cations and consequently led to different reaction stage of PtRu upon the
galvanic displacement. The sample of Ru nanoparticles immersed in the pH=1 H,PtClg solution,
with additional post treatment of hydrogen reduction, exhibited the desired Ru-core Pt-shell
structure displaying a reduced onset potential in CO stripping measurements and stable catalytic
activities for H, oxidation with a high CO-tolerance.

Furthermore, the MOR performances can be improved by the functionalization of carbon
supports. Upon cyclic voltammetric scans in acidic electrolytes, carbon black (the common catalyst
support) bound by Nafion ionomer (the common proton conductor used in fuel cells) acquires extra
oxygen-containing (oxygenated) functional groups on its surface. This is attributed to the
electrochemical degradation of Nafion ionomer. The functionalized carbon supports had a stronger
adsorption and anchoring effect of metal precursors leading to a higher metal loading. Pt

nanoparticles formed on the functionalized carbon supports were uniformly dispersed and exhibit
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significantly enhanced MOR performances.

In conclusion, we have demonstrated a promising way to enhance the MOR performances with
a high CO-tolerance via both the atomic-level engineering of PtRu nanostructured electrocatalysts
and the surface functionalization of carbon supports.
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6.2 Future work

In this study, we have successfully employed the atomic-level structural engineering technique
to develop core-shell PtRu nanocatalysts for the enhancement of methanol oxidation performances
along with high CO tolerance. For the future work, we will continue employing this technique to
control and optimize electrocatalysts’ structures and compositions toward the further enhancement

of their catalytic performances toward various electrochemical reactions.

6.2.1 Development of electrocatalysts with different nanostructures by the advanced pulse
electroplating

In the current study, we have employed only the simplest rectangular pulses in electroplating
to fabricate core-shell structured nanoparticles. For the future work, we will use different types of
pulse electroplating, such as the reversible pulse plating and the multi-step pulse plating. Also in
this study, we have employed the same electrolyte as the electroplating bath. For the future work,
we will change the composition and concentration of electrolytes as the electroplating bath.

By employing the advanced pulse electroplating, we will be capable to fabricate
electrocatalysts with different core-shell nanostructures, such-as the one-to-two monolayer shell, the
island-like clusters as the shell, the inner shell and the outmost shell composed of different metals,

and etc..

6.2.2 Development of electrocatalysts with different compositions for other catalytic reactions

In the current study, we have only synthesized the PtRu bimetallic electrocatalysts for the
methanol oxidation reaction (MOR). However, many core-shell structured electrocatalysts
composed of other metals have also been shown to exhibit improved catalytic activities for many
other reactions. For example, Pt monolayer electrocatalysts supported on Pd nanoparticles displayed
good catalytic activities for the oxygen reduction reaction (ORR).

For our future work, the pulse electroplating technique is suitable to develop electrocatalysts
with various bimetallic or multi-metallic compositions for other electrocatalytic reactions, such as
the oxygen reduction reaction (ORR), hydrogen oxidation reaction (HOR), hydrogen evolution
reaction (HER), and so on.

In summary, we will further develop the advanced electroplating technique to synthesize
various electrocatalysts with the expanded options of nanostructures, compositions and catalytic

reactions.
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