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Preparation of Platinum based Alloy by a Pyrolytic Method as
Oxygen Reduction Catalyst

ABSTRACT

Fuel cell is a device that directly converts the chemical energy of fuel into
electrical energy, and is recognized as one of the most promising technologies
due to its high energy conversion rate and environmental friendliness. However,
this process requires the participation of Pt/C catalyst to improve the overall
performance of the battery. Compared with the fuel oxidation reaction at the
anode, the cathodic oxygen reduction reaction involves a four electron process
with slow reaction kinetics. The use of Pt/C catalyst is larger, accounting for
about one-third of the total battery cost. Therefore, the development of efficient
cathodic oxygen reduction catalysts is crucial. In recent years, researchers have
mainly focused on regulating catalyst composition, structure, morphology,
particle size, and carrier material properties through various synthesis strategies,
hoping to improve Pt utilization, activity, and stability while reducing Pt dosage.
Among them, the introduction of transition metals to obtain Pt based binary or
multicomponent alloy catalysts is considered an important way to improve the
intrinsic activity of the sites. This is because the 3D structure of transition metals
induces the downward shift of the d-band center of Pt atoms, improving the
adsorption/dissociation of reactant molecules and reaction intermediates on the

catalyst surface, thereby exposing more active sites to participate in the reaction
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process, improving the utilization rate of Pt atoms, and ultimately effectively
enhancing the performance of oxygen reduction catalysts.

In this paper, from the perspective of reducing the amount of catalyst Pt
while improving the utilization and activity of Pt, a simple and effective spray
pyrolysis method was used to develop a universal Pt based alloy preparation
method by using the interaction between transition metals and Pt; By using
conventional characterization methods to obtain the physical and chemical
properties of catalysts, and using the -electrocatalytic oxygen reduction
performance of catalysts as feedback, we aim to obtain catalysts with excellent
performance, understand the structure-activity relationship between structure
and performance, and provide ideas for the design of electrocatalytic oxygen
reduction catalysts, and to promote the commercial application of fuel cells to a
certain extent. The main research content and results of the paper are as follows:
(1) PtCo/C alloy was prepared by spray pyrolysis of sucrose, sodium chloride,
sulfuric acid, chloroplatinic acid and cobalt nitrate as precursors, followed by
two-step high-temperature heat treatment in H/Ar atmosphere. By changing the
types of transition metals, a series of platinum based alloy catalysts PtM/C
(PtFe/C, PtNi/C, PtCu/C, PtCo/C, PtCoFe/C) were prepared. Experimental
characterization has demonstrated the successful preparation of platinum based
alloy catalysts, including PtNi/C, PtCu/C, PtCo/C, and PtCoFe/C all exhibit a
porous spherical structure with uniformly distributed metal particles on the
surface, while PtFe/C presents a hemispherical structure. Through inductively
coupled plasma analysis of their elemental content, it was found that the Pt: M
ratios in PtCu/C, PtNi/C, PtFe/C, and PtCo/C were 0.488, 0.512, 0.473, and

v
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0.379, respectively, which were close to their theoretical molar ratios of 0.5,
further confirming the feasibility of this synthesis method. Further research on
oxygen reduction activity showed that the order of half wave potential of
bimetallic catalysts is PtCu/C (0.82V)<PtNi/C(0.84V)<IMPt/C(0.85V)<PtCo/C
(0.864V)<PtFe/C (0.89V), with PtFe/C having the highest half wave potential.
The durability test results showed that after 5000 cycles, the half wave potential
losses of JM Pt/C, PtCu/C, PtNi/C, PtFe/C, PtCo/C, and PtCoFe/C were 535,
191, and 129 mV, respectively Compared to 187, 17, and 150 mV, PtCo/C has
the best stability.
(2) On the basis of the previous work, PtCo/C catalyst was selected as the
research object to systematically explore the effects of Pt: Co molar ratio (1:1,
1:2, 1:3), heat treatment temperature (800 , 900 , 1000 °C) on its physical and
chemical properties and catalytic oxygen reduction performance in the process
of preparing PtCo/C catalyst by spray pyrolysis. Determine the appropriate
Pt/Co ratio and heat treatment temperature through a series of exploratory
experiments. It was found that within the scope of experimental exploration,
when the feeding ratio of Pt/Co was 1:2 and the pyrolysis temperature was
900 °C, Pt;Co2/C-900 exhibited the best electrochemical activity, The half-wave
potential was 0.864 V, and the loss of half-wave potential was 17 mV after 5000
cycles.
Author: Kai Chen (Materials and Chemical Engineering)
Supervised by: Na Sun
KEY WORDS: Fuel cell, Catalyst, Thermal synthesis, Oxygen reduction

reaction, Platinum alloy
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Figure 1-8 Preparation of ordered PtFe intermetallic nanoparticles(®].
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Wk 1-9d-e Fizn, Pt BTYRARE IR 1.0 min 4 1) ALDPt-ZIF-NC £ 5%, F3 R Pt
Y J5i$515) 5y BUAE ZIF-NC #8044 F. B 1-9f o) HAADF-STEM EIZ IR, KZ ¥ Pt #yph
TR RSE D 0.85 nm FIERE (A EFIEHARD) « R —/ N4 Pt LLIRSL A 5L
TIERAFAE, RECIE] B B 1 Pt &5 AR, 7E ZIF-NC # 4k -] 3k 15 & P % 5 T3

JUSFA 2 nm (45 5 PtNPs (& 1-9g-i)

ALD 30s Pt

ALD 1min Pt

10 nm

20 nm

Bl 1-9 —F A PtFe 48 4K 50K 0] 45 e 2067,

Figure 1-9 Preparation of ordered PtFe intermetallic nanoparticles!®].
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FEJF P A3 CoP 40K UKL 4H Ji (CoP@PNC-DOS)( 1-10d). (5) ¥ 4 @ Btk #0734
MoSz. CoSy &, ¥ & & B A i iod <gx Ja v Lo AR T 3 H 18] IR AH ELAE R R B i 141
15 9 S B R B AR R R T RAF IS E], IR 1R AL AR, R
FARRVA R P L B B BE AT o Pan 25 AUYRLII N CuCor S 42K @N 544 BR YK
YR (K 1-100) , fEEIR NS EFRgTLMEAIRN, BT EiEEsS, BRI

B ET Y ORR &g 4,
1.3.3 EEBHELT
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__________ -t

B 1-10 (2) CosN/NG GHAKE A AR HL T 5 Gl B R (5 wi%) () AT GC-WC 1) FESEM &
(c) —HE I ZnNiixCo,04/NCNTs A BHIZR EE (d) B 707 22 A B — i il 46
CoP@PNC-DOS [T FE~n & K (e) CuCozSs -NSS@N-CNFS {8 fis i il 4 L 2= K

Figure 1-10 (a)TEM images of CosN /NG nanocomposites with 5 wt% (b) FESEM images of GC-WC at

different magnifications (c) Schematic illustration of the fabrication of ZnNi;.xCo204/NCNTs hybrid in a
one-stage synthesis approach (d) Schematic illustration for the formation process of CoP@PNC-DoS
through the supramolecular assembly assisted one-pot strategy (¢) Schematic diagram illustration of

thepreparation processes for the CuCozS4 -NSS@N-CNFs film.
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1.4 BEHTIRIBIE TS %
1.4.1 BEEAME

M 25 SV A — ks i SR A P I 5 A 28 B e A N R/ NI » B e £ e TS N 8
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A RERRA I, HBGRAE S A% Th 2] 5238, Frs 0 B 0 EE AT R R Ry 49 S 1
T FASE AR RN R R AT AR RS S TRDD 5 n] LURGRA 32 1l 7~
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RZEI TG BN BCRTERA R . VA A2 B e 3h . VAR IR IR R 25,
AFEFEFE 2 AR RECR . FR, EBENGHRERET, FSHEFMRRE. UK.
R A S 2 2 S B E IR R 140, Sion & NISUIE I B P 5 22 i 5 i CoFe-CNT E &
FOREe BT RRE I AL R S B AL TR R A SN 7 A R AR AR AT R
TSN o 85 ML B AL A ] B, BRAR KR, 0okl 7~ AL %A R A% AR HE
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e sBH . PRIE, A Oo G B P AL o P 5 35 SR T ] T & A D BRI 454
1115 A e EEARAR o

Nebulization

B 1-11 1555 AR A B R R SO R R

Figure 1-11 Synthesis route and influencing factors of spray pyrolysis method.

Sun 25 A (8215 5 3R B S0 AT 88005 (GO VE A R SRR AL, 88 3 037 114 55 55 A A V2 1l 6
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TEERNRBHOLE . RN K T AL T A &R s kg, il s A
Ni JCER WE M5 | Pt-Co-Ni &< 5 A/ AL e A S IG BAR 2 A i A BARH o XA
AR 1) TR ELAE FH AL A1) A 25 0 Al 70 7 TR P A 5 o B R 1 40 SR S (ORR)
Ao REAMEARERENE, BRI PtCosoNo@NG AL B H S0 1 1) Bk 22 1 R -
P AT A 09332V, FUEIHTEIES] 1.3567 A- mgpc!, 3X— B £ R PYC AL
[t 9.87 fifo BEAL, ZMEAFERILM R T KR EM, X FEEHET Ni M55
IR 5 G R - AR ELAE FH DA R A S A4 P P G e i o o s
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Sonication Pyrolysis; Zn evaporation Pt loading; Annealing

¢ % 7R ; Y%
ML o M al® s
@200 ¢ CoNnZn-ZIF@GO %EB" w;’?CoNl@NG

2-MIM Co** Ni* Z
I_ -

Bl 1-12 1555 i & BN 2 SLBRER B B AR 9 R RTRL 2
Figurel-12 Preparation of platinum nanoparticles directly embedded in porous carbon spheres by spray

pyrolysist®?l,
1.4.2 Bk

Z Ul —RIET K, KEHZ IR H AT mm, MRMEYIRARGE J)5s, Ftk
A /NG PR R IR VAR B IR B A . FLib iy R BE . AT 25 FE AT RS Bl Oy 1
HEIMmIGE . Z2ookEE AR, L8, 2-N . 1, 4-T 2/, 1, 6-0. =
B BT A A BhAh, ZOCEEAT IR, BN, R 2 0T 1
REGBE L7 LA BAR I B BEIRLE  BU (¥ e P R 7K P RE
2 JOIEVE A — i P L7 1) 4 R & RO v, DASCER AR T . ARG R (e 94,
2L T KR A = o %77V (A% 0 R AUTE T 28 0 I e L T AR J& 591 7y 0L Ty
ft, TRAIMNAILEET. Kb, 2 B BRI EEAME S R E, SO EcE
(2 el —. SEHO R h, o S AT SR AR A N 2 e, 8 R A I A
HI51 508 BEJGTEIE B IR IR RRE, I s PRI T BT 2 e R R 2.
T B 02 4 A IR A I 5k R R G SR AR, EAE L SR E B R T . £ ek
P L P2 AR R SR, A 280 G T vl S T R SR 1 S T, O [ 5 B4 A Al
IR, NIRRT 4 UL I fe o SR8 5T 4
Hou %5 N3 6] 1 £ —WE el tE 2 oo, il 4% 1 BB AEBR B4R T 111 PtCo
YUKk, R 2 GG R OTi5, il % PtCo/C EALFIFIRLAZE N 4.8 nm. SEI6 T VEA

4 25 mLEG 1 23 mLH,O+ JE/REEA 3:1 1) HaPtCls'6H20 F1 Co(NO3)2'6H20+ 50 mg 7k
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M(VXC-72-CASBOT) & Tt h, LA, M PHEDY 10, EETHEE
160 °C[al3i 3 h, SRJGBEIEE 40 °C, 7 PH N 2, a8 /Kb, HK{E4S PH
B3] 7, J9THBRIETR, 1655 °CTHE 24 h BIA]. Manna 25 A4 22 T0R% & BT i
il 25 T — BT 2 UK E G 2, WG T MRS 3D £54 ORR AL S AEA 7)o
XX AR SR 25 K A7 ) T U 15 A R S IR B B A R B F LA AE RS 5 1 3R ST Y
AT TSP s, 1T 2 2 A A R B RS

1.4.3 WFAE

@ PRFhydroped Q Finano-partice

Emuhiea palymerizatisn Filtering wveparatisa Ambienl pressure drying  Carbon acrogel (CA) PUCA

B 1-13 AL IRE I 4 P AL TR M ) 2K = 1) 2K % I (PRF) BB,
Figure 1-13 Preparation of phloroglucinol resorcinol formaldehyde (PRF) carbon aerogel supported by Pt

catalyst by micro lotion method!®>!.

TEFLIBGE R —FE Tl R e R BURL (A, B8, HE55) MIHoR. Hfilid
FEFERE & J T PR VAT SR R &, TR SR FLIRR &, R I NS R 1 1
FICIRSE FLBe AEIEJEU S B AR, <5 MURLAE AL I BRI R iz, ek
T 122 78 HE A IR &R o TR I AMRr 4544, S < Ja UL ) RS o0 Af
B, FRIRS TR R, SELBOE IR — L5 R, e Bm . A
AT PR A [ AT PR A S5 ) AL, KB PRI ZR 1R 1 A R e Mk A R B o RV
LB AL ] & = ks FE QR BT T A B EE AT 7B Su 55 NSl AR
WA RV R RO LR 2R = (R K Iy R (PRF) RASBEIRIEER, 5T LA
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Pt AL FIE AR ) PRF B BRI o
1.4.4 &%

Rt — Bl RN T AR A RS R, BIHERER B 5 TR AR
PR 452 TR . EARERERAR I N A FUALEE S 1B AR B T A F B AR MR T 7
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[ 5y ST AR AR B3R T S FLBR Gk b . IR BUk 2N G, il A E R
& (W1 Hay CHa) BT EIEJEFR] (U1 NaBHas NoHa) 5 (555 HEMI R 78 4338 JiR - 242 [
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G SR IURLIFDRL A R0 23 B A A ME LURE B o e Ah, AR (R MR /K A B 512 6 4
RSB R . ARIEIN S8 BT SR AR, IRBHE R4 NS RIR Bl R 5.
BRI I [ B B8 43 R 15T 2 o 4 e i SR MV VR RT DA 4% 4 0 TR R 42 B 5 e AR, (R
XM 12295 5y 3 BURUREL ] SEAURLAR 73 AT 85 58 1) 1) L. 73 AR 5T B R B 8 5O WL AR 43 A7 1Y)

LLRE 7 B PR T
585 Rl stk 2 (8] B-F47 . Wang 55 NBOSR AR 5% 1 77 2 46 A 2 SLIR AN K 21
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WoytE, AN T SR b IR E . R, RBUAERN

FI CoCly'6H20 /KIETRIRA S I 2 h &, 1F Ho/Ar J2A (10 vol% Ha)fE 200 °CHIL i 2
h. 193] Pt:Co & &AL R MEALA], HAEE N 20 wit%. LRI, 4 1A FI
RLALAR P AGAE 2.34 nm I, 22 20000 [EFEIA 5, 44t 1w tEfaE M. Niu & NBITIE [
BBV F B RAR I T IR AE AN [F] 2 FLAS 6 1) v L R T AR B 31 E 5 1 PtCo 1AL .
IR RN 18 wt%, N AR 100 mg & B (KJ300) . 10.712 mLH2PtCls:6H,0 (1.54
mgpymL)s 0.991 mLCoCl>-6H20 (5.893 mgp/mL) &R & 355], Jiefs 28 K Kbk, 18
Ha/Ar I8 &75(5 vol% Ha)7E 1000 °CHGAJFR 4 h, 1M1 i PRAKIREE & 650 °C M 6 h, 155

PtCo fiEALF . il % AL RSN, P EIKIAEN 8 nm.
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Mo o .
LAy
S A * \300 ‘
\ Polymerlzatuon o '\-\ Carbonization Wet- |mpregnat|on
H,0 T \ = T —
C:H:O Co-hydrolysis S Etchlng H,/Ar reduction

Precursors synthesis Si-doped RF fibers Mesoporous Carbon fibers Pt;Co/Meso-C
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a-:‘.':': TEOS NMwwie CTAB ./L‘ Formaldehyde Aﬁ\ Resorcinol 0 NH;*H,0 S Pt;Co alloy

Bl 1-14 1235335 4% G180 A B FLBRANK AT 4 1138 PtaCo A & 4K URLIBO
Figure 1-14 Preparation of Pt3Co alloy nanoparticles on loaded synthetic porous carbon nanofibers by

impregnation method!®!
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B JFIETC T R R A B, WAE D R SE AT A s 3K R R AR RRL G R
A EAT 2 RS PEAT S P 77 0 Li 8 NIORR AT AL S298 SRR 7 — Rl sl 542
SERARN G K Fr il T ik P BRGRR B N BT T2 e, 258 ki
NS B TR Z AL B AR S S, SR BB F R T SR AR I AL, 85 Pt-Co
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f Y= . 3 ? .
3 Electrodeposition .4‘ q f
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B Q%g
Nickel foam (NF) PtCo (NF)

B 1-15 AL 20 SV ) 6 O T A AL 779
Figure 1-15 Preparation of high efficiency Dual Functional Catalyst by Electrochemical Reduction
Method!#1,

Hu % N\POSRHZ AL B JFE G T PtCo/CoOx K B A1 KL, 1 %64 KoPtCly ¥
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FRAE LB TR, BB R RN E . SR EH Co #EMTE KoPtCl 3R Feih 20 7351
N TR R SE S 5, TR RRBRAETIREIETNZMN 3 R, BOUwkEKikEREe
PtCo/CoOx YK E A F KL

1.4.6 HMWITKEE X

Ball-powder-ball collision

1
(b)
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" a 2
Brittle particle —) i : .
b

Starling powders After collision

L)
Cold welding  Work hardening Alloyed particles

B 1-16 HUIEERBE 41 4% PtCo X 4x & & b 7101,

Figure 1-16 Preparation of PtCo bimetallic alloy catalyst by mechanical ball milling method[®!/.
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il 7 H R o SRAE AR, HUBRER R LB E R o S HIVES, RGP R %
AT EAT — R BRI FUUME - Lucariello <5 NP A HUEREE 177155 T PtCo XU IR
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Figure 1-17 Preparation of Uniform Crystal Platinum Cobalt Catalyst by Physical Vapor Deposition
Method™3l,
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&SR AL DT A T2 IR o Fiala 55 APIE A BUZ B A TR R A A 4T
MRS iR IS BOR, i 4 1P 38 R RTHE 15 nm RIS SIEHEARL, B TR S5
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Figure 2-1 Trend of oxygen reduction activity with changes in oxygen binding energy'” ..
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2.2 SLRHERS
2.2.1 SERERAF

R 2-1 5256 T R AR B o

Table 2-1 Materials and reagents used in the experiment.

JERLA FR WS FR A=K 5
FAHR H,PtClg-6H20 ZRITICE BE IR BHCA IR A 7 AR
Nafion ¥ CoHF1705S IR ] AR
TR R ECP600JD TR R VRS PR A 7 AR
95 Y%l H,SO4 Bz T AR IR AT AR
AL NaCl Bz T AR IR AT AR
PEG HO(CH,CH,0),H Ba[hr T AR A RA AR
TRl Co(NOs)2:6H,0 Bz T AR IR AT AR
fiF B2 41 Cu(NOs3)2'3H20 B T AR TR A 7 AR
TH R R Ni(NOs)2'6H,0 B T AR TR A 7 AR
LTS Fe(NO3)2-9H,0 B T AR R A 7 AR
LK H,0 S = [ il 18.2M
ST C3HsO BT T AR AR BRA 7] AR
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2.2.2 KRB REH
R 2-2 S8 T T A b ik %

Table 2-2 Instruments and equipment used in the experiment.

P& E s i) AR

(CEWa SL-1200X ENERHRA IR A IR A 7]

B R BSA124S T RFAES EED
AHIRAF

THAE DHG-9070 =B H IR A ]

i [ A FL A ¥R CHIT60E  FMBHmRHX S A PR A 7

e P T e SYU-22.5 B RS R 2 7]

AL 2 AR CHI12-CHI600E i REAERHIR A A

X SLATH(XRD) XRD-6100 H A B A B A TR A 7]

T34 o7 B (SEM) S-4800 H AR B A A TR A ]

F 5T R (TEM) Zeiss LIBRA-300 faE g w] A n

X SR T RE RE(XPS) FEBL K Nexsa it [ R BR 5 A PR A

R T AR 5 FLAE 20 T A (BET) % 5i.-ASAP2420 I T ERER A AT PR

FHL R & 55 HE AR R S Y BE A (ICP) Z3#5-0OES-730 2 H 2 HAS A 7
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2.2.3 LTRSS
2.2.3.1 PtCo/C 4L FIRY &I &

FREL 0.5 mmol S5 (HoPtCles6H20) « 6 mmol FEFE. 9 mmol & fbéH (NaCl).
0.5 mmol 7N/KEEIRET (Co(NOs3)2*6H20) . 15 mmol iz (HaSO4) AT 251K
e 30 mL PR EEW; K LIRS HEREIA S bds, B E w5 NE
HEAT EiR AL FE, & 2P BB IR FE O 900 °C. EE AP 5 — i N EE BB AR KK, BTG,
St R 55 fr 5 S ARy R AR IR 600 °C Y Hy/Ar VRS N #Ub 3 (FHE# N 5 °C/min,
PREERT A8 2 h) BRIE A AR NE AR EATIG TG, EEZ 8900 °CH
Ho/Ar 60 PTG (FHEB N 5 °C/min, {REFIE AN 2h) , BIA[ER]HRL =)
PtCo/C & & L7 .
2.2.3.2 PINi/C LT a0HI&

ERCPRE 2231 —8, B RNYIEEEL Co(NOs)26H,0 N Ni(NOs) 2*6H0 1F
H N ERE, HAM SRS . B 13RI PINT/C {467
2.2.3.3 PtFe/C L FIAIHI &

GRPBRYE 223.1 —8, KBRRNPIEEE Co(NOs)26H0 A Fe(NOs)3*9H,0, F
AR FEAAR . B )5 15 2L PtFe/C fEALFT]
2.2.3.4 PtCu/C 4L FIRY &I &

GRS BRE 2.23.1 —5, KR MNYI4IE R Co(NOs)#6H20 BUA Cu(NO3)3H,0, H
SRR FEAA . 515 2B F PtCu/C fEALFT,

2.2.3.5 PtCoFe/C 1L IRV &I &

HRPERE 2.2.3.1 8 £ RA B e R AL LR SRR EASNRINBR FR A
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T S @ gL, FAR SRR FEAAS . 36 = Ju &R NS B REA, A EHR: 0.33

mmol, EEEET: 0.536 mmol, FHEREL: 0.134 mmol, /575 2MEALF PtCoFe/C 4L .

2.2.4 EUFIRRIES &

2.2.4.1 X §12:4758H(XRD)

ARSI R A By 2 w2277 1Y) XS AT S SO BH AR S T fEE A 72 AT Ik, s

ZH0N: FTEE 10-80° , FHEIEZ 5 °/min.
2.2.4.2 N, WR B B35 R B 2 (BET)

ASEEG R 22 50 ASAP -2420 R LEER AR A LI B o0 A 3G T IR, PLE Al SUAE
WA B, FEREMEE (<190 °C) Tk, WET, AEd (= =50 mg) TFHiE
B ITHAATE 12 h DLEFRETW Y. TR TS E0E 2 5@ BET #8 (b
A5 A1 BIH AR (FLAR AR M) JEATRRMT, TSRS AR E B AR A fL 12 40
HifE B
2243 FHEBR T ERIR(SEM)

A S K S-4800 g R A A B T BB HEATRE R AL . BARBIAE VR INR
BB AR IIRE B BT - KIR VAR, Sl E A A 0BG G G
HERRFEEN 5 pL Zr B0 N2 i i R FRRERE IR T e TR, KBaE R b e
TESHREENAERG L, &5 T BN E I 7w,

2244 BHBFERE(TEM)

AR 5 [E Zeiss LIBRA 300 Y37 5 H 1~ 2 s b AT MK o B A ) 2 i FE U0
B AR IR S S 0 BT Al /KR SRR, S A BER R B 5 BE S
TR A TR AZ B S uL 40 BB I AE Vi 19 RO A X S R B, FRRE S E IR AAME R 5e
T, BRI T TEM R4 .
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2245 BREBEFETLHLE (ICP-OES)

2.2.4.6 X B¢k B TREIE (XPS)

ASEE K Qtac-100 ) X B 2R HE T REVE AN . JGIE N 1486.6 eV KISk, T/EH
JEA 15KV, WBEEAN 100 um, Y67 HISHHFE R 459,

2.2.5 BN 775k

AL 2R E BAL 22 TAE S b (B JRAE CHIT60E) #E47, = HARAA &P DL Ag/AgCl
HURRAE A 2 LG B, B0 D0 BRI SR FELRK, 30 A PR AR R F 38k FELRI AR S A H ARG
JIE MR EIAE 0.1 M KOH LA gt 4T, DAPHAS AL SEGL R R M. (ORR) T BE.
MR INEBFEIEAAR 2% (CV) | R 2% (LSV) DA IE 2% . Frf
AR b B A B P 22 e B, DART U, (RHE) EEREAT R HE

2.2.5.1 TIEEERAHI&

AR AR A FR AN R s Sk BB BT AR, RRERE AR SRAIZRS
FRIFT BEVRAE SR 1 RE B 2R TN FER AT B AR IHOG Y, S IR O Z B AR Al K
BEAT Z YOS S, B E T ERAM N . BESHECHIMEA R B PRI 2 mg 15
TAELLFIFN | mg FHERE, IO 740 pL SN BEART 240 uL #H4EK, 87 403 10 min 4§
HFeo 8L, BN 10 pLNafion ¥ ¥4k 8588 75 20 min. )5, (f R BARHUE & 49
HOIS SR T8 T TR HL 5 PO B AR R T, IR AR T BT, fALTRAE TAR dtk

K7 EN 0.239 mg/em?
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2.2.52 EIMRRIA(CV) I MR =ZIEDLSY)

HAL SRR B SR No 2645 F, 7E 0.IMKOH #3H, EA 50 mV/s 1949
HGEAT CV IEAIINR, 7E-0.8 V-0.2 V I HLAL FAEH 414 50 B, 24 R I i) it 2Rk 1)
TRAEGN, U TAERREIENC TR WG, £ N B 0.1 M KOH #
W, 7E-0.8-0.2 V HJHEALIX [A] LA 10 mV/s AL 4 0 5 AR IO TS SEHLIA, SO %%
W E N 1600 rpm. PR F# 02, 30 min J5 BWAIRE, 7£-0.8-0.2 V [JHALX AL 10
mV/s [(333E, 2> HILE 400 rpm, 625 rpm, 900 rpm, 1225 rpm, 1600 rpm #%3# K £k 1439

fifi, 73%] ORR J&MEHIZE .

2.2.5.4 BFEERBEAME K F=F MK
PRI R v 35 SR FH e s A 45 B AR (RRDE) 58 i, FH 96 HE 156 B8 BRI EUK 7= 2 1)
THEARIT:

I
: (£ 2-1)

n=4x

Ir/N +1d

I/N

(7 2-2)
Ir/N + Id :Et

H202(%) = 200 %

HO R B Tr A0 1d 73 3 9 A e AN Y 4 FLI S L, N SEBRari 3R %

M E R TR A R ORR Ak th it K-L JfRAb B, JFxy
BT S HRm 2. R a T

1 1 1 1 1
TETt=1
b te 1o T 0.2nFCoDe™ v 0’

(X 2-3)

HARPHIMR 4 3, i AWIRERZE (mA-cm?) , ik NHRFRE) ) 2F B 25 fE
(mA-cm?) , id NWEIBEY BHRZE (mA-cm?) , n NEAFIEMEIL ORR P
I T, F R 5 (96485 C'mol!) ,  Co v 0.1 M KOH ¥4 & I AN i

A 1.15x10°mol-cm™, Do NEY BARE, BUEAN 1.95x10° cm? s, v HEE ISR A
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S FHEEEREEE, BUE N 8.977x103 em? s, o N TAE MR IEEEEE, $A78 rpm.
2.2.5.3 EZLNIR(ADT)

TR AT R e, 6T AR R AT IR AR B S 0.1
IR 2AFE A R IR AL LSV #hZk, k254 8: 0.1 M KOH, % : 50 mV/s,
ik 1600 rpm. BREEEBMIUARYT, £ 0.65-0.85 V JHLAEEILL 100 mV/s K4
HELEFHATIEIA CV H1HE 5000 7K, 3T AR R 2 AF R SRAG I 30 J5 1) LSV Afb ith 28,
I #5000 Rk CV R 5 LSV # Ak i 28 it 21 B A A8 A0 AR 1 T PR Ak 750) 3 M 4 3 0k
T
23 LRERETVHS

2.3.1 PRIERAE

Pump Microspheres Droplets
—_— 'Y dg G s = "
o) A )
o . 3 - ]
" -
t-.l(.‘ollector - Atomizer | |
¥ ah
\-I — i DL |
- i j .
@ Calcine %: _J
Prchrsor

B 2-2 W5 AT R o R R 0

Figure 2-2 chematic diagram of synthesis of spray pyrolytic materialst'!3]

MBS B MR IRl . ARFT AL, PIM/C & BARUESR . Kide. 4 B S5
Ve 5 HAEVERE M I E UMK . & A SRR, AHECT H AT &
ARG BB TT IR BE . AR R, 2 ool ikdE . RS, FERTI TAE B LAl
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b, SRR RIS A G SRR AR A H bR PIMUC A AT . %7V T
BB, AN TSR S A A3 SRS B AR ) SR A S O AR IR AR B B 2-2 PR
/K IR RN . IS SLA SR BRIV RSB IREHR (HoPCls » 6H0) i
P& R AR IRES (Co(NOs)2 « 6H20) ¥51R G T RS — iR, JlId 5 S5 3R T 55 AL
WO, FFER S IRINIRS) ) T & i s U, 1F I AR, it — e h Buig SR,
RAAFFNATIRAAA RIS (B 2-2) o ¥ BRI R ARE T AR ST 58— Bkt
H# (600°C, 5°Cmin?, 2h) , EEEWIEMRIEATKYE, RERIER N, A2
JE AR B B T A SR SRR T S IR (900 °C, 5°C min', 2h) , HZIR

fFR A& HAR=H) PIM/C A& E .

PtCo/C 2 um PtCu/C 2 um

49

PtCoFe/C

B 2-3 f% % HAADF-STEM K (a) PtCo/C, (b) PtCu/C, (c) PtNi/C (d) PtFe/C, (e) PtCoFe/C.
Figure 2-3 Low resolution HAADF-STEM images of (a) PtCo/C, (b) PtCu/C, (c) PtNi/C (d) PtFe/C, (e)
PtCoFe/C.

K] 2-3a AFT15 PtCu/C. PtNi/C. PtFe/C. PtCo/C. PtCoFe/C &4 AL TG 2 P fis 2

] HAADF-STEM K. MEH AT LLEH, PtCu/C. PINi/C. PtCo/C. B EIL K /INA—
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WERTEIES, BROEERLAN 0.5~2 pm, I Z G BOTEREENE. [N, BRI
PRTT A AR AL T ORI SN TEOAR, BB 4 )3 e B i (i KAGIE F . AR
PtFe/C. PtCoFe/C & &M BRHIERIE K AR, 2 KB EIAFAE . 8 3 SR
HAADF-STEM & (& 2-4) "2 Fr A AP R T 0RL S T 39 5 4 8, 5 2 4,
FIORL RSE KON FEARY —, B T8NNSR 51 080 (XA TERPR 2L H9K) 4k, #
R I T AR AR R RERK K. BHRM, PINI/C R T8RS KM KT 5
fh—JiA4. FE, MHET ZJ0H 4 PtFe/C. PtCo/C, = Ji#r4 PtCoFe/C fIZR IH Bk
FOF LB R K . sl kA% 73 A B2, PtCu/C. PINI/C. PtFe/C. PtCo/C. PtCoFe/C
(P B BORL R ) KNS5 47.4 nm, 48.6 nm, 25.7 nm, 14.5nm, 46.4nm. 25555

“JuE 4 PINI/C K IH I~ Rtk )R~ 5ok

o ;i
10 20 30 40 5
Particle Size (nm)

PtFe/C

200 nm

M3 40 S0 0 TO
Particle Size (nm)

PtCo/C

B 2-4 &= 1% % STEM HAADF flI$i42E (a) PtCu/C, (b) PtNi/C, (c) PtFe/C, (d) PtCo/C, (e) PtCoFe/C.
Figure 2-4 High resolution STEM HAADF and particle size images of (a) PtCu/C, (b) PtNi/C, (c) PtFe/C,
(d) PtCo/C, (e) PtCoFe/C.
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B 2-5 NA R IE 48 5 Pt TERGA 4 XRD &, PtCo/C 73 JIITE 42.1°, 48.9°,
71.7 °f PtCo #FfEE, PtCu/C 73HI7E 41.7°, 47.4°, 71.4°4F PtCu $F{iElE, PtFe/C 735l
7E 41.0°, 48.9°, 70.5 °H PtFe ffifi. JEIEXTLL ] LIS, MHELS PYC MIRHEIEN &
MGG R RN, e A v A R R AR, UEBA T O U 4R T A N P
at, SEILT G a, IR TSR MR RN T PR TR, BENEIRH
FUE ks, (EAFEA R0 AR s, SR T s SR RN . ARPRHIURL RS 19 21, 41
WA ST ISR T BB, B RN S, KRR s, @i %
4 MR B B S 1Y) XRD RRAE I (14 04 58 LU 4%, M4 Debye-Scherrer 22 xURJ 1, UKL
JsF KN4y 54 PNi/C(39.7 nm) > PtCoFe/C(37.2 nm) > PtCu/C(35.5 nm) > PtFe/C(17.6

nm) > PtCo/C(11.6 nm). FHLLEI R, PINVC R R~ 5K

—Pt/C (111) Pt-PDF#01-1190
(200) 220

— T PiFe/C 1 PtFe-PDF#43-1359|

(111)
(001) (110) l(200)(ooz) (220)
1 1 1 " - N o a
—— PIN1/C l o
A A

— PICU/C o) PtCu-PDF#42-1326
(021) I (4B4) (309)
o ! =
——PtC/C  pyCo-PDF#29-0498
(111)

A (290) (220)

|
——— PtCoFe/C

il N

10 20 30 40 50 60 70 80
20/ (degree)
B 2-5 Pt/C, PtCu/C, PtNi/C, PtFe/C, PtCo/C, PtCoFe/C ] XRD &,
Figure 2-5 XRD pattern of Pt/C, PtCu/C, PtNi/C, PtFe/C, PtCo/C, PtCoFe/C.

Intensity (a.u.)
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L BRI A UL ARG, IR B R W EE R AR S8, LRI
RIS AR AT H F T HEAPERE R AT . O 1 IR FEA R B0 & e A7) B L R AR R
71Ny RS N R/ St B S5 i iR A R E3EAT 04T, 20 R RDRHI) R i AR FLAS # AT 3R
fiE, MREGRICDTR2-1H. W EE2-6 (a) Fiun. SRR LR ih 28 230 1V 2
N Ha Vi G SR 2R . TEARAXTE T IX (P/Po<0.01) , NoWRUKCEZEIS I N, BLEART
FEDBAL; AT T DOR B S R PR U S AL I BRI ST K

(2) [—PtCoFe/C ) (b) —— P(CoFe/C
< ssssue f S~
B | oesonasoaccasssd ’ e 319
~ Ehcec . A
20 | 735.0 nﬁw 4 e
= ; =
S| smommeses 5 | TS 03
s = = o
2 el amsyal t —e—PtFe/C
P
=) aj fs
% momwwowaowaw o \”‘,w@m
L L 1 — L L
E —o— PtNI/C 3 e —a— PINi/C
o 636.1 m~/g fﬂ’ %0
S
= o —
g FWOEWIFGIFVIVIVLT bt E NOA?\‘
o —;—Pth’C I I = ' '
614.0m’/g —s—PtCu/C
wmooamoﬂ“lim e—— 30.3

l]il] 0.5 li[l 1 lll] lll](]
Relative Pressure (P/P) Pore Diameter (nm)

B 2-6 PtCu/C. PtNi/C. PtFe/C. PtCo/C. PtCoFe/C [f] No WK it Ff i 2 (a) FFLAZ 4347 B Z& (b) -
Figure 2-6 N, adsorption desorption curves (a) and pore size distribution curves (b) of PtCu/C. PtNi/C.
PtFe/C. PtCo/C. PtCoFe/C.

PtCu/C. PtNi/C. PtFe/C-900. PtCo/C 1 PtCoFe/C [ LR R4 5N 614.0 m¥/g.
636.1 m¥g. 485.7 m¥g. 735.0 m¥g. 535.8 m¥g. HA PtCo/C i LL K M A K. PtFe/C
LR AR BN, BT 0 A 4 PtFe/C. PtCo/C, —=Ji& 4 PtCoFe/C M LL R M FH A
TF A MR RN, SRR T 7.3-14.1 nm Z[6], PtCu/C [
FHIFLA R, PtFe/C [P 3FLAR R/ . K 2-6 (b) MIFLIE A EIERE, TR &4H
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B EREEERM. ity RILEW, FEABERENFL~30nm A4, $t—BiEH T
A T 1 2% 2 FLM R AT AT M
% 2-1 PtCu/C, PtNi/C, PtFe/C, PtCo/C, PtCoFe/C [¥] bt K AR FI~FE I FLARI M,

Table 2-1 Specific surface area and average pore size of PtCu/C, PtNi/C, PtFe/C, PtCo/C,

PtCoFe/C
R HERTEAR m%/g R EEFE L2 nm
PtCu/C 614.0 14.1
PtNi/C 636.1 9.9
PtFe/C 485.7 7.3
PtCo/C 735.0 9.1
PtCoFe/C 535.8 8.7

NTREFERT TR ERELE, AT S-S S RET T B E EE TR-K
SPOECMRAERAE, DAFEM B Pt, M tR & &, IR R B ER% 2-2 . PtCu/C,
PtNi/C, PtFe/C, PtCo/C, PtCoFe/C H Pt [ 75 £ 537 9 18.3 wt%, 27.6 wt %, 24.7 wt%, 22.3
Wt%, 28.8 wt%, KN4 @SR AIN 12.3 wt% (Cu) , 16.3 wt% (Ni) , 15 wt% (Fe),
17.8 wt% (Co) , 13.7 wt%. 3.6 wt% (Co. Fe, M & & 17.3 wt%) . PtFe/C E A& =4
JE B (64.3 wt%) o #E— 250 #T PIM/C H Pt 587248 M B /K LE, PtCu/C, PNi/C,
PtFe/C, PtCo/C, PtCoFe/C HIHUE 754 0.488, 0.512, 0.473, 0.379, 0.635, X%
REAFRES B R P I BORME ST SR B EE R (0.5) £23l, v PtCu/C, PtFe/C, PtCo/C

R =ARHEE R LU T HARHUE, PINYC R = TR ME, X EER T % e R

B

3 5 A L EEAS [ 3 SCHAE IR R bt BUAS RV RE JEE R
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# 2-2 PtCu/C, PtNi/C, PtFe/C, PtCo/C, PtCoFe/C JTL& & & -
Table 2-2 Element content of PtCu/C, PtNi/C, PtFe/C, PtCo/C, PtCoFe/C.

AL Pt Co Cu Ni Fe £BE  npenc

lot % BE
PtCu/C 18.3 / 12.3 / / 33.1 0.488
PtNi/C 27.6 / / 16.3 / 40.1 0.512
PtFe/C 24.7 / / / 15 64.3 0.473
PtCo/C 22.3 17.8 / / / 40.1 0.379
PtCoFe/C 28.8 13.7 / / 3.6 36.6 0.635
2.3.2 fEALFIMEREBT R

AT VSRR AP RE SR A = AR R R MR 7C S AR 0 S TR T, =
AR ZMAEH B 7 3N 0.239 mg/em?. 8] 2-7a J9 PtCu/C. PtNi/C. PtFe/C. PtCo/C.
PtCoFe/C [) LSV HHZRIE, P& 2-7b @& X LSV i £k E 5 70 1 BT 15 10 25 A 750 A4 LB AL 4R
A S R A 2 I S AT L S I R . TR, PEMUC A AT AR 2 B8 L Ao
K/NIF 4 PtCoFe/C (0.90 V) > PtFe/C (0.89 V) > PtCo/C (0.86 V) > JM Pt/C (0.85
V) >PtNi/C (0.84 V) >PtCu/C (0.82V) . HH PtFe/C. PtCo/C. PtCoFe/C —Ffi {1k
FIEBRALILT IM PYC, R AL RIFHHRAELTENE. SIEFE, PtCu/C. PINi/C.
PtFe/C. PtCo/C. PtCoFe/C HIMRIRY ML # 73 93)-5.1 mA/em?, -5.25 mA/em?, -5.32
mA/cm?, -5.56 mA/cm?, -6.0 mA/em?. K IAHH| =4 J& PtCoFe/C AL B A B A
PR BB IR A, TG R Rk, AT =R &R i b,
AT F AL RE R A BT T, ESE A R = & R AL A L.

AT DRI A S NSRRI A A RHE A B L AT R A A 3R
HUH: HoOn 77 36 S AL I FE I T 4. ] 2-8 kR, XUUG & &AL 7] PtCu/C.

PtNi/C. PtFe/C. PtCo/C ] H.02 F=F 4358 5.51 %, 7.71 %, 3.47 %, 3.57 %, MM

37



8 W YN T e VAT

WL FEE R 9 3.71, 3.69, 3.89, 3.81, Mit&4: PtFe/C BA LN B T 5.
Hrr =50 & &M PtCoFe/C 1] HoO2 P23 N 7.76 %, XN HL T #5150 3.72,

e F 1.0
‘E y ~ {0 z
@ 0 (@) PtCu/C = 6 @
E . ~ 0.8 - -
= 1 — PNV/C = < &
g ——PiFe/C = =
2 21 ——PiColC Z 0.6 T
72! S, - —
= a2l JM Pt/C 1=} -
a 2 =% =
= .l L 0.4 -3 =
8 = [, &
= : 23
g & 0.2 =
o 67 = 25
=) 0.0- Lo

0.2 0.4 0.6 0.8 1.0 1.2

5 PtCu/C PtNi/C PtFe/C PtCo/C
Potenial(V vs RHE) Pt/C  PtCoFe/C

& 2-7 PtCu/C. PtNi/C. PtFe/C. PtCo/C. PtCoFe/C Mtttk HiZE Kl (a); ALk 221 AEXT HL (D)
Figure 2-7 Polarization curves of PtCu/C. PtNi/C. PtFe/C. PtCo/C. PtCoFe/C catalysts (a) and comparison

of electrochemical performance (b).

= 100
: i N
\: 4.0 '33333333“333333gssiﬂoaooooooooaom_
2 35- : @1600rpm 180
g 3.0- 1 —o—PtCo/C 53
= ! —o—Pt{CoFe/C - 60 ;
= 2.5 ! —e—PtCu/C =
S | . =*]
Z | ——PNV/C L 40 >
= 201 | —e—PtFe/C =)
g =h | -20 =
= 1.01999090000388303%05,.,
E !3333388#83330Cﬁaﬂggaaﬂaauooaaoooooi-0
E 0.5- I L L L]

0.2 0.4 0.6 0.8

Potential (V vs RHE)

A 2-8 PtCu/C. PtNi/C. PtFe/C. PtCo/C. PtCoFe/C ¥ Hi T4k Ho0, 75
Figure 2-8 Transfer electron numbers and H»O; yields of PtCu/C. PtNi/C. PtFe/C. PtCo/C. PtCoFe/C

catalysts.

2-9 Mt K-L 7R tEl & LSV HiZe prsdia &, I mK0, j! Mo 24

K Z, EFE PtCu/C PINi/C. PtFe/C. PtCo/C. Pt/C. PtCoFe/C H1H F#F% n 4
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WA 3.705, 3.805, 3.550, 3.759, 3.534, 3.921, FHHRATE LG SMEFME/ T
e Iy M TR I A2 . Hodr, =45 )8 PtCoFe/C fEALFIMI LT B Hi &, fed
I VY TR i 14,

0.40
0.40{ () (b)
0.35-
=035 -
E PtCu/C E -
~ 0.30 o —=—02V
= 02V ] 03V
5 03V w2 0.254 04V
70251 04V | T 05V
0.5V 0.20- 1=3.805 0.6V
06V
0.20 -
- . x r - 0.15 . . . . r
008 010 012 014  0.16 008 010 012 014 016
o rad!-s1? m'm/(rad'l-s'm;
0.40
0.40 4 (C) (d)
0.35-
_~0.351 )iz
- PtFe/C < 0.30- PtCo/C
& 0.30- E"
L] ) - 2
g8 —=—02V B e
9 e e < 0.254 —+—03V
5 025 '—0-4 o a~ —s— 04V
il g A i i
=z . 05V
0.20- n=3.550 —05V 0.20 4 : 0_; v
+— 06V
0.15 . . . . . 0.15 r - T T .
008 010 012 014 016 008 010 012 014 016
12, a1 V2 e radls1?
o “/lrad s 0.40 '
0401 (e) ®
0.35
_~0.35 .
- « 0304
Eo{ PUC 8 PtCoFe/C
= ——o02Vv | “goas ——02V
Loas ——03V | ¢ ——03V
- R RPN =d=0ieY
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2-9 K-L #l & #h 2k I PtCu/C(a), PtNi/C(b), PtFe/C(c), PtCo/C(d), Pt/C(e), PtCoFe/C(f).
Figure 2-9 K-L plots of PtCu/C(a), PtNi/C(b), PtFe/C(c), PtCo/C(d), Pt/C(e), PtCoFe/C(f).

RN R AR E RS, XA AN PtCu/C, PtNi/C, PtFe/C, PtCo/C, PtCoFe/C
AT T OmiE R e MRS . 7E 100 mV/s FIFE T CV 1R 5000 B, FFLLEAE IR
Ja B AT iR g B, Wl 2-10 s, PtCuw/C(J&l 2-10a). PtNi/C (B 2-10b). PtFe/C (]
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2-10¢)-PtCo/C (& 2-10d).PtCoFe/C (& 2-106) [ F- I A7 3512 B4 5 191 mV. 129 mV.
187 mV. 17mV. 150 mV, LT R PY/C (K 2-10e) (535 mV), Vi8] 7 idESER5]
N, ER AT ARG B HRTT. PtCoFe/C [0 A7 47 2k B /v T PtCo/C 5
PtFe/C 2 8], Ui B HAFRE M EZIE T 2RI TN . Hoh PtCo/C My B AL 4 e S de /)N, iE
HA T H A 5 1 AL 2 AR

-
-

o i
04 04
E i) £ (b
'é -1 Tnitial ‘5 -1
= —— 5000 cirde PtCuC | = fle
B 2 £ 21 Tl PENi/C
e - —35000 circle
S 3] S
= AE =191 mV i AE =128 mV
E
5 s, s sl
4] 4]
6 ’ ’ , ’ ’ ’ 6 ’ ' , , , ’
0.0 02 04 06 08 10 12 00 02 04 06 08 10 12
Potential (V vs RHE) Potential (V vs RHE)
s o1
E B' C‘la
£ () £ o(d)
*é 11 Initial g
—— 5000 circl -1+
2 2 ot PFe/C | S
é £ 2 ——— 5000 circle
g > B PtCo/C
) AE,,=187 mV z 3
- i
2 2 41 AE ;=17 mV
= =
U 5
61 O %]
00 02 04 06 08 10 12 00 02 04 06 08 10 12
Potential (V vs RHE) Potential (V vs RHE)
o< £
g o g o0
g (e) k= ()
‘é 1] ——Initial g 4 Initial
= ] ——3000 cirle = 24 —— 35000 circle
:“E-, = Ev PtCoFe/C
v w3 r
J ! = vV
= 3 mevc | ok
= T 44
= 4 AE =535 mV =
@ s
% ] 5
6
O 4] 4]
0.0 02 04 06 08 10 12 0.0 02 04 06 08 L0 12
Potential (V vs RHE) Potential (V vs RHE)

& 2-10 PtCu/C(a), PtNi/C(b), PtFe/C(c), PtCo/C(d), Pt/C(e), PtCoFe/C(f)iif A 14 &
Figure 2-10 Durability diagram of PtCu/C(a), PtNi/C(b), PtFe/C(c), PtCo/C(d), Pt/C(e), PtCoFe/C(f).
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2.4 FENG

B FUR I 55 AL S5 i i AR B D il 2% 1 — £ 41 Pt-M (M=Co. Cu. Ni. Fe)
B =ZToa s,

I R B AL E R R AN, R T HA RSN AUERIES B AT U & S 1A
o AL AV RE AL, R, 0T 70 & S MR 3 B AR /NI 4 PtCu/C (0.82
V) <PtNi/C (0.84 V) <JM Pt/C (0.85 V) <PtCo/C (0.864 V) <PtFe/C (0.89 V) , PtFe/C
HA B 8 12 FAE o T AR 28 SR B, 5000 (X3 J5 , IM PYC. PtCu/C. PtNi/C.
PtFe/C. PtCo/C 13 R A7 1R &40 08 535 mV, 191 mV, 129 mV, 187 mV. 17 mV.
MR E, PtCo/C R BT ENE. AR, W I & sl 5 a1
Felg, AT T AR AIC R ERE, RN oGE 7 Hm A, 7R AR, —Jo
E AR A T BB F PUC AL

ATAREE AL E SR 5Ha e, BT K s s AL e e M)
Pt-M (M=Co. Cu. Ni. Fe) &N, @it —RFHEAFZNREREKYH: =nasE
TG TR 4 8 ) 2 FEL A BT A s, ARLZE T AT THT, 48 5000 YK AIE3E, PtCoFe/C
AL T B = J0 - 42 PtCo/C AL TN AP . AHIF 78 e P Bl B AR AU ke £ 77
RIBETHR AL T 0 A RS , AT HE B BT AT
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3 3 F PtCo SEELTIRIHI & R EIL R T REM ST

3.1 5|8

A APl R 26 WA B 24 T B R B R T L SR T B
Jiik. SRR, R 2 O TR S TR A U 5 IR B (ORR) ARk e
2 F ALY F bR, & S RO PR AR I 72 M A 1 R SR P A . R PR S 2
PUC AR ARE 2« 5T # L A PSR T IR 25, 9 3 R R B 2
N TR, AT AR RE TAE AT TR T AR, S H AT L O i TR
BERPE RS REALAY, 3050 L R AL I . (R A 0 b« R 2 8 A
FO A G 92

76 PURIIA Fe. Co. Ni SRt 4R 2 — AT RIIR M5, AU LLRIE Pt
FIFI, VR LLEIE M4 4 REHAR B ORR Wi, AL SIE Cu. Niv Fe, ¥
TG4 A, PECu BT, G Cu 5T 15t SEO A5 R R 7% 1 1
BB T2 S T RURE PR L, WA i ™ AR . ST, PrFe &4
B TR PELS), (EURRER R IF BRSO BN . 1F Fe B TIOMALT . 7P22E HaOs, HiR
SR EACHE R £ SER . MRS, SEULAIBRILES A0 F
FTi A I A1), PONG B R B B0 b R PN AT, {H PN & 427
Tl TV

SRS, PtCo W4 A7 i1 T FLA BB 1) ORR S P RIS P T 452 el . I/
BUBURE I R R RS P T SR ART, BOMARIIRR, R R < 2nm HOHI
B, BT AL RESRLB , 8% KB ORR WEIERE. HeAh, XU PRt S
AR, TSI AN, Leel ARG, FUAR Pt RTIRIK, P &iEJE

7596 T i PtCo & & [#% . IX Lo W Pt & & BIRRMEAL TR R ST 2108 1.5 nm,
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£ ORR F R B iy o B i PR A 5 i AP e Oezaslan!'SIZERE 7T 1 PtnCom & 440K
FORLZE B AR V2R 15 T PEMFC 15 RE, 7F 0.1 M HCIO4 H1, FEAHFIREAR T, PL(HT)
< PtCo < Pt3Co < PtCos (T B IHE M (Jmass) MKIKIG K. SIRIESFAF T IHAL RAF, 1£
0.1 M KOH B8 L% AL 5 AF T B Toass K/ 24 PtCos < Pt(HT) < PtCo < Pt;Co, L HJ
PtCos % FE AL A B B M L4 Pe A0 Pt (HT) % 4-5 f%. HILATS, PtCos fERRTEIR
S Pe s S TR, T PtsCo FERRMEIREE R I fe ko SR FH R BURAB AR ZVE 0 7T
THIEG SRR IR T Z AR o 45 R TERRIE A BT (1 FAL 2 45 SR A b R
T Co 7EMURLZR I 1A 8 MEAN BB R 5 S AU, TI7E 0.1 M HCIOs ', HLEJEH A 3) Co
FMRIE R, TR &S OEENE Pt R . Yang S 17E MOF fiT4E N #5448k KL 1
[FpR Pt AT IR AL e, & B ARG P gl (1 wi%) (¥ PtCo/NC fEALF), HAERRTE
B ORR [0 ALK 0.877 V, 1X 72 K PtCo/NC HIAF1E 35 1 46 J& -3 AR ELAE F
SECE T AR SR AR B A A E BRI, (LRI B PYC S

o>
[aYay

L5 L Prik, A ST PtCo/C AL TG SR A5 M BRI S A 1t BE A2
— 5 TH A S A 800 °C, 900 °C, 1000 °C, FRITA B FE A5 B X AR B i B M
ePERERE M . — 71, #4508 Pt Al Co ME BE /R EHE AL, MUREHAS BE R Ll
1: 1, 1: 2, 1: 3, #RFL Pty Co 5 & & LI AR A PRk AR P A S8 R M R 52 1)
I ZRTFVERE S UL I BB AL o E— 28, 8 A0 PR R AR Ut B 1P e i 5 2R
fr, F4R PtCo/C &AL AV REZE R IR, B AEN PtCo/C AL il 8 S L4
I JF A R IR N B i SR
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3.2 LY
3.2.1 EHEFISUER
A2 SLIG BT A 2k AXER SRR R, TR 2-1 A 2-2
3.2.2 fEATIRY &
3.2.2.1 HPC HoHl&

FREX 6 mmol BEEFE. 9 mmol SALHN. 15 mmol WRIREM T 52 F/KIEK 30 mL 1)
REW: H ERESEREIANZES, BRI S5 NE e b A7 SR a2,
B AU IBRRIREE Y 900 °C. R b o —ImiUR RO R RE: & RE, X EIRmi %
3RO RAEIRE 800 °CHY Hy/Ar IR & T EE 3 h, 1R BIH K& IE+T 1, |

A5 F|HPC.,
3.2.2.2 Pt;Co2/C-900 &4k I H I &

FREL 0.333 mmol S41EZ. 6 mmol FEHE. 9 mmol SALEN. 0.667 mmol il FR% -
15 mmol BRFRVEME T 285 T/KTEA 30 mL HIRSEW: ¥ ERIESIERBEINZLE,
W A2 B S T ) N S AT iR AR B, U RBEIR S 900 °C. EE AN S —
R BRI R TG, X RIRWEE S B A RAETRE 600 °CHY Ho/Ar IRA S
TR 2 h, FBIE SRR EEMARRELITIET R, EiREE 900 °CHY Ho/Ar 544
NEHMTHGGREE, BEA2 h, PRI E] PtiCoo/C-900 AL

3.2.2.3 Pt;Coi/C-900 LB H &%

5 3.22.2 &M EHMRRF—2, ACK &R FE N 0.5 mmol, AE R &L 17 54 0.5 mmol,

HA LR IFALS, )5 152 PtiCo1/C-900 L5
3.2.2.4 Pt;Co3/C-900 &L H I &

53222 GEMEHRTE 20 DU RHIR AN 0.25 mmol, fiFERE: %y 0.75
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mmol, HABZKAFRFEA, &IE153E] PtiCos/C-900 fELF,
3.2.2.5 Pt;Co,/C-800 &L HIHI %

5 3.222 G EMRRE 2, (0K —BUBRRIRE M 900 °CHCh 800 °C, At 4414
REFEAAE, 5133 PtiCoy/C-800 1AL,

3.2.2.6 Pt;Co2/C-1000 &L B &

53222 GRS —2 B D BRRIRE N 900 °CHCA 1000 °C, HAth 2% 4F
RFEAAS, 751535 PtiCox/C-1000 fEALFF] .

3.2.3 BEALFIRAE SRR
AL MRV L — 3 2.2 7 AL MR IR — % 23
L
3.3 LRERSTR
3.3.1 FHRLRAE

500 nm

& 3-1 (a) HPC, (b) Pt;Co,/C-800, (c¢) Pt;C0,/C-900, (d) Pt;Co,/C-1000, (€) Pt;Co1/C-900, (f) Pt;Cos/C-900
] SEM K.
Figure 3-1 SEM images of (a) HPC (b) Pt;C02/C-800 (c) Pt;1C02/C-900 (d) Pt;Co2/C-1000, (e)
Pt1Co1/C-900 (f) Pt;Co3/C-900.
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(1]
P1ll‘ltl£' Size (nm

Pt, CoJC 000

PtCoyC-800 WM. PtLCoyCi 000

A 3-2 HAADF-STEM Al 1% K (a) PtiCo1/C-900, (b) Pt;Co,/C-900, (c) Pt;Co3/C-900, (d) Pt;Co/C-800,
(e) PtiCo2/C-1000.
Figure 3-2 HAADF STEM and particle size images of (a) Pt;Co1/C-900, (b) Pt;Co2/C-900, (c)
Pt1Co3/C-900, (d) Pt;Co,/C-800, (e) Pt;Co2/C-1000.

R 3-1a Bion, Z%BER (HPC) HJ SEM . M EEEE I b af LU HBRER AR AR R
B, FLBR A5 . B 3-2 24 PtiCo2/C-800 (b)+ Pt;C02/C-900 (c)+ Pt;Co2/C-1000 (d)+
Pt1C01/C-900 (¢) Pt;Co3/C-900 (Db i B ¥l . FESLied A b, = HilA R &
JE IR B ARIFANAE, JBIL R Pt AT Co I 2 i T CAC (¥ A o T SR AE AL R h i L] 5
i %5 B 900 °C R 1 PtiCoi/C (e)- PtiCoa/C (c)Fl PtiCos/C (f), BEW KILBEHE Co & &M
SEIN, R AR T (R BRSO 1B A0 el T IR R SR TR FSE T - s 1 B il e A 7R R R~
AT B WA R P, RSB IR BRI LR A PtiCoo/C,
AR IR FE A 800 C (b)~ 900 °C(c)A1 1000 C(d), A LLFH H: Z4IE e & 5k
1000 ‘CHi, AL Blbe s A SRR L R, Baba Ja S5 MR 2 S BUL R T AR KR T B
P TRTE EAL R, I PR AR A R
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Kl 3-2 AT A3 PtiCo1/C-900. Pt;Co2/C-900- Pt;Co3/C-900- Pt; Cor/C-800- Pt;Coo/C-1000
B84 4 AL ) 1) HAADF-STEM & . MW S AT BLE i, PtiCoi/C-900. PtiCox/C-900
Pt;C03/C-900. Pt;C02/C-800. PtiCo2/C-1000 A KL 2R INA—ERTE IS, BRI 424
N 0.5-2 um, JEILH A BROTERIENE . RN, BRIZBREAR A iR T BRI R N

L, ST R A1) 3 S S A 1 o Pt Co2/C-900- Pt Co3/C-900- Pt;Coo/C-800- Pt;Coo/C-1000
K DU (e A )0 THIRORE S IR T 38 50 4080, AFUBH 2 B R JIURE RS RN AN —, B T 3
RORI 5153 B4, MOEERTE ML T A FEFR I REK K. i PuCoi/C-900 % MM 4 2|
KBRS B ORL, B B UL ROSE KT 53 A DU A B ARk o e IR0 A% 20 A 81 B
Pt;C01/C-900. Pt;C02/C-900. Pt;Co3/C-900. Pt;C0x/C-800. Pt;Cor/C-1000 F~F- 3215k X
SFRAN RN 11.6 nm, 14.5nm, 22.8nm, 11.7nm, 16.7 nm. 7] LURIL, BEERER
TH&E, PtiCoo/C HEALFIRURL R ZEA WG N, PtiCox/C-1000 R K.

3-3 JMR el 900 “CHY, AN [E £H i BB K 77 PtiCoi/C . PtiCox/C Al
Pt;Co3/C ] XRD i, PtiCos/C 73 HI7E 42.7°(101) 49.5 °(110). 72.8 °(200)H PtCo HFik
I, Pt;Cox/C 73 WIFE 42.1°(101). 48.9 °(110). 71.7 °(200)A PtCo Fi{iEl§, PtiCoi/C 735
7E 41.6°(101). 48.1°(110). 71.1 °(200)FH PtCo HFpfElE. EidXf L AT LIS 2, 1ERBE/R &
RAFFIERL R, B S S BRI IN, PtCo W7 B 23 17 F L 5 1Al mAs ot LI
MEMRFE S BTSN ESE R TR BN, ENBORIR T, 13400
A AR ISR, SRS T SRS AR RN o X I A B N, B T I e 48 A R R A
MR BB R P75 3, BAEFEEREE N 1 1, BRI R ~F K. I H PtiCo1/C-900 1)
PtCo HFAE I (116 5 B 8, BT PtiCoi/C-900 FF (1) 4 B 45 Wi FE i i, A2 = NAPRE b kL i
B IR o B R Al 1 A 7R XRD RFAE UG - 0 98 L8, AR 4 Debye-Scherrer A2
F A1, PtiCoi/C-900(27.6 nm)>Pt;Co2/C-900(11.6 nm)>Pt;Cos/C-900(11.5 nm). £ i AL
&L R, PtiCoi/C-900 Fiki X ~F K. PtiCoo/C-800 43 A 7E 42.1 °(101). 48.9 °(110).

71.7 °(200)F PtCo H#{iEIE, Pt;Co2/C-900 73 HIFE 42.1 °(101). 48.9 °(110)~ 71.7 °(200)FH
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PtCo 4%1iF I, Pt;Cos/C-1000 43 HIZE 42.1 °(101). 48.9 °(110). 71.7 °(200)A PtCo 4H1iF I .

UER T SCEM BB IR S, A

Wi SA G R RPAE DG, BE—20Hh, PTLURIR, BEETRE

YA W e, R R 2 I BRAR B = I 5 . MR 3 Debye-Scherrer 24 =X 1J %01

Pt:C02/C-1000(19.7 nm)>Pt;Co2/C-800(13.2 nm)>Pt; Coo/C-900(11.6 nm). Pt;Co/C-1000 4

BRI 5K
(111)  Pt-PDF#01-1190
——Py/C | (200) (220)
1 L
—— Pt,C0,/C-900
-~ A A
=. L] L L] L] 1
& |——Pt,Co,/C-1000
A
~
3} A A
% —— Pt,Co,/C-900
N
E " AL A A
Pt ColC-9% o _ppF#29-0498
j©001) (110) K002)504y1y3)
| 1 | [l 1 1 11
20 30 40 50 60 70 80
20 / (degree)

B 3-3 Pt/C, Pt;Co1/C-900, Pt;C0,/C-900, Pt;Co3/C-900,Pt;Co,/C-800, Pt;Co,/C-1000 ] XRD K.
Figure 3-3 XRD spectrum of Pt/C, Pt;Co1/C-900, Pt;Co2/C-900, Pt;Co03/C-900,Pt;Co2/C-800,

AR AR DL R (s e, 2R
i) & P e FE K LE R THI AR

Pt1Co2/C-1000.

0 R M R AR, PR R

N T ERFEAFILLB, AN R E A Bl A A 750 ) L 3 i
A, R No WROBGE B S I O 4 RLEAT 04, 20 e R B AR T AR A L &5 R AT 3R
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fE, tn EE 3-4 Cad o SRR B b 25 52 IV R R B S5 R 42, PtiCoi/C-900,
Pt;C0,/C-900, Pt;Co3/C-900, Pt;C0,/C-800, Pt;Cox/C-1000, HPC ] bt 2% i £ 4 7] 4 538.8
m%/g. 735.0 m¥/g. 689.4m%g. 516.1 m¥g. 675.7 m¥/g M 676.4 m¥/g, H:F Pt;Cox/C-900
HR IR A K, PtiCoy/C-800 LLR A/ MARSE RE W, SR T L4 KM
T 6.6-14.8 nm Z [A] . Pt;Co3/C-900 [T #3412 8 )y, HPC I {4t K. M 3-4 (b)
MALAE I MERE, A GBS EAEE M. . KILGH, EEALETEN
fL~30nm 7247, BRI TG BT IR 2 ALAMRH AT AT

F 3-1 Pt;C01/C-900, Pt;Co2/C-900, Pt;Co3/C-900, PtiCo2/C-800, Pt;Co/C-1000, HPC [#] Lt
RIABAF RS HOC A .
Table 3-1 Specific surface area and average pore size parameters of Pt;Co01/C-900,
Pt1C02/C-900, Pt;Co3/C-900, Pt;Co/C-800, Pt;Co2/C-1000, HPC.

P i LR TR mY/g BP9 L4% nm
Pt;C03/C-900 689.4 6.6
Pt:C02/C-900 735.0 9.1
PtC01/C-900 538.8 7.5
Pt1C02/C-800 516.1 11.6
Pt1C02/C-1000 675.7 12.2

HPC 676.4 14.8

NTREFERFR LR SRNGEE, W mERE S S TR R . #E
G SRR E . AFRRERIGER Pt Co & &E, BRI BAER 3-2 4.
Ho, PtCoi-900 A B EMEEEEE (643 %) o #—00, ML, &
JE S I B A A BE IR T 08 PtC01-900, PtiC02-900, PtiC03-900, PtiCo2-800, PtiCo-1000
43108 0.96, 0.38, 0.25, 0.50, 0.40. 52 %M FIEEEER L4708 1, 0.5, 0.33, 0.5,
0.5, HH Pt;C01-900, Pt;C02-900, Pt;C03-900, Pt;Co,-1000 X PUFfHA 1} ) BE R EL AR T2
WHIE, PtiCox-800 MK SEIRHEE —F. HH PtiC0oi1-900, PtiC02-900, Pt;C03-900 [

BE el AR B Co BE/RELGINGIN, PAMIE 0 2 B R, B8R R RAE
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#; Pt1C02-800, Pt;C02-900, Pt;Cox-1000 HIE s vl IS 3. FEERE &, &
B BN S 3 BT e B R A R

(a) _ | PtCoy/C900 oo o q“‘&y‘ (b) Pt,Co,/C-900
A~ & S W'\.‘
; pesmennaane” ) ; ;
NS ?a - Pt,Co,/C-800
5 111 o B
e . s
=] _mouuooomoooﬂﬂ v Wa"m .
i Pt;Coy/C-900 7350 /g p g Pt,Co,/C-900
L = 2
% _Eaﬁﬂv-v L > MO"ISEGB\O‘I\,‘
2 | Pt;Coy/C-1000 = Pt,Co,/C-1000
= 675.7 m*/ E o, N
g _Emuuooomwoﬂd a WD’» s
=1 5 ! Sy Pt.Co./C-901
5 _L,s_ oD R0 HIMMODSRE § Sy c_.::;.’;';-:‘l":'\J 311 ;
676.4 m%/g ﬂa’ % HPC
Woaﬂuoa ~ 301
0.9 1 10 100
Relative Pressure (PIPG) Pore Diameter (nm)

& 3-4 Pt;C01/C-900, Pt1C02/C-900, PtiCo3/C-900, Pt;Coz/C-800, Pt;Co2/C-1000, HPC [¥] No W /it Fft ith £ (a)
LA A th 2 (b)
Figure 3-4 N, adsorption desorption curves (a) and pore size distribution curves (b) of Pt;Co1/C-900,
Pt1Co02/C-900, Pt;Co3/C-900, Pt;Co2/C-800, Pt;Co/C-1000, HPC.

% 3-2 Pt;C01/C-900, Pt;C0,/C-900, Pt;Co3/C-900, Pt;C02/C-800, Pt;Co2/C-1000 JL K & & .
Table 3-2 Element Content Table of Pt;Co1/C-900, Pt;Co2/C-900, Pt;Co3/C-900,
Pt;C02/C-800, Pt;Co2/C-1000.

T Pt ot % Co ot % MHE ot% Pt:Co BE/R Lt
Pt:Co3/C-900 15.1 18 33.1 0.25
Pt;C02/C-900 22.3 17.8 40.1 0.38
Pt;Co01/C-900 48.9 154 64.3 0.96
Pt;Co02/C-800 19.8 11.9 31.7 0.50
Pt;Co2/C-1000 20.8 15.8 36.6 0.40

W o Bl 4 Pt 4f XPS &% B, Pt/C, PtCoi/C-900, Pt;Co2/C-900,

50



GRUTRRE R 2L 2 A

Pt;C03/C-900,Pt;C02/C-800, PtiCox/C-1000 fEALFT A Pt (AL 225705l 9 PEAAN P, i &
3-5 Ca) ffm. 3f H PY/C, PtiCoi/C-900, Pt;Cox/C-900, Pt;Co3/C-900,Pt;Cox/C-800,
PtiCo2/C-1000 fEAL 7 T Z L PO M S TEXAFAE, WEIT AT LUE S PYC HEILFIFELL,
PtCo/C I IERS , KW Co JRTHIIMARERAL B £ Hi 745 Pt, B0 1 Pt L 74514,
45 Pt d 5 H 0 S R THIUR R 2 S8 T R T BRAR, 873 BT o v (R A 7R
254, R I PtiCox/C-1000 L7 1 PO (¥ 41 X 7 & B & = F PY/C, PtiCo1/C-900,
Pt;C02/C-900, Pt;Co3/C-900,Pt;Co2/C-800 H PtO AT & &, il 3-5 (b) &I, M Pt
wIEfE, Co2p WG M EmmMASHa, 4REY, S5IAPE, CoWH MG T
AR

> 0.~ Co2
Pt/C Pt,Co,-900 Co2pys (b) 4 _,! I'm
S WY N
-~ : \
PthOI-M
- 1 -L.-——-"'"-'L_ ey
= |Pt,Co,-800 ! a =
< /\ «
S 1 S
;.‘ ; -
= [pt,Co,-900 . 'E)
7] 7
= - - =
L ! Y
E ! : -
= |Pt,Co,-1000 . =
| I
————__|
Pt,C0,-900 V-
7\ /
! ' ! ' ! | L L L L

7 76 74 12 70 810 805 800 795 790 785 780
Binding energy (eV) Binding energy (eV)

B 3-5 Pt/C, Pt;C01/C-900, Pt;Co,/C-900, Pt;Co3/C-900,Pt;Co,/C-800, Pt;Co2/C-1000 [1] Pt4f XPS 1% & (a)
F1 Co2pXPS i (b)o
Figure 3-5 Pt4f XPS spectrum(a) and Co2pXPS spectrum(b) of Pt/C, Pt;Co1/C-900, Pt;Co2/C-900,
Pt1Co3/C-900,Pt;Co,/C-800, Pt;Co,/C-1000.
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o
3.3.2 LTI RERR R

2. U5 1.0 T
(o] S
= Pt,C0,/C-900 - =
< 91 —pt,cop/c-300 (a) e 0.8 (92
2 = 0. =
E 1] ——Pt,Co,/C-1000 = S E
P Pt,Co,/C-900 = o
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