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Pore structure control of supﬁort—free catalyst utilizing neither platinum nor
carbon and the performance enhancement of the catalyst layer for fuel cells
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Oxide catalysts have been developed in polymer electrolyte fuel cell
cathodes to replace platinum-group-metal catalysts, while both the oxygen reduction reaction
activity and the surface area remained moderate. In this study, the pore structure of titanium oxide

catalysts was controlled by two methods; the one is the use of silica templates and the other is
codoping of phosphor and nitrogen atoms.
The latter significantly enhanced the activity and increased the surface area. A recently reported
facile combustion method was modified by simply adding H3PO4 to the precursor dispersion.
Pentavalent phosphor atoms were doped into both the bulk and surface to form new active sites
without alternating the number of oxygen vacancy on the surface rutile Ti02, which was formed by
nitrogen-doping. The catalyst loading was reduced to less than half of the previous phosphor-free
catalysts while the activity was successfully enhanced by the phosphor-doping.



L C-19, F-19—1, Z—19 (@)
1. WFFEBIAR S DA 5

HEY D OPEH T 21253 2 BiH 2 — 5D E 2 Tigfb S h>2d 0 | BERES FIERENE
#. (Polymer Electrolyte Fuel Cell, PEFC) % &) /)Jf & LRI B A, KE, BN D
— BV THIE SAUEAD T e, Loy L7eas B IR P R (pH< D) 2> > EA7(0.6-1.0 V vs.
Reversible Hydrogen Electrode, RHE) D EMIZ35\NC, 3 1 IR TR R T UG E D /N X
L EBEOAL a0 MR EMEGE) LT —R 77 v 7 (PtColC) 2 MEE L LTz,

Oz + 4H* + 4e- — 2H20 - 1

RS EFED 2020 4 5 ABIEICBWTYH, B 2 A TOREVEEHNFE—H Y470 22
g 1B 38g DHENFELN TS LHEE SN TWA(L], 2018 FEizkiT 2 R D A4 EEIX
180 R TV, ZhaL2TEX U ¥ A4 TORBIEMEICE 72L& LTHAEREILR ~ 818
TEICEED, —H/NA - T v VORI ST 2018 A0 F BB B A E ST 9571
TEIZ Y BREMEMEDO AR KT TEE 5725 A& H&KEAMLERA R TH 5,

FTH =R T Ty 7 IXRM CEEROEMEN - ABHARTH L, AEIEOLE - 21k
HilcB Wik, R 2RI OGN ER T RWHETEL, AT 5,

C +2H20 — CO2 + 4H* + 4e—---2. 2

INEMZ LTS, BREFERENTIIY AT AL~LTa R M aEnTCEMEZHIFE LTS
[2],

T E TG SN TE 7 PEFC EfHIER AL 9 B I%, #3386 L <38k =L MR
B L ARG RBEERCRE S FEDOKRRIR, EFRFL IR T L TH LS FTEE Fe/N/C fil
WThsD, BeMBLasHEENGSND 72D, < OMFEENER L TEzn, B
T1IVIUTICHBE L7ZSEE8IC BV T HREERITIC T L, RERDOBEENHEREICTOERT
b EREIN TSI, REFNT D WE LR S, ffZEh—Ro T ) Fa—T%
KL L THW G A ITRIEHmD Fe/N/C iz Ll 2 mERERE O THnAH R, 1 VT
TEMESETHHRAICHEREME T 5[4, = Z T EE S 1% PEFC [EMCZ2E 72 b Y%
MEtOHR T, RbEREEE»OSEERLEWE(LT # U [BIICFH L, 2016 FIZHeEeR
ERFHBNT IR L WT & BRI (TIOLN, ) fil it &4 5 U 7= [6], fERTIXER LY R ik
B BEARFIR &5 2 BT E T RBARIZRZ TRBYERBE THRK L2 TiO7 7 7 A4 (7] %
B, RBHE T Y —OIEEBAE) & A et & W% ORREREENIO TH LN, L
DU BB RERICEET DD RmEEN/ NS, "=V TOFMICL T T v —T—
RUBMEE D 2DIZ 2mgem2 DEVMEFAEZMLE L LTz,

2. WO Hm
FeFEmEAEE I L 0 s &2 R L, HEAICEBWT 0.9V T 44 mA ecm—=2 OB
ERRD 2 E DSBS OISR E LA TH D,

3. WO Hk

KFETIE (1) U S (Si0) Fo 7L — REA - [BEL (2) U EFOBHEAD
FEOFEIC LY, TION, A O M FLIE G HI 1 & ErERe b 2 AT,

(1) vUBTFr7r—r&ERHLEERFRmEL - 5rEfEl

i SR BEIL 6] &2 I H L. TiON, fill i 2 H K L THA Rk L7z, SiO2TiO2: bR 3 O &
1:1:100 £ 725 X9t 2a—A RV U, 7 ofbF ¥ o L RFE % 1 mol dm3 HEERIRIR T TNk
B L7-0B, 850°C T 2 FEZEFRILE F OA B WIF CBULEE L=, ZORAERT H%ED
it iF O ADICE E LR K 91, ARESCH AREO-HEZRHE L, BHon-¥ 7
WA THSRTEE L%, 7 v RIEERT R - AL, TORBET E=7 i@~
DOBIOFHEARIFIZIB T, 700°C 225 900°C TERLPE (7o E=7%) L7z, 2 ba—
& LT, SiOe 2 MMA 37 vERALE Y LW 7 B AR LT,

(2) UV URFOEBEAZRH LS R - ek

RO GREEERZ R L, U UER, fifeTF % =/ L RFEZ 1 mol dm-3 HEERIRIK T TN
B LIz, TH KT DI DORET Re 2 0005 1 OPH & Liz—J7, TiO2RFED
BELIX 1:100 & 725 X o ClEE Lz, 5ol L7 Kk 2 800~950°C T 2 i % H# ik
T OAEERFCTEGLEE L=, A UL TOREIER. oMLz W i3 o £ 35
BRAE 2 T 600°C 225 700°C TF v E=T 2 b L7=,

4. WFFERR R

(1) YU ATy r— &MLz EmidEl - ket

fEtERE 2 W IC A 7 ) —=2 73 570, N—T7F L EHWTEERT ¢ X 7 BRIV ¥ E
7T LERE LT, 7 BB OT ' =T EAGIRE & EFR Y, TiOLN, il oMREIC 5 2 5
W% Figure 1 12T, WTINLHMERBIZKE KB L, FoEiRE & FFfiXEn £ 800°C & 3
B CHDZEnNbholz, BIBDO ) EKR Lt T v =7 E0IEE O R E



150°C &<, 7 v BB L 0 KA L2720, BIRTEZEOERF 14 BEHREANT 54
HRDoTebBZDBND, SiO: ZIRNMEFTITHM L72 TION, ML HONTEH, T '=T%
(bt % feii b Uz, Al & m 23 20 6 A S CTAEL L 7c ZFEBOMEMEREIC 5 2 5 5%
% Figure 2 (27377, Figure 2(a) LV SiO2 #E A - frE U721, 0.60 mgem=2% T m
L CHOMREPRESIETET 7 T v — D — R EMER B Z N TE T,
Figure 2(b) X V 7€AT £ 30 Si02 ZE AR TITAERK L 72 TION, X, m=2.00 mg cm=2 Tl
SiOz ZFIH L7l L v muWiEB 2 R LT, —F m K NS85 &, 77 v —H—ARUNR
BHLTEORMEE)—ITED 2N TET, P RE UK N L, SiO&EA - BRET D
T EITED | HWE Y RERAFE & LR A M L L2 2 & SRIE S L7z, Figure 3 12 SiOq
ZEN - RE LT TION, il o b K FARFE—EMFHEEZ <Y, m DR T E &b ITmEg
(R FEA R THEIN U AR m CiE X LR T UE FRISHAEE LTETL TS D0,
X 3-4 1R AR 2+ 2 B BULIBIA iR 15%REET L TWD Z &b hoTz,

Oz + 2H* + 2" — H202----7: 3
H:0:2 + 2H* + 2¢° —2H20----3 4

AFRED = R =B X BRI AR AR X BOLEF3IEART bV e hr LT,
7 WAL b 2 DR Si02 R LI, SUSY A b7 m vy 7 L TERIEICEEL TV D
LN ENTL, 7 v RIREEOFERS T v ISR TKBRIET U v LAORMIZ X S SiO:
DEREBRBIN T Z b L SiO2 2782 FRE L7z 9 2 TOWMEFBUGE~ DR
[l B TE R ode, £ 2 CTYMIFZERENICHIJEEH 2B L, RENRT Y VR OERE
A LD mtbRmfae 2z,

MR OF A LRI EIZ T 228, BlSMRE b OEE TRSY A hZRKR L, LTF R
TiO2 FHOMR R KBNE DA IR TH D Z & 2 RH LT,

Of ot
‘?‘E -t e -1
° 2} c 2t
£ E
< -3t = -3
Z =z
C 4t T -4t
\O‘ Ne)
-5t - -5f
6 L L L L 6 L L L L
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
Evs. RHE/V Evs.RHE/V

Figure 1. Rotating disk electrode (RDE) voltammograms of TiO.N, catalysts synthesized
with SiO2 for (left) five different ammonia annealing temperatures of 700, 750, 800, 850
and 900°C at a fixed duration of 3.0 h and (right) three different annealing durations of 1.5,
3.0 and 4.5 h at a fixed temperature of 800°C. The scans were performed in N2 and O2
atmospheres, at a rotation speed of 1500 revolutions per minute (rpm) and a cathodic scan
rate of =5 mV s! in 0.1 mol dm— H2SO4 solution. The catalyst loading, m, was set constant
at 2.00 mg cm-2.

0_ T T T T [ T T T T ]
(a) o (b) P
-2 -2 ary
e -1 — 2.00mg cm 1 % -1f —200mgcm
;:.J 2F - 1.00mg Cm'2 2 o e )
E 3l ---060mg em’? E 4| ---060mg em” ,
2 Z
o -4t C o4t
2 . < | -7
5k --—--— I
-6 L L L L -6 L L L L
0.2 04 0.6 0.8 0.2 0.4 0.6 0.8
Evs. RHE/V Evs.RHE/V

Figure 2. RDE voltammograms of TiO.N, catalysts synthesized (a) with and (b) without
SiOg for three different m of 0.60, 1.00 and 2.00 mg cm—2.
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Figure 3. Hydrogen peroxide yield versus potential {XH:D: — E) curves of a TiO:Nj catalyst
synthesized using SiOs for three different m of 0.60, 1.00 and 2.00 mg cm—2.
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Figure 4. X-ray diffraction patterns of P N-codoped TiO:2 catalysts for five different atomic
ratio of phosphor to titanium, & (i) 0.0, (ii) 0.2 (iii) 0.35, (iv) 0.5, (v) 1.0 synthesized by
Na-pyrolysis at 850°C and (vi) ammonia-annealed (iii) at 650°C.
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Figure 5. (a) RDE voltammograms of P,N-codoped TiO: catalysts for five different atomic
ratio of phosphor to titanium, & (i) 0.0, (ii) 0.2 (iii) 0.35, (iv) 0.5, (v) 1.0 synthesized by
Na-pyrolysis at 850°C and (vi) ammonia-annealed (iii) at 650°C. The m was set constant at
0.86 mg cm-2 except for (1), 1.00 mg cm-2. (b) Xy.o. — E curves of (vi) at three different m of
0.60, 0.86 and 1.50 mg cm-2. o
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