IQ*E‘]EﬁSZ Paper Invited

Zn HBMNEEBRNEFTHEROGEICES
PEFC 73°/— FH TiO, N—A 1% ORR ;&M E

Improvement of ORR Activity of TiO,-Based Catalysts for PEFC Cathodes
by Controlling Zn Addition Rate and Heat Treatment Atmosphere

MME BB BB TR &
Momo Obata *', Koichi Matsuzawa *?, Yuu Takeuchi **
K REES. PIE B AR BARS
Takaaki Nagai *®, Ryuji Monden *?, Akimitsu Ishihara *3"*

HEREN A AFREIFA
Graduate School of Engineering Science, Yokohama National University
HEELAY A¥RIFWER
Graduate School of Engineering, Yokohama National University
CHIEENAY RRHNYESMER
Institute of Advanced Sciences, Yokohama National University
AT EEE
Corresponding author : ishihara-akimitsi-nh@ynu.ac.jp

B2 - BRE S TRV RO & Y — PRI W A ERFEE TGOS (ORR @ Oxygen Reduction Reaction) filtfi & L,
BATRICHSHFEY R U PHuLRTw S, Frld, BB L LT, ASICHRTEMi THEKESEZ ., &
EMICEND 4, SHROBALMICEH L TE, FFICINE T, EREETAMKTI fﬁﬂi%ﬁﬁﬁﬁﬁt LC. IREEHRSIE
TTOBMIIZ X ) Ev ORR G % F#20 Ti AL N — Al 2 g LT & 720 S 6ITHIEATIE, Fe. Zn ZHibRE
PRI IR 2 2 12X > T ORR G ERIRE 7253 2 L 2 A L7z ARBIFETIX. Fe QWML % [
L Zn iR BEEZER L) DILMET Lz, E51C, TiOBRURED /-, BUARFORERIRE L FIF7:
LT A, ORRIGMWEAM E L7z SN Miitid, 0.8V IZB W THERITEREE 770mA g, ZEHK L. 0.8V D
HEHEICB VT, FFASMRFE TR AL BT 2 B R COREHEMEZ ER L 72,

Abstract : We have focused on group 4 and 5 oxides, which are less expensive, more abundant, and more stable
than platinum, as alternative catalysts for the oxygen reduction reaction (ORR) in the cathodes of polymer
electrolyte fuel cells. We have developed Ti oxide-based catalysts with high ORR activity by heat treatment
under low oxygen partial pressure using nitrogen-containing organic Ti complexes as precursors. Recently, we
have found that the co-addition of Fe and Zn during the preparation of the precursor leads to the enhancement of
ORR activity. In this study, the Fe addition ratio was fixed and the effect of Zn addition ratio was examined more
extensively than before. In addition, the ORR activity was improved by increasing the oxygen concentration during
heat treatment to accelerate Ti oxidation. The obtained catalyst achieved an oxygen reduction current density of
770 mA g ' at 0.8 V, the highest activity to date for a non—platinum oxygen reduction oxide-based catalyst at 0.8
V mass activity.

Key Words : Polymer Electrolyte Fuel Cell (PEFC), Oxygen Reduction Reaction (ORR), Oxide-based catalysts,
Titanium, Iron, Zinc

o8 MEEH Vol2d4 Nod 2024



IAREMIL__Paper

1. #E
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MWCNT % w7 { TOH W A — K v OBENHH S h
BT ENGho72? 0 Fe ORI BILELRE \Z Ti j 28
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Fe @M= ITEF T, Fe/Ti = 0.2 1ZE%E L. Zn
DOWML#H % FHF- T Zn/Ti = 0. 0.1, 0.2, 0.3, 0.5,
0.7.0.9.1.0 2 &fbx¥, 8D FeZn &4 TiOTPyzPz
ZHTERER E U CTHER L 72s X112 TiOTPyzPz ® 451 HE ik
L7z, BARMIZIE, 2,3-Y3Y 7 /75T 1366mg
(10.50mmol). R 3% 315mg (5.25mmol). M EE 8% 67 mg
(0.38mmol). BEFRHEEN, 7% A4 V7O EKF Y F534mg
(1.88mmol) %, ¥ /Y ¥ 30em® IZHIZ T, 240 C Tiif
BITVRAS ShRFLBICHRE THAE, =5 /-
300cm® IV X LW & P L 720 B 5 NI, R
MRTF)L, VI Y% 30cm® THEEL, 60C. 8h THZ
WS, FIERMAE IS, 2750, BEREEESR IO W TI,
W% 0. 37, 74, 112, 186, 260. 335. 372mg (&N
ZN 0. 0.19, 0.38, 0.56, 0.94, 1.31, 1.39. 1.88mmol)
LEfLs T, FEN, BT Zn/Ti = 0. 0.1, 0.2,
0.3 0.5, 0.7, 0.9, 1.0 d %, TN OFERAEE.,
2%H, + 0.05 %0,/Ar DB FE 5 ET. 900 C T 3h 2k
WLBE L. FeZn N TiFRALY < — A filtif % #3720 ko
72, ERITHEZHRML TV VRETEME D G L. RSt
THMHEIT o7z, 72, Lo TR EIEETH - 72
Fe. Zni&kMIt= Fe/Ti = 0.2, Zn/Ti = 0.9 O Hi bk Ak %
AWT, BB OFRS %, BREIREL 10 5128 L
722%H, + 0.5%0,/Ar & L7-filfit 2L 720 2Thoo
fBEiE, TilZwhd % Zn O AR & BRFRRE CHRL L.
Zn/Ti = 0.9 THALILEE O 5 PA 5 2 %H, + 0.05%0,/
Ar ®& %7n0.9_0.05%0, 2%H, + 0.5%0,/Ar ® & %
Zn0.9_0.5%0, & FKitd %,

1 TiOTPyzPz (X FE=ZIJLTNFEZT/RILT 14T
) ORFIEE
Fig. 1 Molecular Structure of TIOTPyzPz (Oxy-titanium tetra-
pyrazino—-porphyrazine).
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ERIf L U7zo PEFIMUE, HBLK OB <. il
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0.1lmg HEFENL X H L., FEELHERE. v~/ 78K
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500mV s, 0.05~1.2VTOHF AL 27y 7KLY ¥ XL
) —% 1200 %14 7 VAT TR E L S B, @R
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A2V 7 RNVE YA M) =TV, HY— FFg§IHmD
I -VHHBREVBEEFOBR»HLERTOEREZZLTIL
LX), BEEEICERA N L, BIRICHERE
iopg &y MEEDOFFE R CTHAEIL L 720 ORR i&PEOIREE L
LTy 0.8V IZBUT S i Z V. ORR GO Z AT 5
720 BROEBER Cyld. 2EFHKATTONA 27 v
JRVEETITLAD0.805 1.0V OHPH (X2 ofHRE
W) < (1) KX vHEMLZ,

Qn=£g=§ﬁ(ﬁ§fME—gﬁﬁﬁﬂ0 (1)
T CuldfiiE g m CHEIL L -BER _—EES =
[Fg.l. QEELE [Cl. AEE - ERAEREZWELS
BALHEPH [V, vIZEMEREE (V'] i 3MigE T
HRAL L - B EE (A g.] Thb.

i1 A gea!

1
1
. . ]
00 02 04 06 08 10 12
Evs.RHE/V
E2 05MH,SO,KkB#%&. 30C. EFFHERTICH T S
Zn0.5_0.5%0,DH A 7 U v JRIVEET T L
Fig. 2 Cyclic voltammogram of Zn0.5_0.5%0, under nitrogen
atmosphere in 0.5M H,SO, solution at 30°C .

3. BRRUEER

3.1 ZnAMELFEZZTILIEEBEE

9. K Zn/Ti B BB OWT, ZB5PToO%se
AL X - TR LW & 47 k= (Oxide Content, wt%) % ifll
ELZREREZX 3R Lz TXRTOMEET Oxide Con-
tent 1% 20 205 24 wt% OB TH V| Zn/Ti 12 & & FFIFLE
TH o7z Zn ORMELZBIMEETH, Zn IFHLBIREIC
SALLTHE L Z 2 505 WY, gz, ICP 2 1
W ERFHMEC X D, ORI Zn BT EA LS
INTV RV EDR Do TS W ABFZE TR L 7-fil
X, Fe/Ti = 0.2 1 CHZLTBY. §XCTTi LU Fed
HAABIIFA L TH L. Lh> T, &HT LW,
Zn i3&EINT. Ti. KU Fe OBt TH 70— ERT
HotzbEiohb, SHEOMBOBLYSEAHREIZIZ
HELWOT, ORRIENIZ, A —KR U2 &AL, o 4H
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Fig. 3 Oxide content of catalysts with different Zn/Ti.
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B2 S 7z, BB O Zn O&ALIC X B BAALENAE
R OB KA, ORR GO LIZHS Lz E b
o COMEIX, Cy %85 A =% & LIBRALFENAER)
KR Z ML L ORRIEHEZ KL Twb, LAL, &
CTHMHEL TS Cyld. BfbF ¥ 2 E&TA, FEIC
WH—RVGERT 2 HEFRTH D LE 2 HN, G
YA FBEET HBILT ¥ ¥ DADELALF AR
FHEBEXML TWAEDIF TRV, 2070, H4c) @
ATIE, BILF ¥ v OBRALFWAR LI % St & L7z
ORR ik, $ bbb, KEIIEEZ WKL 2 LizHEETH
bHo LU, Wi =R DADCy KDDL ENTE
W WEEE R Y. EIUIERILT & > il oo i P R |
ReRBOT, jl&HmE, ML TwELw,

720 Zn/Ti OZALH, #5 SIS 2 % B & G
L7zo BARALSFHE % 1T 9 i O il XRD 788 — v % X
53R T, KD, &R E & A TRVl (Non-
metal) H7RL72. Non-metal ®/8% — > X ), 25°fific &
42D 7T — KR ¥—=21, Fithr =K Iichks 5
ZENbNL, FLT SRS RN, BB
CRFPD XRD 78% — &R L7z, T3 FEMIE TiC 3N,
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a)
800
®
) 0.5%0,— @
‘5 e \
S 600 0 @\
< ‘/ \
IS S [
= 400 /s
= o ®
g) 0.05%0,
x 200 B II
£ e ¢
0 ‘_., 1 1 1 1
0 02 04 06 08 10
Zn/Ti (-
) ()
80 ¢
0.5%0,— ®
e | @ ‘.\
?g '/ [ ]
()] //
Lo
~ 40 0.05%0,
O ,’
I
20® ./
|8
., @ .
0 02 04 06 08 10
Zn/Ti ()
800 ©)
05%0, — . b
- P4
[ rd
< 600 &
< .
S ,/
= V]
< 400 ; o
pad P4
= Vi
® 200 R4
& .
£ ’ 0.05%0,
0 _Ol f f f
0 20 40 60 80

CdI/ F gcat_1

4 a) Zn/Ti&|iom@0.8 VIDEHE. b) Zn/TiE —EEREC,D
BifR. c) ZERBECy & iors@0.8 V|DEEfR
Fig. 4 a) Relationship between Zn/Ti and |iozz@0.8 V|, b) Zn/
Ti and Cy, and ¢) Cy and |iors@0.8 V| of catalysts.
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K5 BRIEFAFEFDZn/Ti=0. 0.1, 0.2, 0.3, 0.5, 0.7. 0.9,
1.05LUVEBEE T EVHIEDXRD/NZ — >
Fig. 5 XRD patterns of Zn/Ti= 0, 0.1, 0.2, 0.3, 0.5, 0.7, 0.9,
1.0 and non-metal catalysts before electrochemical
measurement.
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3.2 B{LzHETSIEIREAR[TORMLIED
R

i C/RLZz# Y, Fe/Tilt% 0.2 122 LT, 2%H,
+0.05%0,/Ar DKFEF 5T T, 900°C T 3h ZWLAL L 7-
Bid, Zon/Ti Y 0.9 oA 1R BiGEE ko7 L
L, S5O hb LT, EERLTYwS TiI{LAWIX
FUT TIC3No, TH Y YA FEEX TV LRI O
DA 53 CTd 5 WHEM DS %0 & 2T TiCy 3N, DM
b2 fRAET 572012, S F TOBRMIER O FPAS 2 %H,
+0.05%0,/Ar £ ) bEFREL 1051272, 2%H, +
0.5%0,/Ar TOBMILA XA T, Fe/Ti = 0.2, Zn/Ti =
0.9 OHIRAZ VT, BRFRELINI TN THSGMAE L
72

5N 7Zn0.9_0.5%0, DRt EAEEZHE L2 L
ZA36wt% THD. 2%H, + 0.05%0,/Ar THALH | 7=
filifi Zn0.9_0.05%0, ® 21wt% £ 0 b Eh o720 T,

t : TiO, Rutile
TiCo.3No.7

® Fe

A O Fe3C

v Fezo3

>

v, w 4 0-5%0;

v

L%, A

Intensity (a. u.)

0.05%0,

.O‘

20 30 40 50 60 70 80 90
26 (CuKa) / deg.

6 BERALZFBIEF DZn0.9_0.05%0,% &£ ¥Zn0.9_0.5%0,N
XRD/N&— >
Fig. 6 XRD patterns of Zn0.9_0.05%0, and Zn0.9_0.5%0, be-
fore electrochemical measurement.
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WKL, I—KRUNHEIWP L2720 TH A ),

7Zn0.9_0.5%0, ® Cy B |igrg@0.8V| ZHE L. X4
a)s b) BZl'c) KBOLE (@ TFuy bzl
M4 a) X, Zn0.9_0.5%0, % Zn0.9_0.05%0, (2~
T fuBE 224 O ORR G T E Ly Jigre @ 0.8V 1
770mA g, ' THolzo THUF. ABFZEOH CThmihth &
molze K4 b) XY Cy b 80F g, EARWGEDHT
RRKERST20 Cy & liope @0.8V| DBIRIZ, K4 ¢) I
RY LI, 2%H, + 0.05%0,/Ar THALHEL L 7= fili il 73
W7 THMBBR EICH B ZDD, BRI O
XD, WA — R OFAL - HESHET L. ZOREDS
P S L0 BREREEAEIE L. EhUCPRWESLY:
PO R R TEREATHE K U 72455 ORR (k25 B L7z & % 2
bbb,

WIS, A5 LA O R % 1T - 72 6 12, Zn0.9_
0.05%0, & U8 Zn0.9_0.5%0, ® & &b 2 % A & XRD
AT WIND, 367, 62°fHEICH S A Ti k&Y
TiCosNo; WZIEE SN B M8 Y — VBRI NTze —F
T, FI227°, 35°, S4°HFIEIC A S B v F LRl TiO, 12
JRIE s p PNy — 2id, Zn0.9_0.05%0, TIZHIHY
WCE—ZREDI/NE L, JRIZ27° DY — 7 3R TE e
57275 Zn0.9_0.5%0, TIXAMEIHERR T & 720 BLHLRE
OWBICBWT, Tild, RE(AWEZ KL 72, BILSh
TiO, 2T B L4 2 5N 5, > T, Zn0.9_0.05%0,
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0.5%0, DI H 1T > 720

I MBALW & A B 13 Zn0.9_0.5%0, 1F 36 Wt%.
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O E LT MWCNT 2 Wiz &2 bNb, X7
IZa) Zn0.9_0.5%0,» SEM %<& b) TiCN,0,/CNT @
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KWL F 5 v TH Y. ZORFADOAEIARDO WL HH
WA =R Thsb, ZOSEMELD.Zn0.9_0.5%0, i,
BAH58E nm BEO Ti LYK 725, SO
H—KRYERELZZIRETHLZ b I D, —H. W7

a) Zn0.9_0.5%0,
e o«
- ‘ Titanium oxide

_b)TICN,O/CNT) [

 Amorphous carbon -
Titanium oxide

7 a) Zn0.9_0.5%0,NSEM{& & b) TiC,N,0,/CNTOTEM{
(Elsevierd 5 7] % 13 C&x#)
Fig. 7 SEM image of a) Zn0.9_0.5%0, and TEM image of
b) TiC,N,O,/CNT. (Reprinted with permission from Ref.
7). Copyright 2016 Elsevier).
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Fig. 8 a) ORR polarization curves of Zn0.9_0.5%0, and TiC,N,0,
/CNT, b) magnified view of high potential region, and
c) Tafel plots.
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