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Resistance Analysis by Distribution of Relaxation Time According to Gas
Diffusion Layers and Binder Amounts for Cathode of High-temperature
Polymer Electrolyte Membrane Fuel Cell

DONG HEE KIM, HYOEN SEUNG JUNG, CHANHO PAK '

Graduate School of Energy Convergence, Gwangju Institute of Science and Technology, 123 Cheomdangwagi-ro, Buk-gu,
Gwangju 61005, Korea

TCorresponding author :
chanho.pak@gist.ac.kr Abstract >> The physical properties were analyzed for four gas diffusion layers,

_ and gas diffusion electrodes (GDEs) for the cathode of high-temperature poly-
ggsggzd 12 ;eabyr’u;g;azws mer electrolyte membrane fuel cell were fabricated through bar coating with
Accepted 2 June, 2023 three binder to carbon (B/C) ratios. Among them, The GDE from JNT30-AG6P

showed a significant change in secondary pore volume at a B/C ratio of 0.31,
which had the largest pore volume among all GDEs. In the polarization curve,
JNT30-A6P GDE showed the best membrane electrode assembly (MEA) perform-
ance with a peak power density of 384 mW/cm2 ataaB/Cratio of 0.31. From the
distribution of relaxation time analysis, the peak 1 corresponding to mass trans-
fer resistance of oxygen reduction reaction (ORR) was significantly reduced in
the JNT30-A6P GDE. This is the result that when the binder content decreased,
the volume of the secondary pore increased, and the mass transfer resistance
of ORR decreased, which played an essential role in the MEA performance.
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ot M E A MX|), Gas diffusion layer(7}A ZAtE), Distribution of
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150C o]i4e] 2woflA] 14k 718 Mol dS AME-
3= Az Ao}, A& (low temperature) PEMFC
ete] 7Hg & Aol A 2x9 S7kR AT vt
Haldolck, AL ARMAO F2 AMER= Nafion”
Aol Bre 100C ol4re] meolA Aol B2
ABHE| T, o] LwolH B A AR ZA 4
QoA Tk 2N S ol AT 4 Y
QlAF M| A3} Za)ulzo|u|thE(polybenzoimidazole,
PBI) 0] o] ARG, vt = gkl membrane
electrode assembly, MEA) U5 AFoAx= W&
ol Ak |l pano} AAEQ E9 o5 H A7|Ekst
Hhgo] o). weha] A= aAle ARz 4
5 2 YAl Qlojd 2 9ge mjA. A3
3A 7} gik(gas diffusion layer, GDL)} Zuj]
Z(catalyst layer, CL)2. 2 JLHECh 22 Zujo} g+
A ZWE F FEHE LZAE 5 s vklE =52
2 o]Fo|A 9lr}y. GDLL HejuoA FHujFoR
e THAE U R Adste SRl
carbon paper -2 carbon cloth® ©]Fo]% 7}~ 3
Ak 7|Rl(gas diffusion back layer, GDBL)Q} B4
A2 o]FojR ulA| 7]-&Z(microporous carbon
layer, MPL) .5 “1/J¥It}. GDBL $of gha QA=
o]FolZ MPLZ &4/ gHiskal 7y 25 Al
ofsto] 7|HE A=A FARAZIHEA CLY IS
A AFe g do.

PEMFCoJA| 2+5 & WSt Ao A
45H7] Sl A71sket duds 2
chemical impedance spectroscopy, EIS)o] d&] o]&
&3 Qltk EIS« Fubrof whebA] A=A 25 &
WAs= AE S(0hm) A% Romn), °f==(anode)
A8 Ranode), 7N E(cathode) A TH Reathode) 25 LHF0]
Nyquist plot -2 Bode ploto.2 LFeRHTE. o] 713
oA ARHA] A AEE M resistance, R)T} 73] A]
El(capacitor) 252 o] Fof 57} S22 HAFS}
o] Uephdith. 2010 dtol] Eof EISE T} B Al&3}s]
AL AIEE = BN @St ARE E3(distribution
of relaxation time, DRT) 7|§o] A& 9 HjEl g
5o 77191} Al2ge] 485 oY, DRI

fr

> SRAAUMO|LIX/3tE] =27

EIS9] Ho|Ef(data)Q] AIHA Z(w) FHS retention
time (7)o tiste] T3 571 22 mARste] 1
ehh Wrolch. ofu) QluElAst ro) TAAL 4
(1), @)} 2o

Zw)= kot [ %dmr (1)
f(Hz)=1/20T (2)

H# @54 DRTZ 5 HT-PEMFCE] A3
B B AAEo] glon] o Fig. 13} k.
155 10 Hz FHof4 Upebth= peak 12 oxygen re-
duction reaction (ORR) mass transfer, 105-E] 100 Hz
G4 YEfU= peak 2= ORR charge transfer,
1005-E] 1,000 Hz G oA YEl}= peak 32 CL
ofAe] g4 o] 2 kol ofjt A%, 1,000 HzE T}
o 25Tt Jolofq UERH: peak 4= o= 9 g}
o A oLz 4 o] Mo ofg Aol ag
Btk of uf 2t peak®] WAS peake] Fo xghOE
U gol Sl A3 AEe] ARHQ)S ek,

& Aol A= INTG ARe] MPL %! GDBLO| &7
7} ThE 43579 =4 GDL (JNT20-A3, INT20-A6L,

Peak 1
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0.03+4
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gamma(tau)
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Peak 2 Peak 3 Peak 4

107 10° 10 10? 10° 10*
f(Hz)

Frequency
range

Peak 1 1-10" Hz
Peak 2 | 10'-102 Hz

Resistance meaning

ORR mass transfer resistance

ORR charge transfer resistance

Proton charge transfer

2. 3
Peak 3 | 10%-10° Hz resistance in CCL

Peak 4 | 10%-10* Hz HOR resistance

Fig. 1. HT-PEMFC DRT peaks by frequency
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JNT30-A3, INT30-A6P; INTG, Hwaseong, Korea)S
A5k ek INT202 302 GDBL] 2lo]& 2jns}
™ A39} A6L, A6P= MPL2] At} }o]& ofn|s}al

=9 oulgith. WA GDLO| &
3O sl EASkAT: ERL ©]
of ti3f] 37}#] v}l E/7}(binder/carbon, B/C) 2=
H]-8(B/C ratio)o]] wa}A] bar coatingdle] 7|A=E
AZg o] A5 HlALshL, DRT HA4S Ea4
GDLef w2} B/C ratio7} 450l of® 9= vA=
A A8tk

27 54 1 /)3
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2.1 HHAE 7tA =4 MI HZE
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M2 the v 259 GDLA tha) Belt 24 pol-
yvinylidene fluoride (Sigma-Aldrich, St. Lousis, MO,
USA)2} o]& BEAM]7]= S 2 4] N-methyl-2-pyrr-
olidone (Daejong, Siheung, Korea)©] AME-E ST} 7
A5 Zuj2= 50 wt.% PtCo/C (TEC36F52; Tanaka
Kikinzoku Kogyo K.XK., Tokyo, Japan)& Al8-5}¢]
vely 9 ZufQ} ball-mill (PM100; Retsch, Haan,
Germany)=& ©1-8-8} 250 rpmof| A 1A[ZF 5<F o+ U5
5315}99 a1, bar coater (KP-3000VH; KIPAE E&T,
Hwaseong, Korea)E 0]-85}F0] 10 mm/s®] &&= 2 GDL
of 1 mgom’ 2o meaisict ofu) zkzte]
GDLo| a4 0.53 (high), 0.43 (mid), 0.32 (low)2]
B/C ratio= 7|45 714 RAF A=(gas diffusion elec-
trode, GDE)2 A2}l 3iT.

M

2.2 M39| BN E4 B4

HI

GDL 39 AL 3338} 3] 7(Camscope; Sometech,
Seoul, Korea)2 ARE-510] 300H]&-2 9= AchFig.
2). GDL =212 contact angle analyzer (UNI-CAM.M,;
GIT software, Amsterdam, Netherlands)E A}8-5}o
2459tk GDL @ GDE 7|2 BAL 220 ¢lo] 7]

3 =2 W(mercury intrusion porosimetry)S ©|-8-3}
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AZHEl GDEZF A2 ARgE Lo H, s vfe
=2+ PBI-based membrane (Dongjin Semichem, Seoul,
Korea)2 60°C 240l A 6A17F 85 wt.% 21X Dagjong,
Siheung, Korea)ol] SHIA|A ARESHAT) o ER2 =
AR GDE (Pt loading 1 mg/cm’; Dongjin Semichem,
Seoul, Korea) AL-a}9it. 24 WAL 7.84 om’
o HES MEAS AZslels, ©9l 47 B2} 4
(Scitech Korea, Seoul, Korea)E ©]-8-5}0] Hyair 100/300
scem, 150C 2704 ASE -V curve2 =H 3}
t} EIS+ BE= MZoA 5U3HA 0.6 V potentio-
static E0 4 100 mHzol| A 10 kHz7t#] 24545
t}. Supplementary Fig. 1-> =75 Nyquist ploto]] T
3Fo] Kramers-Kronig -84 AHAAIS &3] RE ¢ly]
92 golelEe] §a4 Hrloltk. wak Matlab =2
1L o]835}o] Gaussian methodS £33l EIS 1)
L5 DRTE WHEsto] FA 5.

a) JNT20-A3 b) JNT20-A6L

d) JNT30-A6P

<) JNT30-A3

Fig. 2. Photos of the GDL surface at 300X magnification
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H-& ©F 250 pm, INT30 A E-2 o]} F74:8- 310-330
hme] 71 7Pk 5 INT20 Ale] vla] INT30
#%0] GDLo| B 244 7M1 Ao 24wt

Fig. 32 GDLY 7|3 Z7] E3X(pore size dis-
tribution) S WERHITE MPLO 7ol wheba ofF 1
um pore©|HA] tha7} o] ok 8 FEE AR
secondary pore®] %77} Sl ZS Bele 4 9l
7. A3 A Qo] MPLE AR5+ GDLL ©F 0.3 mL/g
9] secondary poreZ} A=} A6L, AP GDL-S
oF 04 mL/gS 7}4 Ao & ZAE Il T3} Table
1o} F=E0] A3 Aol s A6L, A6P A Ho]
82%° 4] 84% = °F 2% F7IRt 2 SRl 4= qlk
ol ANt MPL 3-& 2-83F GDLE©] secondary
pore7} H WEsto] o] Q| B & 35S 7H
= A= etk GDBL Wie] A % =2 7H4
off w2t Z2bxl= 10 pm o)4f pore®] 73-¢- INT30-A3
7F 7V 3A S8 = Ak ol Fig. 29 GDL= 300
W) Shejgk Alo) 4] INT30-A32] Zefo] 2 2
H AT AR,

Supplementary Fig. 2+= & =FoA] 7|4aER A}
&% GDEE= 3008 Zrfsio] et Apxlojch
B/Col| Atglo]l B= H=FolA 28 271 FA Y
W E3] INT30 7|5t GDEQ] 79 2 B/C ratio
oAl & Ago] WEEh Fig. 49] 2 7|8 &4 2
& 4% GDEY| 7|3 7] Z2Eof|lA oF 1 pm2)
secondary pore Folxl ZAItH MPLE ARERE
GDE®] 7<- GDLo] H]3j4 A# A0 oF 0.1 mLig
9] pore volumeo] Z2x3k 21 QIS 4= Qlrk HHH,
A3 MPLS AF£3F GDE: 18Tk 2He 0.06 mL/g
o]3}2 pore volume©] 7F4A3}%ith ©E GDEOA]

Table 1. Surface contact angle, thickness, and porosity for
each GDL

JNT20 | JNT20 | JNT30 | JNT30
-A3 -A6L A3 -A6P
Contact 142° 148° 151° 156°
angle
Thickness | 250um | 256um | 330um | 310ym
Porosity |  82% 84.4% 81% 84%

> SRAAUMO|LIX/3tE] =27

A

TEAROF B/C ratio7} Z7}3to| wa} secondary
pore7t Fashs A& ¥ 4 glor], dat Jui
INT30-A6PE A3t GDEOJ|A] 9F 0.5 mL/go &2 7}
& AolE HSith ol= 7]¥ol & GDLojA] HiQl
t7} S7Fgte] whet 715 o @l 2ot secondary
pore®] RS 747 Ao BAET Ee
A GDE %04 INT30-AGPZ A3+ GDE7} 714
2 secondary pore7} WET 24 SAlE 4 9l 3]
= GDE<] B/C ratio= 0.32190]t}. o]= GDLY] sec-
ondary pore volume®] Z3FAo] GDEA| = -FA]%]
e R

3.2 Hy|sfats S4 24

Fig. 5= GDLYEZ A $79 A2 t+Z B/C ratio
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Fig. 3. Pore distribution and secondary pore volume of GDL
measured by mercury pore analysis
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£ 7Hd GDEE 7fato] 283t ds B7F 2=
I-V curve 2 YERY QI TE3E Table 20)+= I-V curve
oA 02 Alem’o|A9] M} peak power density,
Supplementary Fig. 32] EIS Nyquist plot &2 FE &
2 Raanose 4F, Fig. 69 DRT Z12f 20 A] peak 125
B o ARghe UERRlT INT30-APE AT
GDEZ A|9]3t th2 mE GDLoj tjsjA] 0.439] B/C

Eidess

os
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Fig. 4. Secondary pore volume of GDE by binder ratio meas-
ured by mercury pore analysis
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ratio= A28+ GDEZ} 0.2 Alem’of| 4] F 0.65 V, peak
power density= 9F 370 mW/em’& 7} £& A%
& w5l $E o) Ao o
£59] GDLE AME3F9S wioh H|S3l 4222
woltH®, INT30-A6P2 A28 GDEQ] 7 0.329]
L2 B/C ratioo A 0.2 Alem’o|A] 9F 0.649 V, peak
power density= °F 384 mW/em’ & ZA=|Q)tt 18]
11 JNT20-A6L-& A48k GDEE A3t o2 AR E
oA FEAOR WO B/C ratioo] Al &2 peak pow-
er densityE H.2lt}. o]= viQlY §&ko| FolE4=
secondary pore”7} 2 qrsto] AbATE A= Ujof A
A8+5] A= o] mass transfero] o3 A 7357}
Zrol#]7] wjitolH ™, E3 INT30-APS AREEH
GDE9||A] B/C ratio”} AZ+E 714 37 Aso]
iﬁ}L S & 5 ek ojuf AR H 1ol H]
UE PHOR ALE Ay o7t AR
o}, mass transfero]] 2J3F At 71317} o
L2 AR&SF GDEO] HlsfjA 24| dojub= A
og B # 9. Fig. 401]A1 B/C ratio”} Z7}3F
ZloF Hol, oF
%“ﬂoﬂ 94?1’} oA

=

pu

=8t mass transfer A3}

11 T T T T T — 0.40 14 040
—e— UNT20A3_high —=— JNT20A6L_high
104 —— JNTznA{mi?.‘ Lo3s 104 —e— JNT20ABL_mid Lo3s
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0.9 - F0.30 & 0o 030 g
Va2 Fedponer L2 2
S 08 amidmy Loss 2 o] 025 2
Y 56 Y z
5 089V nwiemt L0200 B & 020 G
oz . 2 gorq 2
2 0649V . 5 5 o1s O
2 6] mWem 015 T > 6] s
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Fig. 5. I-V curve and EIS nyquist plot of GDE with three ratios of 0.53 (high), 0.43 (mid), and 0.32 (low) in four types of GDL used as

HT-PEMFC cathode
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7} INT30-A6P GDEOj|A] ©f Athal 3 4= QJc}. o]
3l A3}= Table 20]4] INT30-A6PE A28 GDEY]
8% B/C ratio7} S7F8p5 74t Ago] 274 5
7V} Z-8 B/C ratio2 A2 th2 GDL 7]uke]
GDES°] H3| &2 et A3E Hols Zor
Sk v, ohE Al 579 GDLE ARESE
GDEx= B/C ratio H3}o }= 7AE A3} Zfo|7}
0.01 Q otz i A2 AL IsHgich w3k &
T MEES 5YT Y} ofleEE o)1) i
off BlS:Rk 0] & AHOF 0.012 Q) B o= A]
FHF 0.006 Q) H TP,

Fig. 62 Supplementary Fig. 3¢] EIS I 5 7]
uko 2 AAtEl DRT 1#jo|t}. JNT20-A6L GDL
ARE3E GDEE A9l o2 Al Eolie 3842
B/C ratioZ} RolA4E peak 19] =717} 743}
Ae & 7 AUk E3F 2 B/C ratio?] A1E0]
AfF g9 A ¥ 52 S Hel A=
o} ujely sleFo| Z£o6] ORR mass transfer’} ¢+
21 o] peak 18] 7|7} F4gt Q1o g whobd
oltF?. INT20-A3 @ JNT30-A3E 0|83t GDE©
A B/C ratio7} 734~gho] wfe} peak 29] =27]7} &7}
T E 4= Ak o= BRITZE Folgell whekA &

i 7h Qatel wl=E= FaFol AXAY i oA

1 O 1

ol

4

ORR charge Aafo] Z7k7] tiel Aoz
th. o5 peak 13} peak 29| a7} oFeFo® A
&3t0] 0439 B/C ratioof| A 7H 2 A= 23
t}. Fig. 69)|4] INT30-A6PE A2-3F GDEoJ|A4|= B/C
ratio®] 9|3t peak 19| F7Fo] I A UE}H, Table
20| 4] peak 1 R Zto] 0.539] B/C ratioo)|A] & vlj7}=F
Z7H3it) o]= t}= GDE9| H|3] INT30-A6P GDE
7} BRIy gFo] F7ketoll wheha] 4h4x0] mass tran-
fer AJgo] F4sHA S7HYAL, o= Qs Ha= A
ol F7FehHA LAF Wk JooA 9 ol
231922 9u|gtt). INT30-A6P GDEO|A] peak
19] o]z} 2 AL Fig. 20)|4] B/C ratioo] T2 sec-
ondary pore®] §-1] Zpo]7} ZIH A} AA|sh= HoF
= H3th o5 F3 ©] GDL& o]-&3t HEofA
B/C ratio7} Z7Fgte]] wheba] Ab4o] =0 o]F T2
¢l secondary pore2] Fu]7} Z11 o] ¢13]] ORR mass
transfer resistance’} A% Ao F TohEch HA A
S0l peak 3 ©]Fe] alFuto Al LB = peak=
2|2 459 B/C ratioo]| Al 7 AA Yehgteu 1
Aol = peak 10f Bl mju|gion Aol f-ofu|gt
Zfol 5 UEh A= 23dth webA DRT/FolA peak

19] Zol7} & UM folnlEt A ol v

Table 2. Electrochemical properties of cathode GDE samples by GDLs

Voltage at 0.2 A/em” | Peak power density R cathode Peak 1 resistance
\4 mW/em’ Q Q
High 0.639 356 0.027 0.029
JNT20-A3 Mid 0.649 367 0.028 0.033
Low 0.642 362 0.035 0.023
High 0.629 345 0.03 0.029
JNT20-A6L Mid 0.657 367 0.03 0.028
Low 0.639 337 0.028 0.030
High 0.637 368 0.031 0.033
INT30-A3 Mid 0.653 371 0.03 0.03
Low 0.639 392 0.027 0.023
High 0.62 320 0.078 0.06
INT30-A6P Mid 0.634 347 0.037 0.031
Low 0.649 384 0.032 0.027

> et ARNOUXSE] =Y
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Fig. 6. DRT graph calculated based on EIS Nyquist plot
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B QiTof| A 1] F59] GDL (JNT20-A3, INT-20A6L,
JNT-30A3, INT-30A6P)ol| thallA £ el =521,
S, 3, 713 BE) Bel4 B4 Tersd
k. A4 MP of
2% w2 %—E.L%Q 7}1]13%, secondary poreZ} ©F 0.1
mL/g =7 &A=t} GDLEE bar coating Y4]&

E3) 0.53, 0.43, 0.312] A 7}X] 2] B/C ratioS ZH=
7NAE-8 GDEE A|2Fsh4ic) o]u] INT30-A6P GDL
2 A3 GDES] 7$- B/C ratioo] w2 secondary
pore®] K.31] Zjo|7} 74AF Z1 31 W2 B/C ratioof| 4] &
E AME = 7P & secondary pore F3|7} 24 &)
c}.

AZE GDEE HT-PEMFC 7j4-Eof #-§-515&
o, [V curveE E3%F A% HUloA INT30-A6P
GDL& A3 GDEE A|9|3F th& X= GDEE
0.439] B/C ratioof| 4] 714 £ A5 Egoem 1
2222 02 Alem 4] 2k 0.65 V, peak power density
370 mW/em’2 3|9 3]AFe] A8 GDLS AR5}

2 wfjo} vt o2 ZAH]IT) ESE B/C ratio
ZF s Ael7h mugd oE MESTHE o2
JNT30-A6P GDL-S& AR8-3H Al1&-2 0.319] B/C ratio

oA 0.2 Alem® oA 0.65 V, ] AU} 384
mW/em 2 7P 28 459 59t o]#st Ax=
DRT A3 248 Sa)4 2elg 4 9ok, = e
GDE tjjH] INT30-A6P 74t GDE<]|A] ORR mass trans-
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