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Abstract

The membrane electrode assembly (MEA) is a key unit of proton exchange Received: 7 December 2021
membrane (PEM) fuel cells. The MEA materials, structures, components and Accepted: 18 March 2022
fabrication technologies have strong effects on the corresponding fuel cell Page Number: 22-56

performance. In particular, the catalyst layers, where the electrochemical
reactions take place, are the most important components. Over the past several
decades, many efforts have been made to develop high performance PEM fuel
cells. MEA performance with advanced catalyst layers has been significantly
improved by employing different fabrication methods, changing the catalyst layer
structures, and using different components. During PEM fuel cell performance
optimization, how to evaluate catalyst layers and their corresponding MEAs
becomes critical. The major purpose of such an evaluation is to understand
the relationship between fuel cell performance and MEA component
structures/compositions. Based on this understanding, catalyst layer/MEA
optimization with respect to performance can be carried out in terms of materials
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used, component compositions, and fabrication parameters. Through optimizing Keywords.

the catalyst layers and MEAs, catalyst utilization can be improved, gas diffusion Electrochemical Evaluation
overpotential reduced, and membrane ohmic losses decreased, while water methods,

management inside the catalyst layerss/MEAs can also be improved. Therefore, Catalyst layer,

catalyst layer/MEA evaluation is a necessary step in fuel cell development.
Accordingly, many electrochemical methods have been developed to evaluate
the performance of the catalyst layer/MEA. In this review paper, the principles Assembly,

and methods of catalyst layer/MEA evaluation have been introduced, with some Polymer Fuel Cells
detailed analysis.
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1. Membrane Electrode Assembly
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Figure 1. Schematic diagram of triple-phase reaction boundaries [1].
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1. Potential Step
2. Potential Sweep
3. potential Cycling
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Figure 2. Specific heat as a function of temperature for oxygen, hydrogen and water vapor [3].
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Table 1. Cofficinets for temperature depandancy of specific heat ,a,b,c for oxygen, hydrogen and water vapor [3].

a (KJ/molK)
Hydrogen gas 2891404
Oxygen gas 2584512
Vapor H,O 30.62644

b (KJ/molK?) c(KJ/molK?3)
-0.00084 201x10°
0012987 -39x10°
0009621 1.18x10°
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Table 2. Change of enthalpy, gibss free energy and entropy of hydrogen/oxygen fuel cell reaction with temperature [3].

AH (KJ/mol)
298.15 -286.02
BE3NID -284.85
353.15 -284.18
BIENIS -283.52

AG (KJ/mol) AS (KJ/molK)
-237.34 -0.16328
-231.63 -0.15975
-228.42 -0.15791
-225.24 -0.1561
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5. Internal Current Losses
6. Crossover Losses
7. Ohmic Losses

1. Open Circuit Potential
2. Overvoltage

3. Activation Losses

4. Exchange Current
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Figure 3. Schematic of an ideal polarization curve with the corresponding regions and overpotentials [3].
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Figure 4. Approximation of the individual voltage losses in a PEMFC |[3].
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Figure 5. Reaction mechanism in a polymer fuel cell with its main components[7].
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Figure 6. A single PEM fuel cell with an active area of 4.4 cm2 designed by NRC-IFCI [1].
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Figure 7. A sample fuel cell polarization curve obtained from the diagnostic modeling [1].
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Figure 12. Cyclic voltammograms with (first cycle) and without (second cycle) a CO-adsorbed ad-layer.
The filled area represents the charge related to the CO oxidation reaction [16].
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Figure 13. Oxygen reduction mechanism on noble catalysts [1].

Iranian Chemical Engineering Journal - Vol. 21 - No. 125 (2023)

eececccccccccsd



Ot sbal )5 9500 F-1Y
i g5l 55 o henST (RalS STy (Saezmn Jddoa
Joe lyrean |y, SU Joe ,ST.ccul sois sl o] lm
el sl 5 55k oS0l e S 5 50 50T 3
omata dhuly Sl Slace By 58Ul zsbaw (59,2 G 5enS]

ol (o) 2 B 3%

0, + 2Pt - 2Pt — 0, YA)
2Pt— 0, +HY*+e~ & 2Pt—0,H Y9)
2Pt—0, » Pt—0OH + Pt —0 A+)
PtOH+Pt—0+H " +e~ & Pt—OH+Pt—0H (\Y)
Pt—OH+Pt—OH+2H" +2e~ & 2Pt+2H,0 (AY)

30 Glads 1o Cae ps B0 pend Al o gleond sl 2iSTg (5l
D)l s omly ey Jo e plo s o 05 h oo 48,5 L
Ols=san abal, o olie 5 (S oSt 20l 2S5 090 5
Sl 5 a5 295 0 48,5 LS )3 g s B0 (el Al e

2,10 292 i B leadg 2SI Rizs (4 £9:290 (1

<3802 - F-1Y
oS slagTa ol i b Jologs (e iSen p ol 8len By
e )] SESS Sl e 1 i Loyl cuS 5 30
Jod 5 ol slaailoles sl (2l38len 80305 (59, ok ; Slalllas
GilS 0yt 5 ecBlS S5 LS e coliss g bglie
5 Lo bl bolse culld a5 s o bea [V Floal ous
oS Wlos 8 sleiny il Sldllas ol jis ba T G cudles
9 SmndBlS )0 STy S oo (YL 3BT yzie (39 008 2y e
apd (e (S b el 0 Ol g T
51 (rmS] e a2 (65,50 A Dby (y5enST sLo]
incly (Ol gl (595 2 OH ign (6551 5 O-0 g SSi5
(=% d JL Jl)h M Bl g sl sl o
Saddny algs go (i S Dl - (5B ol G ALl

Ivo)as)iss 56 sl ol

\eady 5 Jute VYOIV
9 3,0 (iSen p mhaw b (A1 &) g0 (508 J5S90 Joo 0l 5o
g e o5l Odz? S sl L, se5 YP sl JLos )|
b 5T g Jobo (0 5nSTL 1 (698 (AiSom pp Sdes a2 oo
las (AalS 00 asigny &ya8 5,000 5l 5 wboe GRlE1 (5]
32 B e @ gl b 5eST JoN9e iSen py 51035 o
S5 s0 S (5enST lapdl 4 oadoda 5081 JoSge il

ls ..\m|5>' axslol l) ‘5;5);;5” ¥, . .5‘9 s

TSl Jae Y-Y-1Y
Dy oo plaml Bige g9 5 Wig SO Lo ol Sl iz Joe cnl 5o
VP bl b b (iS5 sl (505 5850 457 50 (ao
A e S e 33 @31 0dZ2 Jl)l b digey o 1 095
Sl S po g S (B Joe l 5o 5eeST J5850 Il
SSE J5-Sge 5 nlise S5 4 grlans b s ST J5SU50
gh 695 2 STy Lauly v (i el ey g oo

LYV arvlams o aslol 1) anSTy joae (2iSTy 9 0 05 oo S

T SL Jae Y-r-Y

Sl ol Ho Dol el Gty [ Jae a0l 5l ge ol
SISy 9 0s,ls (iaSen r (5eS TP Lol L (5 o5 90 oS
D v¥log; oo i (539280 Slez o

555 ol 45 alods ools Lis (V) IS 45 Jowe 4w oy
&3 Lol w55, = Dyl iz a8 Bl Sl

.Méu;n

o—0O O
N\ / / / \

M M M M
(@ (b) ©

Jae (b) &8 Ja (@) oS! 0ia sladas VY S
Sk Jae (o) Saalgily

Figure 14. Oxygen adsorption models (a) the Griffiths model
(b) the Pauling model (c) the Yeager model.

1. Griffiths Model
2. Pauling Model
3. Yeager Model
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Figlure 5. Tofel curves for cathodic oxygen reduction reaction catalyzed by several dual-platinum alloy electrocatalysts at 90° C
and 5 atmospheric pressure with hydrogen and wet oxygen [28].
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Table 3. Enthalpy of the oxygen bond formation on the surface of
different electrocatalysts [35].

Item Entalpy of the band formation(KJ/mol)

Pd-O 236
Pt-O 348
Rh-O 383
Ru-O 488
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Figure 16. Manner of the oxygen reduction current changes on different electrocatalysts based on the percentage of empty orbital d [36].
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Table 4. Number of unpaired electrons in the d orbitals of
different electrocatalysts [37].

electrocatalyst unpaired electrons in the d orbitals

Pt 0.55-0.6
Pd 0.5
Rh 1.7
Ru 2.2
Au 0
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Figure 17. Illustration of a constant phase element on a Nyquist plot [1].
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Figure 18. Typical impedance spectra of a PEM fuel cell. The spectra were obtained at 30 °C using a Ballard Mark V
six-cell stack with an active area of 280 cm?[1].
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Figure 19. Simple equivalent circuit for the spectra in Figure [1].
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Figure 20. Typical electronic connections of AC impedance measurement of a PEM fuel cell [39].
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Figure 21. EIS of nafion membrane at 25C with two measuring probes apart [40].
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2. Accelerated Durability Test (ADT)
3. half cells

G)B ko g plgd (2L 3,1 4
9 3,5 (e Gl B g o B gy (P9 Sy ley SIS L
by obchas A8 oo asein |y o B0k o8 Sl
Y b s b e o] (Sl ole 38, w3l g o
Saczme ayei 5 Il 5 L3 5lanl (a3l b Yaare CanblS
4 g.a-LC‘ od.;)‘.\.eji «)‘yo _Mbu u\.\.wgw .».Ubo‘sn t) s.")o
e 0 1y 09,8l (59,95 09-b e by e ol SO,
Iy CncdBlS )3 8,90 @ jos 9 9y g amd oo )8 (ol ,e
IS (50 gyl
5 oAt |y ooy 50 Jslse By 5 L algs o 25 sl s,
S e | QT 55l
b ae sty @
. . \ . “ E |\
s ) S s oy Oz Sy g pSelail @
(s

C)l—:’ 9 J_';u)o LEL”UI’S) )" (—an L;)L),gb? Lgl.cbc,‘......'i 3;...45_\ o

1. Crossover

Iranian Chemical Engineering Journal - Vol. 21 - No. 125 (2023)



S s A V)
o=l Cudgasme ( lwd pdulosasy mlise jloolanul 49, o o,
Sls Jeloar Lo T b pae 51 (30 (amacenyj sla 355 5 le
Pl e mlee semins sl (SBE o Sl slalls slaslE
Jas leadly 0guge slaoly g el s Laora b 851 g (o]
b e e sl g il sl 0051 9525 4 1) (655
Jros 6‘)_3 \)lf 9, as Iﬁ sl PSP ),\.>| slrany
S J ol (S 5 4 alend (655 e
OieeSTb gloands G2STy (b 39,00 ol 50 45 (6yenly slid
SLoa 35 (n e 5l (S 0sdioe o Ol 5 aten i8Il &
iyl il 0gd co Cogmame 0ai] o (SO Sl (655 oy
) Groaly (59 Jmp Lid 5 09 Sl Ao gommal cenUS &Y
e Lad g 99 58Ul degame 9 CundUlS slaaY 55 aslllas
sl ol e g andy S e o S Gl
slads ilos s g anmgi ;0 (o G o] (o lerig 1Sl
sloacs o) jlaslys e ool om0l g ey (55
plgsl mos Jobo slocend (izpd § (Joho oSS Cond o Jshwdass
200 e g 2l plS plysl s Jo b s 39l
Silmidate 5 A jlatean Sl (s Ly g5l Ll
oy 2SIl sla gy 51 (65l MEAICwl JBIS &Y o Sloe
(EIS) Lo ;0 AC yusloel oilaitly aswgs 4233 glaans o
2 Sl (mais lao Kb (CV) JSemw (5 0l
Slabyy 4 jein Jlo onl b attus (5 youly (35500 lo ol
255 sl g5le 5l gulul (Syo 4 hicaws sl 5o 9 &

&l

[1] Zhang, J., "PEM fuel cell electrocatalysts and catalyst
layers: fundamentals and applications”, Springer,
Canada, pp. 1-1137, (2008).

[2] Kaur, G., "PEM Fuel Cells: Fundamentals, Advanced
Technologies, and Practical Application”, Elsevier,
Canada, p. 584, (2021).

[3] Barbir, F., "PEM fuel cells: theory and practice",
Academic press, UK, pp.17-30, (2013).

[4] Zhang, J., Wu, J., Zhang, H., Zhang, J., "PEM fuel
cell testing and diagnosis”, Newnes, UK, pp. 1-600,
(2013).

Jsbors S0 e oo GLad 1) Jobwps S L (YY) S5
9 39 Jaite (bl glde S B b S a0y SIS
Ol 52 a8 0,25 o )l 7S G o sl e o> degacne
39 Sl (G Ceoms 9 Sy SN Jodomo a9, (S slis
S slid oS lowl 50,8 (e )13 5 Aions g9 e,
sl (ol 3LS 4 jose Bl kb w3 s Al (5 398
g2 g5 sy Jedot S5 wsle glagysl ans e Loz
O ) W CendBS &Y &y o 9 L2 Sl e 4y 08
Sl S Jsdomo y0 05250 Ol Aliusgay JolS j5bay Lié >
S9zge Comdg 5l G g 05« Jobw JLSle iz 09 o0 &lyup0
5l ool Gl Sy S o adi ol 5 ges Ly S 4o
s 09 ISl eles 3 (B aiile (5993 2l 50 polia 53
39750 S (oY 09 7SI S50 o0 )18 Bz sl sl
spbiedn (ol SLid s (S35 50 955 e o |5 05
O 08l Sy iUl Caaglie dlavlges jLy DLl 2als
(Jelrtns 2SS (1l 055 0 )18 ez e 5 )15 sladg 2SI
e lse g |y S 0550 99 2SIl g e (6 5L o
S e I el ol e gLl oailas 09 2SIl (55 4]

Dasl 6T b w15 wlg oo a8de 390 54 2SI

Reference
Current electrode
collector
Counter
electrode
Gas out
-
Electrolyte
— solution
Gas in L
Membrane
Catalyst layer

Backing layer
Platinum ring

.[\ ]Jg.lmhu Jmuﬁ}mﬁ XY Js
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