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Abstract 

Effects of carbon black in micro-porous layer (MPL) on the performance of H2/air proton exchange membrane fuel cells (PEMFCs) were 
stud ied and characteri zed extensively. Physica l properties of gas diffusion layers (GDLs) involving surface morphology, gas permeability, 
hydrophilic/hydrophobic porosity and electron conductivity were examined. To construct an effecti ve bi-functional pore structure, a novel MPL 
using composite carbon black consisting of Acetylene Black and Black Pearls 2000 carbon was presented for the fi rst time. An optimal cell 
performance with the maximum power density of 0.9 1 W cm- 2 was obtained by the MPL containing I 0 wt.% Black Pearl s 2000 in composite 
carbon black. 
© 2006 Elsev ier Ltd . All rights reserved. 
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1. Introduction 

Proton exchange membrane fuel cell s (PEMFCs) are promis­
ing alternative power sources for stationary and mobile appli­
cations. The porous gas diffusion layer (GDL), as a component 
of membrane e lectrode assembly (MEA), plays an imporLant 
role in the PEMFC by aftecting the diffusion of reactants and 
water, and the conduction of e lectrons. The gas diffusion layer 
is typicall y a carbon-based porous substrate as shown in Fig. I. 
The most common macro-porous gas diffusion backing (GDB) 
used in GDL is either carbon paper or carbon cloth , which 
serves as a current collector and a physical support for the 
catalyst layer. M icro-porous layer (MPL) consisting of carbon 
black powder and hydrophobic agent is applied on o ne side 
or two sides of the GDB . The function of MPL is to prov ide 
proper pore structure and hydrophobicity to allow a better gas 
transport and water removal from the catal ys t layer, and also 
minimize electri c contact resistance with the adjacent catalyst 
layer. 
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For the criti cal role in achieving hi gh perfo rmance of 
PEMFC, MPL has been paid to ex tensive attention . Studies 
on the effects of the PTFE and carbon loadings in MPL were 
carri ed out [ 1-7]. Many other carbon blacks bes ides the typi­
call y used Vulcan XC-72(R) were employed to fabri cate MPL 
[2,3,8- 11 ]. Acetylene Bl ack was found to be superi or to oth­
ers mainly because of its special characteri stics invo lving lower 
surface area and pore volume. M oreover, it was found [10] that 
the fluro-polymer was distributed more uniformly in MPL when 
using Acetylene Black and held the carbon powder partic les 
together in a ti ght hydrophobic arran gement. Antolini et al. [9] 
suggested that employ ing cathode containing Vulcan XC-72 in 
the catalyst side and Shawinigan Acetylene Black in the gas s ide 
in MPL could optimi ze the cell performance at high operation 
pressure. 

In most of the papers conducted on MPL morphology, cata­
lyst ink was applied on GDL with painting, brushing or spray ing 
meth od [2,3,8,9, II ]. It is known that GDL is a porous substrate 
and thus the pore structure of GDL could be changed by the 
leaked catalyst ink. As a result, the essential features of differ­
ent GDLs may be concealed to some extent. To minimize the 
impact o f the catalyst layer, catalyst-coated-membrane (CCM) 
is e mployed in thi s work, in which catalyst layer is fabricated 
direc tly onto the proton exchange membrane. 
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Fig. I . Schematic of a dual- layer gas di ffusion layer. 

The present work aims to revea l the effects of gas and 
water transportati on on cell performance by applying MPLs 
with different fea tures. With the measurements of surface mor­
phology, e lectron conducti vity, gas permeability and hydropho­
bic/hydrophil ic porosity, the key properti es of di fferent GDLs 
are compared. By employing cyc li c voltammetry (CV) and 
e lectrochemical impedance, more information related to elec­
trochemica l reaction and mass transport with various GDLs are 
investigated. A novel MPL made with composite carbon pow­
ders of Acetylene Black carbon and Black Pearl s 2000 carbon is 
described fi rstl y. It appears to form a bi -functi onal pore structu re 
permitting the good transportati on for both reactant gases and 
liquid water. 

2. Experimental 

2. 1. Preparation of membrane electrode assembly 

Cathode gas diffusion layers were prepared using wet­
proofed carbon papers (TGPH-030, Toray) as GDBs. An alco­
hol suspension of carbon powder and I 0 wt. % PTFE emulsion 
stirred thoroughly by ultrasonic machine was spread onto the 
both sides of GDB to form a precursor of MPL, then the precur­
sor was baked at 240 oc for 30 min , and fin all y it was sintered at 
350 °C for 40 min. The carbon loading in each side of MPL was 
0.5 mg cm- 2. PTFE content in MPL was 30 wt. % and the detail 
parameters of different GDLs are listed in Table I. GDLs using 
Acetylene Black, Black Pearl s 2000 and compos ite carbon blac k 
in MPL were des ignated as AB, BP and CC, respectively. The 
wet-proofed bare TGPH-030 carbon paper was denoted as CP. 
The anode GDLs used in the experiments were the same, with 

Table I 
Parameters of di fferent gas di ffusion layers 

SGL carbon papers as GDBs and Vulcan XC-72 as MPL carbon 
powder. 

To prepare a catalyst-coated-membrane (CCM), a homo­
geneous mi xture of Pt!C catalyst (46. 1 wt. %, Tanaka) , Nafion 
so lution (5 wt. %, DuPont) and isopropanol was sprayed directl y 
onto each side of a Nafion I 035 membrane. Nafi on con­
tent in the catalyst layer was 25 wt. % and Pt loading was 
0.25 mgcm- 2 for both cathode and anode. To stabili ze the cat­
alyst layer and enhance the contact between cata lyst layer and 
membrane, the as-prepared CCM was fi rstl y treated at 160 °C 
under a pressure of 1.0 MPa for 5 min , and then sand wiched 
between two gas diffusion layers fo ll owed by a hot-press pro­
cedure at 160 °C and IO.O MPa fo r I min to form membrane 
e lectrode assembl y (M EA). The effecti ve area of MEA was 
5cm2. 

2.2. Electrochemical measurements of single cells 

MEAs were evaluated in single cell s at 80 oc under 0.2 MPa. 
The reactant gases, hydrogen and air, were ex ternally humidified 
before entering the single cell s by bubbling through the water 
at 90 and 85 °C, respecti vely. Constant reactant utili zati on of 
40% fo r oxygen in air and 80% for hydrogen were used. The 
cell voltages versus current densities curves were obtained with 
a homemade electrical load. 

The electrochemica l impedance spectra (EIS) were recorded 
at 0.5 V in the frequency range of I 00 mHz to 10kHz with 
an amplitude of sinusoidal signal of IOmV rms. A fre­
quency response detector (EG&G Model I 025) and a poten­
tiostatlgalvanostat (EG&G Model 273A) were employed. All 
measurements reported in thi s paper were made in two-electrode 

GDLs Type of carbon powder Total carbon loading Thickness (nrn) In-plane conducti vi ty Bulk porosity(%) Permeability 
(rng crn - 2) (mQcm) coefficient 

(x I 012 m2) 

AB Acetylene Black carbon 1.0 108 6.373 70.0 1.382 
BP Black Pearl s 2000 carbon 1.0 108 6.475 69.9 0.170 
cc Composite carbon black 1.0 107 6.494 69.9 1.180 
CP 0.0 102 6.522 76.5 9.826 
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arrangement, with the anode serving as both counter and refer­
ence electrode and the cathode used as working e lectrode. 

The cycli c voltammetry (CV) was performed on the elec­
trodes using a potentiostatlga lvanostat (EG&G Model 273A) at 
a scan rate of 50 m V s- 1. In the measurement of CV curves, 
humidified nitrogen was passed through the cathode which was 
served as working electrode and hydrogen were fed into the 
anode which was used as both counter and reference electrode. 

2.3. Physical characteristics 

BET surface areas , pore vo lumes of the different car­
bon powders were determined by ASAP-2010 (M icromeritics) 
physisorption system usi ng N2 as adsorbate at 77 K. The mor­
phological characteristics of the micro-porous surface layer were 
examined using scanning e lectron microscopy (SEM, JEM-
1200EX, JEOL Co.). In -p lane conducti vity of GDL was mea­
sured using a four-point method. The contact angles on the 
surface layers of desired carbon powders were tested with a 
sess ile drop method [ 12]. 

2.4. Cas permeability 

Permeability was measured by fl owing nitrogen through GDL 
and then relating the flow rate to the applied pressure drop by 
means of a differenti al manometer. The size of each sample was 
5.0 em x 5.0 em. Before the samples were examined , they were 
pressed as what had done to MEA to ensure the real pore struc­
ture at cell testing. The permeability coeffic ient was calcul ated 
based on Darcy 's law: 

!J.X 
K = Vf.L - -

!J.P 

where k is the permeability coeffic ient of a porous substrate (m2) ; 

v is the superficial velocity, calculated from nitrogen fl ow rate 
divided by the area of sample (m2 s- 1 ); f.L is the fluid viscosity, 
1.8 X I o-5 Pas for nitrogen at 23 °C; !J.X is the thickness of a 
substrate (m); !J.P is the pressure drop across a substrate (Pa). 

2.5. Porosity 

2.5. 1. Bulkporosity 
Bulk poros ity of each sample was determined from an ana­

log Archimedes measurement. In thi s technique, the sample 
was hanged and immersed in decane, which could fill both 
hydrophilic and hydrophobic pores [13]. The so lid volume of 
GDL was calculated from the principle of buoyancy. Bulk poros­
ity of GDL is defined as its total pore volume divided by the 
summati on of its total pore volume and its solid volume. 

Table 2 
Physical parameters of different carbon powders 

Type of carbon black 

Acetylene Black 
Black Pearl s 2000 
Composite carbon 

Source 

Acetylene 
Oil furnace 

62.0 
1501.8 
335 .3 

2.5.2. Hydrophilic/hydrophobic porosity 
The measurement of the hyd rophilic porosity of the GDL 

was carried out with a homemade special apparatus. The sample 
was placed hori zontall y in the apparatus at room temperature. 
Water vapour carried by the air fl owed through the sample. In 
thi s process, capillary condensati on occurred in the hydroph ili c 
pores inside of the GDL and the liquid water acc umulated with 
time. By weighing the sample before and after measurement, 
hydrophilic poros ity could be calcul ated. Hydrophobic porosity 
was decided by subtracting the hydrophilic porosity from bulk 
porosity. 

3. Results and discussion 

3.1. Physical properties of carbon powder 

The physical properties of carbon powders chosen for inves­
tigation are summarized in Table 2. The surface area varies 
greatl y from 62.0 m2 g- 1 for Acetylene Black to 1501 .8 m2 g- 1 

for Black Pearls 2000. This can be explained by the tremendous 
difference in pore volume and pore size di stribution. The Black 
Pearl s 2000 reveals smaller particle size and larger pore volume 
as compared to Acetylene Black, from which we can deduce that 
the MPL made of Black Pearls 2000 involves more micro-pores 
than that of Acetylene Black. Note that the definition of pore 
range is different with the general criteria. As reported by Jor­
dan et al. [3] and Yu et al. [14], the pores in GDL are mainly in 
three size: macro-pores in the range of I 0-100 J..Lm , meso-pores 
in the range ofO.I - 1 0 J..Lill , and micro-pores below 0.1 J..Lm . Com­
posite carbon black with 80 wt.% Acetylene Black and 20 wt. % 
Black Pearls 2000 shows moderate characteri stics between the 
ori ginal materials with surface area of 335.3 m2 g- 1. 

Images of water droplets on the surface of different carbon 
layer are shown in Fig. 2. By fitting a tangent to three-phase 
point where liquid surface touches the solid surface the contact 
angle is measured. Because there is no hydrophobic agent added, 
the contact angles on the surface of carbon layer imply surface 
characteri stics of the desired carbon powders. It is obv ious that 
the surface layer using Black Pearl s 2000 with contact angle of 
53° is more hydrophilic and the surface using Acetylene Black 
with contact angle of 153° shows stronger hydrophobicity. One 
reason for the phenomenon might be the more pores for Black 
Pearls 2000 which is in possession of high surface area and capa­
bility to adsorb water [15] relative to Acetylene Black . Another 
possibility is that more hydrophilic functional groups on Black 
Pearls 2000 resulting in the hydrophilic property. While on the 
interface of compos ite carbon black layer, contact angle of 146° 
is measured, which is slightly lower than that on the surface of 
Acetylene Black because of the add ing of Black Pearl s 2000. 

Particle size (nrn) 

42 .0 
15.0 

0.23 
2.67 
0.72 
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(a) 

(c) 

Fi g. 2. Contact angles on the surface layer of: (a) Black Pearl s 2000; (b) Acet ylene Black ; (c) composite carbon black. 

3.2. Effects of different carbon powder on MPL 

Single cell performance of MEAs with vari ous GDLs was 
compared as shown in Fig. 3. At potenti al of 0. 15 V, electrode 
with AB shows cunent density of 1800 rnA cm- 2 which is obvi­
ously higher than that ofBP with 1000 rnA cm- 2. The difference 
arises mainly from the mass transport through each GDL because 
all the related factors are identical inc luding CCMs, anodes, 
cell assembling pressures and operating conditions. And also 
there is little difference in conductivity of each GDL as li sted in 
Table I. SEM images ofMPLs with different carbon powders at 
500 magnifications are displayed in Fig. 4 . MPL with Acetylene 

> 

1.0 
-- AB 

--cc 
-.6- BP 

0.1 

o.o o'----3~o~o-~6~o-.o-~~-~~~~15~o~o-~1 s~o~o-~2~1~oo~ 

Current Density I mA cm·2 

Fig. 3. Cell performance of electrodes w ith di fferent M PL s for H2/air wi th 
cell temperature 80 cc, anode humidifier temperature 90 °C, cathode humidifier 
temperature 85 cc, pressure of 0.2 M Pa. 

Black shows a homogeneous surface with rich pores formed by 
the small aggregates of carbon powders and PTFE. In contrast, 
MPL using Blac k Pearl s 2000 presents a stronger compactness 
of carbon and a few larger cracks due to its smaller pore size. 
Based on the analys is of the properties of original carbon pow­
ders and the SEM images , we be lieve that there are many more 
hydrophobic macro- and meso-pores in AB, which is benefic ial 
to the gas diffusion and reduces the mass transport limitati on. On 
the other hand, the micro-pores provided by AB should be less 
and the liquid water removal by capillary-driven force would be 
hindered. This would be a potenti al factor to restrict cell perfor­
mance espec iall y at high current density region. On the contrary, 
BP shows more hydrophilic micro-pores serving as water fl ow 
paths, but most of them adsorb water internal leading to serious 
"water fl ooding". The deducti ons will be further verified in the 
consequent sections. 

To maintain the requirements of the well transportati on of 
gases and liquid water, a novel GDL fabricated with com­
pos ite carbon black (80 wt. % Acetylene Black and 20wt. % 
Black Pearl s 2000) is suggested by combinati on the advan­
tages of AB and BP. The SEM photograph of CC is shown in 
Fig. 4(c). Clearl y, the pore structure appears to be more uniform 
and has finer pores with proper size. As expected, electrode 
using CC presents the best performance with current density of 
2000 mA cm- 2 at potential of 0.15 V. It can be attributed to the 
more functional pores formed, which fac ilitate the ef-ficient mass 
transportati on. 

The electrochemical ac ti ve surface (EAS) of Pt was detected 
by CV measurements to investigate the influence of GDL on 
CCM. The calculated hydrogen desorption charges are I 04, I 00 
and 91 mC for electrodes with AB, BP and CC, respecti vely. For 
the identi cal CCM applied, there is little difference in EAS of 
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(a) 

Fig. 4. Scanni ng e lectron micrographs (500 x ) of: (a) AB : (b) BP: (c) CC. 

Pt in various electrodes, suggesting that the degree of contact 
between GDL and CCM has a negli g ible influence to the cell 
performance. 

Electrochemical impedance spectra at 0.5 V for each elec­
trode are shown in Fig. 5. To date, more and more researches of 
ElS on fu el cell indicated that the impedance loop appeared at the 
higher frequency was due to the double layer charging th rough 
the charge transfer res istance and the arc at lower frequency was 
caused by the gas-phase transport I imitation [ 4,6, 16-18]. As can 
be seen from Fig. 5, the impedance spectra observed for a ll e lec­
trodes appears two di stingui shable arcs at cell potenti al of 0.5 V. 
Electrode with BP shows obviously larger oxygen reducti on 
reacti on (ORR) charge transfe r resistance arc and mass trans-

0.5.------------------..., 
-o- AB 

0.4 --BP 

--cc 

'E o.3 
(.) 

c: 
N 0.2 

Z ' I n cm2 

Fig. 5. Impedance spectra for electrodes with di fferent MPLs at 0.5 Y. 

port impedance arc than that of AB and CC. On the contrary, the 
impedance of CC demonstrates the smallest transport-related 
loop. The difference between polari zati on curves of vari ous 
GDLs can be reasonably ex plained by the EIS results. 

3.3. Cas permeability measurement of different CDLs 

Gas permeability is expected to correlate with the through 
holes which serve as mass transport paths when cell working. 
Compari son of permeabi lity coeffi c ients of GDLs and wet­
proofed bare carbon paper is demonstrated in Fig. 6 . It is ev ident 
that an addition of micro-porous layers to the macro- porous 
CP decreases the through-plane permeability significantl y. BP 

"' E 

~ 8 

x 
c 
Q) 

·c::; 

~ 
0 
(.) 4 

£ 
:.0 
Cll 
Q) 2 
E 
Q; 

Cl... 

0 

CP AB BP cc 
Oifferant GDLs 

Fig. 6. Gas permeability of di ffe rent GDLs. 
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IIIIIIIIiiiii bulk prosily 

lllllllllllllll hydrophobic prosily 

Fig. 7. Porosity of different GDLs. 

shows a quiet smaller value than AB and CC. AB exhibits high­
est capability of reactants passage due to the larger pore size. CC, 
with composite carbon powder, presents a slight lower perme­
ab ility va lue than AB attributing to the adding of Black Pearls 
2000 with small partic le size. Williams et al. revealed that a 
GDL with higher gas permeability had higher lim iting current 
because higher gas permeability might increase the effective dif­
fusion coeffic ient as well as enhance more convection [ 19] . The 
oa ined conclusion was based on the spec ial operati on condi ­
tio ns of lower humid ity and higher temperature, where the gas 
transport was focused on and the influence of liquid water was 
e liminated to a substanti al ex tent. In our work , over saturated 
system is employed to study the two-phase flow occurred in most 
cells. So the higher lim iting current but the lower permeablltty 
of CC than those of AB could be expla ined by the proper pore 
size d istribution and reasonable hydrophobicity/hydrophilicity. 

3.4. Porosity measurement of different CDLs 

Bulk porosity and hydrophobic/hydrophilic porosity of each 
GDLs and wet-proofed bare carbon paper are displayed in Fig. 7. 
The bulk porosity ofTGPH-030 bare carbon paper withoutPTFE 
is 80.0% reported by Toray Industries, Inc. While because of the 
occupancy of PTFE, bulk poros ity of wet-proofed bare carbon 
paper is decreased to 76.5%, which is coincident with the cal­
cul ated value of 75.4%. It indicates that the testing method is 
creditable. The accession of MPLs reduces the bu lk porosity 
dramatically from ~80% to ~70%. But it seems that there is no 
obvious difference in various GDLs in bulk porosity. 

Fig. 8 shows the curves of water incremental ratio versus 
expetiment time for hydrophilic porosity measurement of BP. 

8 ~--------------------------. 

7 

~ 0 

6 
.Q 
~ 
ro 5 
c 
E 4 
Q) 

t; 
.!: 
Cii 
ro s 2 -•- BP 

- o- repeating experiment 

0 0~----~3----~6~---79----~1 2~--~1~5----~1 8~--~271 --~24 
Time I hr 

Fig. 8. Curves o f water incremental rati o vs. experiment time of BP. 

the other GDLs and the values for comparison are selected in the 
smoothing region at about 15 h. BP exhibits the highest ratio of 
hyd rophilic pores about 20.23%, which means more pores are 
easy to be occupied by liquid water and relative fewer pores are 
left for gas transport, so the electrode with BP is intended to be 
" fl ood ing". AB shows lowest fraction of hydrophilic pores about 
10.70% and more hyd rophobic pores correspondingly ensures 
the gas transport. CC demonstrates an appropriate distribution 
of 11 . 16% hydrophi lic pores and 58.74% hydrophobic pores. 
The fl ow of liquid water is improved tremendously by the little 
appending of hydrophili c pores compared with AB. The results 
suooest that the combination of two di stinctive carbon powders 00 

can form a bi-functional pore structure permitting the well trans-
portation of both reactant gases and liquid water. 

3.5. Optimization ofMPL with composite carbon black 

Fig. 9 shows the effect of Black Pearl s 2000 content in 
composite carbon black on the cell performance. The optimum 
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until such pores are completely fill ed . About I 0 h later, 0 0 is-- Fig. 9. Polari zation curves for electrodes using MPLs for H2/ai r with 5, 10, 

mental water is observed, so incremental rati o keeps. consr tly 20 and 30 w1.% B lack Pearls 2000 in composite carbon black, ce ll tempera-

with time go ing on. Repeating experiment indicates that the dt - ture 80 ' C, anode humidifier temperature 90 cc, cathode humtdtfier temperature 

ference is only 1.5%. The same testing method is carried out on 85 ' C. pressure of0.2 MPa. 
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content of I 0 wt. % is obtai ned with the max imum power den­
sity of 0.91 W cm- 2. MPL with 5 wt.% Black Pearls 2000 in 
composite carbon black shows inferi or performance to that of 
I 0 wt. % Black Pearl s 2000 content. But with the increas ing con­
tent of Black Pearls 2000 up to 20 wt.% or 30 wt. %, the electrode 
performance is decreased because MPL with more Black Pearl s 
2000 is intended to be more hydrophilic and eas ier to be " fl ood­
ing" 

4. Conclusions 

Effects of carbon powders in MPL on the performance of 
H2/a ir PEM fuel cell are studied and characteri zed ex tensive ly. 
GDL with Black Pearl s 2000 shows the lowest gas permeability 
and highest hydrophilic poros ity of 20.32%, which leads to the 
serious mass polarization losses. On the contrary, GDL using 
Acetylene Black exhibits the highest permeability and lowest 
hydrophilic porosity of I 0.70%, which is suitable to gas transport 
but not sufficient for the removal of liquid water. To form an 
effective bi-functi onal pore structure, compos ite carbon black 
consisting of Acetylene Black and Black Pearls 2000 carbon 
is used to fabricate MPL. An enhanced cell performance with 
peak power density of0.91 W cm- 2 is obtained by the MPL with 
I 0 wt. % Black Pearl s 2000 in compos ite carbon black. 
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