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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

� Carbon-covering layer (CCL) is incor-
porated onto catalyst layer for hydration 
of MEA. 
� The CCL plays an effective role in 

retaining generated water in low RH 
condition. 
� The CCL is responsible for reducing both 

ohmic and kinetic resistances. 
� The amount of ionomer and the thick-

ness of the CCL are optimized. 
� The performance of MEA with CCL is 

increased by 45% @ 0.6V compared to 
reference MEA.  
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A B S T R A C T   

The application field of the fuel cell system has recently expanded to portable devices and unmanned aircraft 
systems, which require development of high performance fuel cell systems that function in versatile environments 
including near-dry operation conditions. In such low relative humidity condition, hydration of membrane electrode 
assembly in the fuel cell system is essential in prevention of performance degradation caused by decreased ion 
conductivity of the Nafion® membrane. Herein, we successfully improved the device performance of the membrane 
electrode assembly in low relative humidity condition by depositing a functional carbon-covering layer onto the 
catalyst layer on the cathode side. The carbon-covering layer plays an effective role of retaining generated water in 
the membrane electrode assembly without interfering with the electrochemical reaction of the catalyst as 
confirmed by the electrochemical impedance spectroscopy and cyclic voltammograms. Moreover, we have 
investigated the optimized Nafion® ionomer loading and the thickness of the carbon-covering layer.  
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1. Introduction 

Polymer electrolyte membrane fuel cells (PEMFCs) have received 
considerable attention as clean energy devices for their great energy 
conversion efficiency that does not involve emission of harmful sub-
stances, [1,2] and their application field has recently expanded to 
portable devices [3,4] and unmanned aircrafts [5,6]. This trend requires 
the development of high-performance fuel cell systems that can function 
in ambient conditions with low relative humidity (RH) for which the 
issue of performance degradation of PEMFC needs to be addressed [7]. 
In low RH conditions, perfluorosulfonic acid membranes such as 
Nafion®, widely utilized in PEMFCs, exhibit poor performance because 
the transfer of protons bonded with water molecules from the anode to 
the cathode through Nafion® membrane, so called vehicle mechanism, is 
severely limited [2,8]. The generated water from electrochemical reac-
tion should be well retained in the membrane electrode assembly (MEA) 
to prevent performance degradation in low RH conditions [9]. 

There have been many efforts to improve the proton conductivity of 
Nafion® membranes at high temperature and lower humidity. Some 
studies have suggested new polymer electrolyte membrane (PEM) ma-
terials such as sulfonated hydrocarbon PEMs that improve the fuel cell 
performance in low RH conditions, [10–13] but with durability and 
delamination issues. Other studies have investigated self-humidifying 
membranes by embedding catalyst particles into Nafion® membrane 
[14–17]. The embedded catalyst particles generate water by combining 
penetrated hydrogen and oxygen gases in the membrane, which, how-
ever, would cause short-circuits current owing to their electrical con-
ductivity when the membrane is extremely thinned. Methods that insert 
hydrophilic SiO2 particles into the MEA have also been reported [18, 
19]. But, their disadvantages lie in the decreased electrochemical active 
surface area (ECSA) in the catalyst layer due to the inserted particles that 
randomly sticks to the catalyst and carbon support surface. 

To overcome these limitations, it is required to introduce a novel 
approach that satisfies the following two conditions: (a) effective water 
retention from electrochemical reaction in the MEA and (b) good 
compatibility with Nafion®-based MEA without interfering with the 
catalytic reaction. Herein, we present an additional carbon-covering 
layer (CCL) mixed with Nafion® ionomer on the catalyst layer to 
improve retention of water in the MEA in the low RH condition. The use 
of Nafion® ionomer as a binder in the CCL facilitates the retention of 
more water molecules and allows the CCL layer to be well connected 
between the cathode catalyst layer and microporous layer (MPL) of gas 
diffusion layer (GDL) [20]. By using this simple and effective strategy, 
we demonstrate a significantly improved device performance of PEMFCs 
in the low RH condition. 

2. Experimental section 

2.1. Preparation of the catalyst-coated membrane (CCM) 

The electrodes of anode and cathode were prepared by spraying a 
catalyst ink, which was prepared by homogeneously mixing the Pt/C 
catalyst with 40 wt % of metal loading, purchased from Johnson Mat-
they with 5 wt % Nafion® ionomer solution (density: 0.874 g ml� 1). 
Nafion® ionomer loading in the solution, which is the weight percentage 
of Nafion® with respect to the total weight of the (Nafion® þ Pt/C) dry 
mixture, was 23 wt %. And deionized water and isopropyl alcohol 
(purchased from Aldrich) were added to regulate the viscosity of the 
catalyst inks. The catalyst ink was blended by ultra-sonicator and was 
sprayed directly onto the surface of Nafion® 211 membrane on the 
anode and cathode side. The Pt-loadings were 0.2 mg cm� 2 on both 
sides. In order to verify Pt loading, we measured the weight difference 
before and after spraying Pt/C catalyst ink onto PET film ðWPt ¼

WPtþPET � WPETÞ. As shown in Fig. S1, we plotted a calibration curve for 
the deposited amount of Pt as a function of a catalyst ink volume from 
which we chose the loading of 0.2 mg cm� 2. These CCMs were dried at 

ambient temperature for more than 12 h. 

2.2. Preparation of the MEA with carbon-covering layer (CCL) 

The carbon inks were prepared by mixing the carbon (Vulcan XC-72, 
Cabot), Nafion® ionomer solution, deionized water and isopropyl 
alcohol. By adjusting the amount of the Nafion® ionomer solution, 
Nafion® ionomer loading in carbon covering layer, which is expressed in 
terms of the weight percentage of Nafion® with respect to the total 
weight of the (Nafion® þ carbon) dry mixture, was determined. We 
prepared four samples with different Nafion® loading (10 wt %, 20 wt %, 
30 wt %, and 40 wt %). The prepared Vulcan carbon ink was blended by 
using ultra-sonication and was sprayed onto the CCM on the cathode 
side. The loadings of Vulcan XC-72 carbon of the samples were 0.1, 0.4, 
and 0.8 mg cm� 2 on the cathode side, which lead to CCL thickness of 
5 μm, 15 μm, and 25 μm respectively. These MEAs with carbon-covering 
layers were dried at ambient temperature for more than 12 h. On these 
MEAs, the Teflon-type gaskets and gas diffusion layers with microporous 
layer (GDLs, JNTG-30-A3) were symmetrically placed on both sides of 
anode and cathode without a hot-press process. These layers on each 
side are then covered with bipolar plates with serpentine-type channels 
with the width of 1 mm. 

2.3. Electrochemical measurements 

Each of the constructed MEAs with active geometric areas of 
5.0 cm� 2 was assembled in a single cell (CNL Energy), and their per-
formance was measured in fully humidified operating condition and 
near dry operating condition. In the fully humidified condition, the cell 
temperature was maintained at 70 �C and fully humidified H2 and air 
(O2) gases were supplied to the sides of anode and cathode, respectively. 
In the near dry condition, the cell temperature was dropped to 50 �C and 
the RH in the cell was modified to maintain 35%. In all the cases, the 
stoichiometric ratios of H2/air (O2) were 2.0/2.0 (9.5). 

Electrochemical impedance spectroscopy (EIS, ZENNIUM electro-
chemical workstation, Zahner) was operated for all the single cells at 
0.6 V with an amplitude of 5 mV. The value of the frequency range was 
set from 0.1 Hz to 100 kHz. The measured EIS data were fitted by using 
Z-View program (Scribner Associates Inc.). Cyclic voltammograms (CVs) 
were measured between 0.050 and 1.200 V at a scan rate of 100 mV s� 1 

to calculate the ECSA of the cathode electrode at the temperature of 
70 �C. During the CV measurements, fully humidified H2 (50 mL min� 1) 
and N2 (200 mL min� 1) gases were injected into electrodes on the sides 
of anode and cathode, respectively. The anode with H2 gas was used as 
the reference electrode and counter electrodes, and the cathode with N2 
gas served as a working electrode. 

2.4. Physical analysis 

The scanning electron microscopy (SEM) images were obtained by 
using field emission scanning electron microscopy (Carl Zeiss) at an 
acceleration voltage of 10.0 kV to observe the morphology of the 
samples. 

3. Results and discussion 

3.1. Formation of CCLs with different thickness on the catalyst layer 

Fig. 1 shows the schematic illustration of a conventional catalyst 
coated membrane (CCM) and another CCM with a CCL with the use of 
Nafion® ionomer as a binder on the cathode side. In the low RH oper-
ating condition, the water molecules in the MEA easily evaporates, and 
this leads to the dehydration of the Nafion® membrane and consequently 
the reduction of proton conductivity (Fig. 1a). To improve the water 
retention capacity of the MEA by preventing the water evaporation, 
additional CCL component was incorporated onto the conventional MEA 
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(Fig. 1b). The introduction of the CCL is expected to increase the amount 
of water in the cathode and facilitate the back diffusion of the water 
from the cathode to anode by concentration difference, and then the 
Nafion® membrane would obtain more hydration than that of the con-
ventional MEA without CCL [21,22]. To investigate the morphological 
features of the CCL, we constructed three samples with a variety of 
thickness of CCLs and observed the cross-sectional views of the MEAs on 
the same catalyst layer. Fig. 2 shows the scanning electron microscopy 
(SEM) and energy dispersive spectroscopy (EDS) elemental mapping 
images. As shown in Fig. 2a, the catalyst layer thickness of all the 
samples is about 10 μm and the thickness of the CCL in carbon-covered 
MEA is 5 μm, 15 μm, and 25 μm, respectively. To clearly distinguish the 
CCL and catalyst layer boundary, we conducted the composition anal-
ysis for each sample. Fig. 2b and c display the EDS elemental mapping 
images of carbon particles (green point) and Pt particles (yellow point). 
We observed the homogeneously distributed carbon and Pt particles and 
clearly distinguished the interface between the catalyst layer and CCL, 
which indicates that the sprayed carbon particles were successfully 
deposited onto the catalyst layer without affecting the pre-sprayed Pt/C 
catalyst layer. And the CCLs conformally and uniformly covered the 
catalyst layers without any void or defects. 

3.2. Improved performance of MEAs with CCLs in low RH condition 

To elucidate the effect of the carbon-covering layer on the PEMFC 
performance in the fully humidified and low RH conditions, we have 
measured the performances of the carbon-covered MEAs with variation 
of the Nafion® ionomer loading and thickness of CCLs. To investigate the 
effect of Nafion® ionomer loading of the CCL, we prepared four carbon- 
covered MEAs with different Nafion® ionomer loadings (10 wt %, 20 wt 
%, 30 wt %, and 40 wt %) and measured the performances in the fully- 
humidified condition (70 �C, RH 100%) and near-dry humidified con-
dition (50 �C, RH 35%) as shown in the Fig. S2. Among the samples, the 
MEA with 30 wt % CCL shows the highest performance in the both 
conditions. Therefore, we set the optimized Nafion® ionomer loading of 
CCL to 30 wt % and employed it to apply to carbon-covered MEA. 

Then, we fabricated three different carbon-covered MEAs with the 
thickness of the CCL of 5 μm, 15 μm, and 25 μm, and then measured the 
device performances by varying the temperature and relative humidity. 
Fig. 3a shows the polarization curves of single cells with carbon-covered 
MEAs and conventional MEA at 70 �C under fully humidified H2/O2 
condition. In this condition, the membrane is sufficiently hydrated and 
the mass transport issues did not appear. The four MEAs exhibited 
similar performance regardless of the existence of CCLs. The maximum 
power density and current density of all samples were comparable with 

the value of ~1400 mW cm� 2 and 3800 mA cm� 2 at the cut-off voltage 
of 0.3 V, since the same amount of catalysts was loaded. Next, to figure 
out the effect of CCLs on mass transport of the PEMFC system, we 
changed injected gas into the cathode from O2 to air while maintaining 
the fully humidified condition. In such air feeding condition, the 
maximum power densities of MEAs with 5 μm- and 15 μm-CCL and 
conventional MEA were similarly ~750 mW cm� 2. However, the per-
formance of the MEA with 25 μm-CCL, which has the thickest CCL in our 
experimental samples, decreased to ~650 mW cm� 2 and the perfor-
mance of the cell also decreased rapidly below the range of 0.5 V due to 
the severe hindrance of mass transport, as shown in Fig. 3b. The 
restricted mass transport in the cathode catalyst layer for the MEA with 
25 μm-CCL can be explained by oxygen gain calculation, which is the 
difference in the cell voltages obtained using air and pure oxygen gas at 
a given current density and can be represented as the following equa-
tion: [23]. 

ΔV ¼VðH2=O2Þ � VðH2=airÞ (1) 

The calculated oxygen gain (ΔV) values are shown in Fig. 3c. The ΔV 
of the carbon-covered MEAs are comparable with that of conventional 
MEA, except in the case of the MEA with 25 μm-CCL in which the ΔV 
rapidly increased above the range of 1000 mA cm� 2 of current density. 
The result implies that the MEA with 25 μm-CCL was significantly 
affected by water flooding in the high current density region, which 
indicates that the MEA is not effective and suitable in the fully humid-
ified operating condition. 

After confirmation of the effect of CCL on the mass transport of 
PEMFC, we examined the effects of CCL on PEMFC performance at low 
RH condition. Fig. 3d exhibits the polarization curves of each sample in 
near ambient PEMFC operating condition (50 �C, RH 35%). Noticeably, 
compared to the fully humidified operating condition, the maximum 
performance of conventional MEA rapidly decreased about ~40% from 
737 mW cm� 2 to 443 mW cm� 2 in the RH 35% condition. This result is 
mainly due to the reduction of proton conductivity from the dehydration 
of the membrane and electrode as the RH decreased. Different from the 
conventional MEA, all the MEAs with CCLs showed significantly 
improved performance in this low RH condition. In case of the MEA with 
25 μm-CCL that showed the worst performance in fully humidified 
condition, it exhibited the highest performances in low RH condition 
among the samples. The improved current density at 0.6 V 
(~541 mA cm� 2) and the maximum performance (~560 mW cm� 2) of 
the MEA with 25 μm-CCL are about 86.5% and 26.8% compared to the 
conventional MEA, respectively. Interestingly, the slope of the polari-
zation curve of the MEA with 25 μm-CCL significantly decreased below 
the region of 0.45 V, which implies that the sample was affected by 

Fig. 1. Schematic illustration of the effect of carbon-covering layer: (a) Conventional membrane electrode assembly (MEA). (b) Deposited carbon-covering layer 
on MEA on the cathode side. 
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Fig. 2. Morphological features of carbon-covering layer: (a) The SEM images of various thickness of a carbon-covering layer (t � 0, 5, 15, 25 μm), (b) The 
corresponding EDS elemental mapping images of carbon (C), (c) The corresponding EDS elemental mapping images of platinum (Pt). 

Fig. 3. Performance measurements of the MEAs: (a–d) Polarization curves of a conventional MEA and MEAs with CCL in the operation condition of fully hu-
midified H2/O2 gas supplied to the anode/cathode (70 �C, RH 100%) (a), fully humidified H2/Air gas to the anode/cathode (70 �C, RH 100%) (b), The oxygen gain 
obtained under ambient pressure (c), near-dry humidified H2/Air gas to the anode/cathode (50 �C, RH 35%) (d). 
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water flooding even in the low RH condition. In case of MEA with 15 μm- 
CCL, it yields a peak power density of 540 mW cm� 2, which value is 
analogous with that of the MEA with 25 μm CCL and ~22% increased 
power density compared to conventional MEA. Among the experimental 
samples, the MEA with 15 μm-CCL showed excellent performances in 
both fully humidified and low RH condition, which means versatile 
PEMFC operation in diverse environmental condition is realizable by 
using this MEA. 

3.3. Electrochemical analysis of MEAs with CCLs 

To further analyze the water retention effects of the CCL on MEA 
performance, EIS and CVs were conducted for MEAs with and without 
CCLs. Fig. 4a–c shows the EIS results of the prepared MEAs at 0.6 V and 
the experimental conditions including temperature, humidity, and flow 
rate were set to the corresponding polarization tests. In addition, the EIS 
results were fitted with the equivalent circuit of PEMFC (Fig. 4c) [24, 
25]. As shown in Fig. 4a, in fully humidified operating condition, the 
MEAs with CCLs (thickness (t) ~ 5, 15, 25 μm) showed comparable 
ohmic resistances of 0.0590 Ω cm2, 0.0530 Ω cm2, and 0.0550 Ω cm2 

with that of the conventional MEA (0.0575 Ω cm2). However, kinetic 
resistance of the electrochemical reaction on the cathode (Rcathode) in the 
case of the 25 μm-CCL (0.2328 Ω cm2) increased over 31.1% than that of 
conventional MEA (0.1775 Ω cm2). This indicates that there is a thick-
ness limit of CCL to prevent the reduction of the mass transport on the 
cathode of PEMFC, but this result can be considered that the CCL retains 
water well on the cathode. At low RH operating condition as shown in 
Fig. 4b, the MEAs with CCLs (t ~ 5, 15, 25 μm) exhibited reduced ohmic 
resistance of 0.1300 Ω cm2, 0.1225 Ω cm2, and 0.0940 Ω cm2, respec-
tively, which values are much lower than that of the conventional MEA 

(0.1530 Ω cm2). Furthermore, we observed the reduced kinetic resis-
tance values on cathode of the MEAs with CCLs (t ~ 5, 15, 25 μm) by 
maximum ~ 39.0% (0.4053 Ω cm2, 0.3550 Ω cm2, and 0.3064 Ω cm2, 
respectively) compared to that of the conventional MEA (0.5025 Ω cm2), 
as shown in Table 1. These results imply that the CCL plays an effective 
role in hydrating Nafion® membrane and helps the electrochemical re-
action to actively occur by providing sufficient water molecules for 
better proton transfer. Finally, by measuring the CV graphs as shown in 
Fig. 4d, we obtained the ECSAs of all the samples to confirm the effects 
of CCL to cathode catalyst layer [26]. All the samples showed the 
comparable ECSA values of the conventional MEA (38.50 m2 g� 1), 
carbon-covered MEA with 25 μm-CCL (33.51 m2 g� 1), 15 μm-CCL 
(36.05 m2 g� 1), and 5 μm-CCL (34.74 m2 g� 1). This result indicates that 
the area of the triple-phase boundary is hardly affected by CCL. 

4. Conclusions 

In this paper, we propose the methodology for improvement of fuel 
cell performance in the low relative humidity condition with the use of 
CCL. In order to elucidate the effect of the CCL on hydration of Nafion® 

membrane, we incorporated the carbon-covered MEA into a single cell 
and measured the performance of the MEAs with various Nafion® ion-
omer loading and thickness of the CCL. All the carbon-covered MEAs 
showed improved performance when operated in low humidity condi-
tions (50 �C, RH 35%). Especially, the current density at 0.6 V of the 
MEA with 15 μm-CCL increased by 44.8% and exhibited reduced ohmic 
and kinetic resistances on the cathode by 19.9% and 29.4% compared to 
the conventional MEA. In addition, the performance of MEA with 15 μm- 
CCL was similar to that of conventional MEA in the full-humidified 
condition. This implies that the carbon-covered MEA with 15 μm-CCL 

Fig. 4. EIS measurements of carbon-covered MEAs and a conventional MEA at 0.6 V in the condition of (a) 70 �C, RH 100% (b) 50 �C, RH 35%. (c) Equivalent circuit 
of the PEMFC (LW ¼ inductance of the electric wire, CPEanode (cathode) ¼ constant phase element of the anode (cathode), Ranode (cathode) ¼ kinetic resistance of the 
reaction of the anode (cathode), and Rmembrane ¼ internal membrane resistance). (d) CVs measurements of the carbon-covered MEAs with the various CCL thickness 
(t � 5, 15, 25 μm) and a conventional MEA on the cathode catalyst layers (RHE ¼Reversible hydrogen electrode). 
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is suitable to be used in diverse environments, especially in low RH or 
dry conditions by playing an effective role of retaining water in the MEA 
without interfering with electrochemical reaction of catalyst layer. 
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Table 1 
EIS fitting data.  

70 �C, RH 
100% 

Current 
density at 
0.6 V [mA 
cm� 2] 

Max. power 
density [mW 
cm� 2] 

Rmembrane (at 
0.6 V) [Ω 
cm2] 

Rcathode (at 
0.6 V) [Ω 
cm2] 

Conventional 
MEA 

931 (–) 737 (–) 0.0575 (–) 0.1775 (–) 

MEA with 
5 μm-CCL 

900 (� 3.33%) 727 
(� 1.36%) 

0.0590 
(þ2.61%) 

0.1750 
(� 1.41%) 

MEA with 
15 μm-CCL 

921 (� 1.01%) 727 
(� 1.36%) 

0.0530 
(� 7.83%) 

0.2005 
(þ12.9%) 

MEA with 
25 μm-CCL 

921 (� 1.01%) 653 
(� 11.4%) 

0.0550 
(� 4.35%) 

0.2328 
(þ31.1%) 

50 �C, RH 35% Current 
density at 
0.6 V [mA 
cm� 2] 

Max. power 
density [mW 
cm� 2] 

Rmembrane (at 
0.6 V) [Ω 
cm2] 

Rcathode (at 
0.6 V) [Ω 
cm2] 

Conventional 
MEA 

290 (–) 443 (–) 0.1530 (–) 0.5025 (–) 

MEA with 
5 μm-CCL 

350 (þ20.7%) 505 
(þ14.0%) 

0.1300 
(� 15.0%) 

0.4053 
(� 19.3%) 

MEA with 
15 μm-CCL 

420 (þ44.8%) 541 
(þ22.1%) 

0.1225 
(� 19.9%) 

0.3550 
(� 29.4%) 

MEA with 
25 μm-CCL 

541 (þ86.5%) 562 
(þ26.8%) 

0.0940 
(� 38.6%) 

0.3064 
(� 39.0%)  
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