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ABSTRACT: The purpose of this article is to report a new
method for the surface functionalization of commercially
available gas diffusion layers (GDLs) by the electrochemical
reduction of diazonium salt containing hydrophobic functional
groups. The method results in superhydrophobic GDLs, over a
large area, without pore blocking. An X-ray photoelectron
spectroscopy study based on core level spectra and chemical
mapping has demonstrated the successful grafting route,
resulting in a homogeneous distribution of the covalently
bonded hydrophobic molecules on the surface of the GDL
fibers. The result was corroborated by contact angle
measurement, showing similar hydrophobicity between the grafted and PTFE-modified GDLs. The electrochemically modified
GDLs were tested in proton exchange membrane fuel cells under automotive, wet, and dry conditions and demonstrated
improved performance over traditional GDLs.
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1. INTRODUCTION

Fuel cell technology is one of the most studied academic and
industrial fields linked to energy production. However, the
complex phenomena involved when fuel cells are running are
still being investigated in order to develop superior
technological solutions that will increase performance. For
example, one important area of study includes water manage-
ment in PEMFCs with particular emphasis on flooding
phenomena.1 Water produced at the cathode side of a PEM
fuel cell is generated by oxygen reduction reaction (ORR) and
by humidification of gases to ensure sufficient hydration of the
membrane.2 The competition between both water generation
processes may contribute to the mass transport loss through
pore blockage by liquid water, catalyst site flooding, and the
decrease of oxygen concentration near active catalytic sites.3,4

Several solutions have been proposed to control flooding-
related consequences by targeting specific modifications to fuel
cell components in order to improve electrochemical perform-
ance.5

In the case of GDLs, usually made of porous carbon paper or
carbon cloth, known as wet-proofed, several hydrophobic
agents have been added to prevent the flooding process. The
previous research recorded GDLs treated with CF4 plasma,6

perfluoroalkoxy (PFA),7 perfluoropolyether (PFPE),7−9 poly-
(vinylidene fluoride) (PVDF),10,11 fluorinated ethylene propy-
lene (FEP),7,12,13 and silicone nanolayer,14 and the most widely
used is poly(tetrafluoroethylene) (PTFE).15−21 Different
commercial GDLs were developed to respond to commercial
specification22,23 to answer customized demand in terms of
various operating conditions such as stationary and automotive.

In this respect, PTFE prepared by GDL immersion in an
emulsion containing the hydrophobic agent, drying, and
sintering at 350 °C is the most commonly used technology.16,18

However, the fine-tuning of these properties depends on the
ability to balance the hydrophobic and hydrophilic properties of
GDLs. For example, in the case of PTFE treatment, the GDL
will exhibit mixed wettability due to both the hydrophobic
agent and hydrophilic carbon fibers network,24 directly
impacting liquid water transport and mass transport losses.
Sinha and Wang24 demonstrated, based on a pore-network
model, that liquid water will preferentially flow through
connected GDL hydrophilic networks, which could be
responsible for the flooding of pores. Pore network simulations
have shown that, as hydrophilic pore ratio increases, gas
diffusion will decrease25 and performance of PEMFC will
decline.26

Therefore, the fraction of hydrophilic pores is a key
parameter for mass transport losses, a criterion for an optimum
content of PTFE.16,18,19,21 In other words, an abundance of
hydrophobic agent will cause a decrease in porosity and gas
diffusion leading to a decrease of mass transport.27 Other works
have shown that the wettability of the surface of GDL increased
by 10 wt % PTFE, but the contact angle measurements
remained constant with further increases of PTFE concen-
tration, up to 40 wt %.12,28 Moreover, it has been shown that
the content of hydrophobic agents in the GDL cannot account
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entirely for the transport of liquid water through the GDL.
However, the distribution of PTFE will have a major impact on
water transport.29 Scanning electron microscopy (SEM)
coupled with energy-dispersive X-ray spectroscopy (EDS),
performed on cross sections of commercial GDLs, demon-
strated that the breakdown of PTFE across the thickness of
GDL is heterogeneous30 and that fluorine was more
concentrated at the external surfaces of the GDLs. Ito et al.31

revealed that the PTFE distribution strongly depends on the
drying process used in hydrophobic treatments, by demonstrat-
ing that under atmospheric pressure the traditional drying
processes produced a more heterogeneous material compared
to vacuum drying. This heterogeneity can lead to uncoated
areas of gas fibers preventing droplet removal, as was recently
simulated by Molaeimanesh et al.32

An alternative means of making GDL hydrophobic is grafting
diazonium salts which are widely used in many applications
such as energy storage systems33 or improvement of membrane
selectivity,34 thus paving the way toward the controllability of
local chemical properties. Grafting has been performed onto
metallic surfaces such as iron35−37 or gold,38−40 carbon
materials like carbon nanotubes,41 glassy carbon,35 carbon
blacks,42−44 carbon films,45 graphite,46,47 carbon felts,48 and
other nonconductive surfaces like polymers.49

Using this method, aryl diazonium offers a wide variety of
functionalities such as nitro,35,39,47,50−52 carboxyl,36,40 alkyl,37

halogeno,37 amino,38,39,53−57 trifluoromethyl,42 sulfonic,42,43 or
thiol46 groups. Since two principal methods are used to
covalently bond molecules to the surface (either reaction of the
amine in organic media41 or in situ generation of diazonium salt
in acid aqueous media38,55,58), the simple modulation of the
functional group was exploited to control the wettability as well
as the transport properties. Grafting could be realized with59 or
without electrochemical control;60 in this last case, the reaction
occurs spontaneously at the material surface. We noted that the
electrochemical reduction of diazonium salts is a one-step
process through covalent bonding between the carbon surface
and the phenyl group, whereas at least two stages are needed
for PTFE treatment (immersion of GDL in a PTFE emulsion
and then sintering).
In this study, we achieved the hydrophobicity of GDL by

grafting organic molecules containing hydrophobic function-
alities to the carbon surface through the electrochemical
reduction of diazonium salts.61,62 In particular, electrografting
enabled the covalent bonding of hydrophobic molecules at the
surface of conductive carbon fibers. With this method, we
expected more homogeneous results than PTFE treatment that
can be carried out without modifying the structure of the GDL
(no reduction of porosity or gas permeability); only a thin layer
of molecules was grafted at the surface of the GDL.
The aim of this research project was to improve commercial

and mature GDL materials to meet optimal water transport
properties. The purpose was twofold: (1) find an optimum
grafting method of CF3-containing amines onto glassy carbon;
(2) test the GDL grafted with CF3 containing amines in PEM
fuel cell under different operating conditions.
A direct comparison between GDLs with grafted phenyl

groups containing one or two CF3 functions and PTFE-treated
GDLs was performed based on a joint study using electro-
chemical (fuel cell performances), surface characterization
(contact angle and XPS), and SEM (coupled with EDS)
performed on cross sections of GDLs. The contact angle and
the XPS analyses, based on core level spectra and core level

mapping, allowed us to confirm the homogeneity and the
efficiency of such hydrophobic treatment for cells operating in
automotive, dry, and wet cycling conditions. We demonstrated
an improvement of PEM fuel cell performances using
hydrophobic CF3-terminated amines compared to those with
traditional PTFE.

2. EXPERIMENTAL SECTION
2.1. Modification of Carbon Supports. After a glassy carbon

(GC) electrode of 3 mm diameter (Bioanalytical Systems Inc.) was
polished and rinsed with ultrapure water (Milli-Q water 18.2 MΩ cm,
Direct-Q 3, Millipore), its electrochemical modification was carried
out in a standard three-electrodes setup. The GC was used as the
working electrode, and a mercury/mercurous sulfate (Hg/Hg2SO4)
was used as the reference electrode (Bioanalytical Systems Inc., RE-
2C) along with a platinum wire used as the counter electrode.
Electrochemical measurements were performed with a BioLogic,
VMP2 potentiostat. The grafting onto GDLs was conducted based on
the same setup with the only difference being the choice of a larger size
counter electrode and the working electrode; both were hydrophilic
GDLs.

The two-stage grafting process is reported in Figure 1a and b. First
the diazonium salt precursors are in situ generated in an acid medium

with sodium nitrite as an oxidant (Figure 1a) from the amine
precursor. Then, the grafting of diazonium molecules with functional
groups on the carbon surface was carried out under electrochemical
potential cycling control (Figure 1b).

With regards to searching for hydrophobic properties, we acted on
the functional R1−R5 groups in the diazonium salt. For our study, we
targeted the following hydrophobic functionalities R1 = R2 = R4 = R5
= H, R3 = CF3, and R1 = R3 = R5 = H, R2 = R4 = CF3, respectively.
Two reagents from Sigma-Aldrich were used, 4-(trifluoromethyl)-
aniline (named 1CF3), and 3,5-bis(trifluoromethyl)aniline (named
2CF3). All reagents were used, as received, dissolved in aqueous
solutions of 0.5 M HCl containing sodium nitrite (NaNO2) using the
protocol described by Baranton et al.58

The reduction of diazonium salts was realized by a linear negative
variation of potential (50 mV/s scan rate) between +0.2 and −1.0 V vs
Hg/Hg2SO4. Since we observed no significant variation of current after
30 cycles, we chose to perform some additional cycles (for a total of 50
cycles) in order to be certain to obtain a complete grafting onto the
carbon surface. After grafting, the material was carefully rinsed with
ultrapure water several times.

The presence of the grafted material was studied by cyclic
voltammetry at 50 mV/s from +0.2 to −0.6 V vs Hg/Hg2SO4 in a
KCl 0.1 M solution with ferro/ferricyanide [Fe(CN)6]

4−/[Fe-
(CN)6]

3− (both compounds at a concentration of 5 mM), which is
commonly used in electrochemistry due to its high sensitivity to the
state of the surface.63 Based on our results, it is possible to determine if

Figure 1. (a) In-situ generation of diazonium salts. (b) Grafting onto
carbon surface under potential cycling.
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the surface has been blocked, indicating whether grafting has occurred
or not.
Once optimal parameters were determined, the same grafting

procedure was performed onto a GDL without any hydrophobic
treatment (labeled AA). The GDLs were obtained from SGL Group
(Sigracet GDL 24 series) which has proven to be one of the best
sources available in the PEMFC market. We obtained two hydro-
phobic GDLs labeled AA-1CF3 and AA-2CF3.
For comparison, a commercial GDL with hydrophobic PTFE

treatment was used and labeled BA (same material as AA but with 5 wt
% PTFE treatment) and BC (same material as BA but with a
microporous layer). A self-supported homemade microporous layer
(MPL) was added to all GDLs except for BC. MPL is a thin porous
layer sandwiched between the GDL and the active layer made of
carbon nanoparticles which are mixed with a hydrophobic agent.
Membrane electrode assemblies (MEAs) were obtained by assembling
two identical GDLs (with MPL) between a membrane. A summary of
different GDLs and MEAs used in this research project is reported in
Table 1.

2.2. Contact Angle Measurements. The contact angle measure-
ments, performed at the surface of the GDLs AA, BA, BC
(microporous side), AA-1CF3. and AA-2CF3 were carried out at
room temperature with a contact angle analyzer (KRUSS DSA100).
The contact angle was estimated as the mean value of five different
measurements of 8 μL water droplets onto the different GDL surfaces.
2.3. Energy-Dispersive X-ray Spectroscopy (EDX) Character-

ization. Analysis of the fluorine breakdown among the GDL
thicknesses was carried out by embedding the GDL in an epoxy
resin for cross-section observation by a ZEISS-LEO 1530 field
emission gun scanning electron microscope (FEG SEM). This FEG
SEM is equipped with a Bruker Silicon Drift Detector (SDD) for
energy-dispersive X-ray spectroscopy (EDS) analyses. The procedure
used was similar to the one reported by Rofaiel et al.30 The different
GDLs were placed in a mold and embedded in a resin under primary
vacuum to allow the resin to fill all the pores and avoid trapped air.
The resin was cured overnight, and the resulting material was carefully
polished prior to being coated with a thin conductive carbon layer
since the resin has low electrical conductivity.
2.4. X-ray Photoelectron Spectroscopy (XPS) Character-

ization. The XPS (VersaProbe-II, ULVAC-Phi), known to be a
nondestructive extreme surface analysis, were performed using focused
monochromatized Al Kα radiation (1486.6 eV). The spectrometer was
calibrated using photoemission lines of gold (Au 4f7/2 = 83.9 eV, with
reference to the Fermi level). The core level peaks were recorded with
constant pass energy of 23.3 eV. The XPS spectra were fitted using
Multipak V9.1 software in which a Shirly background was assumed and
the peak fittings of the experimental spectra were defined by a
combination of Gaussian (80%) and Lorentzian (20%) distributions.
The XPS chemical mapping was performed in unscanned mode with
pass energy of 93 eV. The chemical mapping was statistically treated
using linear least-squares fitting.
2.5. MEAs and Single Fuel Cell Tests. MEAs were prepared by

assembling a catalyst-coated membrane (CCM) with two identical
GDLs for anode and cathode sides. The CCM was achieved with
coated catalyst layers with anode (Pt/Vulcan XC 72R catalyst, TEC10
V50E, TKK) and cathode (Pt3Co/Vulcan XC 72R catalyst, TEC36
V52, TKK) loadings of 150 and 450 μgPt/cm

2 respectively. Both were
separated by a Nafion HP membrane. A self-supported homemade

MPL was added to the surface of the GDL prior to assembly. This was
carried out with all GDLs with the exception of BC which already
possesses a commercial MPL.

The prepared MEAs were tested in 25 cm2 single cells with a single
serpentine flow field. The width and the depth of the channel was 1.4
mm, and the width of the rib was 0.8 mm. A FuelCon Evaluator-C
70350 bench was used. The tests were carried out at 1.5 bar using
humidified hydrogen and air. The hydrogen and air stoichiometries
were kept at 1.2 and 2.0 respectively in a counter-flow configuration.

The prepared MEA was broken-in until stable performances were
obtained. Three different experimental conditions were performed, in
the following order, with identical relative humidity (RH) on both the
anode and cathode sides:

(1) automotive conditions = 80 °C and 50% RH;
(2) wet conditions = 60 °C and 100% RH for enhanced water

flooding;
(3) dry conditions = 80 °C and 20% RH.

3. RESULTS AND DISCUSSION
Cyclic voltammetries of 1CF3 grafting onto GC are
represented in Figure 2. During the first potential cycle from

+0.2 to −1.0 V vs Hg/Hg2SO4 we observed a peak at −0.82 V
corresponding to the reduction potential of diazonium salt.42

After further potential cycles, the current decreased as the
surface was getting partially grafted and had become
progressively more saturated.
As mentioned above, measuring the cyclic voltammetry in a

solution containing the oxidoreduction compounds [Fe-
(CN)6]

4−/[Fe(CN)6]
3− is a direct means of characterizing

the electrochemical state of the surface. The glassy carbon was
studied after three different steps: before grafting, after four
cycles, and at the end of the grafting process (50 cycles), as
shown in Figure 3.
The cyclic voltammetry of [Fe(CN)6]

4−/[Fe(CN)6]
3−

compounds showed a progressive carbon surface blocking,
after grafting, the signature of electronic exchange loss at the
surface of grafted GC. Indeed, before grafting, the cyclic
voltammetry response clearly showed reversible peaks of the
redox compounds [Fe(CN)6]

4−/[Fe(CN)6]
3−. After four

cycles, a clear attenuation of the ferro/ferri cyanide redox-
related peaks was observed. After 50 cycles, we noted that the
redox peaks completely disappeared within this potential range.
This result proved that the grafting process occurred at the

Table 1. Nomenclature of Hydrophobic Agents, GDL, and
MEAs Used

hydrophobic agent GDL MEA

none AA AA/MPL
1CF3 AA-1CF3 AA-1CF3/MPL
2CF3 AA-2CF3 AA-2CF3/MPL
5 wt % PTFE BA BA/MPL
5 wt % PTFE + MPL BC BC

Figure 2. Cyclic voltammetry of 1CF3 diazonium salt (4 mM) onto
glassy carbon at 50 mV/s in HCl 0.5 M.
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surface of the GDLs. We conducted the same procedure for the
2CF3 amine and obtained similar results.
Grafting onto GDL was also achieved with the same grafting

procedure used with GC. The GDL of 4 × 5 cm2 without any
hydrophobic treatment (AA) was used and tested with the
same ferro/ferri cyanide couple as described above.
The cyclic voltammetry of [Fe(CN)6]

4−/[Fe(CN)6]
3− onto

GDL AA in Figure 4 showed a similar result as GC grafting.

After 50 cycles the surface was totally blocked. Grafted
molecules imply an increase in transfer resistance charge for
the ferro/ferri cyanide compounds as they form a layer at the
carbon surface, which acts as a physical barrier for the redox
process. The same result was observed for the GDL-labeled
AA-2CF3.
To probe the hydrophobicity of our grafted surfaces, we

performed a contact angle measurement at the surface of the
different GDLs and MPL (in the case of BC) as shown in
Figure 5.
The contact angle of GDL (AA) was estimated to be 127.7°

and increased to 142.2° and 145.8° for AA-1CF3 and AA-

2CF3, respectively. The AA-2CF3 showed the highest contact
angle and therefore was the most hydrophobic GDL. This
result allowed us to confirm that hydrophobic grafting
occurred. The hydrophobicity depends on the number of
CF3 groups. In the case of 5 wt % PTFE (BA), we noticed an
increase of about 15° compared to AA. This correlates with
values reported for the same GDLs with an increase of 13.5,
14.0, and 11° after PTFE treatment of 10, 20, and 30 wt %.28 It
can be noted that there were no significant changes in the
contact angle measured on treated carbon papers when the
hydrophobic agent was increased higher than 10 wt %. Lim et
al.12 showed a similar trend with FEP loadings from 10 to 40 wt
%. Moreover, contact angle values after grafting indicated that
our GDLs reached superhydrophobic levels.
As explained by Gurau et al.,64 the contact angle measured in

this case was representative of the wetting phenomena on the
external surface of the GDL, which will depend on surface
roughness. This explains why the microporous side of BC
shows slightly higher hydrophobic behavior compared to BA
due to different surface roughness between materials and has
also higher contact angle than measured on a PTFE film, which
is around 105°.65 Conversely, the internal contact angle gives
indications on the wetting properties of the internal structure,
which is something closer to the capillary forces acting on the
water at a pore scale. As water has relatively high surface
tension (72 mN/m at 25 °C)66 and fluorinated carbon chains
(like CF2 in PTFE) have a lower surface tension (14 mN/m at
23 °C),67 water will fill principally the hydrophilic pores inside
the GDL, which is consistent with contact angle values lower
than 90° on highly ordered pyrolytic graphite (HOPG) which
is a smooth graphitic material of high purity.68 It is then hard to
reach a conclusion on mass transport or water management
based only on external contact angle measurements. Moreover,
it has been shown that the contact angle generally decreases
when temperature increases,12 so this measurement may not be
representative of the operating conditions inside the PEMFC.
Further single fuel cell tests will give information on the
capabilities of the material to operate under specific operating
conditions.
To probe the bulk fluorine distribution of our grafted GDL,

we performed an EDX mapping on the cross section of
commercial GDLs BA and BC as reported in Figure 6a and b.
Linear fluorine concentration profile across the thickness of
GDLs has been added. The EDS imaging shows clearly an
heterogeneous breakdown of PTFE through the fluorine signal
with higher concentration at the top and bottom surfaces of the
GDLs. This result correlates with previous studies.30,31

The case of BC is interesting as it shows a more
homogeneous breakdown of fluorine inside the MPL (Figure
6b) and, like BA, has higher concentrations of fluorine at the

Figure 3. Cyclic voltammetry at 50 mV/s of [Fe(CN)6]
4−/

[Fe(CN)6]
3− compounds (5 mM) on grafted glassy carbon by 1CF3

in KCl 0.1 M.

Figure 4. Cyclic voltammetry at 50 mV/s of [Fe(CN)6]
4−/

[Fe(CN)6]
3− compounds (5 mM) onto GDL AA before and after

50 cycles of 1CF3 grafting in KCl 0.1 M.

Figure 5. Contact angles of 8 μL water drop onto different carbon
surfaces.
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external surfaces of the GDL. However, the EDS analysis
performed on AA-1CF3 and AA-2CF3 was not successful due
to the low fluorine signal in the grafted compounds. The
images obtained were similar to those obtained with AA
indicating that the signal recorded basically noise. Therefore,
for accurate analysis of the fluorine distribution in grafted
GDLs, we performed an XPS analysis.
The electrochemical grafting was investigated by means of

XPS, by probing the C 1s and F 1s core level peaks. The C 1s
peak registered at the surface of the bare GDL (Figure 7) shows
the signature of graphite-like carbon, with the presence of an
asymmetric main peak at 284.6 eV, assigned to sp2/sp3 carbon
hybridization.69 A large band at higher band energy centered at
290.6 eV is attributed to π−π* plasmon peak which is
additional proof of the presence of a graphite-like structure. In
the case of GDL-labeled AA-1CF3, the C 1s core spectrum
shows an additional peak at higher binding energies (292.6 eV),
assigned to CF3 bonds. Several peaks were also detected at
285.7, 286.7, 288.1, and 291.2 eV related to sp3 carbon, carbon
bonding to one, two oxygen, and the π−π* plasmon band,
respectively.70,71 A similar spectrum was registered at the
surface of the GDL-labeled AA-2CF3. The F 1s related spectra
of AA-1CF3 and AA-2CF3 are reported in Figure 7. We
observed one main symmetric peak at 688.0 eV, assigned to C−
F bonds like in Ph−CF3 groups.
Interestingly, we observed in both cases the presence of a

band at 694.6 eV. This may be assigned to an interatomic
coupling between F 1s photoelectron and the plasmonic π
cloud of the grafted phenyl groups. A zoom on this spectral

region was given in the inset of the fluorine spectra. In the case
of GDL-labeled BA (with PTFE), the C 1s core spectrum
shows two intense peaks at 284.6 and 291.9 eV, attributed to
graphite-like carbon and C−F bonds in PTFE, respectively.
The experimental spectrum is fitted with two additional peaks
at 286.8 and 289.0 eV, attributed to C−O and F−C−O/COO
bonds, respectively. The corresponding F 1s peak is centered at
689.1 eV.
Semiquantitative analyses based on fluorine atomic percent

performed at the surface showed the presence of 18, 27, and 43
at. % for AA-1CF3, AA-2CF3. and BA. respectively (Table 2).
The relative atomic concentration of C−F related bonds in the
C 1s peak showed 5.1 and 8.1 at. % for AA-1CF3 and AA-
2CF3, respectively. This is almost three times the relative
atomic concentration of F−C related bonds in F 1s peak and
correlates with a structure of one carbon bonded to three
fluorine atoms.
Figure 8a and b report the XPS chemical distribution of

carbon and fluorine-related bonds (C−C, C−F) at the surface
of AA-2CF3 and BA (PTFE) GDLs. The XPS chemical
mapping was performed on an area of 300 × 200 μm2 using the
unscanned mode of the spectrometer with an X-ray spot area of
7 × 7 μm2. A linear least-squares picture fitting was used to
improve the signal-to-noise level. The XPS mapping of C−C
and C−F bonds indicates a homogeneous fluorine distribution
of the hydrophobic phenyl groups at the surface of GDL AA-
2CF3. We observed a similar pixel intensity brightness of both
bonds, indicating that the grafted molecules covered the entire
surface of the fibers. In the case of PTFE-treated GDL, we

Figure 6. EDS imaging. (a) BA; (b) BC. Left: Secondary electron image and fluorine signal. Right: Fluorine concentration profile across the
thickness of the GDLs.
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observed that the intensity of fluorine-related bonds (C−F) was
slightly higher than the C−C-related intensity owing to the
polymeric nature of PTFE, which masked the signal from the
carbon fibers (i.e., sp2-related bonds).
To overcome the resolution limit of XPS mapping (7 × 7

μm2), we obtained SEM images with an Auger spectrometer.

Figure 9 shows a SEM image of the bare GDL, which consists
of a mixture of carbon fibers and graphite sheets mixed with

binder. We could identify clearly that the pores between carbon
fibers were not blocked in the case of the GDL-labeled AA-
2CF3, unlike the one treated with PTFE.
Besides the detailed XPS studies, electrochemical analyses

were also systematically carried out on different grafted GDLs.

Figure 7. XPS C 1s and F 1s core peaks taken at the surface of the
GDLs-labeled AA, AA-1CF3, AA-2CF3, and BA-PTFE.

Table 2. XPS Relative Atomic Concentration of C, O, and F
of Different GDLs

C (at.
%)

O (at.
%)

F−C (F 1s) (at.
%)

C−F (C 1s) (at.
%)

AA-1CF3 76 6 18 5.1
AA-2CF3 69 4 27 8.1
BA-PTFE 56 1 43 −

Figure 8. XPS C 1s (C−C), C 1s (C−F), and F 1s (C−F) chemical mapping performed at the surface of (a) AA-2CF3 and (b) BA GDLs. Each
picture is 300 × 200 μm2 pixels (pixel size is 7 × 7 μm2).

Figure 9. Auger scanning electron microscopy image taken at the
surface of GDLs-labeled AA, AA-2CF3, and BA.
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The polarization and power density curves of different GDLs
are reported in Figure 10, Figure 11, and Figure 12 for
automotive, wet, and dry conditions, respectively.

For automotive operating conditions (Figure 10), in the case
of the GDL-labeled AA, the lowest performances were

obtained. This confirmed that in those operating conditions,
hydrophobic treatment is necessary.
The effect of MPL was clearly shown when comparing BC

(commercial MPL) with all of the other GDLs that possessed a
self-assembled microporous layer developed for this study. The
performances were particularly lower for BC at high current
densities (above 1.3 A/cm2), indicating that water management
was less efficient than self-assembled MPL. Changes in carbon
types, hydrophobic agent contents, or porosity between both
MPLs could explain this difference.
Polarization curves also indicated that the GDL with 5 wt %

PTFE (BA/MPL) and the grafted 1CF3 demonstrate similar
performances. The performance of AA-2CF3 is slightly higher
than the other GDLs. The grafting of a phenyl group with two
hydrophobic CF3 functions may lead to a better covering of
GDL fibers compared to a single CF3 function, which is in
agreement with the slightly higher hydrophobic behavior as
demonstrated in our contact angle measurements. The
reproducibility of 1CF3 grafting was validated with two
MEAs, which were prepared and tested with similar results in
both cases. We expect the same result would also be obtained
with 2CF3 grafting.
Under wet conditions (Figure 11), the polarization curve of

AA was not shown because the performance was too low to be
represented. The impact of MPL was visible when comparing
BA/MPL and BC so we can conclude that commercial MPL
performed better under wet operating conditions compared to
the self-assembled MPL. Regardless, the grafted GDLs (1CF3
and 2CF3) achieved the best results even outperforming the
BC. It can be noted that the change in grafted molecules does
not alter the performances of our GDLs. The grafting of one or
two CF3 functionalities allowed better water management. We
can expect that the breakdown on the carbon surface is more
homogeneous than the PTFE treatment, as was demonstrated
by the XPS mapping for surface distribution. Since the GDL is
totally wet at the beginning of the grafting process, it could be
expected that the grafted molecules will be bonded onto all the
fibers, thus indicating homogeneity across the thickness of the
GDL.
In dry conditions (Figure 12), AA/MPL showed the lowest

performance, indicating once again that hydrophobic treatment
of GDLs is necessary. The polarization curve variation indicated
that the 1CF3 grafting onto AA is not suitable for this specific
operating condition. The results showed higher resistances for
the entire current range, and mass transport limitations were
more pronounced than BA/MPL or BC. However, the GDL
BC performances remained better than BA/MPL, indicating
that commercial MPLs are more suitable for dry conditions.
The AA-2CF3 showed the best performances, even better than
the BC, indicating that the refined tuning of GDL hydro-
phobization can lead to a significant increase in the perform-
ance even in relatively dry conditions. This is surprising
considering a simple reasoning based on water saturation in the
GDL at the cathode. However, fuel cell operation results from a
complex interplay between transport and electrochemical
phenomena occurring at both the cathode and anode, with
large in-plane and through-plane heterogeneities in local
operation and operating conditions. Water and current
distributions in particular vary strongly between humidified
and dry conditions from anode to cathode and from rib to
channel.72,73 Further experiments and advanced modeling are
required to fully understand this result. Predicting the effect of

Figure 10. Polarization curves for automotive conditions.

Figure 11. Polarization curves for wet condition.

Figure 12. Polarization curves for dry condition.
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the properties of a component, especially GDL material, on the
behavior of a fuel cell is still not straightforward.
Table 3 gives a summary of maximum performances obtained

with all testing conditions. Our research suggests that 2CF3

grafting is the best candidate as it showed the best
performances for all operating conditions. AA-2CF3/MPL
showed an increase of maximum power density of 2.5, 33.9 and
11.3% compared with BA/MPL for automotive, wet, and dry
operating conditions, respectively.
Complementary research should be performed with the

modification of only one electrode at a time to separate the
individual contributions of the anode and cathode, as opposed
to our study in which both GDLs were modified with the same
treatment.
These configurations of grafting enabled us to meet the

optimum content of hydrophobic agents in GDL. Lim et al.12

reported that higher power densities have been obtained with
10 wt % FEP in GDL compared to a 30 wt % under all tested
humidification conditions. This optimum should also depend
on the nature of the hydrophobic agent. In the case of polymer-
treated GDLs, some of the pores are progressively blocked as
the polymer content increases in the GDL. With a limited
number of anchoring sites for grafting, two 2CF3 molecules
might better cover onto the carbon surface due to steric
interactions, which would lead to a higher hydrophobic
behavior.

4. CONCLUSION

In this study we reported on the first realization of a
hydrophobic treatment of GDL by using an electrochemical
surface grafting of diazonium salt. The feasibility of our claim
has been studied and optimized first onto glassy carbon
electrode. The procedure was next applied to commercial
GDLs with two types of diazonium salts containing hydro-
phobic groups, 1CF3 and 2CF3. The grafting was confirmed
based on a coupled electrochemical and physicochemical
characterization. The XPS core level spectra and mapping
showed a successful grafting route, with a homogeneous
distribution of the covalently bonded hydrophobic molecules
onto the surface of the GDL fibers. According to the
modification process, it could be expected that the grafting is
homogeneous across the thickness of the GDLs. This result was
corroborated by contact angle measurements, showing similar
contact angle at the surface of our grafted GDL and polymer
modified GDL, both giving rise to superhydrophobic GDLs.
The electrochemical modified GDLs were tested in MEA
within automotive, wet, and dry conditions, demonstrating
better performance compared to the classical route of GDL
modification.
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