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Gas diffusion layers (GDLs) are essential for the proper distribution of the reaction gases, the removal of
excess water as well as electrical contact in polymer electrolyte fuel cells (PEFCs). The production of
state-of-the-art GDLs consists of many steps such as graphitization at high temperatures and
hydrophobic treatments with polytetrafluoroethylene (PTFE) which increase the cost. In this study, an
electrically conductive and hydrophobic polyaniline (PANI) coating was deposited on carbon paper via
dip-coating and electropolymerization to fabricate PTFE-free GDLs. As a proof-of-concept, PANI-
coated GDLs were tested as a cathodic GDL in a single cell PEFC and achieved a 42% higher maximum
power compared to the reference measurement with a commercial GDL. Furthermore, these PTFE-free
GDLs achieved contact angles up to 144° which is in the range of commercial GDLs. The chemical
composition of the PANI-coating was investigated via infrared spectroscopy and energy dispersive X-ray
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the proposed method emerges as a possible strategy to simultaneously substitute PTFE and apply a
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Introduction

Fuel cells (FCs) are electrochemical systems which convert the
chemical energy of a fuel to electrical energy using an oxidant.
The most common type of fuel cell is the polymer electrolyte
fuel cell (PEFC) which uses hydrogen as fuel and oxygen as
oxidizing agent." FCs have gained popularity over the last few
decades because of their carbon neutral principle in combi-
nation with high energy efficiency.”> According to eqn (1), the
only products of the reaction in a PEFC are water and energy in
the form of electricity and heat."
Total reaction in a PEFC:

H2 + %02 g Hzo (1)
Hydrogen oxidation reaction (HOR) at anode:

H, — 2H" +2e” (2)
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Oxygen reduction reaction (ORR) at cathode:

2H" +10, +2¢” - H,0 (3)

On the anode side, hydrogen is supplied via the bipolar
plates (BPP) and the gas diffusion layers (GDL) to the anodic
catalyst layer (CL) where the hydrogen oxidation reaction (HOR)
(see eqn (2)) takes place.* On the cathode side, oxygen is
supplied in a similar manner to the cathodic CL where the
oxygen reduction reaction (ORR) occurs.® As shown in eqn (3),
water is formed on the cathode side which subsequently needs
to be disposed of to avoid a so-called water flooding of the cell,
which would lead to a blocking of the active sites and reduce
the efficiency and stability of the cell.** On the other hand, a
sufficient humidification is needed, since the perfluoro sulpho-
nic acid (PFSA) membranes, commonly used in PEFCs, can only
conduct protons when sufficiently hydrated.” A drying of the
membrane leads to increasing ohmic losses, temperature
increase and degradation.”

In PEFCs GDLs are critical for this sensitive water manage-
ment as well as the transport and even distribution of the
reaction gases, electrons and heat.>® Therefore, materials for
GDLs need to possess attributes such as adequate electrical and
thermal conductivity and (electro)chemical stability in the
environment of a PEFC."® Furthermore, the wettability of the
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Fig. 1 Conversion of polyacrylonitrile (PAN) to carbon paper via graphi-
tization at 2000 °C.*®

GDL needs to be suitable for a changing humidification of the
gases as well as different rates of water production depending
on the operating point." To fulfil these requirements, GDLs are
designed as porous structures to simultaneously provide path-
ways for the transport of reactant gases and water as well as a
solid network which serves as a mechanical support of the CL
and transports electrons and heat."

State-of-the-art GDLs consist of a carbon paper called macro-
porous substrate (MPS) and an additional microporous layer
(MPL). The MPS is made up of carbon fibres (diameter 7-9 um),
which are randomly oriented as a sheet with thicknesses of
100-500 um in uncompressed state.”* The pore size of the MPS
is in the range of 10-100 pm, yielding a porosity of 65-90%."
The MPL has a thickness between 10 and 100 pm and is
composed of carbon powder as well as a hydrophobic agent
such as PTFE."

MPS are frequently fabricated from petroleum based poly-
acrylonitrile (PAN) fibres and a phenolic resin as binder which
are subjected to temperatures of up to 2000 °C to achieve the
required porosity and conductivity (see Fig. 1).”® Due to these
high temperatures required during carbonization and graphi-
tization steps, the polymer fibres are converted into carbon
fibres with graphite-like properties whereas the binder persists
as amorphous carbon." The high temperatures needed for the
carbonization, the required post-treatment with polytetrafluoro-
ethylene (PTFE) to improve the hydrophobic properties, as well as
the application of the MPL, increase the manufacturing cost of the
material."”” The GDL contributes 10% to the total production cost
of the membrane electrode assembly (MEA), which is the most
expensive component of the fuel cell stack.”'® Moreover, the
addition of PTFE limits the feasibility of recycling of the material
due to the introduction of fluorine containing compounds.'* With
increasing PTFE content the transport of electrons and heat is
reduced.” Furthermore, PTFE tends to agglomerate which can
cause additional performance losses by blocking the porous
structure and altering the capillary forces.">'? In addition, due
to concerns about the environment and human health, there is
demand to reduce the utilization of fluorine containing com-
pounds such as perfluoroalkyl substances (PFAS) and develop
nonfluorinated alternatives.™*

Another challenge of GDLs is the durability, since these
carbon-based materials are prone to oxidation, leading to a loss
of their properties and contributing to the ageing of the fuel
cell."® The oxidation of carbon in the presence of water starts at
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potentials as low as 0.207 V versus reversible hydrogen electrode
(RHE) (see eqn (4))."
Oxidation of carbon in the presence of water:

C+2H,0 > CO, +4H' + 4¢” E=0.207 Vvs. RHE  (4)

Due to the environmental concerns, there is a research focus
on developing new kinds of GDLs based on renewable resources
such as bagasse and jute to substitute the base material PAN.”"*
These renewable materials also require a graphitization step to
achieve the electrical conductivity. However, due to the missing
nitrile groups, they can be graphitized at lower temperatures
compared to PAN, which helps to reduce the production costs.'®
Moreover, the material costs of these natural feedstocks are
lower compared to the petroleum-based PAN.'® Further, natural
fibres with a high surface area have been used as GDLs in FCs
without the need for an MPL, which is required for PAN based
GDL substrates.'” However, natural fibres are prone to oxidation,
require a hydrophobic treatment and may contain contami-
nants, harmful to fuel cells.”*®

Electrochemically stable conductive coatings

In this study, we investigate the use of coatings to prevent the
oxidation of carbon and to simultaneously enable tunability of
the wettability of GDLs. Conducting polymers are a class of
materials with the potential to improve the properties of GDLs
due to their tuneable wettability,"® electrical conductivity’®>* as
well as electrochemical stability over a wide potential range.>***

The possibility of adapting the properties of conducting
polymers over a wide range has enabled a variety of applications
such as supercapacitors,”>*® photovoltaic cells’” and tissue
engineering.”®>® PANI is one of the best investigated conducting
polymers.**>* It has been used as corrosion protection,® as an
electrode material for supercapacitors® and in catalysis*® due to
its high thermal®® and (electro)chemical stability**** in combi-
nation with low cost.*® An electrical conductivity of 400 S cm™*
has been reported.”® Further, the thermal stability of PANI is
superior compared to other conducting polymers,*® its electrical
conductivity has been reported to sustain 170 °C for 500 h.*’
Good chemical stability in both acidic and alkaline media has
been reported for PANI,>*® however it loses its electrical conduc-
tivity in alkaline media.*® Due to the rigid backbone, PANI has a
low solubility in most solvents, which can restrict its use in some
applications as a result of the limited processibility.*®*°

The possibility of using PANI in FCs has already been
demonstrated in the form of a PANI/Pt catalyst.*’ Furthermore,
Fu et al. produced nanorod-like structures of PANI on an MPL
to fabricate a catalyst support and Cindrella et al. successfully
deposited PANI via spray coating on the MPL to reduce the
contact resistance between the MPL and the CL.*>*

Conducting polymers can be distinguished from other poly-
mers due to their alternating single and double (or triple)
bonds in the backbone of the polymer. The charge transport
is due to so-called m-conjugated bonds containing electrons
which can move freely due to overlapping p-orbitals.**

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Dedoping and redoping of PANI emeraldine salt and emeraldine base.

For most conductive polymers such as polyaniline (PANI),
doping is required to achieve suitable conductivity. This is
achieved through the creation of a charged structure and the
insertion of counter ions to maintain overall charge neutrality
(see Fig. 2).*> Although both of the depicted PANI structures in
Fig. 2 consist of a 1: 1 ratio of oxidized to reduced units, only the
doped emeraldine salt is an electrical conductor, whereas the
dedoped emeraldine base is an insulator.*>** Further, the ratio
of oxidized to reduced units needs to be controlled since the fully
oxidized pernigraniline as well as the fully reduced leucoemer-
aldine are considered non-conducting.>>*¢

The counter ions necessary to ensure the charge neutrality of
the structure can be exploited to alter the properties of conducting
polymers such as electrical conductivity,”** morphology,*” ther-
mal stability*®*® and solubility.*’

In this work, special emphasis is laid on the wettability of
the coating. For the synthesis of the conducting emeraldine a
low pH is required, which can be achieved by the addition of
HCL.>" However, the addition of HCl increases the hydrophilicity
of the polymer.*" Leng et al. used amphiphilic molecules as
counter ions to alter the wettability and reported the fabrication
of superhydrophobic PANI coatings.’® The negatively charged
hydrophilic heads are attracted by the positively charged back-
bone of PANI, whereas the apolar tails point outward making the
polymer hydrophobic.*

Since the sizes and shape of their hydrophobic tails of
surfactants such as p-toluenesulphonic acid (pTSA), sodium
dodecylsulphate (SDS) and sodium dodecylbenzenesulphonate
(SDBS) differ, also the morphology as well as the electronic
properties are expected to depend on the selected dopant.
According to Oh et al. pTSA is superior to other surfactants
since the conductivity of PANI is less interrupted by the

Table 1 System for labelling and identification of the samples

View Article Online
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benzene ring compared to the longer hydrocarbon chains of
SDBS and SDS.”"

In this study we investigate the application of PANI as
protective coating for GDLs via (i) dip-coating and (ii) electro-
polymerization without the utilization of PTFE and an MPL.
The decision was made not to use an MPL in order to isolate the
impact of the additional layer and explore the possibility of
omitting it. In addition, this study examines various dopants
such as SDS, SDBS and pTSA to transform the hydrophilic PANI
into a hydrophobic coating with suitable (electro)chemical
stability and electrical conductivity.

Using ex situ techniques such as contact angle (CA) measure-
ment, infrared (IR) spectroscopy and scanning electron micro-
scopy (SEM) allowed a screening to determine the most
promising coating. Ultimately, the most promising coatings
were used to fabricate GDLs, which were in situ tested as
cathodic GDL in a single cell PEFC and compared to a reference
measurement using commercial carbon paper EP40T.

Experimental
Materials

All chemicals were used as received without further purification.
(NH,4),SO, (98%, ammonium persulfate (APS)) and sodium dode-
cylsulphate (>85%, SDS) were purchased from Merck. HCI,
NH,OH and p-toluene sulphonic acid (>98.5%, pTSA) were
purchased from Sigma-Aldrich. Aniline (>99.5%, Ani) was pur-
chased from Roth, whereas sodium dodecylbenzenesulphonate
(>85%, SDBS) was purchased from Fluka. For synthesis and
washing, deionized water was used. The commercial carbon
paper AvCarb EP40 was used as substrate for fabricating the
PANI-coated GDLs. EP40T was used as an anode GDL for the
in situ testing of the PANI-coated GDL and as both anode and
cathode GDL for the reference measurement. The main difference
between EP40 and EP40T is the hydrophobic treatment of EP40T
with 13 wt% PTFE which influences properties such as the
through-plane electrical resistivity which is increased from 8.0
mOhm cm? to 13 mOhm cm? and through-plane air permeability
(Gurley method) which is increased from 4.5 s/100cc to 7.5 s/
100cc.>® Furthermore, EP40 has a compressibility of 14% whereas
EP40T has a compressibility of 10.5%.%* Catalyst coated mem-
branes (CCM) of the type H25-N212 provided by Quintech were
used for the in situ testing. The CCMs consist of 5 x 5 cm” active
area, with a cathode catalyst loading of 0.6 mg Pt per cm? and an
anode catalyst loading of 0.3 mg Pt per cm®. The reactant gases for
the in situ testing were pure hydrogen on the anode side and

Gives the oxidant or indicates Name of Number to distinguish samples If given, indicates whether sample was dedoped
electropolymerization the dopant with similar dopant and oxidant or redoped, new dopant is given in brackets
E - electropolymerization HCI 1 D - dedoped
A - APS pTSA 2 R(pTSA) - redoped with pTSA
SDS 3
SDBS 4

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Concentration monomer, dopants and oxidants as well as electrochemical parameters for the synthesis of the PANI coatings

Concentration aniline Concentration dopant Oxidant APS

Sample (solution A)/mol L' (solution A&B)/mol L™" (solution B)/mol L™ Electrochemical parameters (potential vs. Ag/AgCl)

A-HCI-1  0.036 HCI: 0.067 0.036 —

A-HCI-2 0.200 HCI: 0.100 0.200 —

A-pTSA-1 0.150 PTSA: 0.450 0.150 —

A-PTSA-2 0.029 PTSA: 0.007 0.029 —

A-SDS-1  0.024 SDS: 0.014 0.024 —

A-SDS-2  0.036 SDS: 0.014, HCI: 0.067 0.036 —

A-SDS-3  0.024 SDS: 0.014 0.024 —

A-SDBS-1 0.100 SDBS: 0.056, HCI: 0.010 0.100 —

A-SDBS-2 0.100 SDBS: 0.012, 0.120 —

HCI: 0.060

E-HCI-1  0.100 HCI: 0.500 — CV: 0.05 to 1.1V, 7 cycles with 20 mV s ' scan rate, final potential
is 0.59 V

E-pTSA-1 0.100 HCI: 0.100 — Constant current: 40 mA for 300 s

E-pTSA-2 0.100 PTSA: 0.100 — CV: 0.05 t0 0.9V, 8 cycles with 20 mV s~ " scan rate, final potential
is 0.58 V

E-pTSA-3 0.100 PpTSA: 0.100 — CV: 0.05 to 0.9 V, 13 cycles with 20 mV s~ ' scan rate, final
potential is 0.30 V

E-SDS-1  0.100 SDS: 0.050, HCI: 0.100 — Constant potential: 0.7 V for 900 s

E-SDBS-1 0.100 SDBS: 0.050, HCI: 0.100 — Const potential: 0.85 V for 300 s; after CP was turned around

E-SDBS-2 0.100 SDBS: 0.050, HCI: 0.100 —

E-SDBS-3 0.100 SDBS: 0.050, HCI: 0.100 —

E-SDBS-4 0.100 SDBS: 0.050, HCI: 0.100 —

synthetic air with an oxygen content of 20 & 1% v/v on the cathode
side. The purging of the cell was performed using pure nitrogen
gas. All gases are of 5.0 quality and supplied by air liquid.

Labelling of sample

For the identification of the different samples, a system of
abbreviations such as A-HCI-1 was used. Table 1 explains the
labelling. PANI/SDBS stands for SDBS doped PANI in general.

Dip-coating of carbon paper

The chemical oxidative polymerization of aniline was per-
formed in aqueous solution at room temperature as previously
reported by Xu et al.>® However, the drop-coating method used
by Xu et al. was modified as follows to enable the dip-coating of
the carbon paper and produce uniform coatings. For each dip-
coating approach two reaction solutions A and B were prepared
in a beaker. Both solutions contained the same concentration
of dopants, solution A & B contained the aniline monomer and
the oxidant APS, respectively. For a carbon paper of 5 x 5 cm®
both solutions A and B had a volume of 150 mL each. The
concentration of the chemicals for each synthesis can be found
in Table 2.

After preparing the solutions A&B, both solutions were kept
stirring for 30 minutes at room temperature. To initiate the
polymerization, solution B was rapidly poured into solution A.
Consequently, the reaction solution was vigorously stirred for
30 seconds before reducing the stirring rate to 200 rpm and
immersing the commercial carbon paper EP40 into the
solution. After a reaction time of 21 hours, the coated carbon
paper was taken out and gently washed with deionised water.
Furthermore, the powder product was collected via vacuum

2576 | Mater. Adv, 2023, 4, 2573-2585

again 0.85 V for 300 s

Const potential: 0.85 V for 200 s; after CP was turned around
again 0.85 V for 200 s

Const potential: 0.85 V for 150 s; after CP was turned around
again 0.85 V for 150 s

CV: 0.05 to 0.9 V, 11 cycles with 20 mV s~ " scan rate, final
potential is 0.71 V

filtration and washed with deionised water until the filtrate
became colourless. Both the coated carbon paper as well as the
powder product were dried in a furnace at 60 °C for 24 h.

Electropolymerization

For the electropolymerization of the polyaniline coating a three-
electrode setup with carbon paper EP40, glassy carbon rod and
Ag/AgCl (3 M KCl) as working electrode (WE), counter electrode
(CE) and reference electrode (RE), respectively, was used. The
electrochemical cell as well as the CE and RE were provided by
redox.me. The electrochemical workstation reference 600 of
Gamry Instruments was used to apply a current as described in
Table 2. The syntheses were carried out at room temperature in air
and the electrolyte consisted of the chemicals listed in Table 2. In
a typical synthesis the geometric size of the carbon paper WE was
5 x 5 cm” and the volume of the electrolyte solution was 350 mL.
After the synthesis, the WE was gently washed with deionised
water and dried in a furnace at 60 °C for 24 h.

Dedoping and redoping

Selected coated carbon papers were dipped into 1 M NH,OH for
24 hours followed by a washing step with deionised water.
Consequently, the carbon paper was immersed in 1 M pTSA for
24 hours, before being washed with deionised water and being
dried in a furnace at 60 °C for 24 hours.

Ex situ testing

The contact angles of the coated carbon papers and the
commercial carbon papers were determined using the Ossila
Contact Angle Goniometer L2004A1. On each sample, three
different locations were chosen on which water drops with a

© 2023 The Author(s). Published by the Royal Society of Chemistry
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volume of 10 pL each were deposited. After 3 seconds an image
was recorded. The CA was recorded with the highest values
used to rank the wettability of the samples. IR spectra of PANI
powder and coated carbon paper were recorded using a Fourier-
transform infrared spectrometer (Bruker Alpha II) in the range
from 4000 to 400 cm™'. The morphology of the coated carbon
papers and the elemental distributions were recorded via
scanning electron microscopy (SEM) and energy dispersive
X-ray spectroscopy (EDX), respectively. Both were performed
using a JEOL JSM-IT100 at a potential of 5 kv and a working
distance of 10 mm. The cyclic voltammetry (CV) for examining
the electrochemical stability of the coating was performed
in the range of 0.2 to 0.75 V vs. Ag/AgCl with a scan rate of
20 mV s~ for 100 cycles. The CV was carried out with the same
electrochemical cell used for the electropolymerization with an
electrolyte containing 0.1 M HCI.

In situ testing

Samples were assessed for their performance and stability in
an operational fuel cell via CV, EIS and polarization curve.
The in situ testing was performed on a Greenlight automated
test station model G60. The testing station was equipped with a
dew point and gas temperature control as well as automated
humidification. For the single cell testing a Baltic cell qCf FC25/
100 was used which has the advantage of a precise control of
the applied pressure due to a hydraulic system which enables a
better controlling and replication of the testing conditions. For
all measurements the cell was compressed with a pressure of
1.6 MPa and the cell temperature was set to 80 °C. A triple
serpentine flow field as described here®* was selected.

The water management is more critical at the cathode since
water is produced by the ORR. Hence the cathode was selected
for testing the coated carbon paper. On the anode side, EP40T
was used for both the testing of the PANI-coated GDLs as well
as the reference measurement. Further, the in situ testing of the
GDLs was carried out without the application of an MPL,
although they are added as common practice in state-of-the-art
materials, to prevent the MPL from influencing the performance
and consequently enable a better traceability of the effect of the
PANI-coating.

The activation of the cell was performed according to the
Joint Research Centre (JRC) protocol which consisted of a cell
break-in followed by cell conditioning.>

Electrochemical impedance spectroscopy (EIS)

For all measurements the RH was set on both sides to 50% and
the frequency range was 200 kHz to 0.1 Hz. The EIS measurement
was performed with a current of 280 mA cm™ 2 and an amplitude
of 5% was applied which resulted in a cell voltage of about 0.63 V.

Polarization curve

For each sample two polarization curves were recorded, one at
30% relative humidity (RH) and the other at 50% RH. For any
measurement, the RH on both sides was identical. The stoi-
chiometry on the anode was set to 1.3 and on the cathode, it
was set to 1.5. According to the JRC protocol, the forward sweep

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Carbon paper coated with surfactant doped PANI via dip-coating
(left) and electropolymerization (right).

of the polarization curve was started at the open-circuit voltage
(OCV) and the current was increased stepwise until the voltage
dropped below 0.4 V. Consequently, a backward sweep was
carried out by stepwise reducing the current till the OCV was
reached again.

100 h stability

Sample E-SDBS-3 was kept running with a current density of
350 mA cm ™2 for 100 h before repeating the polarization curve,
EIS and CV with the same conditions as depicted above. For the
100 h hold, the RH was set to 50% and the temperature was set
to 80 °C on both sides. The anode and cathode stoichiometry
were set to 1.3 and 1.5, respectively.

Results and discussion
Synthesis

Fig. 3 shows a dip-coated (A) and an electrocoated carbon paper
(B), it can be seen that the coating is only formed on the parts
immersed into the reaction solution (A) or the electrolyte (B).

As a first step, the two investigated coating techniques were
compared in terms of their feasibility and coating quality. We
found, the setup of the dip coating to be more straightforward
compared to the electropolymerization which required more
equipment (see ESI,T Fig. S1 and S2). In general, the electro-
polymerization is the faster technique since for the applied
coating thickness it is done in minutes. However, the reaction
time of the dilute chemical oxidative polymerization could be
drastically reduced by increasing the concentration of the
monomer and tolerating a poor conversion of the toxic monomer.
For sample A-SDBS-2 the coating mass per area was measured
over a timeframe of 21 hours. After 1, 3.5 and 21 hours the
deposited mass of PANI per area was 2.1, 4.5 and 5.3 mg cm™ >,
Hence the deposition rate decreases after the first hours of the
polymerization.

A further disadvantage of the chemical oxidative polymer-
ization is the material waste due to the formation of PANI in the
solution instead of on the carbon paper. Whereas in the case of
the tested electrochemical techniques, the coating adhered to
the carbon paper WE and no PANI was formed in the solution.

Mater. Adv., 2023, 4, 2573-2585 | 2577
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An additional advantage of the electropolymerization is that
the deposited mass can be readily controlled through the used
charge. However, for a uniform coating on both sides of the
carbon paper WE, the WE needed to be turned around to alter
the side facing the CE (see Surface morphology and coating
distribution).

Ex situ testing

Electrochemical stability of the PANI-coated carbon paper.
The cycling of the carbon paper with a SDBS doped PANI
coating was performed in a potential range of 0.2 to 0.75 V
vs. Ag/AgCl which is typical for fuel cell applications. It was
performed ex situ in a cell containing 0.1 M HCI to focus on the
electrochemical stability and prevent other factors such as a
mechanical degradation.

No redox peaks were detected which would indicate a
transition of the emeraldine salt form of PANI to the pernigra-
niline (oxidized) or leucoemeraldine (reduced) form which are
both unwanted due to being non-conducting.*** It can be seen
that with increasing cycle number more faradaic current is
measured (see Fig. 4). This could be due to an increasing
surface area which allows to accept a higher amount of charge
for the building up of the double-layer capacitance. A decrease
in the detected current would have pointed toward a degrada-
tion of the coating since the emeraldine salt could have been
converted to a non-conducting form or been removed from the
carbon paper. Hence, the cyclic voltammogram suggests the
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Fig. 5 IR spectra of A-pTSA-1 (powder), A-pTSA-1 (coating) and E-pTSA-1

(coating).

PANI coating is stable in the potential range of a fuel cell and
adheres to the carbon paper which is necessary for applications
as protective coating for carbon-based materials.

Analysis of the chemical structure of the coating

Table 3 provides an overview of characteristic peaks for PANI
and gives information about the influence of dopants. Of
high importance are the peaks at 1245 and 1135 ¢cm ', since
they indicate the presence of the groups that provide a high
electrical conductivity. Further, the relative intensity of the peaks
at 1574 cm ' (stretching of quinoid rings) and 1485 cm™*
(stretching of benzenoid rings) can be used to estimate the
amount of quinoid and benzenoid units which theoretically
should be 1:1 for emeraldine salt.>®

The IR spectra of PANI/pTSA coated carbon papers synthe-
sized via electrochemical and chemical oxidative polymeriza-
tion are depicted in Fig. 5 and contain the typical PANI peaks as
described in Table 3. Furthermore, the recorded IR of PANI/
PTSA powder formed in the solution during the dip-coating is
shown. Since the peaks of the A-pTSA-1 powder are matching the
peaks of the A-pTSA-1 coating, the other IR spectra recorded
directly on the other coated carbon papers are valid for analysing
the PANI coating.

The peaks of the chemically synthesized PANI are broader
compared to E-pTSA-1 (see Fig. 5). Furthermore, the peaks of
E-pTSA-1 are shifted to higher wavenumbers which could be due
to a higher pH value during electropolymerization®® and the
content of the reduced benzenoid units is higher in A-pTSA-1

Table 3 Overview of peaks of polyaniline and influence of dopants or the oxidant

Wavenumber
of peak/cm ™" Description PANI Influence dopant/oxidant
1680 — Indicates presence of non-conducting phenazine, a defect in PANI
which can be produced by oxidant APS®”
1574 Stretching of quinoid rings®” Becomes wider in presence of SDBS"’
1485 Stretching of C=C in benzenoid rings®’ Significant increase indicated presence of phenazine which reduces
the conductivity®”
1245 C-N"** (bipolaron) stretching vibration, indicates —
conductivity'®**
1135 C—NH'-C (protonated imine group), indicates Become wider in presence of SDBS"®
higher conductivity®**°”
1010 — $=O0 stretching®®>°
2578 | Mater. Adv.,, 2023, 4, 2573-2585 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 IR spectra of A-SDS-1 (alkaline synthesis) and A-SDS-2 (acidic
synthesis).

which could be due to a too low APS oxidant concentration.
The broad peak at 1664 cm™ " is only present in the spectra of
chemical oxidative polymerization. According to Reza et al., this
peak indicates the presence of phenazine which is often con-
sidered as a defect in PANI since it is non-conducting.”” Further,
Reza et al. reported a correlation between high APS concentra-
tions and the formation of phenazine,>” hence in E-pTSA-1 this
peak is not visible.

In Fig. 6 the spectra of A-SDS-1 and A-SDS-2 are depicted, the
spectrum of A-SDS-3 can be found in ESIL{ Fig. S7. These
samples differ in the dopants used for the synthesis which
were SDS for A-SDS-1 and SDS as well as HCI for A-SDS-2 and
A-SDS-3. The HCI was added to ensure a low pH which is
necessary for the synthesis of emeraldine salt.** It can be seen
that for A-SDS-2 the benzenoid and quinoid peaks are similar in
size, opposed to A-SDS-1 where the benzenoid peaks are domi-
nant which indicates a higher content of reduced units. The
peaks assigned to the C-N"* vibration at 1245 cm ™" and to the
—=NH"'- at 1135 cm™ " are more dominant in the spectra of
A-SDS-2, which indicate a higher electrical conductivity.

After A-SDS-2 was tested in the PEFC, another IR spectrum
was recorded (see ESL Fig. S3). The spectrum recorded after
the in situ testing matches the spectrum of the pristine coating,
which suggests that the PANI-coating was still present after the
testing. However, the intensities of C-N"* and =NH'- were
slightly reduced which could indicate a conversion of the
emeraldine salt to the emeraldine base.

Sample E-HCl-1 was dedoped using NH,OH (E-HCI-1-D) fol-
lowed by redoping using pTSA (E-HCI-1-R(pTSA)). The respective
IR spectra after the electropolymerization, after the dedoping and
after the redoping are shown in Fig. 7. It can be seen that the
spectra of E-HCI-1 and E-HCI-1-R(pTSA) correlate except for one
peak at 988 cm™". This peak can be assigned to S=O stretching
which suggests the insertion of pTSA.>®**® The detection of the
characteristic PANI peaks demonstrates the coating sustained the
base and acid treatment and was still adherent to the carbon
paper. Furthermore, E-HCl-1 and E-HCI-1-R(pTSA) both have a
dominant protonated imine peak which points towards emeral-
dine salt form, whereas for E-HCI-1-D this peak was not detected.
The peaks of E-HCI-1-D are shifted to higher wavelengths due to
the base treatment, which is in accordance with literature.®®®!

© 2023 The Author(s). Published by the Royal Society of Chemistry
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In Fig. 8 the recorded IR spectra of sample E-SDBS-2 one day
after the synthesis as well as after storing it for 16 days under
atmospheric conditions, are depicted. Govindaraj et al. reported
an increasing hydrophobicity of emeraldine salt which was
stored in atmospheric conditions for 30 days and they proposed
a transition of the surface chemistry and the morphology being
responsible for altered wettability of the material.’® Although we
detected a change in the wettability (see Wettability of PANI-
coated carbon papers), in the recorded FTIR spectrum the ratio
of quinoid to benzenoid structures was not altered, as proposed
by Govindaraj et al.>® Further, no deprotonation was detected,
since the intensity of the protonated imine group peak did not
decrease. This points toward a change in the morphology being
the reason for the improved hydrophobicity.

However, these samples were prepared with constant
potential opposed to CV, as in the case of Govindaraj et al.
Further, the fabricated PANI-coated carbon papers were dried
in a furnace at 60 °C for 24 hours after the synthesis and before
recording the FTIR. Hence a transition in the surface chemistry
as proposed by Govindaraj et al. could have been accelerated by
heating in the furnace and been finalized before the first FTIR
measurement was performed.

After the ageing, sample E-SDBS-2 was also subjected to 100
cycles of CV. It can be seen in Fig. 8 that the spectrum was not
altered due to the cycling, which would indicate a degradation
of the coating. Since the intensity of the S—O peak was not

w

© [~ E-5DBS-2 (after 100 cycles) |

[~ E-SDBS-2 (aged 16 days) |

Absorbance (AU)
N

-
i

| — E-SDBS-2 (aged 1 day)
0 .\/\’\_—\
3000 2500

2000 1500
Wavenumber (cm)
Fig. 8 IR spectra of pristine E-SDBS-2, 16 days aged E-SDBS-2 and E-
SDBS-2 after cycling with CV.
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Table 4 CA of the samples and the commercial carbon papers EP40 and
EP40T. The CAs of each sample vary in a range of 10-20° (see ESI, Fig. S9)
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(A) EP40
145°

Sample Days since synthesis CA

EP40 — 142-145°
EP40T — 152-156°
A-HCI-2 — Hydrophilic
A-SDS-2 4 110-130°
A-SDS-2 After in situ testing 116-136°
E-pTSA-2 5 89-109°
E-pTSA-2 30 102-122°
E-pTSA-3 23 104-124°
E-SDBS-2 - front 7 119-139°
E-SDBS-2 - back 7 118-138°
E-SDBS-3 7 111-131°
E-SDBS-4 - front 7 124-144°
E-SDBS-4 - back 7 103-123°

reduced it can be deduced that the SDBS dopants were not
exchanged with the chloride ions present in the electrolyte. The
IR spectra of E-SDBS-1, E-SDBS-3 and E-SDBS-4 are shown in
ESL, Fig. S8.

Wettability of PANI-coated carbon papers

Despite a measurement of the external contact angle not being
precise to determine the wettability of a GDL due to the
influence of the roughness of the surface and not taking the
capillary forces into account,®” goniometry allows rapid testing
and an estimation of the hydrophobicity of the material.
Further, the determined contact angles for the coatings vary
in a range of 10-20° (see ESLf Fig. S9). To enable rapid
screening and comparison of the samples, the highest contact
angle selected, as this gives an indication what hydrophobicity
can be achieved.

The contact angles of the pristine carbon paper EP40 and
PTFE-treated carbon paper EP40T, as well as of the PANI-coated
samples are depicted in Table 4. Images of the determined
CA of selected samples and the reference are depicted in Fig. 9.
In general, the CA of the samples increased over a timeframe of
two weeks after the drying, hence the number of days since the
synthesis are also given in Table 4. An increasing hydrophobi-
city of the carbon paper after storage under atmospheric
conditions is in agreement with the reports of Govindaraj
et al.>® who proposed an altered surface chemistry such as
the transition of emeraldine salt to emeraldine base as well as
morphological changes such as self-agglomeration being
responsible for the increased hydrophobicity. However as dis-
cussed above, no change in the surface chemistry was detected
with the FTIR, which points toward morphology modifications
being responsible for the increased CA. Nevertheless, coatings
not containing any surfactants such as A-HCI-1 were not able to
achieve hydrophobic contact angles despite the ageing under
atmospheric conditions which demonstrates the importance of
the surfactant dopants for the hydrophobic coating.

The highest CA achieved by the dip-coated samples was 130°
(A-SDS-2) and the highest CA of the electrocoated samples was
144° (E-SDBS-4). The determined CAs depicted in Table 4
illustrate that using the dopants SDBS, SDS as well as pTSA
CAs above 120° can be achieved. According to Liu et al

2580 | Mater. Adv, 2023, 4, 2573-2585

Fig. 9 Highest contact angle determined for (A) EP40, (B) EP40T, (C) A-
SDS-2, (D) E-pTSA-3, (E) E-SDBS-2 and (F) E-SDBS-4. The value depicted
is the average of the contact angle on the left and on the right side of
the drop.

commercial GDLs have CAs in the range of 100 to 155°
depending on the application.®® Hence, these fabricated sur-
factant doped PANI coatings demonstrate the potential to
produce PTFE-free GDLs.

Sample E-SDBS-4 was not turned around during the electro-
synthesis. Since always the foreside was facing the CE, more
coating was deposited on this side (see Surface morphology
and coating distribution). The CA of the front and the back were
144° and 123°, respectively, which indicates a different wettabil-
ity of the two sides. On the other hand, sample E-SDBS-2 was
turned around during the electrosynthesis and the determined
CAs of the front and back were 139° and 138°, respectively, which
indicates a similar hydrophobicity on both sides.

Sample E-SDBS-2 was exposed to 100 cycles of CV and the
determined CA of 139° was not altered by the cycling. Further,
sample A-SDS-2, which was used as cathodic GDL in the in situ
testing in the PEFC, had a CA of 130° before and 136° after the
testing. This demonstrates the coating being able to sustain the
hydrophobic properties over the duration of the testing.

According to Stejskal et al. the use of APS as oxidant leads to
the formation and insertion of sulphate or hydrogen sulphate,
which are attracted by the positively charged PANI chain, leading
to a more hydrophilic material. Further, Stejskal et al. proposed
using a base for dedoping of PANI followed by a redoping to insert
the desired counter ion.>" In this study, we investigate whether the
coatings sustains the basic dedoping and acidic redoping step
starting from a hydrophilic E-HCl-1. As discussed above (see
Fig. 7), the FTIR spectrum suggests redoped PANI being present
on the carbon paper. Despite E-pTSA-3 achieving CAs of up to 124°
which demonstrates the suitability of pTSA for hydrophobic coat-
ings, the redoped E-HCI-1-R(pTSA) coating was as hydrophilic as
the pristine E-HCI-1 coating. The coating E-HCI-1-R(pTSA) being

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 SEM images of coated CP with magnification 50x, 2500x and 10 000x and EDX mapping of the investigated samples and the reference
(color code is depicted in Table 5, for simplicity carbon is not shown in the PANI-coated samples). Additional SEM & EDX images are shown in ESI,f

Fig. S10.

hydrophilic, despite the insertion of the amphiphilic dopants,
points towards a strong influence of the morphology, which could
have preserved the hydrophilicity despite the redoping.

Nevertheless, the hydrophilic sample A-HCI-2 was success-
fully redoped to A-HCI-2-R(pTSA) which achieved hydrophobic
CAs above 90°.

Surface morphology and coating distribution

The surface morphology of the electrocoated samples is exclu-
sively composed of globular structures (see Fig. 10(K)), whereas
the dip-coated samples also feature rod-like (see Fig. 10(0)) and
sponge-like structures (see Fig. 10(G)).

Comparing the two sides of the electrocoated sample E-SDS-
1 (see ESIY) it can be seen that on the front a larger amount of
coating is deposited and the majority of the fibres are coated,
whereas on the backside there are bare fibres visible. Also, for
sample E-SDBS-4 a difference between the two sides is obser-
vable (see Fig. 10(I) and (J)), however since overall more coating
was deposited, also the fibres on the backside are covered with
a PANI film, which is recognizable, when comparing the SEM
images to the reference EP40 (see Fig. 10(E)).

© 2023 The Author(s). Published by the Royal Society of Chemistry

The SEM images of the electrocoated sample E-SDBS-3 show
a similar coating on both sides (see Fig. 10(M) and (N)), which
demonstrates that a divergence between the two sides of the
carbon paper can be avoided by turning the carbon paper
around during the electrosynthesis. Moreover, no bare fibres
are detected on either of the two sides.

By using two CEs one can spare the turning of the WE to
achieve uniform coating on both sides. However, porosity
gradients have demonstrated to improve the removal of water
and the transport of reactant gases®”®® and could ultimately
substitute an MPL. Whereas the determined CA suggest a
different wettability on the two sides (see Wettability of the
PANI-coated carbon papers), a different porosity and pore size
can be seen in the SEM images (see ESL,1 Fig. S10).

On the dip-coated sample A-SDS-2, no blank fibres are
visible and the coating consists of globular structures (see
Fig. 10(F) and (P)). In the case of A-pTSA-2 (Fig. 10(O)) there
are both rod-like and sponge-like structures, however some
fibres are not coated at all. An interesting feature of A-SDBS-1
(see Fig. 10(C)) are the chunks which are found all over the
carbon paper. At a magnification of 10000x it is visible that

Mater. Adv., 2023, 4, 2573-2585 | 2581
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Table 5 Elemental composition of the samples and the reference

C/atom% N/atom% O/atom% S/atom% F/atom%
Color Red Green Yellow Magenta Blue
EP40 100 0 0 0 0
EP40T 75.7 0 0 0 24.3
A-SDBS-1 86.6 5.7 5.9 1.7 0
A-SDS-2 89.5 5.1 4.2 1.0 0
A-HCl-1 88.3 5.1 5.4 0.9 0
A-pTSA-2 88.9 5.1 5.1 1.0 0
E-SDS-1 88.2 5.0 5.4 1.4 0
E-pTSA-8 92.3 3.9 2.9 0.9 0
E-SDBS-1 86.3 5.2 6.2 2.4 0
E-SDBA-3 front  85.9 5.2 7.0 1.9 0
E-SDBS-3 back  90.1 4.1 4.6 1.2 0
E-SDBS-4 front  84.5 5.6 7.5 2.4 0
E-SDBS-4 back  90.4 4.0 4.3 1.4 0

there are some blank fibres next to the chunks (see ESIL¥
Fig. $10-C3). This suggests in this case PANI formation is favoured
on already deposited PANI. A similar pattern can be observed for
PTFE in EP40T. According to the EDX analysis the carbon paper
EP40 consists of 100% carbon, whereas EP40T contains 75.70
atom% carbon and 24.30 atom% fluorine (see Table 5 and
Fig. 10(H)). The fluorine content is due to the 13 wt% PTFE as
wetproofing agent. In the EDX analysis of the PANI-coated carbon
paper other elements were detected (see Fig. 10(L) and (P) and
ESI,t Fig. S10-4, carbon is not depicted for clarity). Nitrogen can
be assigned to the PANI, whereas a detection of S and Cl points
toward the insertion of counter ions. Oxygen on the other hand
could be introduced either as part of the surfactant counter ions
or vig oxidation of the PANI during storage. It can be seen that the
nitrogen (green) and sulphur atoms are homogeneously distrib-
uted over the carbon paper. Further, also fibres where no coating
was visible on the SEM images appear to be covered with PANI.
In emeraldine salt, the chain is half-oxidized meaning for
every nitrogen atom there should be 0.5 counter ions.** Since
the dopants SDBS, DBSA and pTSA all contain one sulphur
atom as well as three oxygen atoms, there should be 0.5 S and
1.5 O atoms present for each N atom. The dopant SDS contains
four oxygen atoms and one sulphur atom, hence 2.0 O and 0.5 S
atoms for each N atom would be expected. As shown in Table 5,
for each sample the S content is lower compared to the ideal
dopant content and except for A-SDS-2 and A-HCI-1 no Cl was
detected. Especially the dip-coated samples contain less
dopants than expected for ideal ES. This could be because
not all PANI is in the half-oxidized state or not all of the
emeraldine base was doped to yield the emeraldine salt.
Possibly the PANI on the surface of the coating is more easily
doped since the large dopants are insufficiently transported into
pores, or some agglomerates of PANI are better oxidized due to
incomplete mixing in the reaction solution of the dip-coating.
Further, the washing of the sample could reduce the amount of
counter ions bound to PANI, however, the electrocoated sample
such as E-SDBS-1 contain about the theoretical value of 0.5
counter ions despite being washed with deionized water.
Furthermore, the ratio of O to S is larger than expected for
samples such as A-pTSA-2 and E-SDBS-3. Since the PANI
was stored in air this could be due to oxidation reactions

2582 | Mater. Adv, 2023, 4, 2573-2585
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occurring during the ageing process, as has been reported by
Govindaraj et al.”®

In the EDX measurement for A-HCl-1 where HCl was the
only dopant used, still S was detected. This is in agreement with
the conclusion by Stejskal et al. that sulphate is inserted as
counter ion if APS is used for the synthesis.>' Sulphate contains
four O and one S atom, consequently the ratio of O to S would
increase, since APS was used as oxidant.

In situ fuel cell testing

Although E-SDBS-4 has the highest CA of all samples, it was not
used for in situ testing, since the CA on the side turned away
from the CE during the synthesis, has a lower CA. Instead
samples A-SDS-2 and E-SDBS-3 were selected since they have
high CA on both sides of the carbon paper and the SEM & EDX
images show a uniform coating.

Electrochemical impedance spectroscopy

From the intersection of the recorded EIS (see Fig. 11) and the
x-axis in the high frequency region®® it can be deduced that
both A-SDS-2 and E-SDBS-3 have a lower ohmic resistance Ry,
compared to the reference. The lower resistance could be due to
the higher electrical conductivity of the PANI-coated GDL
compared to the PTFE-treated reference.

Whereas the anode charge transfer resistance Ry of all
tested cells was identical, for the reference a slightly higher
cathode Rcr compared to the PANI-coated samples was deter-
mined. However, the mass transport resistance Ry of the
PANI-coated samples was larger compared to the reference.
This could be due to a too thick coating which blocked some of
the pores necessary for the mass transport.

Polarization curve

The region up to 0.07 A em™? in the polarization curve can be
used to identify the different activation losses for the samples
(see Fig. 12). Since the voltage drop is larger for the reference
compared to sample A-SDS-2 it can be deduced that the activity
of the catalyst of A-SDS-2 is higher. The activation losses of the
electrocoated sample and the reference are similar. We suspect
that the difference in the catalyst activity is due to interfacial
and contacting differences of the GDLs and the CL which could
be due to a different morphology of the PANI depending on the
coating technique and coating thickness.

Comparing the polarization curves of the reference and the
samples at the same RH, it can be seen that the ohmic losses

e
IS

-+~ A-SDS-2
| |-»- E-SDBS-3
-& Reference

Zinag (Ohm-cm2)
o
N

0 0.2 04 06 08 1 1.2
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Nyquist plot of EIS measurement with 280 mA cm™2 and 50% RH.
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Fig. 12 Recorded polarization curves at a RH of 50% and the calculated
power density.

are higher in the reference measurement. Applying a linear fit
through the ohmic region starting at 200 mA cm™>, it can be
determined that the slope of A-SDS-2 is 16% lower compared
to the reference, whereas the slope of E-SDBS-3 is 21% lower.
The better performance of the PANI-coated GDLs could be due
to a better humidification of the electrolyte membrane since
the PANI coating is more hydrophilic compared to the carbon
paper EP40T. Furthermore, this could indicate a better electrical
conductivity due to the PANI coating, which was also suggested
by the EIS measurement. The conducting coating could lower
the contact resistance between the GDL and its neighbouring
components which are the bipolar plates and the catalyst layer.

Fig. 12 shows the calculated power density of the measure-
ment with 50% RH. The power density at 30% RH is shown in
ESI,f Fig. S5. It can be seen that the dip-coated and the
electrocoated carbon papers can achieve higher maximum
power compared to the reference at 30% and 50% RH. The
calculated values for the maximum power density for each
sample and the reference are depicted in Table 6. At a RH of
50% samples A-SDS-2 and E-SDBS-3 achieved a 42% and 6%,
respectively, higher maximum power compared to the refer-
ence. The recorded polarization curves demonstrate the cells
with the PANI-coated GDLs can achieve higher current and
power density for a given voltage compared to the reference
with PTFE treated GDLs.

The overall performance is lower than of state-of-the-art GDLs
which use MPLs. However, in this study we wanted to focus on
the impact of the PANI-coating on the GDL and prevent any
overshadowing influence of the MPL on the performance.

The electrocoated GDL was subjected to a 100 h hold with
a current density of 350 mA em™>. At the beginning, the cell

Table 6 Open circuit voltage (V), maximum current density (mA cm~2) and maximum power density (mW cm™

30% and 50% RH. Standard deviation calculated over hold periods
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voltage was 0.61 V and during the hold the voltage dropped
with an average of 0.55 mV h™" to ultimately 0.55 V (see ESI,
Fig. S6). After the 100 h hold, the polarization curve was
repeated and the maximum power densities at 30% RH and
50% RH were 6% and 11%, respectively, lower compared to the
measurement before the hold (see ESI,t Fig. S4). As depicted in
Table 6, the obtained values are identical with the reference
measurement which was not subjected to a 100 h hold. Hence,
despite the ageing the PTFE-free GDL was able to achieve a
similar performance to the commercial PTFE-treated GDLs.

Conclusions

In this paper, commercial carbon paper (AvCarb EP40) was
coated with PANI via dip-coating and electropolymerization to
produce PTFE-free GDLs for PEFCs. The influence of various
dopants such as HCI, SDS, SDBS and pTSA was investigated
using ex situ and in situ techniques. Of them, SDS and SDBS
showed to be the most promising.

CA of up to 144° were achieved using SDBS which is in the
range of commercial carbon paper (100-155°).%* The recorded
infrared spectra of the coated carbon papers confirm the
deposition of PANIL. SEM images of selected samples indicate
the electrochemically synthesized PANI coating has exclusively
a globular morphology. In the case of dip coating, globular, rod-
like and sponge-like structures were detected. EDX analysis
suggests that on both dip-coated and electrocoated carbon
paper, a homogeneous coating with PANI was achieved on
the fibres, which is indicated by the detection of nitrogen.
Furthermore, a nitrogen atom to dopant ratio of up to 3:1 was
measured. This is higher than the theoretical ratio of 2:1 for
the conducting emeraldine salt. This divergence indicates that
the surfactant dopants inserted into the coating to obtain the
hydrophobicity are still present after washing the coating with
deionised water. This is a promising finding in terms of
retention of dopants and stability of hydrophobicity.

The performed cyclic voltammetry furthermore shows that
the coating adheres well to the carbon paper and is electro-
chemically stable in the potential range of a fuel cell. The
deposited surfactant doped polyaniline layers are thus able to
provide tuneable and stable hydrophobic properties in fuel cell
gas diffusion layers.

Dip coated PANI/SDS and electropolymerized PANI/SDBS
were tested in situ as cathodic GDL of a PEFC and compared
to commercial carbon paper EP40T. The PANI-coated GDL
achieved up to 42% higher power density compared to the

2) of the samples and the reference at

Relative humidity (RH) Reference A-SDS-2 E-SDBS-3 (before 100 h hold) E-SDBS-3 (after 100 h hold)
30% OCV/V 0.882 £ 0.001 0.880 £ 0.001 0.888 £ 0.001 0.863 + 0.001

Max current density/mA em™> 300 400 300 300

Max power density/mW em > 141 £ 1 194 +1 146 £ 1 141 +1
50% OCV/V 0.899 £ 0.001 0.902 £ 0.001 0.890 £ 0.001 0.869 + 0.001

Max current density/mA em™> 400 600 400 400

Max power density/mW cm > 207 & 1 294 £ 1 220 £ 1 207 £ 1

© 2023 The Author(s). Published by the Royal Society of Chemistry
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reference and exhibited stable behaviour over 100 h of constant
operation. Furthermore, EIS measurements showed that the
PANI coating reduced the ohmic losses of the cell compared to
the reference, which results in an 16% smaller slope in the
ohmic region of the polarization curve.
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