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The performance of the electrospray technique was applied to obtain a gas diffusion layer (GDL) for a
proton exchange membrane fuel cell. It was confirmed by confocal microscopy that polytetrafluor-
ethylene (PTFE) was impregnated into the backbone, forming a dispersed layer of microscopic size ho-
mogeneously distributed over the substrate. The PTFE layer was characterized by infrared spectroscopy
and thermogravimetric analysis. In this work, we demonstrated that the use of the GDL prepared by
electrospray increases the maximum power of the H2/O2 fuel cell by about 10% and decreases the
diffusion loss of the electrode owing to a better distribution characteristic hydrophobic coating with low
impedance to gas diffusion. Thus, our method is promising for the development of fuel cells by the
production of diffusion layers.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The proton exchange membrane fuel cell (PEMFC) has attracted
increasing attention in recent years owing to its high efficiency, low
noise, and zero carbon emissions. PEMFC systems are considered
the most promising candidates owing to their high gravimetric
energy density, which is also ascribed to their application flexibility
arrangement [1,2]. One of the most important components of the
PEMFC is the gas diffusion layers (GDLs) [1e3], which
function primarily as i) a gas diffuser, ii) a current collector, and iii) a
physical carrier, thereby determining catalyst utilization and
overall performance. It also allows the water in the gas phase to
reach the membrane and water in the liquid phase to exit the
catalyst layer. A GDL is moistureproof to prevent water flooding and
increases the transport of reagents to the catalyst active sites [1].
Currently, the most common GDLs are made of a carbon paper and
carbon cloth, both with geometric structures [2].
ier Ltd. This is an open access artic
As aforementioned, to obtain a GDL support by the classic
methods is necessary to prepare a gas diffusion electrode, which
consists of the application of PTFE to an electrocatalyst paste on a
moisture-resistant carbon paper substrate or carbon cloth. Then the
incorporation of PTFE in the electrocatalyst layer has two functions:
(a) as a cohesive layer, to connect the electrocatalyst to a high
surface area; and (b) impart some hydrophobic character to the
electrocatalyst layer [3].

The influence regarding the amount of PTFE and the coating
mode is investigated in the literature [4e6], and it was discovered
that there is an optimum quantity of them, which might jeopardize
in a good way the performance of the cell in the maximum ex-
pected [7]. In addition, increasing the PTFE content by more than a
threshold value may also detain the permeability and diffusivity of
the GDL to some extent, for which the increased hydrophobicity of
the GDL will no longer be useful.

Recent studies indicate the use of treatment methods such as
emerging or spraying the carbon support as a form of impregnation
of the hydrophobic layer [8,9]. These methods provide a smaller
amount of PTFE particles in the cloth, resulting in a non-
homogeneous PTFE distribution. This poor distribution of PTFE
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
http://creativecommons.org/licenses/by/4.0/
mailto:aolivei@usp.br
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtadv.2021.100161&domain=pdf
www.sciencedirect.com/science/journal/25900498
www.journals.elsevier.com/materials-today-advances/
https://doi.org/10.1016/j.mtadv.2021.100161
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.mtadv.2021.100161


Fig. 1. Confocal images of the carbon cloth before and after PTFE electrospray deposition. (A) Bare carbon cloth 400 mm, (B) Electrospray GDL 400 mm, (C) Electrospray GDL 50 mm.
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may also be responsible for the degradation of the GDL [10]. This
work deals with the preparation of the GDL impregnating the
electrode backbone with PTFE by electrospray, ensuring better
coverage and distribution of the coating, aiming at an increase in
the performance of the fuel cell.

2. Experimental

PTFE 60wt% dispersion in H2O was held in a syringe. An elec-
trospinning machine was prepared for electrospray, a flat carbon
cloth was placed in a rotating collector (work distance of 10 cm and
speed 750 rpm) from the tip of the needle (0.5 mm inner diameter).
The feeding rate of 2.0 mL h�1 for the solution was controlled by
using a syringe pump, and the voltage applied was 10 kV. The PTFE
electrospray filmwas impregnated onto the carbon cloth for at least
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Fig. 2. Comparison of bare and PTFE-impregnated carbon cloths. (A
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40 min (20 �C and ~45% relative humidity). After the carbon cloth
impregnated was weighed and the proportion of the PTFE on the
substrate is controlled to 20% (wt%). For comparison, a standard
GDL was prepared by Giorgi's method [11]. A homogeneous sus-
pension was prepared by mixing carbon (2 mg cm�1) with an
appropriate amount of PTFE dispersion (20% wt%) and stirring in an
ultrasonic bath at room temperature for 25 min. The suspension
was deposited by the doctor blade method onto a carbon cloth. The
layer was dried in air at 120 �C for 1 h, followed by thermal treat-
ment at 280 �C for 30min to remove the dispersion agent contained
in PTFE, and finally sintered at 350 �C for 30 min.

The electrospray GDL was morphologically characterized using
an Olympus LEXT OLS4100 laser scanning digital microscope non-
contact three-dimensional observations and measurements of
surface features at 10-nm resolutions. The PTFE impregnated in the
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) FTIR spectra and (B) thermogravimetric analysis (TG) curves.



1900ral

1900ral

1900ral

1900ral

1900ral

1900ral

1900ral

Electrospray GDL Standard GDL

Co
nt

ac
t A

ng
le

 ( 
°)

Fig. 3. Contact angle results of GDL supports.

Table 1
ANOVA contact angle results.

Contact Angle ANOVA

Sample Contact angle (�) Samples F calc F crit p-value

Electrospray GDL 112.58 ± 5.09 A þ B 157,90 5,32 0,00
Standard GDL 131.71 ± 4.90
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Fig. 4. Polarization and power density curves of the H2/O2 fuel cell at Pt/C.
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carbon cloth was confirmed using an fourier transform infrared
spectroscopy (FTIR) performed in an attenuated total reflectance
(ATR) accessory (MIRacle with a ZnSe Crystal Plate Pike) installed
on a Nicolet 6700 FTIR spectrometer equipped with an mercury-
cadmium-telluride IR infrared detector (MCT) detector cooled with
liquid N2. And the PTFE load confirmed by thermogravimetric
analysis was performed on a SETARAM LABSYS. The samples were
heated up under an inert atmosphere (N2) from 25 to 900 �C at a
constant rate of 10 �C per minute.

Contact angle measurements were performed as per to the
methodology international organization for standardization (ISO)
15989/2004 using a goniometric (KINO-SL150E) as displayed in the
syst�eme international (SI) file. For the contact angle measurements
was used water droplets of 2.0 mL of deionized water were placed
on the surface of the samples. The results were obtained, and the
digital image was used to determine the contact angle. The mea-
surements were performed on a minimum of five different samples
of each support, measured ten times for each sample, and the
average values were registered.

PEMFC tests were carried out using Pt/C BASF (20 wt%) as the
anode with 1mgPt cm�2 deposited in both types of substrates with
5 cm2 (carbon cloth with a diffusion layer and PTFE-impregnated
carbon cloth by electrospray) by painting in the form of a homo-
geneous dispersion prepared using the Nafion solution (5 wt%,
Aldrich). For the cathodewith 1mgPt cm�2 deposited in on a carbon
cloth with the diffusion layer (5 cm2) by painting in the form of a
homogeneous dispersion prepared using the Nafion solution (5 wt
%, Aldrich) as an anode. After the preparation, the electrodes were
hot-pressed on both sides of a Nafion 117 membrane at 125 �C for
3 min under a pressure of 247 kgf cm�2. The fuel cell operation
temperature was set to 80 �C in a cell, 85 �C for the hydrogen hu-
midifier, and 85 �C for the oxygen humidifier, with a flow rate of
300 mL min�1 H2 and 200 mL min�1 O2 [12]. The curves were
obtained in triplicates by using an Autolab potentiostat working in
a potentiostatic mode, after the experiments, arithmetic measure-
ments of the curves obtained were carried out. The curves were
obtained in triplicates, and the results were reproducible, that is,
with differences less than 5%.

3. Results and discussion

Fig. 1 shows the confocal images of the carbon cloth before
(Fig. 1A) and after the PTFE deposition for electrospray (electro-
spray GDL), and it is possible to see the carbon fibers covered by
small formations of PTFE spaced out over the entire length of the
cloth (Fig. 1B). The magnification image (Fig. 1C) shows that the
PTFE formations are connected by agglomerated microspheres
which can promote superhydrophobic points on the substrate ac-
cording to Burkarter et al. [13].
3

The incorporation of the PTFE on the surface of the carbon
cloth is confirmed by ATR-FTIR (Fig. 2A). The band at 1145 and
1213 cm�1 corresponding to symmetrical and asymmetrical
stretching of CF2, respectively [14], are characteristics of PTFE and
were not present in the bare carbon cloth. The presence of PTFE is
also confirmed by the thermogravimetric curves where the
following two steps are observed for PTFE-impregnated carbon
cloth: i) the gradual loss of adsorbed water from 25 to 200 �C; and
ii) the degradation of PTFE particles from 470 to 560 �C [15]. The
thermal degradation of PTFE indicated the mass loss of 23% con-
firming the amount of polymer impregnated on the carbon sub-
strate by electrospraying.

To observe the hydrophobicity of the GDL in comparison with
the commonly used, the water contact angle was measured to get
information regarding the performance of the cell. This is directly
associated with the improvement in the permeability and diffu-
sivity of some desirable species for this type of GDL application
(Fig. 3). The contact angles measured are shown in the Table. Anova
contact angle sample (ANOVA) for an electrospray GDL is
112.58� ± 5.09, for a standard GDL 131.71� ± 4.90, and for a bare
carbon cloth, the water was absorbed. When compared by ANOVA,
the average contact angle (Table 1) was significantly different with
a 5% significance level considered p-value ¼ 0.00.

The 17% smaller contact angle measured for carbon the cloth
impregnated with PTFE can be attributed to the different
morphology seen in Fig. 1C where the presence of particles with
globular shape and the formation of small channels are observed
[3,16,17].

The polarization and power density curves for catalyst layers
with two different PTFE impregnation methods working in the H2/
O2 gas feed mode are shown in Fig. 4. The performances of the new
way of depositing PTFE in the catalyst layers were evaluated by
comparing it with the conventional form of PTFE impregnation.
Very close values of power densities were obtained amounting to
184 mWcm�2 for the electrospray GDL and 171 mWcm�2 for the
standard GDL derived. However, the V/i curves indicate that the
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performance of bothmaterials is similar till reaching the diffusional
loss region of the standard GDL.

The current density of the electrospray GDL at the anode
reached 870mA/cm�2, and this value was higher than the standard
GDL (730 mA/cm�2). In the range of 0.9 Ve0.6 V, in the region of
loss by activation, the GDL standard is larger, which may be some
difference in the capacitance of the substrate, or just some exper-
imental error, at the point of the greatest difference between these
currents measured between the GDL in this region it is less than 3%.
In the greater range of 0.9 to 0.3 V, the currents are too close to
discuss any superiority. This difference is observed mainly in the
region of mass transport control (between 0.0 and 0.3 V) of the
curve. It can be explained by the structural and diffusional alter-
ation provided by the electrospray impregnation method. The
electrospray GDL could also allow greater fuel access to activate
platinum sites.

4. Conclusion

The new approach to impregnating PTFE in the carbon cloth to
make the GDL by electrospray proves to be advantageous. The
morphological characterization showed the incorporation and
good distribution of PTFE on the surface, corroborated with these
results, or the FTIR presented characteristic bands at 635, 1145, and
1213 cm�1 indicative of CF2. The thermal analysis showed the
decomposition regions of the different components of the PTFE
dispersion, with a region II (486 and 565 �C) attributed to PEO and a
region III (565 and 837 �C) attributed to PTFE. From the analysis of
contact angles, it was possible to observe a lower hydrophobicity
for the electrospray GDL than that for the standard GDL. This dif-
ference in hydrophobicity can be verified by the ANOVA method,
when the mean contact angle was significantly different, with a
significance level of 5% considered p¼ 0.00. The change in observed
morphological structure in the PTFE deposited by the electrospray
method changed the diffusion pathways in the GDL, decreasing the
diffusion losses in the polarization curves, thus being able to extract
more current than the PEMFC. In future, the electrospray technique
could be used for the preparation of a new catalytic layer for ap-
plications in PEMFC.

Credit author statement

L.M.G Silva: Preparation and execution of electrochemical
characterization experiments.

G.N Leoc�adiob: Preparation and execution of electrospray
experiments.

R.F.B. de Souza: Preparation, execution, and discussion of ex-
periments; preparation, creation, and/or presentation of the pub-
lished work, specifically writing the initial draft; planning and
execution research.

JC Mierzwab: Preparation, creation, and presentation of the
published work writing the finally draft.

A. Duong: Preparation, creation, and presentation of the pub-
lished work writing the finally draft.

E.C. Venancio: Preparation, creation, and presentation of the
published work writing the finally draft.

Almir Oliveira Neto: Management and coordination re-
sponsibility for the research activity planning and execution;
oversight and leadership responsibility for the research activity
planning and execution.
4

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this article.
Acknowledgments

The authors thank CAPES (88882.315566/2019e01), FAPESP
(2017/11937-4), CNPq (302709/2020-7), the Natural Sciences and
Engineering Research Council of Canada (RGPIN-2015-06425) for
the fellowships and the financial support this work.
Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.mtadv.2021.100161.
References

[1] S. Park, B.N. Popov, Effect of a GDL based on carbon paper or carbon cloth on
PEM fuel cell performance, Fuel 90 (2011) 436e440.

[2] Y. Gao, Z. Hou, X. Wu, P. Xu, The impact of sample size on transport properties
of carbon-paper and carbon-cloth GDLs: direct simulation using the lattice
Boltzmann model, Int. J. Heat Mass Tran. 118 (2018) 1325e1339.

[3] N. Giordano, E. Passalacqua, V. Alderucci, P. Staiti, L. Pino, H. Mirzaian, et al.,
Morphological characteristics of PTFE bonded gas diffusion electrodes, Elec-
trochim. Acta 36 (1991) 1049e1055.

[4] L. Sun, R. Ran, Z. Shao, Fabrication and evolution of catalyst-coated mem-
branes by direct spray deposition of catalyst ink onto Nafion membrane at
high temperature, Int. J. Hydrogen Energy 35 (2010) 2921e2925.

[5] G.-G. Park, Y.-J. Sohn, T.-H. Yang, Y.-G. Yoon, W.-Y. Lee, C.-S. Kim, Effect of PTFE
contents in the gas diffusion media on the performance of PEMFC, J. Power
Sources 131 (2004) 182e187.

[6] J. Yu, Y. Yoshikawa, T. Matsuura, M.N. Islam, M. Hori, Preparing gas-diffusion
layers of PEMFCs with a dry deposition technique, Electrochem. Solid State
Lett. 8 (2005) A152.

[7] R. Omrani, B. Shabani, Can PTFE coating of gas diffusion layer improve the
performance of URFCs in fuel cell-mode? Energy Procedia 160 (2019)
574e581.

[8] R. Omrani, S. Seif Mohammadi, Y. Mafinejad, B. Paul, R. Islam, B. Shabani,
PEMFC purging at low operating temperatures, An experimental approach 43
(2019) 7496e7507.

[9] H.-K. Lee, J.-H. Park, D.-Y. Kim, T.-H. Lee, A study on the characteristics of the
diffusion layer thickness and porosity of the PEMFC, J. Power Sources 131
(2004) 200e206.

[10] A.H. Kakaee, G.R. Molaeimanesh, M.H. Elyasi Garmaroudi, Impact of PTFE
distribution across the GDL on the water droplet removal from a PEM fuel cell
electrode containing binder, Int. J. Hydrogen Energy 43 (2018) 15481e15491.

[11] L. Giorgi, E. Antolini, A. Pozio, E. Passalacqua, Influence of the PTFE content in
the diffusion layer of low-Pt loading electrodes for polymer electrolyte fuel
cells, Electrochim. Acta 43 (1998) 3675e3680.

[12] A.O. Neto, J. Nandenha, M.H.M.T. Assumpç~ao, M. Linardi, E.V. Spinac�e, R.F.B. de
Souza, In situ spectroscopy studies of ethanol oxidation reaction using a single
fuel cell/ATR-FTIR setup, Int. J. Hydrogen Energy 38 (2013) 10585e10591.

[13] E. Burkarter, C.K. Saul, F. Thomazi, N.C. Cruz, L.S. Roman, W.H. Schreiner,
Superhydrophobic electrosprayed PTFE, Surf. Coating. Technol. 202 (2007)
194e198.

[14] Y. Pihosh, H. Biederman, D. Slavinska, J. Kousal, A. Choukourov, M. Trchova, et
al., Composite SiOx/fluorocarbon plasma polymer films prepared by r.f.
magnetron sputtering of SiO2 and PTFE, Vacuum 81 (2006) 38e44.

[15] J.-C. Tsai, C.-K. Lin, Effect of PTFE content in gas diffusion layer based on
Nafion®/PTFE membrane for low humidity proton exchange membrane fuel
cell, Journal of the Taiwan Institute of Chemical Engineers 42 (2011) 945e951.

[16] T. Chen, S. Liu, J. Zhang, M. Tang, Study on the characteristics of GDL with
different PTFE content and its effect on the performance of PEMFC, Int. J. Heat
Mass Tran. 128 (2019) 1168e1174.

[17] A.M. Chaparro, P. Ferreira-Aparicio, M.A. Folgado, A.J. Martín, L. Daza, Catalyst
layers for proton exchange membrane fuel cells prepared by electrospray
deposition on Nafion membrane, J. Power Sources 196 (2011) 4200e4208.

https://doi.org/10.1016/j.mtadv.2021.100161
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref1
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref1
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref1
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref2
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref2
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref2
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref2
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref3
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref3
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref3
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref3
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref4
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref4
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref4
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref4
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref5
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref5
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref5
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref5
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref6
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref6
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref6
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref7
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref7
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref7
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref7
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref8
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref8
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref8
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref8
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref9
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref9
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref9
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref9
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref10
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref10
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref10
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref10
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref11
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref11
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref11
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref11
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref12
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref12
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref12
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref12
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref12
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref12
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref13
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref13
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref13
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref13
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref14
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref14
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref14
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref14
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref15
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref15
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref15
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref15
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref16
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref16
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref16
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref16
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref17
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref17
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref17
http://refhub.elsevier.com/S2590-0498(21)00031-X/sref17

	New approach by electrospray technique to prepare a gas diffusion layer for the proton exchange membrane fuel cell anode
	1. Introduction
	2. Experimental
	3. Results and discussion
	4. Conclusion
	Credit author statement
	Declaration of competing interest
	Acknowledgments
	Appendix A. Supplementary data
	References


