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Abstract: The preparation of graphene foams via laser pyrolysis of polyimides has gained success
due to its ease and speed of processing. Established applications of Laser-Induced Graphene (LIG)
involve micro-supercapacitors, batteries, sensors, and water treatment. However, to the best of our
knowledge, only a few studies have focused on potential applications of LIG in Proton-Exchange
Membrane Fuel Cells (PEM-FCs). In this study, we demonstrate that LIG obtained from SPEEK films
(LIG-S) presents all the key features required of a PEM-FC electrode. Moreover, electrochemical
tests in rotating disk and half-cell setups highlight an intrinsic catalytic activity of LIG towards the
Oxygen Reduction Reaction. This activity is attributed to structural defects in the LIG lattice and to
sulfur doping incorporated from the SPEEK precursor; and it may lower the catalyst loading re-
quired to reach competitive cell performance.

Keywords: LIG; laser pyrolysis; SPEEK; PEM fuel cell; RRDE; GDE; Oxygen Reduction Reaction
(ORR)

1. Introduction

Increasing environmental concerns and climate changes are forcing a global energy
transition towards a more sustainable future. In this context, green hydrogen appears to
be a promising new energy vector due to its high energy density, and Proton-Exchange
Membrane Fuel Cells (PEM-FCs) are one of the means by which hydrogen fuel can be
directly converted into electricity [1-3].

The Membrane-Electrode Assembly (MEA) is the heart of a PEM-FC. Traditionally, a
MEA is composed of two porous carbon-based Gas Diffusion Electrodes (GDEs), deco-
rated with platinum catalyst, and hot-pressed on each side of a Nafion™ membrane [4].

However, to reach wider commercial availability and convenience, PEM-FCs are still
undergoing development to reduce production and maintenance costs and enhance reli-
ability and performance. Both cost and performance are associated with the MEA, and the
materials it is composed of [5].

In this study, we provide evidence of Laser-Induced Graphene (LIG-S) obtained via
laser pyrolysis of sulfonated poly (ether ether ketone) (SPEEK) membranes being an in-
expensive and easily fabricated material that has all the key features required of a GDE in
PEM-FCs. Electrochemical tests highlight an intrinsic catalytic activity of the obtained
LIG-S towards the Oxygen Reduction Reaction (ORR) occurring at the cathode in PEM-
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FCs. Moreover, SPEEK membranes have already been widely employed as an environ-
mentally friendly alternative PEM to Nafion™ [6]. Therefore, this study paves the way for
an all-SPEEK PEM-FC.

2. Materials and Methods
2.1. SPEEK Films Synthesis

The SPEEK films were obtained from a solution of SPEEK with water and ethanol,
following an analogous procedure to [7]. The resulting SPEEK films ranged between 5 cm
and 10 cm in diameter and were only a few micrometers thin.

2.2. LIG-S Fabrication

The LIG-S material was fabricated using a commercial laser scriber by Microla Opto-
electronics S.r.l. equipped with a pulsed CO2 source. The maximum nominal power of the
CO: laser source is 30 W. The system operates in ambient conditions, and it offers the
possibility to tune raster scan, power percentage, frequency, and scan velocity of the laser
beam. The beam is controlled by a galvanometric scanner, and the spot diameter is 270
pm on sample. The maximum working area is 70 x 70 mm?2.

The SPEEK film was simply placed upon a commercial Carbon Paper (CP) substrate
(Sigracet 28 BC) and constrained with tape to keep it in place during laser scribing. The
obtained LIG-S adhered onto CP and was used as is.

2.3. Physico-Chemical and Morphological Characterizations

Raman characterizations were performed with a Renishaw inVia Reflex micro-Ra-
man spectrophotometer equipped with a cooled CCD camera. The excitation was pro-
vided by an Ar-Kr laser source operating at a wavelength of 514.5 nm. The laser spot was
~20 pm in diameter.

Morphology and EDX data were obtained with a Zeiss Supra 40 Field Emission Scan-
ning Electron Microscope (FESEM).

2.4. Electrochemical Characterizations

All electrochemical characterizations were acquired with a CH1760E electrochemical
workstation (CH Instruments, Inc., Bee Cave, TX, USA). RRDE measurements were per-
formed with a RRDE-3A Rotating Ring Disk Electrode Apparatus (ALS Co., Ltd.). Gas
Diffusion Electrode (GDE) tests were performed with a Gaskatel FlexCell-PTFE electro-
chemical test cell.

RRDE experiments were conducted in 0.1 M perchloric acid (HClOs 70%, Sigma-Al-
drich) electrolyte in a four-electrodes configuration. The LIG-S onto CP sample was de-
posited onto the disk-shaped Glassy Carbon working electrode using a Nafion™ 117 con-
taining solution as binder (~5% in a mixture of lower aliphatic alcohols and water, Sigma-—
Aldrich). A graphite rod was used as a counter electrode. The reference electrode was an
Ag-AgCl electrode (197 mV versus Reference Hydrogen Electrode) (BioLogic RE-1B ref-
erence electrode, in 3 M NaCl). The fourth electrode was connected to the platinum ring
to measure the residual amount of reduced HO:- in the electrolyte and compare the disk
and ring currents. In this setup, the electrolyte has been saturated with gases (either Ni-
trogen or Oxygen) for at least 20 min prior to the measurements.

GDE tests were performed with a 2 M perchloric acid (HCIO4 70%, Sigma—Aldrich)
electrolyte in a three-electrodes configuration. The working electrode was obtained by at-
taching copper tape to the back of the LIG-S onto CP sample. This was done to improve
the electrical contact between the CP and the gold-plated banana plugs exiting out of the
Gaskatel FlexCell. Counter electrode and reference electrode were the same as in the
RRDE experiments. Prior to the GDE experiments, most of the LIG-S sample has been
passivated with insulating tape on the side in contact with the electrolyte to achieve an
exposed active area of approximately 9 x 9 mm?2.
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3. Results
3.1. Laser Graphitization of SPEEK

The photothermal process initiated by the laser scriber on SPEEK allowed the nearly
complete conversion of thin SPEEK films into LIG-S [7,8]. Some SPEEK remained on the
back side of the film, which was reached by a lower heat flux. This SPEEK was melted
instead of being converted into LIG, and quickly solidified into the droplets visible in Fig-
ure la.
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Figure 1. (a) Back side of the LIG-S with remaining SPEEK droplets; (b) LIG-S onto CP at the end of
the laser scribing process; (¢) Low magnification FESEM of the LIG-S surface; (d) Intermediate mag-
nification FESEM of the LIG-S surface; (e) EDX map of (d) showing carbon (red), oxygen (green)
and sulfur (blue); (f) High magnification FESEM of the LIG-S surface; (g) Raman spectrum of LIG-
S: D peak ~ 1350 cm™!, G peak ~ 1580 cm™, and 2D peak ~ 2700 cm™.

Only thin SPEEK films could be completely converted into LIG-S, due to the ex-
tremely localized high temperature induced by the laser. The obtained LIG-S was also
very thin and, therefore, fragile. For this reason, the procedure was revised and the SPEEK
film was placed upon a commercial Carbon Paper (CP) substrate before laser scribing. The
remaining melted polymer on the back side of the SPEEK film allowed the LIG-S to bond
with the CP. Thus, the CP substrate simply provided the LIG-S with mechanical support
and, by being porous on its own, it still allowed the LIG-S to be evaluated in GDE setups.
The obtained LIG-S onto CP is shown in Figure 1b.

The morphology of the obtained LIG-S is presented in Figure 1c,d,f at different mag-
nifications. The LIG-S surface has a foam-like appearance, with an intricate porosity net-
work extending at different scales. The Energy Dispersive X-ray (EDX) map in Figure 1e
shows that the LIG-S sample is mostly composed of carbon (red), with some remaining
oxygen (green) and sulfur (blue) impurities. This is confirmed by the LIG-5 Raman spec-
trum in Figure 1g, which was slightly processed to better highlight its features. Specifi-
cally, a linear interpolation was subtracted to the recorded spectrum to remove the fluo-
rescence background, and two noise-reducing filters were applied (a 1D median filter and
a Savitzky-Golay filter).
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The Raman spectrum displayed the three typical peaks of graphitic carbon [9]. The D
peak at ~1350 cm™ is activated by single-phonon intervalley scattering mediated by defec-
tive sites in the graphitic lattice. The G peak at 1580 cm™' is the fingerprint of sp? carbon
lattices. Finally, the second order 2D peak at ~2700 cm™ is extremely sensitive to the stack-
ing order of graphitic layers and is originated by scattering events involving two zone-
boundary phonons. The ratio between the integrated intensities of the D and G peaks is
an indicator of the crystallinity of the sample. In this case, In/Ic = 0.7 signals a highly crys-
tallized material. The empirical expression by Tuinstra and Koenig reveals the approxi-
mate crystallite size. This expression depends on the D and G peaks intensities, and it
returned a crystallite size La = 24 nm [10]. The 2D peak appeared to be wide and of low
intensity, but it could be fitted by a single Lorentzian curve. These features are indicative
of a few-layers graphene with randomly stacked layers; a structure also known as tur-
bostratic.

3.2. Electrochemical Performance of LIG-S

All experiments performed in this work were aimed at determining the intrinsic cat-
alytic activity of the LIG-S towards the ORR, without the contribution of any specific cat-
alyst that could improve its performance. Preliminary cyclic voltammetry (CV) and linear
sweep voltammetry (LSV) were performed with an inert nitrogen gas in both RRDE and
GDE experiments. This is done to quantify the background current in capacitive samples
such as the LIG-S. Different CV scan rates were employed as an activation procedure for
the alleged catalytic sites before the measurements with oxygen gas [11].

An intrinsic ORR activity of the LIG-S sample emerged from both CV and LSV in
both setups, as significantly higher negative (cathodic) currents were detected with oxy-
gen gas than with nitrogen gas as displayed in Figures 2a and 3a. The RRDE data also
contained additional information. High disk currents and low ring currents across the
range of relevant operating voltages indicated that the preferred reaction site was indeed
the LIG-S, as shown in Figure 2b. An impressive stability was observed in the average
number of electrons involved in the ORR that is represented in Figure 2c. The number of
electrons peaked at 3.75 and never decreased below 3.5. These values are remarkably close
to the ideal four-electrons number obtained with platinum catalysts. Further confirmation
came from the amount of oxygen undergoing two consecutive two-electron reactions,
which is quantified by the amount of HOz- further reduced to water by the platinum ring.
As represented in Figure 2¢, the amount of HO> always remained below 10% across the
entire voltage range, solidifying the previous findings.
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Figure 2. (a) CV at 10 mV/s scan rate in nitrogen and oxygen showing ORR activity. Both RRDE and
GDE setups returned a curve with identical features. Here, only the GDE one is reported; (b) RRDE
disk and ring current comparison; (c) Average detected number of electrons involved in the ORR
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(left axis) and percentage of reduced HO>" (right axis); (d) RRDE Nyquist plot showing an evident
charge transfer.
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Figure 3. (a) LSV at 5 mV/s scan rate in nitrogen, oxygen, and net current in the GDE setup; (b) GDE
Nyquist plot showing a more sluggish charge transfer than in the RRDE setup.

Electrochemical Impedance Spectroscopy (EIS) was performed in both RRDE and
GDE setups at -0.2 V, corresponding to the ORR current peak of LIG-S. In both cases, the
frequency spanned the 1 Hz to 100 kHz range and the superimposed signal had an am-
plitude of 10 mV. The Nyquist plot derived in the RRDE experiment, which is displayed
in Figure 2d, depicted a clear charge transfer, with characteristic time constant equal to
0.4 ms. The impedance semicircle was diffusion-limited only towards the lower end of the
frequency range. Instead, the Nyquist plot derived in the GDE experiment highlighted a
more sluggish charge transfer across the entire voltage range, in which the diffusion-lim-
ited portion took over at higher frequencies than in the RRDE setup. As a result, the charge
transfer semicircle was overall less defined, as it is possible to see in Figure 3b. A high-
frequency inductive component appeared only in the GDE Nyquist plot and was at-
tributed to the electrical wiring connecting the GDE setup to the electrochemical work-

station.

4. Discussion

The laser scribing process successfully managed to convert the polymeric SPEEK into
a graphene-like material. The transition was clearly noticeable by the color change that
occurred to the material: the transition from yellow to black and metallic grey is clearly
noticeable in Figure 1b. FESEM and EDX images revealed a micro- and nano-structured
material composed of a highly defective porous carbon matrix with embedded sulfur and
oxygen impurities. Raman investigations provided the definitive proof that a graphene-
like material had been obtained. Moreover, the LIG-S presented all the key features re-
quired of a PEM-FC electrode: electrical conductivity, porosity to allow fuel gases to reach
the reaction sites, and high surface area due to its micro- and nano-features to improve
the likeliness of having reactive sites.

The ORR occurring in PEM-FCs can be assessed with different electrochemical set-
ups. Among these, the RRDE setup is generally the most common, as it allows researchers
to determine the intrinsic ORR activity of a catalyst. The four-electrodes RRDE setup can
quantify the amount of oxygen that is reduced to water via direct four-electron reaction,
which is the faster and preferred path, as well as the amount of oxygen that undergoes
two successive two-electron reactions [12].

It is extremely rare to achieve a one-to-one correspondence between the high perfor-
mance of a catalyst as observed in RRDE setups and performance in the complete cell.
This is due to the ideal scenario that an RRDE setup simulates: oxygen gas is dissolved
into the electrolyte and is brought towards the catalyst-coated working electrode by
forced convection originated by the rotating electrode.
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Recently, GDE setups have been established as an intermediate step between RRDE
and full cell setups. They have also been defined as half-cell setups, in which the electro-
lyte is still liquid, but the full GDE is being tested. The oxygen gas reaches the reaction
sites by diffusion through the porous electrode, and a true three-phase boundary is
formed at the GDE—electrolyte interface (H* ions in the liquid electrolyte, gaseous oxygen
fuel and solid-state catalyst) [11-14].

This explains the slightly sluggish charge transfer observed in the GDE tests. None-
theless, the ORR activity observed in the RRDE setup translated relatively well in the GDE
half-cell setup, proving that the LIG-S can function as a PEM-FC gas diffusion electrode.

5. Conclusions

The laser scribing process is an easy, quick, and inexpensive solution to convert
SPEEK films into LIG porous foams. The obtained LIG-S can effortlessly adhere to a CP
substrate by means of melted traces of remaining SPEEK, and it can be tested as is in com-
mon RRDE setups as well as in more recent GDE half-cell setup. An intrinsic activity to-
wards the ORR emerges from these experiments, confirming that the sample can indeed
function as a GDE in PEM-FCs with the added advantage of its ease of fabrication. These
results may lead to an all-SPEEK PEM-FC employing a SPEEK proton-exchange mem-
brane and LIG-S electrodes. SPEEK membranes would be more environmentally friendly
than Nafion™ membranes, and LIG-S electrodes would require lower catalyst loadings to
reach competitive cell performance due to their intrinsic ORR activity.
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