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ARTICLE INFO ABSTRACT

Keywords: In this study innovative composite Nafion/GO membranes are tested at different GO loading (0.5% wt., 1% wt.
Composite membranes and 1.5% wt.) in electrolyser and fuel cell mode (Unitized reversible fuel cell). Baseline Nafion membranes were
Durability

used for comparison.

Water uptake (WU), ion exchange capacity (IEC), tensile strength, TGA (thermogravimetric analysis) and SEM
(scanning electron microscope) analysis are discussed. The SEM revealed the inclusion of GO into the Nafion
matrix while the TGA showed an increased thermal stability of the membrane attributed to the inclusion of the
carbon material. Moreover, the addition of GO improves the membrane tensile strength, obtaining a maximum
enhancement of nearly 90%, while reducing the elongation ratio (80% for the Nafion and 45% for the 1.5% wt.
GO membrane). Water uptake increased when increasing the content of GO due to its hydrophilic nature
recording the highest values for the membrane with 1.5%wt. of GO (23% against 10% for the Nafion). An in-
crease of IEC (almost 14%) is noticed when GO content is increased. The beneficial effect of GO on the IEC can be
attributed to a non-uniform distribution of GO into the Nafion matrix but needs further investigation.

Both fuel cell and electrolyser polarization curves were carried out using MEAs with an active area of 9 cm?
and a thickness of 50 pm. The temperature and the pressure were set to 20 °C and 1 atm respectively. Regarding
fuel cell mode, the optimum loading of GO has been found to be 0.5%, registering the highest performance, 13%
higher than Nafion. Regarding the electrolyser mode, the GO 0.5% wt. membrane, showed performance com-
parable to the Nafion. A comparison between Nafion based membranes at higher thicknesses showed that,
adopting GO, it is possible to obtained similar performance with a reduced membrane thickness, keeping almost
equal the performance and the average round trip efficiency (26.1% for the GO and 26.6% for the Nafion). In
commercial applications such characteristics allows to strongly reduce the cost of materials.

Durability and stability of the GO/Nafion membrane should be properly investigated in successive studies as
such membranes are subjected to a rapid deterioration of their performance.

Electrochemical tests
Graphene oxide
Polarization curves
Unitized reversible fuel cell

and the successive conversion in power through fuel cells (representing

1. Introduction

The need to contain the effect of climate changes urges to increase
the share of renewable energy sources (RES) mainly with reference to
electricity production [1]. RES are by nature discontinuous and aleatory
thus requiring efficient storage strategies for allowing a deferred use of
electricity. Despite batteries are today considered as the most developed
and promising solution for energy storage, they however present several
disadvantages in terms of rapid auto-discharge, high material costs,
large volumes and weights, long charge time [2]. On the other side, the
storage of the surplus of energy in the form of Hj, through electrolysers,
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today the device with the highest conversion efficiency [3]) can allow to
overcome batteries shortcomings. Among different types of fuel cells,
the unitized Reversible PEM Fuel Cells (RFCs) could represent an
innovative and promising technology able to accomplish two different
tasks: power production (fuel cell mode) and energy storage (electro-
lyser mode) in a single device [4]. In addition to the versatility and the
reversibility, this technology is characterized by several advantages such
as low operating temperature, fast start ups, operation at high current
densities, low volumetric density, low weight of the stack and suitability
for discontinuous operation. Despite in past decades many efforts to
develop the URFC-PEM fuel cell technology were carried out, its major
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Nomenclature

List of symbols

C Carbon

D.L Deionized
EL Electrolysis
FC Fuel cell

GDE Gas diffusion electrode
GDL Gas diffusion layer

GO Graphene oxide

I Current density, A/m ™2

MEA Membrane Electrode Assembly
P Power, W/m™2

PEM Polymeric electrolyte membrane
RT Round trip

SEM Scanning electron microscope
TGA Thermogravimetric analysis
URFC Unitized reversible fuel cell

\Y Voltage, V

WE Water electrolysis

WU Water uptake

barriers including low overall performance, high costs for commercial-
ization purpose and above all reduced durability have not been solved
yet. In fact, to date the operational lifetime for real life applications does
not meet the requirements for the commercial technologies (40,000 h
for stationary applications and 5000 h for mobile applications) [5].
Despite the issues related to costs are far from a satisfying solution,
new ideas and methodologies can be implemented to improve the
overall efficiency and the durability of the RFCs. It is believed that the
most promising improvement and the most appropriate field of novelty
and innovation is obtained by improving the performance of the mem-
brane electrode assembly (MEA) that is often considered to be the heart
of the unitized regenerative fuel cell system. MEA consists of a polymeric
membrane and two catalyst layers. The membrane is made of a sulfo-
nated polytetrafluorethylene polymer with high protonic conductivity,
water permeability and chemical resistance. Nafion membranes are
generally robust and stable. Only alkaline metal ions as sodium,
decreasing the proton conductivity [6], and calcium [7], altering the
charge distribution, can damage the Nafion at standard temperature and
pressure conditions (STP) [8]). However, one of the key issues that af-
fects the performance of the Nafion device in fuel cell mode is the gas
crossover that lowers the power output of the system. This leads to the
need of thicker membranes [9], but thickening the membrane leads a) to
an increase of the electrical resistance and then to a reduction in effi-
ciency and b) to higher costs of production [10]. To overcome these
issues, research activities aiming at modifying the Nafion matrix were
carried out for: (a) reducing the thickness of the membrane while
keeping unchanged the performance through a reduction of the fuel
permeability; (b) enhancing the durability. The addition of a GO filler
into the membrane makes possible to overcome such drawbacks pre-
serving the good properties of the baseline Nafion [11]. Although many
investigations have been undertaken, up to now few membrane-based
studies have been reported for URFC applications. In [12] organic ma-
terials were dispersed in the polymer membrane matrix to augment
several important properties, such as proton conductivity, water uptake,
and stability. Organic compounds have been shown to strengthen and
allow increased stability of the polymer matrix, making it more cost-
effective. This improves the mechanical and thermal stability of the
polymeric membrane. Furthermore, the incorporation of organic mate-
rial can act as a barrier for the fuel crossover in the membrane [13].
Graphene Oxide (GO) is a highly hydrophilic material and exhibits a
reasonable level of proton conductivity [14]. Despite earlier work
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already described the potential of composite GO/Nafion membrane in
improving some properties of the Fuel Cells [11,15], no study appeared
in the literature about the use of this filler for electrolysis.

The incorporation of GO into the Nafion electrolyte increases the
mechanical strength, the water uptake and gas impermeability of the
membrane so enhancing the performance in fuel cell mode giving the
opportunity to ensure higher performance and long-term operation
while reducing the thickness of the membrane eventually reducing the
total cost [16]. So, considering these two aspects, it is interesting to
investigate if the addition of the organic material can influence the
overall performance of a device that operates in both electrolysis and
fuel cell mode as the URFC.

This work analyzes for the first time in the open literature the
behavior of GO-Nafion membranes when subject to electrolysis re-
actions and aims at verifying whether its use in RFC is indeed possible
[11,15,16]. Furthermore, the assessment of the overall performance of a
PEM-URFC assembled with polymeric membrane based on GO/Nafion is
discussed, focusing on two of the drawbacks of the technology: the
global efficiency of the device and the reduction of the membrane
thickness (directly impacting on the cost of the materials). For this
purpose, membranes are produced by varying the content of the organic
filler. The influence of the filler on mechanical, electrochemical, phys-
ical properties and the optimum loading for an energetic use is assessed.
A comparison with the Nafion bare membrane produced at different
thicknesses is carried out Moreover, several successive cycles of tests
were carried out to evaluate the influence of the filler on the round-trip
efficiency and the durability of the device.

2. Materials and method
2.1. Materials

Materials and precursor were obtained from several companies: GO
sheets and hydrogen peroxide (34%) from Sigma Aldrich; sulfuric acid
(98%) from Alfa Aesar; Nafion dispersion, GDL and catalysts, PtC at the
anode and the cathode, from Fuel cell store. The choice of those elec-
trodes arises from the need to improve the fuel cell operating mode
when the utilization of GO is well known to be beneficial [14].

2.2. Preparation of membranes

Nafion and composite Nafion-GO membranes were prepared using
casting method. This process consists in an evaporation of a solvent from
a solution containing the polymer (Nafion in this case) plus the solvent
(ethanol) [6]. The final thickness reached was 50 + 2 pym. Regarding
Nafion-GO membranes, three different loading were considered: 0.5 %
wt., 1% wt. and 1.5% wt. For membranes preparation the following
procedure was adopted:

a) To prepare a single Nafion layer, a solution of Nafion/ethanol was
firstly poured in a vial and put inside a dryer connected to a vacuum
pump to allow air to be removed from the solution. Subsequently, the
solution was poured into a flat Petri dish and then put in the oven,
varying the amount of Nafion proportional to the target thickness of
the final membrane. The amount of ethanol added is equal to half of
Nafion quantity (4.9 mL). The Petri dish with the solution was placed
for drying in an oven, undergoing the following heating cycle:2 h at
100 °C, then 120 °C for 1 h.

b) The protocol to prepare a single GO layer is the following: GO sheets
were put, along with water, into a vial and subjected to a sonication
process. Then, the content of that vial was mixed with a solution of
Nafion/ethanol. After being under the dryer, it was poured into a flat
Petri dish and then put in the oven. The amount of ethanol added is
equal to half of Nafion quantity (4.2 mL).

Afterwards, the membranes were treated at 80 °C by immersion in
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the following sequence (each procedure lasted 1 h): in water, in 3%
H30,, in water, in 0.5 M H,SO4 and in water. Then, the membranes were
immersed in water overnight.

2.3. Characterization

The main properties, such as water uptake (WU), ion exchange ca-
pacity (IEC), microscopic structure, thermogravimetric analysis (TGA)
and tensile strength, were evaluated. WU and IEC are relevant tests to
characterize a proton exchange membrane due to the influence of water
on the protons transport. Microscopic structure is useful to understand
the dispersion of GO in the Nafion matrix while TGA and tensile strength
measurement were carried out for the improvement of mechanical
properties which has a direct influence on the membrane durability. For
better comprehension, all the data are compared with those measured in
a re-casted Nafion.

2.3.1. Scanning electron microscope

Scanning electron microscope (SEM) was used to record surface
morphology information of the sample by recording secondary electrons
emitted from the material due to inelastic scattering [17]. SEM can
successfully be used to investigate particle distribution throughout the
thickness of the membranes at both nanometer and micrometer scale.
The analysis is carried out through Electron microscopy analyzer using a
Zeiss EM10 SEM, in the following operating conditions: 20 kV acceler-
ation voltage, beam current between 6 and 14 pA and BSD detector with
four elements, gain + 3. By analyzing the cross sections of the composite
membranes with SEM, the distribution of the filler particles could be
evaluated.

2.3.2. Water uptake

Water uptake (WU) was determined gravimetrically by recording the
wet and dry mass of the membranes using the following steps (repeated
three times): the membranes were placed in water at room temperature
for 24 h, and then their wet weight was measured. To measure the wet
weight, the water on the surface was absorbed using dry filter paper.
After this, the wet membrane samples were dried at 100 °C and their dry
weight was recorded. The water uptake (WU) was measured using Eq.
(1), where WE,, and WEq4 denote the wet weight and the dry weight,
respectively.

WU = (WE,, — WE,)/WE, €y

2.3.3. Ion exchange capacity

The ion exchange capacity (IEC), expressed as milliequivalent of ion
exchange groups per gram of the membrane (meq/g), is an important
parameter because the ionic transport properties depend on the amount
of the ion exchange groups. The IEC and WU are usually correlated: an
increase of IEC induces high water content, but the mechanical strength
of the membrane drops [18]. Membranes Ion Exchange Capacity was
evaluated by acid-base titration method. The desired membrane was
soaked in 0.1 M HCI for 24 h. After thoroughly rinsing the membrane
with water, it was immersed in saturated NaCl for 72 h to exchange the
H + ions for Na + ions. Then, the proton release was evaluated by
titrating the solution with 0.01 M NaOH at room temperature with
phenolphthalein as indicator. The IEC was obtained by using the Eq. (2):

IEC = (VOLyy0n X Myaon)/WEq 2)

2.3.4. Tensile strength

Tensile strength and elongation are both important mechanical
properties regarding polymeric membrane because they indicate the
maximum stress to which a material can resist before breaking. This test
was performed using a Zwick/Roel Z010 following the standard method
D882-02. 5 samples were cut in strips of uniform width, 11 mm, placed
in the grips of the machine and tested at a strain rate of 1 mm/min.
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2.3.5. Termogravimetric analysis (TGA)

The thermal stability of the membranes was tested using a a Mettler
TGA/DSC1 Star in the following conditions: with 50 cc of air flow and
heating to a maximum of 800 °C at a ramp of 10 °C/min. Membrane
samples of about 10 mg were used for each test [14].

2.4. MEA tests

The MEA was obtained by hot pressing the membrane sandwiched
between the commercial electrodes purchased from Fuelcellstore. The
electrodes consist of carbon cloth gas diffusion layer with Platinum
supported by carbon black as catalyst with 4 mg cm ™2 of loading. The
current collectors were made of stainless-steel plates with a thickness of
0.5 mm. The plate geometry allows the control of the mass flow rate of
the reactants through a series of holes (3 mm) machined on the active
area of the current collectors. Hydrogen and oxygen tanks are integrated
and have a maximum volume of 30 mL each. The electrochemical per-
formance (cell voltage and electrical current) of the device were
measured by using a test station consisting of an Agilent E3631A DC
power supply to perform the electrolysis and the TTi LD300 Electronic
DC Load to carry out the polarization curve in the fuel cell mode. MEAs
had an active area of 9 cm® The MEAs were tested in the fuel cell single
cell sample holder. The I-V curve was recorded 3 times for each sample.
All the results were compared with that obtained from the Nafion casted
membrane. Both fuel cell and electrolysis tests were performed at 20 °C
and at 1 atm.

3. Results and discussion
3.1. Membrane characterization

SEM images of the GO-Nafion composite membranes with different
loading (0.5 % wt., 1 % wt. and 1.5% wt.) are shown in Fig. 1 and
compared with the membrane casted with bare Nafion. GO sheets are
correctly dispersed into the Nafion matrix, even if, in some areas, the GO
is randomly dispersed and unoriented [14]. To highlight the presence of
GO particles, some of them are enclosed within red circles.

The bare Nafion membrane, is generally smooth, as shown in the
cross section of Fig. 1D. When adding the graphene oxide, the filler
particles were distributed into the Nafion matrix creating parallel layers.
However, the distribution of the layers if not uniform, in fact, as
depicted in Fig. 1B, the particles are dispersed only in one part of the
cross section (highlighted with a red circle) while the remaining part
looks empty of GO. This characteristic is principally related to the
homemade preparation of the membrane that needs further optimiza-
tion in order to control GO orientation. It is arguable that an improve-
ment in membrane manufacturing, e.g by controlling the orientation
and the disposal of the GO layers, can further increase the properties of
such component [19].

Table 1 displays the membrane characteristics of water uptake and
IEC. In all cases, the presence of GO in the polymer structure has led to
an enhancement of both water uptake, due to the hydrophilic nature of
graphene oxide, and IEC [20].

The trends observed for both the parameters agree with those ob-
tained in a previous work [14]. As for the IEC trend an unexpected
behaviour is noticed. Since incorporation of GO dilutes the -SO3H groups
of Nafion matrix, the IEC should decrease when increasing the GO
content. There are some possible causes of this deviation:

e A non-uniformity in the graphene oxide dispersion within the com-
posite membrane. In fact, for this type of test, just a small piece of
membrane was used (3 samples, 1x1 cm). A non-uniform dispersion
with agglomerates could potentially have a higher IEC as less ionic
channels are obstructed by the graphene oxide.

e The Nafion solution used to prepare the membranes is 10% wt. in
water, but that might not be the amount of Nafion contained into the
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Fig. 1. SEM images for recast and GO membranes. A for 0.5% wt., B for 1% wt., C or 1.5% wt., D for bare Nafion [14].

Table 1
Water uptake and ion exchange capacity of the fabricated membranes.

Membrane Water uptake % IEC (meq/g)
Nafion 10 0.80
Nafion-GO (0.5%) 13 0.87
Nafion-GO (1%) 16 0.89
Nafion-GO (1.5%) 23 0.91

samples (e.g. it could be 9% or 11%). This is due to the density dif-
ference between Nafion and water.

An improved manufacturing process can help to make clear the effect
of the filler on the IEC.

IS
(=]

The tensile strength and elongation ratio data of the recast Nafion
and composite membrane are shown in Fig. 2.

All GO/Nafion membrane showed a tensile strength higher than the
bare Nafion membrane due to the inclusion of GO into the per-
fluorosulfonic matrix. The more GO is included in the membrane, the
higher tensile strength is obtained, as stated by several authors, see e.g.,
[21,22]. However, as can be observed in Fig. 2, the elasticity of the GO
membrane is very low compared to Nafion. These results agree with
literature and with a previous work carried out on Nafion/GO mem-
branes [14]. For a better understanding of the results, Table 2 summa-
rizes the key values registered from the above tests.

TGA results are shown in Fig. 3. The y-axis represents the mass
percentage of the sample, the x-axis the experimental time in minutes (as
reported in Materials and methods, the TGA run using a ramp of 10 °C/

w
W
T
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-4-GO 0.5%

W
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Fig. 2. Tensile strength and elongation ratio trends of the fabricated membrane: Nafion with a black line, GO 0.5% with a red line, GO 1% with a blue line, GO 1.5%
with a green line. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 2
Final results of tensile strength and elongation ratio of the fabricated
membranes.

Membrane Tensile strength [MPa] Elongation ratio (%)
Nafion 16.55 80
Nafion-GO (0.5%) 28.10 67
Nafion-GO 31.16 53
(1%)
Nafion-GO (1.5%) 31.88 45

min) The explanation of the trend registered were deeply analyzed in the
work of Gagliardi et al. [14] and showed that high GO improves the
thermal stability of the membrane, meaning that the mass decrease of
the GO membranes is lower than that of the bare Nafion.

3.2. In-situ tests

The current-voltage (I-V) characteristics curves for the prepared GO
and Nafion casted composite membrane are studied in both electrolysis
and fuel cell mode. The curves shown in this section are obtained as the
average of three repetitions. Single cell water electrolysis polarization
curves were reported in Fig. 4.

As the GO content was increased, the voltage required for the water

Fuel 357 (2024) 129993

electrolysis also increased. In the activation region, the voltage is
slightly higher for the cell with plain Nafion, even if there are no
remarkable differences among all the membranes; whereas at higher
current densities, higher voltages are required for the cell assembled
with the GO composite membranes. The cell with 1.5% wt. of GO
loading showed the highest energy request for water electrolysis. Due to
the low proton conductivity of the GO, the inclusion of the filler lead to
an increasing derating of the electrolysis reaction. This phenomenon
needs to be better elucidated, carrying out tests at different temperatures
because, the lowering of the proton conductivity of the membrane is
emphasized at low temperature. However, the results from Fig. 4 un-
derlines that the modification of the membrane with the inclusion of
0.5% wt. of GO does not significantly vary the power needed for the
water electrolysis.

Fig. 5 and Fig. 6 show the fuel cell polarization and power curves of
single cells with different GO contents and for pure Nafion membranes.
The membranes have a thickness of 50 pm.

The performance of the single cell was slightly increased with a GO
content of 0.5% wt. When the current density was 100 mA/cm?, the
power output recorded was 49.5 mW/cm? for the composite membrane
while 43.75 mW/cm? for the bare Nafion. This was because the gra-
phene oxide retained more water and enhanced the ion exchange ca-
pacity, so those beneficial effects mitigate the drop in the proton

0 5 10 15 20 25 30 35

a0 a5 50 55 60 65 70 75

Fig. 3. TGA tests. Nafion is depicted with the green line, GO 0.5% with a red line, GO 1% with a blue line, GO 1.5% with a black line. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

10 20 30 40 50

60 70 80 90 100 110

Current density [mA/cmz]

Fig. 4. Effects of different GO content on water electrolysis (the cell operated with purified water at 20 °C and atmospheric pressure). Nafion with a black line, GO
0.5% with a red line, GO 1% with a blue line, GO 1.5% with a green line. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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Fig. 5. Fuel cell polarization curves for Nafion, Nafion-GO membrane with 0.5%, 1% and 1.5% wt. (the cell operated with at 20 °C and atmospheric pressure). Nafion
was plotted with a black line, GO 0.5% with a red line, GO 1% with a blue line, GO 1.5% with a green line. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 6. Fuel cell power curves for Nafion, Nafion-GO membrane with 0.5%, 1% and 1.5% wt. (the cell operated with at 20 °C and atmospheric pressure). Nafion was
plotted with a black line, GO 0.5% with a red line, GO 1% with a blue line, GO 1.5% with a green line. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

conductivity [20]. As expected, a further increase of the GO content
leads to a drastic reduction of the performance. In fact, the maximum
power density, and the operating range of the composite membrane with
1% wt of GO loading, were 35% and 10% less than those recorded for the
best performing membrane. Even more evident is the collapse registered
for the membrane with 1.5% of GO content, where the percentage de-
viations of maximum power output and operating current range were
minus 80% and 50% respectively, compared with the best Nafion per-
formance obtained. This trend can be ascribed to two different reasons:

1) The gain obtained by the enhancement in water uptake are not able
to counterbalance the loss in proton conductivity that increases
when the GO content grows, as shown in a previous work [14];

2) The ohmic resistances of the cell are more relevant when the quantity
of the filler is high. The slope of the V-I curves on Fig. 4 was evalu-
ated because it represents the ohmic term corresponding to the total
resistance of the cell. The Nafion and the GO 0.5% wt. show an
identical slope of about 3.5 Q*cm?, while the slope of the GO 1% and
1.5% were 4.3 and 7.4 Q*cm?, respectively. The higher values can be

attributed to the structure of graphene oxide that influences the
proton conductivity. Hattenberg et al. [23] investigated the effect of
this organic filler claiming that the proton conductivity dropped
when increasing the GO content. To overcome this issue, the use of
sulphonating graphene oxide can increase the sulfonic acid groups,
which play a key role on the transport of the protons through the
ionic channel, so increasing the proton conductivity [24,25]

In general, the literature about URFCs always used Nafion mem-
branes varying mainly their thickness to obtain different mechanical
performances or long-term stability. An exception to this trend is present
in the study carried out by Lee et al. [12]. They have proposed a Nafion
membrane modified with polypyrrole (PPy) using Pt/C as catalyst. The
fuel cell tests were performed under ambient pressure at 80 °C while
electrolysis was performed at ambient pressure and 60 °C. Regarding the
fuel cell mode, when the cell voltage was 0.313 V, the current density
was 636 mA/cm?, therefore a power output of 200 mW/cm?, registering
a value four times higher than that recorded in this work. However, it is
well known how temperature increases performance. In our tests it was
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not possible to control the temperature, so the huge difference of the
energetic performance can be ascribed to that operating condition. The
energetic performance registered in the electrolysis mode for the GO
membrane and the polypyrrole are equal at 100 mA/cm?. Although the
trend is similar, Lee et al. were able to operate in a wider current density
range. Also in this case, temperature played an important role,
enhancing the kinetics of the semi reactions.

As shown in Fig. 6, the addition of GO contributes to enhance the
performance of the cell. Foarooqui et al. [15], claimed that the addition
of this material can also guarantee the utilization of a thinner mem-
brane, ensuring the same performance, therefore lowering the costs.
Fig. 7 and Fig. 8 compare polarisation and power curves of single cells
obtained for MEAs assembled with Nafion casted membranes at different
thickness (50 and 100 um) and the one assembled with the optimum GO
loading (0.5% wt.) and a thickness equal to 50 um.

Fig. 8 illustrates that the Nafion membrane with the highest thick-
ness (100 um) showed the best performance, 50.8 mW/cm?, compared
to the membranes (Nafion and GO composite) produced with a thickness
of 50 ym (43.75 mW/cm? for the Nafion and 49.5 mW/cm? for the GO
composite). The result was predictable since, as well known, the thinner
is the membrane, the higher is the gas crossover then the lower is the
power output [26]. So, the advantage of including the filler into the
Nafion matrix would be not so evident. However, the maximum per-
formance obtained from the Nafion bare membrane with 100 pm is 50.8
mW/cm?, only 2.6% higher than the one recorded for the GO 0.5% wt.
(49.5 mW/cm?). A very small gap obtained halving the thickness of the
membrane and these results can be optimised by adjusting the GO
membrane thickness. Considering that result, taking into account the
cost of the Nafion solution adopted (D1021, 1.27 €/mL) and of the GO
sheets (0,35€/mg), Table 3 reports the costs of the materials needed to
produce the two different membranes:

The tiny diminution registered for the power output is balanced by
the money saving: the production cost of a GO-Nafion membrane is
almost the half of that of the pure Nafion.

Together with performance and costs, the last relevant aspect to be
analysed is the durability. Fig. 9 shows the maximum FC power density
(with a membrane thickness of 50 pm and STP) along 10 operating cy-
cles (every cycle was performed in triplicates) to investigate the energy
performance drop of the device. Every single cycle consists of the elec-
trolysis operation, performed to produce hydrogen, followed by fuel cell
polarization curve.

As shown in Fig. 9, the maximum power density delivered by the fuel
cell assembled with the Nafion membrane remains stable along all the
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cycles analyzed, slightly dropping after the 7th cycle. The 0.5% GO
composite membranes shows the highest power density along almost all
the tests. However, all the GO/Nafion configuration show a continuous
drop in the performance up to the last cycle. This suggests that more
effective manufacturing technologies should be carried out to reduce the
degradation.

Table 4 summaries the initial and the final value registered for the
power output, highlighting the percentage deviation.

The performance of Nafion does not suffer substantial decrease, and
it is reduced by only the 16%. Furthermore, the power output registered
after the tests is higher than that recorded for the composite membrane
with 0.5 % wt. of GO. The marked reduction of the performance related
to the composite membranes was expected due to electrochemical car-
bon corrosion at high voltage, one of the critical determinants of the
lifetime of polymer electrolyte membrane fuel cells [27]. This phe-
nomenon is not attributed to the fuel cell conditions, in fact carbon
usually corrodes at potentials that are close to 1 V (open circuit condi-
tion for a fuel cell) but is related to the electrolysis operations, where the
potentials were higher than one so increasing the oxidation rate of
carbon. This behavior is emphasized for the membrane with 1.5% wt. of
GO loading, where the performance registered a collapse of more than
80%.

By considering the results obtained in both WE and FC, the round-
trip efficiency (RT) was calculated as the ratio between the energy
granted during fuel cell mode and the energy absorbed in the electrolysis
mode. Table 5 listed the average RT calculated along all the tests carried
out.

Despite the small improvement registered in the first cycle and an
average value similar to the Nafion one, the RT is still far from reaching
an acceptable value for URFC commercialization and global uses,
especially if we consider the fact that is should be kept constant for
hundreds of hours. Further investigations are required. Performing tests
at higher temperatures can highlight the benefit of the addition of GO in
high temperature and long-term utilization due to the enhanced thermal
stability of the membrane, a crucial parameter for several applications.
As for instance, the next generation of automotive, powered by PEMFC,
aims at increasing the operating conditions up to 105 °C while reducing
the membrane thickness to increase the MEA performance [16]. In
addition, to increase the durability of the system, a possible strategy is to
modify the membrane itself as mentioned above. As the main drawback
of the GO is the low conductivity of the material, two possible routes are
possible to overcome this problem: reduction and sulfonation of gra-
phene. The reduced graphene oxide (rGO) is obtained by partially
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Fig. 7. Fuel cell polarization curves of different membranes (the cell operated with at 20 °C and atmospheric pressure). Nafion membrane with 50 um of thickness
was plotted with a black line, GO 0.5% with a red line, Nafion membrane 100 pm of thickness with a green line. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Fuel cell power curves of different membranes of different membranes (the cell operated with at 20 °C and atmospheric pressure). Nafion membrane with 50
um of thickness was plotted with a black line, GO 0.5% with a red line, Nafion membrane 100 um of thickness with a green line. (For interpretation of the references
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Table 3
Costs of Nafion and GO-Nafion membranes.
Membrane Amount of Amount of Total cost per Total unit
Na GO membrane cost
Nafion 100 9.53 mL / 12.10 € 1.34 €/cm?
um
GO 0.5% wt. 4.2 mL 2.59 mg 6.24 € 0.69 €/cm?

removing the oxygen-containing functional groups and recovering the
needed sp2 carbon atoms, thus recovering electrical conductivity
properties [28]; the sulfonation methods is a process of modification of
GO with sulfonated groups (SO3H) in order to improve the chemical link
at the catalyst interface for the preparation of electrodes for fuel cells, so
further enhancing electrical conductivity and the surface area [26].
Since the carbon corrosion is another issue that affects the performance
of this technology, another approach can be to replace the carbon with
titanium as GDL, proved to ensure longer lifetime of the device [27].

4. Conclusion

In this study, Nafion and GO-Nafion membranes were fabricated via
solution casting and tested in a PEM reversible fuel cell. The membranes
were characterized, and it was confirmed that, through the SEM, gra-
phene oxide was successfully incorporated into the Nafion structure. The
composite membranes exhibited better tensile strength and higher water
uptake, but with lower elongation. TGA analysis showed a better
thermic resistance. In-situ testing revealed that the composite mem-
brane with 0.5%wt. GO loading had the highest FC performance
allowing to reduce the thickness of the membrane so the costs. Since WE
performance is comparable to the bare Nafion membrane, a slight
improvement in term of efficiency is registered, even if with a lower
durability due to the carbon corrosion, in the membrane, that occurs
during the WE mode. It is important to note that the development of GO-
Nafion composite membranes for URFC is not present in literature so the
behavior of the composite membranes presented here should be deepen
in term of different operating conditions, different catalyst loading and
further modification of the membrane itself.
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Fig. 9. Maximum power output over cycles (the cell operated with at 20 °C and atmospheric pressure in both electrolysis and fuel cell mode). Nafion was plotted
with a black line, GO 0.5% with a red line, GO 1% with a blue line, GO 1.5% with a green line. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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Table 4
Power output over cycles of operation.

Membrane Power output at Power output at Percentage
first cycle [mW/ last cycle [mW/ deviation %
cm?] cm?]

Nafion 43.75 36.75 —-16

Nafion-GO 49.5 35 —29.3

(0.5%)
Nafion-GO 31.875 22.5 —29.4
(1%)
Nafion-GO 11.5 2.25 —80.4
(1.5%)
Table 5
Round trip efficiency.
Membrane RT at first cycle RT last cycle [mW/ Average
[%] cm?] RT
Nafion 29.5 22.2 26.6
Nafion-GO 31.7 19.4 26.1
(0.5%)
Nafion-GO 21.9 111 16.4
(1%)
Nafion-GO 7.5 1 3.8
(1.5%)

CRediT authorship contribution statement

Gabriele G. Gagliardi: Writing — review & editing, Writing — orig-

inal draft, Methodology, Data curation, Conceptualization. Orlando

Pal

one: Writing — review & editing, Data curation. Enrico Paris:

Methodology. Domenico Borello: Writing — review & editing,
Supervision.

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 paper.

Data availability

Data will be made available on request.

References

1]
[2]

[3

=

[4]

[5]

World Energy Outlook 2022. n.d.

Liu W, Placke T, Chau KT. Overview of batteries and battery management for
electric vehicles. Energy Rep 2022;8:4058-84. https://doi.org/10.1016/].
egyr.2022.03.016.

Gagliardi GG, Ibrahim A, Borello D, El-Kharouf A. Composite polymers
development and application for polymer electrolyte membrane technologies—A
review. Molecules 2020;25:1712. https://doi.org/10.3390/molecules25071712.
Sadhasivam T, Dhanabalan K, Roh SH, Kim TH, Park KW, Jung S, et al.

A comprehensive review on unitized regenerative fuel cells: crucial challenges and
developments. Int J Hydrogen Energy 2017;42:4415-33. https://doi.org/10.1016/
J.IJHYDENE.2016.10.140.

Paul B, Andrews J. PEM unitised reversible/regenerative hydrogen fuel cell
systems: state of the art and technical challenges. Renew Sustain Energy Rev 2017;
79:585-99. https://doi.org/10.1016/j.rser.2017.05.112.

(6]

71

[81

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Fuel 357 (2024) 129993

Mikkola MS, Rockward T, Uribe FA, Pivovar BS. The effect of NaCl in the cathode
air stream on PEMFC performance. Fuel Cells 2007;7:153-8. https://doi.org/
10.1002/fuce.200600206.

Yan WM, Sen CuH, Liu YL, Chen F, Jang JH. Effects of chlorides on the
performance of proton exchange membrane fuel cells. Int J Hydrogen Energy 2011;
36:5435-41. https://doi.org/10.1016/j.ijhydene.2011.01.158.

Zhang G, Yang G, Shen Q, Li S, Li Z, Liao J, et al. Study on the transport
performance degradation of Nafion membrane due to the presence of Na* and Ca?t
using molecular dynamics simulations. J Power Sources 2022;542:231740. https://
doi.org/10.1016/J.JPOWSOUR.2022.231740.

Schoemaker M, Misz U, Beckhaus P, Heinzel A. Evaluation of hydrogen crossover
through fuel cell membranes. Fuel Cells 2014;14:412-5. https://doi.org/10.1002/
fuce.201300215.

Atifi A, Mounir H, el Marjani A. Effect of internal current, fuel crossover, and
membrane thickness on a PEMFC performance. In: 2014 International Renewable
and Sustainable Energy Conference (IRSEC), IEEE; 2014, p. 907-12. https://doi.
org/10.1109/IRSEC.2014.7059860.

Shaari N, Kamarudin SK. Recent advances in additive-enhanced polymer
electrolyte membrane properties in fuel cell applications: an overview. Int J Energy
Res 2019;43:2756-94. https://doi.org/10.1002/er.4348.

Lee H, Kim J, Park J, Joe Y, Lee T. Performance of polypyrrole-impregnated
composite electrode for unitized regenerative fuel cell. J Power Sources 2004;131:
188-93. https://doi.org/10.1016/J.JPOWSOUR.2003.12.038.

Junoh H, Jaafar J, Nordin N, Ismail A, Othman M, Rahman M, et al. Performance of
polymer electrolyte membrane for direct methanol fuel cell application:
perspective on morphological structure. Membranes (Basel) 2020;10:34. https://
doi.org/10.3390/membranes10030034.

Guglielmo G, Tutor G, Rispoli F, Borello D. Development of graphene oxide/Nafion
polymeric membranes toward the improvement of Direct Methanol Fuel Cell
membranes Energy and Environment. n.d.

Farooqui UR, Ahmad AL, Hamid NA. Graphene oxide: A promising membrane
material for fuel cells. Renew Sustain Energy Rev 2018;82:714-33. https://doi.
org/10.1016/j.rser.2017.09.081.

Ibrahim A, Hossain O, Chaggar J, Steinberger-Wilckens R, El-Kharouf A. GO-nafion
composite membrane development for enabling intermediate temperature
operation of polymer electrolyte fuel cell. Int J Hydrogen Energy 2020;45:
5526-34. https://doi.org/10.1016/J.IJHYDENE.2019.05.210.

Zhao J, Liu X. Electron microscopic methods (TEM, SEM and energy dispersal
spectroscopy). Reference Module Earth Syst Environ Sci 2022. https://doi.org/
10.1016/B978-0-12-822974-3.00013-6.

Yasukawa M, Suzuki T, Higa M. Salinity Gradient Processes. Membrane-Based
Salinity Gradient Processes for Water Treatment and Power Generation, Elsevier;
2018, p. 3-56. https://doi.org/10.1016/B978-0-444-63961-5.00001-8.

Lue SJ, Pai YL, Shih CM, Wu MC, Lai SM. Novel bilayer well-aligned Nafion/
graphene oxide composite membranes prepared using spin coating method for
direct liquid fuel cells. J Memb Sci 2015;493:212-23. https://doi.org/10.1016/j.
memsci.2015.07.007.

Kumar R, Xu C, Scott K. Graphite oxide/Nafion composite membranes for polymer
electrolyte fuel cells. RSC Adv 2012;2:8777. https://doi.org/10.1039/c2ra20225e.
Wang L, Kang J, Do NJ, Suhr J, Prasad AK, Advani SG. Composite membrane based
on graphene oxide sheets and nafion for polymer electrolyte membrane fuel cells.
ECS Electrochem Lett 2015;4:F1-4. https://doi.org/10.1149/2.0021501eel.

Bayer T, Bishop SR, Nishihara M, Sasaki K, Lyth SM. Characterization of a graphene
oxide membrane fuel cell. J Power Sources 2014;272:239-47. https://doi.org/
10.1016/J.JPOWSOUR.2014.08.071.

Hattenberger M. Composite proton exchange membranes for intermediate
temperature fuel cells; 2015.

Heo Y, Im H, Kim J. The effect of sulfonated graphene oxide on Sulfonated Poly
(Ether Ether Ketone) membrane for direct methanol fuel cells. J Memb Sci 2013;
425-426:11-22. https://doi.org/10.1016/j.memsci.2012.09.019.

Ghulam AN, dos Santos OAL, Hazeem L, Pizzorno Backx B, Bououdina M,
Bellucci S. Graphene Oxide (GO) materials—Applications and toxicity on living
organisms and environment. J Funct Biomater 2022;13:77. https://doi.org/
10.3390/jfb13020077.

Ng WW, Thiam HS, Pang YL, Chong KC, Lai SO. A state-of-art on the development
of Nafion-based membrane for performance improvement in direct methanol fuel
cells. Membranes (Basel) 2022;12:506. https://doi.org/10.3390/
membranes12050506.

Tang H, Qi Z, Ramani M, Elter JF. PEM fuel cell cathode carbon corrosion due to
the formation of air/fuel boundary at the anode. J Power Sources 2006;158:
1306-12. https://doi.org/10.1016/j.jpowsour.2005.10.059.

Pei S, Cheng H-M. The reduction of graphene oxide. Carbon N Y 2012;50:3210-28.
https://doi.org/10.1016/j.carbon.2011.11.010.


https://doi.org/10.1016/j.egyr.2022.03.016
https://doi.org/10.1016/j.egyr.2022.03.016
https://doi.org/10.3390/molecules25071712
https://doi.org/10.1016/J.IJHYDENE.2016.10.140
https://doi.org/10.1016/J.IJHYDENE.2016.10.140
https://doi.org/10.1016/j.rser.2017.05.112
https://doi.org/10.1002/fuce.200600206
https://doi.org/10.1002/fuce.200600206
https://doi.org/10.1016/j.ijhydene.2011.01.158
https://doi.org/10.1016/J.JPOWSOUR.2022.231740
https://doi.org/10.1016/J.JPOWSOUR.2022.231740
https://doi.org/10.1002/fuce.201300215
https://doi.org/10.1002/fuce.201300215
https://doi.org/10.1002/er.4348
https://doi.org/10.1016/J.JPOWSOUR.2003.12.038
https://doi.org/10.3390/membranes10030034
https://doi.org/10.3390/membranes10030034
https://doi.org/10.1016/j.rser.2017.09.081
https://doi.org/10.1016/j.rser.2017.09.081
https://doi.org/10.1016/J.IJHYDENE.2019.05.210
https://doi.org/10.1016/B978-0-12-822974-3.00013-6
https://doi.org/10.1016/B978-0-12-822974-3.00013-6
https://doi.org/10.1016/B978-0-444-63961-5.00001-8
https://doi.org/10.1016/j.memsci.2015.07.007
https://doi.org/10.1016/j.memsci.2015.07.007
https://doi.org/10.1039/c2ra20225e
https://doi.org/10.1149/2.0021501eel
https://doi.org/10.1016/J.JPOWSOUR.2014.08.071
https://doi.org/10.1016/J.JPOWSOUR.2014.08.071
https://doi.org/10.1016/j.memsci.2012.09.019
https://doi.org/10.3390/jfb13020077
https://doi.org/10.3390/jfb13020077
https://doi.org/10.3390/membranes12050506
https://doi.org/10.3390/membranes12050506
https://doi.org/10.1016/j.jpowsour.2005.10.059
https://doi.org/10.1016/j.carbon.2011.11.010

	An efficient composite membrane to improve the performance of PEM reversible fuel cells
	1 Introduction
	2 Materials and method
	2.1 Materials
	2.2 Preparation of membranes
	2.3 Characterization
	2.3.1 Scanning electron microscope
	2.3.2 Water uptake
	2.3.3 Ion exchange capacity
	2.3.4 Tensile strength
	2.3.5 Termogravimetric analysis (TGA)

	2.4 MEA tests

	3 Results and discussion
	3.1 Membrane characterization
	3.2 In-situ tests

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	References


