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A B S T R A C T

In this work, we focus on a novel sepiolite-incorporated Aquivion composite membrane that can be operated in a proton-exchange membrane fuel cell (PEMFC) at 
a relative humidity (RH) below 30%. The maximum power density reduction of the developed membrane is only 0.77% at 30% RH. In the study, we 
demonstrated adding sepiolite grafted with fluorination groups enhanced the homogeneity of the composite membrane prepared with Aquivion compared to 
composite membranes prepared with natural sepiolite. In addition to functionalization, a specific acidic post-treatment enhanced fuel cell performance. The 
acidic treatment was intended to remove some of the Fe cations in the sepiolite to prevent Aquivion degradation. Although this effect was not evident, this 
treatment removed some of the Al and Mg cations, resulting in a more amorphous structure of fluorinated sepiolite with increased porosity, roughness, and 
lumen. This significantly enhanced the proton diffusion in the composite membranes. Compared to commercially available membranes and membranes 
developed by other research groups, the Aquivion/fluorinated and post-treated sepiolite composite membranes (Aq/pSEP-F5) exhibited increased swelling 
behavior, water uptake, mechanical property, chemical stability, proton conduc-tivity, cell voltage, and maximum power density in the Membrane Electrode 
Assembly (MEA). Thus, they are highly advantageous and a promising alternative for the functioning of PEMFC at low relative humidity.   

1. Introduction

Fuel cells (FCs) are eco-friendly energy conversion systems that
reduce carbon dioxide emissions. Hydrogen FCs, in particular, are 
regarded as a clean, renewable energy source that does not contribute to 
climate change. The fuel cells include various converters such as PEMFC, 
solid oxide fuel cell (SOFC), molten carbonate fuel cell (MCFC), alkaline 
fuel cell (AFC), and phosphoric acid fuel cell (PAFC). The description of 
FCs is shown in literature [1,2]. PEMFCs have been particularly 

beneficial in automotive applications owing to their advantages of low 
operating temperature, kick start-up, non-hazardous electrolytes, high 
power density and efficiency. 

Proton-exchange membranes (PEMs) are composed of per
fluorosulfonic acid (PFSA) ionomers or hydrocarbon polymer electro
lytes. Among the PFSA ionomers, Nafion has been broadly selected as a 
reference because of its relatively great thermo-chemical properties, 
mechanical resistance, hydrophilicity, and performance in membrane 
electrode assemblies (MEAs). These beneficial properties originate from 
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and proton concentration than the commercially available Nafion® HP 
or Gore Select® membranes, in addition to better mechanical properties 
than the virgin Aquivion membrane. Moreover, the chemical stability 
against the radical attack and fuel cell performance enhanced at 30% 
RH. 

2. Experimental section

2.1. Materials

Sepiolite was provided by Tolsa. N-(3-triethoxysilylpropyl)per
fluorooctanoamide (SPFOA) was purchased from ABCR. Ethanol, 
acetone, tetrahydrofuran (THF). All these products were used for func
tionalization without further purification. 

Aquivion (24%, D83-24B) was purchased by Solvay. Sulfuric acid 
(H2SO4, 5 N), sodium hydroxide (NaOH, 98%) and hydrogen chloride 
(HCl, 0.1 N) were purchased from Alfa Aesar, Germany. Oxalic acid 
(0.45 M) were purchased from Fisher Scientific, UK. Sodium chloride 
(NaCl, 99.5%) and isopropanol (99.5%) were purchased from Acros 
Organics. Total ionic strength adjustment buffer solution (TISAB IV) and 
sodium fluoride (NaF) were purchased from Sigma Aldrich. Deionized 
(DI) water (18.2 MΩ cm) was supplied from ultrapure water plants
(Smart2Pure, Thermo Scientific).

2.2. Sepiolite modification 

Scheme 1 shows the fluoridation and post-treatment procedure for 
sepiolite nanofiber. Ten grams of sepiolite, 1 g of perfluorinated sepiolite 
(1.6 × 10− 3 mol) with N-(3-triethoxysilylpropyl)-perfluorooctanoamide 
(SPFOA), and 100 mL of the water/ethanol (10/90 wt%) solution were 
added to a 250 mL flask fitted with a condenser. Subsequently, the 
heating mixture was stirred under reflux for 15 h. The centrifuge was 
operated at 5000 rpm to separate the liquid phase in the mixture. After 
then, it was washed several times with acetone and tetrahydrofuran. 
Finally, the functionalized clay nanofibers were dried under a vacuum 
prior to characterization. Sepiolite fluorination was achieved according 
to our previous protocol [39]. Natural and modified sepiolites were 
precipitated using membrane filters (pore size: 45 and 25 μm, Merck 
Millipore), and dried in an 80 ◦C oven at for 16 h. 

To remove iron ions contained in sepiolite, the samples were treated 
using oxalic acid and hydrogen chloride solutions. One gram of sepiolite 
(pristine or modified) was stirred in 100 mL of 0.45 M oxalic acid 
(C2H2O4) solution at 80 ◦C for 1.5 h. Nanoclays were then filtered using 
a membrane filter (0.4 μm of pore size, Merck Millipore) and washed 
using deionized (DI) water. Afterwards, the sepiolite was added to 100 
mL of 0.001 M hydrochloric acid (HCl) and stirred at 80 ◦C for 2.5 h. 
Filtration and ultrasonication (HD2200, Bandelin) were repeated under 
specific conditions before washing and drying. Finally, the resulting clay 
nanoparticles were ground and stored in bottles. In terms of nomen
clature, fluorinated sepiolite is labeled as SEP-F. Post-treated sepiolite 
samples are respectively labeled as pSEP or pSEP-F for pristine and 
fluorinated sepiolites. 

2.3. Membrane preparation 

The preparation of the membranes was done by following the pre
viously published method [39]. Membranes (effective area: 13 × 13 
cm2) were prepared using dispersions by the casting and evaporation 
method. Aquivion dispersion (24%, D83-24B), virgin or modified sepi
olite, and isopropanol were mixed to obtain a 5% Aquivion casting 
dispersion, resulting from evaporation in a 2, 5, or 10 wt% 
sepiolite-incorporated composite membrane, depending on the amount 
of sepiolite added (Table 1). 

Different casting dispersions were mixed for 15 min at 80 rpm and 
then sonicated using ultrasonicator (Model: HD 2200, Bandelin, Ger
many) for 2 min at 60 W with 20% pulsation level. The membrane was 

the chain organization and chemically stable polytetrafluoroethylene 
(PTFE) of backbones and polyether side chains terminated with nega-
tively charged groups of sulfonic acid (-SO3H) [3,4]. However, Nafion 
electrolyte membranes show limitations when PEMFC are operated at 
low RH, causing dehydration responsible for the reduced proton con-
ductivity. Aquivion, a PFSA ionomer, shows better properties from its 
higher glass transition temperature, larger crystallinity, lower equiva-
lent weight with short side chain [5,6]. In particular, Aquivion exhibited 
better thermal stability than Nafion, allowing the membrane to operate 
at higher temperatures [7]. 

At high PEMFC operating temperatures, better kinetic reaction, 
easier heat, water management, and carbon monoxide (CO) tolerance 
are anticipated [8,9]. Because the PFSA phase alone is inadequate for 
higher temperatures and lower relative humidity, other inorganic fillers 
have been introduced as additives to develop new composite mem-
branes. Incorporating inorganic fillers into a polymer matrix generally 
improves hydrophilicity, mechanical resistance, and, sometimes, proton 
conductivity. The inorganic fillers applied in composite membranes can 
be classified into three main categories: zeolites (e.g., ETS-10, NaA 
zeolite, umbite, mordenite, faujasite, analcime, ZrP-modified zeolite, 
b-zeolite, and H-type b-zeolite [10–15]), inorganic oxides (e.g., TiO2, 
ZrO2, ZrO2/SO4

2−  , and SiO2 [10,16–25]), and nanoclays (e.g., laponite, 
montmorillonite (MMT), sepiolite nanofiber (SEP), and halloysite 
nanotube (HNT) [10,11,26–33]).

Addition of nanoclays into the polymer phase has been specifically 
studied to reduce the limitations of thermomechanical stability and 
sensitivity to RH at high operating temperatures. Indeed, blending PFSA 
with nanoclay provides the benefit of maintaining moisture owing to its 
hygroscopicity. The resulting composite membranes showed improved 
proton conductivity at low RH [30,34–40]. Enhanced mechanical 
resistance [36,38,41–43], attributed to the better affinity between the 
fillers and the polymer phase, and sometimes reduced hydrogen cross-
over [44,45], can also originate from functionalized nanoclays homo-
geneously dispersed within the polymer matrix. Sepiolite, with its 
fibrous morphology commonly known as a needle-like structure [35,36] 
is a good candidate for enhancing the tensile strength of composite 
membranes through reinforcement. The authors previously reported the 
enhanced mechanical properties of Nafion and Aquivion composite 
membranes obtained after sepiolite introduction [35,36,39]. However, 
nanoclay aggregation can interfere with proton movement, and 
numerous research groups are still attempting to control the dispersion 
of nanofibers to improve PEMFC performance. To overcome this draw-
back, the surface functionalization of sepiolites, such as sulfonation [29, 
36,46], or perfluorosulfonation [35], have been considered. Another 
critical factor in controlling the composite homogeneity is to set a short 
blending time of composite casting dispersions so that nanoclays do not 
clump together but disperse more easily. 

Remarkable efforts have been achieved to improve the properties of 
sepiolite-blended composite membranes [39,40,47]. However, a study 
regarding physicochemical improvement resulting from the positive 
effect of an acidic treatment and the functionalization of sepiolite is 
lacking. Moreover, it is yet to be fully demonstrated that the strategy to 
fluorinate and post-treat the sepiolite improves conductivity and PEMFC 
performance under relative humidity below 30%. Thus, this study may 
be an interesting attempt to resolve the drawback of reduced fuel cell 
performance under dry operating conditions. Ultimately, it could be a 
promising strategy to improve the lifespan and reduce the 
manufacturing cost of hydrogen fuel cells by simplifying or removing 
the humidification system that controls relative humidity during 
operation. 

In this study, we focus on the development of a novel sepiolite- 
incorporated Aquivion membrane that can be operated for PEMFC at a 
low RH below 30 ◦C. We demonstrated the improved properties of 
Aquivion composite membranes through sepiolite fluorination and 
pretreatment. The composite membrane (Aq/pSEP-F5) developed in this 
work displayed greater proton conductivity, proton diffusion coefficient, 



prepared by pouring the casting dispersion into the mold and then 
heating it at 80 ◦C for 18 h, followed by 170 ◦C for 2 h. Finally, the 
prepared membranes were treated using 0.5 M sulfonic acid (H2SO4) 
and rinsed with deionized water for 1 h at 100 ◦C. 

Regarding the nomenclature, SEP and SEP-F denominate virgin 
sepiolite and fluorinated sepiolite, respectively. Prefix p was added to 
the post-treated sepiolite. 2, 5, and 10 represent the sepiolite loading in 
wt%. 

Gore Select® and Nafion® HP were selected as reference membranes 
to compare the characteristics of the prepared composite membranes. 

3. Analytical methods

3.1. ATR-FTIR

The functionalization of the sepiolite surface was characterized by 
FTIR spectroscopy using an IFS 66 apparatus from Bruker. Spectra from 
400 to 4000 cm− 1 were obtained by accumulating 32 scans at a reso
lution of 4 cm− 1. 

3.2. TGA 

TGA was conducted to study the surface fluorination and acidic 
treatment of sepiolites. Analyses were performed using a PerkinElmer 
Pyris-1 instrument. An isothermal step (10 min, 110 ◦C) was performed 
to remove the physisorbed water, and then the samples were heated to 
900 ◦C at a heating rate of 10 ◦C/min. Analyses were performed with 
samples of approximately 10 mg under a nitrogen at a flow rate of 20 
mL/min. 

3.3. XRD 

The X-ray diffraction (XRD) patterns of the post-treated and non- 
treated sepiolites were analyzed using Cu-Kα radiation (λ = 1.5406 Å) 
using an X-ray diffractometer (X’Pert-Pro, Philips). The diffractometer 
was operated at 30 and 45 kV. The data were collected in steps of 0.08◦

from 4◦ to 60◦ in the 2-θ mode with a pixel step. 

3.4. FE-SEM and EDS 

Cross-sectional images of the prepared membranes were obtained by 
FE-SEM (FEI XL30, Philips) at 2000 × magnification. The Si/F (atomic 
ratio in %) for the upper, middle, and bottom locations of the membrane 
cross-section was calculated using EDS to analyze the dispersion of clay 
nanofibers inside the polymer phase. The Fe/Si, Mg/Si, and Al/Si atomic 
ratios (at.%) were also analyzed for SEP, pSEP, SEP-F, and pSEP-F clay 
nanofibers. 

3.5. BET 

Sepiolite nanofibers were degassed at 120 ◦C for 24 h under a static 
vacuum before the adsorption measurements. The specific surface area 
was determined from the N2 adsorption isotherms in the relative pres
sure range 0.05–0.20, using the Brunauer–Emmett–Teller (BET) method 
(BEL MINI, BEL Japan Inc.). The total pore volume (Vtotal) was estimated 
using the amount of gas adsorbed at a relative pressure of P/P0 = 0.99. 
Micropore volumes were calculated from the corresponding isotherms 
using the t-plot method. 

Scheme 1. Sepiolite nanofiber perfluorinated with SPFOA, and sepiolite post-treated with oxalic and hydrochloric acid.  

Table 1 
Chemical composition of pristine Aquivion and composite membranes con
taining SEP, SEP-F, pSEP and pSEP-F.  

Membrane 
reference 

Ionomer Nanoclay 
reference/ 
content (wt%) 

Modification of 
sepiolite 

Post- 
treatment of 
sepiolite 

Aquivion Aquivion – – – 
Aq/SEP Aquivion SEP-10 Pristine No 
Aq/SEP-F Aquivion SEP-F-10 Fluorination No 
Aq/pSEP Aquivion pSEP-2/5/10 Pristine Yes 
Aq/pSEP-F Aquivion pSEP-F-2/5/10 Fluorination Yes  

Table 2 
The SBET and Vtotal according to the nanofiber samples.  

Nanofiber samples SBET (m2 g− 1) Vtotal (cm3 g− 1) 

Pristine sepiolite (SEP) 155.47 0.44 
Fluorinated sepiolite (SEP-F) 102.52 0.52 
Post-treated sepiolite (pSEP) 143.05 0.67 
Fluorinated and post-treated sepiolite (pSEP-F) 193.01 0.73  



4. Membrane thickness

Square wet membranes (preliminarily soaked in DI water for one
day) were cut into nine equal squares. The thickness of three of them, 
selected on the diagonal, was measured at three different places per 
piece of the membrane using a micrometer (Mitutoyo 293–344, Japan). 
Subsequently, the average thickness was calculated based on nine data 
points per membrane. The thickness of the dry membranes was also 
measured through FE-SEM cross-sectional observation and averaged 
using data from three measurements. 

4.1. Water uptake 

The weight difference between the wet and dried membranes was 
measured to calculate the water uptake. The membranes were then 
immersed in DI water at room temperature. For dehydration, the 
membranes were dried in an oven set at 80 ◦C for 18 h. The water uptake 
of the prepared membranes was calculated using the following equation: 

WUwt (%)=
Ww − Wd

Wd
× 100 (1)  

Where Ww and Wd are the weights of the wet and dried membranes, 
respectively. 

4.2. Swelling ratio 

Two types of membrane swelling were calculated based on the 
evolution of the membrane thickness between 1) dry and wet conditions 
at room temperature and 2) room temperature and boiling temperature 
after 2 h of immersion. The thickness of all membranes was averaged 
based on data measured at three different locations, and swelling was 
calculated using the following equations: 

Sth 1(%)=
thwet rt − thdry rt

thdry rt
× 100 (2)  

Sth 2(%)=
thwet bt − thwet rt

thwet rt
× 100 (3)  

where thwet rt and thwet bt are the thicknesses of the wet membranes after 
immersion 2 h in water at room temperature and 100 ◦C, respectively. 
thdry rt represents the thickness of the dried membrane. 

4.3. IEC 

IEC was obtained by titration. The membranes were fully immersed 
for 1 d in a 2 N sodium chloride (NaCl) solution (40 mL) for Na+ ions to 
replace H+ ions in the membrane. The protons were then titrated using a 
0.005 N sodium hydroxide (NaOH) solution. IEC was calculated using 
the following equation: 

IEC (meq / g)=
CNaOH × VNaOH

Wd
(4)  

where CNaOH and VNaOH represent the concentration and volume of the 
NaOH, respectively. Wd represents the weight of the dried membranes. 

4.4. Chemical stability (modified Fenton test) 

The membranes can be chemically degraded in the presence of iron 
during fuel cell operation. The fluoride concentration in the water in
creases while iron attacks the C-F bonds of Aquivion. Thus, the chemical 
stability can be assessed by fluoride analysis. One piece of each mem
brane was immersed in a 200 mL 4.4 M H2O2/1.25 mM H2SO4 solution 
to reach 0.16 wt%, under stirring at 100 rpm and 70 ◦C. The membrane 
was kept in the solution for 4, 17, 48, 72, and 96 h. Total-ionic strength 
adjustment buffer (TISAB IV) was then mixed before 0.001 N NaF so
lution was added as the standard for analysis. Subsequently, the fluoride 
concentration in the solution was measured with a specific electrode 
(781 pH/Ion meter, Metrohm AG, Switzerland). A blank test of the so
lution was performed before analysis. 

4.5. DMA 

The viscoelastic properties of the membranes were characterized 
using dynamic mechanical analysis (DMA50, Metravib, Acoem) under 
shear jaws for the film test configuration. The dimensions of the samples 
were set to 30 mm in length and 10 mm in height, and the thickness of 
the membrane was between 30 and 50 μm. The results were obtained 
using DYNATEST software. The temperature was scanned between 50 
and 200 ◦C at a heating rate of 1 ◦C/min. It was previously verified that 
the deformation (3 μm) is in the linear domain. The frequency was set at 
1 Hz. 

4.6. Electrochemical impedance spectroscopy 

The resistance of the membranes was accurately measured using 
electrochemical impedance spectroscopy (EIS; Bio-Logic Scientific In
struments, France). One piece of the membrane was placed between the 
two electrodes of a homemade cell. The operating conditions were set at 
50 ◦C, 70 ◦C, or 90 ◦C, and relative humidity (RH) of 25%, 50%, 75%, or 
90%. The frequency range and amplitude were set to 1 mHz–1 kHz and 

±20 mV, respectively. The membrane resistances (Ω) were averaged 
from the data from 50 scans. The proton conductivity (S/cm) was then 
obtained for all membranes by the following equation: 

σ =

(
l

R.S

)

(5)  

where σ is the proton conductivity (S/cm) and R and l represent the 
resistance (ohm) and thickness (cm) of the membrane, respectively. S 
represents the contact surface with the electrodes (cm2). 

4.7. MEA preparation 

Sono-Tek ExactaCoat ultrasonic spray-coating system was used to 
deposit catalyst layers on both sides of the membranes, fixed on a vac
uum plate heated to 80 ◦C, and prepare 50 cm2 active surface area 
catalyst coated membranes (CCMs). 

The catalyst (TEC10E40E) loadings for the anode and cathode were 
0.26 ± 0.08 mg Pt/cm2 and 0.50 ± 0.06 mg Pt/cm2, respectively. 
Subgaskets (PET) and gas diffusion layers (Freudenberg H23C6) were 
hot-pressed (15 h at 50 kg/cm2, Carver 30-12H Press) on both sides of 
the CCM respectively at 170 and 140 ◦C for Aquivion-based and Nafion 
HP membranes. 

4.8. Fuel cell performance 

The MEAs were tested on a single-cell fuel-cell test bench. Polari
zation curves (U = f(j)) were obtained at 80 ◦C and at 30% RH under dry 
condition and 100% RH under wet condition. The MEA resistance was 
measured using impedance spectroscopy and assimilated to the high- 

3.6. TEM 

TEM samples were prepared using the conventional drop-casting 
method. The samples were investigated by analytical TEM (JEM- 
ARM200F NEOARM, JEOL Ltd.) at 200 kV and energy-dispersive X-ray 
spectrometry (EDS) (JED-2300T, JEOL Ltd.). The elemental distribu-
tions of SEP-F and pSEP-F were determined by STEM-EDS. 



5. Results and discussion

5.1. Sepiolite characterization

Fig. 1a shows the thermal gravimetric analysis (TGA) curves of 
pristine (SEP) and fluorinated sepiolites (SEP-F). Fluorinated sepiolites 
showed increased weight losses (Fig. 1a) compared to pristine sepiolites, 
which can be ascribed to the decomposition of the grafted fluorinated 
groups, confirming our previous work [39]. Fluorinated sepiolites were 
found to have 1.4 wt% increased weight loss compared to pristine se
piolites due to the decomposition of the grafted fluorinated groups. In 
addition, non-post-treated sepiolite showed a higher rate of decrease 
from 240 ◦C than post-treated sepiolite, regardless of fluorination, as 
aluminum and magnesium hydroxyl groups begin to decompose at 
240 ◦C and 330 ◦C, respectively. Interestingly, the post-treated sepiolite 
exhibited the highest residue 91.7 wt% among the clay nanofibers 
tested, which is approximately 1.2 wt% gap between post-treated and 
non-treated sepiolites. Further experiments are required to determine 
which modifications to the chemical structure led to these outcomes. 

For the Fourier transform infrared (FTIR) analysis, similar spectra 
were obtained for the pristine and fluorinated sepiolite nanofibers 

(Fig. 1b) [39,48]. The Mg-OH and inside Mg-OH stretching vibrations 
appeared at 3548 and 3670 cm− 1, respectively. The bands at 640 and 
684 cm− 1 are attributed to the O-H bond vibration of Mg3OH. The band 
at 420 cm− 1 is due to octahedral-tetrahedral bonds (Si-O-Mg). The bands 
at 973, 1081 (shoulder), and 1243 cm− 1 respond to the vibration of Si-O 
bonds within silica tetrahedra. The bands at 430, 990 cm− 1 are attrib
uted to Si-O-Si groups. The band at 1658 cm− 1 is originated from the 
zeolitic water of the sepiolite nanofibers. However, the fluorinated 
sepiolite nanofibers showed few differences owing to the grafted agent 
compared with the pristine sepiolite nanofiber. As described in a pre
vious study, a signal of the C-F bonds of the perfluorinated part was 
observed at 1240 cm− 1 [39]. We also observed a band at 1370 cm− 1, 
which is characteristic of the C-H stretching vibration of the alkyl part of 
the grafted organic agents (Fig. 2b). 

Sepiolite can be sensitive to acid treatment. Thus, it is necessary to 
check the integrity of the sepiolite structure after post-treatment with 
oxalic acid and hydrogen chloride. Complementary FTIR analysis 
(Fig. 2c and d) revealed that the intensities of the Mg-OH (640, 684, 
3548, and 3670 cm− 1), Si-O-Mg (420 cm− 1), Si-O (973 and 1243 cm− 1) 
and Si-O-Si (430 and 990 cm− 1) groups decreased after post-treatment 
(pSEP and pSEP-F vs. SEP and SEP-F). The structure of sepiolite nano
fibers is thus sensitive to acid attack, and its intensity was reduced 
compared to non-post-treated SEP and SEP-F nanofibers, which is in 
good agreement with the results reported in the literature [48]. This 
indicates that sepiolites probably changed to an amorphous structure 
post-treatment (Fig. 1c and d). 

The structure of sepiolite post-treated alone or fluorinated together 
was observed to be mainly amorphous in Fig. 1e. As reported for paly
gorskite [49], such cation leaching may lead to the structural modifi
cation analyzed using X-ray diffraction (XRD). This results in a fraction 
of octahedral voids at the edges of channels composed of silanol groups 

Fig. 1. Analytical results of (a) TGA curves and (b, c, d) ATR-FTIR spectra for SEP (blue), SEP-F (yellow), pSEP (blue dashed) and pSEP-F (yellow dotted) nanofibers 
used as in-membrane filler. (e) XRD spectral data of sepiolite after treatment: SEP (blue), SEP-F (yellow), pSEP (blue dotted), and pSEP-F (yellow dotted) nanofibers 
used as in-membrane fillers. Comparison of (f) Mg/Si and (g) Al/Si atomic ratios (%) for SEP, pSEP, SEP-F, and pSEP-F nanofibers used as in-membrane fillers. 

frequency impedance value for its imaginary part equal to zero. The 
target relative humidity was set and regulated by the mass flow con-
trollers (MFCs) installed on a single-cell fuel-cell bench and the use of 
home-made software. 

Regarding hydrogen crossover, the cell was purged with hydrogen on 
the anode side and with nitrogen on the cathode side. A three-electrode 
set-up was used where the anode serves as reference and counter elec-
trode and the cathode acted as the working electrode. The voltage was 
scanned from 0.05V to 0.55V at 5 mV/s. 



(Si-OH) and, consequently, a modification of the surface area [50–52]. 
Leaching led to the structural modification, allowing no further crys
tallinity. The results of energy dispersive X-ray spectroscopy (EDS) 
implied that the relative concentrations of cations such as Mg2+ as well 
as Al3+ present inside the sepiolite were reduced by the acid treatment 
(Fig. 1f-g). 

The pore sizes of the sepiolite nanofibers ranged from 11 to 20 nm, 
whereas the Barrett, Joyner, and Halenda (BJH) plot of the sepiolites 
was approximately 2–100 nm. The total pore volumes of SEP, SEP-F, 
pSEP, and pSEP-F were 0.44, 0.52, 0.67, and 0.73 cm3/g, respectively, 
as determined by the method of the Brunauer–Emmett–Teller (BET) 
(Fig. 2). A specific surface area of sepiolites between 102 and 193 m2/g 
was observed, especially for pSEP-F, which showed the largest specific 
surface area among the sepiolite nanofibers tested. The highest total 
pore volumes were also obtained for pSEP and pSEP-F compared to SEP 
and SEP-F. This might be attributed to the reduced Mg and Al dissolved 
by the acidic post-treatment (Fig. 1f and g), which ultimately developed 
pores in the sepiolite samples, thereby increasing their specific surface 
area and pore volume. Indeed, it was visually observed using trans
mission electron microscopy (TEM) to confirm whether the fluorinated 
and post-treated sepiolite pores were formed. The outer pore size 
change, enlarged inner diameter (lumen), surface roughness, and sur
face fluoride ratio of the fluorinated and post-treated sepiolite observed 
using TEM are described in in more detail in the section Impact of 
fluorination and post-treatment on sepiolite. 

5.2. Iron content in sepiolite and chemical resistance of membranes 

The PFSA membrane is prone to exposure to free radical species 
during fuel-cell operation. OH • and OH2 • radicals with strong oxidative 
properties chemically attack the C-F bonds, ultimately reducing the cell 
performance efficiency [53]. H2O2 can be produced at the cathode of the 
MEA via the two-electron reduction of oxygen. It then reacts with the 
Fe2+ ion to generate free radical species (i.e., HO⋅ and HO2⋅) [10,54–56]. 

Sepiolite nanofibers may contain iron ions that can chemically 
degrade composite membranes in the presence of hydrogen peroxide. 
Oxalic acid and hydrogen chloride were used and evaluated as means of 
leaching iron from sepiolite. To verify whether sepiolite-blended mem
branes are chemically stable, we used a “modified” Fenton test. The 
composite membranes containing sepiolite as the hypothesized source of 
ferric (II) ions were immersed in a H2O2/H2SO4 solution. The fluoride 
concentration generated by chemical degradation was followed by a 
specific electrode of ion meter. It should be noted here that post-treated 
sepiolites incorporated in composite membranes were obtained using 
oxalic acid and hydrogen chloride treatment. The modified Fenton test 
was conducted via H2O2/H2SO4 treatment of composite membranes. 

Fig. 3 displays the fluoride ion concentration for all the membranes 
analyzed at various reaction times between 4 and 96 h. It is noteworthy 
that the post-treatment was efficient with iron leaching. The amount of 
Fe with respect to that of Si, being decreased by 50%–80% respectively 
for pristine and fluorinated sepiolite (Fig. 3b). The evolution of the 
fluorine ion concentration with time was comparable for all the mem
branes tested: the longer the reaction time in the H2O2/H2SO4 solution, 
the higher the fluoride concentration. This value is slightly greater for 
the reference membrane and approximately double for the pristine 
Aquivion membrane. 

Notably, the presence of sepiolite did not amplify membrane 
degradation. When attacked by free radical species, the concentration of 
fluoride ions generated by our ion exchange membranes was signifi
cantly lower than that of the reference membranes. No significant dif
ferences were found between the composite membranes. Therefore, it 
can be suggested that fluorination and post-treatment of sepiolite are 
neither detrimental nor advantageous to the chemical resistant of 
composite membranes. 

Rio et al. reported that 20 different sepiolites from a variety of 
sources, including Madrid, Toledo, Zaragoza, and California deposits, 
did not contain ferric (II) ions [57]. This finding was consistent with our 
observations. In this study, the sepiolite used to develop the membranes 

Fig. 2. Data for (a to d) the nitrogen sorption isotherms measured at 77 K (− 196.15 ◦C), and (e to h) BJH plot in SEP, SEP-F, pSEP, pSEP-F nanofibers. The specific 
surface area (SBET) and total pore volumes (Vtotal) of sepiolite nanofibers are listed in Table 2. 



was a Tolsa product, which was mined in Madrid and did not contain a 
large amount of ferric (II) ions. The observed relative stability of the 
membranes indicated that the ferrous (III) ions from sepiolite were not 
reduced to the ferric (II) ions. Notably, iron ions can be converted be
tween Fe2+ and Fe3+ in the presence of free radicals, as reported in the 
literature [58,59]. 

5.3. Homogeneity of composite membranes 

Fig. 4 displays cross-sectional images obtained using field emission 
scanning electron microscope (FE-SEM) of the various membranes pre
pared according to the experimental section. The chemical composition 
was analyzed using EDS to obtain insights on the repartition of sepiolite 
nanoclays at center and edges of the membrane cross-section. 

To this end, silicon and fluor of Aquivion were analyzed explicitly as 
representatives of sepiolite and Aquivion, respectively. Subsequently, 
the Si/F atomic ratio was considered an indicator of homogeneity. A 
constant Si/F value obtained from nanoclay was considered uniformly 
distributed across the membrane; otherwise, nanoclay aggregates were 
suspected. 

Composite membranes blended with pure sepiolite and Aquivion 
show inhomogeneity (Aq/SEP10, Fig. 5d). The significant difference in 
the Si/F atomic ratio obtained from EDS analysis of the composite 
membrane (Fig. 4l) was in good agreement with the presence of bulky 
aggregates, as shown in Fig. 4d. 

Sepiolites grafted with fluorine groups (SEP-F10, pSEP-F10, pSEP- 
F5, and pSEP-F2) improved the homogeneity of the composite mem
branes. Fewer aggregates were observed in the corresponding cross- 
sectional images (Fig. 4h-k). Smaller differences in Si/F values were 
also observed, as shown in Fig. 4l. Such fluorination was expected to 
improve the affinity between Aquivion and the grafted sepiolite. More 
specifically, the fluorine groups of sepiolite functionalized with N-(3- 
triethoxysilylpropyl)-perfluorooctanoamide resulted in better interac
tion with the hydrophobic domain C-F of the Aquivion matrix, leading to 

better compatibility and homogeneity [35]. 
Post-treatment with oxalic and hydrochloric acid was used to iron 

ions from sepiolite to improve the chemical stability of the composite 
membranes. It also seems to prevent the aggregation of sepiolite (Fig. 4e- 
g and Fig. 4l) [52,60–62], with respect to the various conditions of 
sepiolite (2, 5, or 10 wt%), be fluorinated. Therefore, very few ag
glomerates can be observed, as can be seen in Fig. 4e-g. The best ho
mogeneity was obtained for fluorinated and post-treated sepiolite 
among the membranes prepared because no visible agglomerates could 
be observed. In addition, constant Si/F values could be estimated across 
the membranes. Moreover, EDS images obtained from F (red) and Si 
(green) elemental color mapping analysis of the Aq/pSEP-F membranes, 
which were the most dispersed of the observed membranes, are shown in 
Fig. S2. It was observed that the 2% and 5% pSEP-F nanoclays were 
largely well dispersed within the Aquivion matrix, but partially aggre
gated. The 2% loading in membrane appears slightly more homoge
neous than the 5% loading. 

5.4. Membrane thickness 

The thinner the membrane, the smaller the ohmic resistance, some
times at the expense of a larger hydrogen crossover [63]. State-of-the-art 
membranes are now less than 20 μm thick. Hence, the targeted thickness 
for the membranes prepared in this study was 20 μm under dry state, 
similar to that of the commercially available Gore Select® or Nafion 
HP® membranes selected as references. Fig. 5a shows the thickness of 
the membranes measured in the dry state using FE-SEM. Thicknesses in 
the wet state were also measured using a micrometer after immersion in 
DI water at room temperature or boiling water. The results (Fig. 5d) are 
discussed later, along with the water uptake and swelling. 

In the dry state, the thickness of the prepared membranes was very 
close to that of the target, between 19 and 28 μm. The incorporation of 
fluorinated sepiolite did not affect the thickness, which remained at 
approximately 25 μm. The post-treatment of sepiolite resulted in a 

Fig. 3. Data analyzing the chemical resistance (i.e., fluoride ion concentration) of membranes by immersion in H2O2/H2SO4. The red dotted line indicates the 
fluorine concentration of 4.4 M H2O2/1.25 mM H2SO4 electrolyte (blank test): 0.82 × 10− 4 ± 0.08 × 10− 4 mol L− 1. Comparison of (b) the iron content in sepiolite 
used for preparing composite membranes before and after post-treatment with oxalic acid and hydrochloric acid. 



relatively small modification of the composite membrane thickness, 
without any clear trend, which may reach a maximum of 5 wt%. 

5.5. Ion exchange capacity (IEC) 

IEC is an important property that represents the total capacity of 
functional groups. It strongly affects the transport of protons across 
membranes, particularly Grotthuss-type transfer [63]. The IEC values 
for the composite membranes differed slightly from those of pristine 
Aquivion and commercially available membranes, as shown in Fig. 5b. 
To be specific, the IEC for pristine Aquivion was about 1.02 meq/g, 
whereas composite membranes containing sepiolite (i.e., SEP or SEP-F) 

was measured to 1.08–1.20 meq/g, depending on the level of fluorina
tion. The Nafion HP membrane exhibited a similar IEC of 1.08 meq/g to 
the pristine Aquivion membrane, but a slightly lower IEC (0.98 meq/g) 
to the Gore Select membrane. Among the membranes prepared with 
post-treated sepiolites (i.e., pSEP, pSEP-F), the IEC seems to reach a 
maximum for 5 wt%. These results showed a similar trend to the water 
uptake data with the exception of the 10 wt% sepiolite-contained 
membrane. This error value could be caused by temperature differ
ences or water uptake values in the IEC analysis. 

Fig. 4. Images observed using FE-SEM for (a-b) commercially available membranes, (c) pristine Aquivion membrane, and (d-k) composite membranes. Partly 
reproduced with permission from Elsevier Ltd [39]. Resulting data on (l) Si/F atomic ratio (%) analyzed using EDS in a membrane cross-section. Blue and yellow bars 
indicate non-post-treated sepiolites and post-treated sepiolites, respectively. The different patterns represent different additive contents. 



5.6. Water uptake and swelling 

Water molecules are necessary for proton transport in proton ex
change membranes according to the Grotthuss mechanism, so-called 
hopping mechanism, or vehicle mechanisms [64–66]. Hence, water 
uptake is another critical property to characterize. 

As can be seen in Fig. 5d, the addition of sepiolite to Aquivion, 

whether modified or not, results in a remarkable increase in water up
take compared to Nafion® HP, Gore Select®, and virgin Aquivion 
membranes. Water uptake of about 80–90% more was achieved after 
incorporating 10 wt% of sepiolite, pristine or fluorinated form, due to its 
high hygroscopic nature. It seems that post-treatment is responsible for a 
slight decrease in water uptake, which, however, remains significantly 
large. From the results obtained with post-treated sepiolite, it is clear 

Fig. 5. Results on (a) dry thickness, (b) hydrated thickness, (c) IEC, (d) water uptake, (e) swelling at room temperature between dry and wet states, and (f) swelling 
between room temperature and 100 ◦C in the wet state regarding Nafion HP, Gore Select, virgin Aquivion and Aquivion reinfoced membranes incorporated with 
various sepiolites. Gray bars indicate reference membranes. Blue and yellow bars indicate post-treated sepiolites and non-treated sepiolites, respectively. The di
agonal line patterns represent fluorinated sepiolites. DMA results: (g) G′ and (h) tan delta regarding Nafion HP, Gore Select, virgin Aquivion, and Aquivion reinforced 
membranes incorporated with sepiolites, fluorinated only, or post-treated together. 



The drop in G’ appeared at higher temperatures for Aquivion 
compared to Nafion® HP and Gore Select (Fig. 5g), revealing a higher 
stiffness. Consequently, Aquivion exhibited a high glass transition 
temperature (Tg) of 140 ◦C (Fig. 5h). 

Performance was improved by adding 10 wt% sepiolite nanofibers to 
Aquivion (Aq/SEP-10). The composite membrane was stiffer with a Tg 
shift towards 170 ◦C compared to the pure Aquivion® membrane. The 
fluorinated sepiolite led to a higher stiffness, and the Tg of the composite 
membrane (Aq/SEP-F10) appeared to shift to a much higher tempera
ture (out of the available temperature range). 

On the other hand, sepiolite pretreatment had no additional effect on 
mechanical strength: the composite membranes displayed similar stiff
ness and Tg as comparing to untreated sepiolite-incorporated mem
branes, despite functionalization. However, the composite membrane’s 
glass transition temperature (around 160–170 ◦C) is stable in the 
thermo-mechanical property when the fuel cell is operated at interme
diate temperatures. 

5.8. Proton conductivity 

The hydrogen ion conductivity for membrane samples was estimated 
from electrochemical impedance spectroscopy data recorded under 
various temperatures (i.e., 50 ◦C, 70 ◦C, and 90 ◦C) and relative hu
midity (i.e., 25%, 50%, 75%, and 90%). Because the membranes were 
automatically hydrated, the proton conductivity was calculated 
considering the thickness in the wet state. According to Fig. 7, proton 
conductivities calculated for different kinds of Aquivions were similar to 
values at 25% RH or 90% RH on 90 ◦C, as reported in literature [67–69]. 

As a general rule, all membranes become more protonically 
conductive at higher temperatures and relative humidity (Fig. 6 and S1). 
As expected, the effect of temperature was much more pronounced than 
that of relative humidity. 

Based on Fig. 6, regardless of the temperature and RH, the proton 
conductivities of the composite membranes can be categorized as fol
lows: Aq/SEP10 < Aq/pSEP10 ≤ Aq/pSEP5 < Aq/SEP-F10 < Aq/pSEP- 
F10 < Aq/pSEP-F5. It appears from this classification that both fluori
nation and post-treatment improve membrane proton conductivity, 
which is more effective than post-treatment and mixing, resulting in the 
highest conductivity (Aq/pSEP-F10 > Aq/SEP-F10 > Aq/pSEP10 > Aq/ 
SEP10). Moreover, for 2, 5, and 10 wt%, adding 5 wt% sepiolite to 
Aquivion gave the best results (Aq/pSEP-F5 > Aq/pSEP-F2 > Aq/pSEP- 
F10 and Aq/pSEP5 ≥ Aq/pSEP10). 

The hydrogen ion conductivity of the virgin Aquivion membrane 
prepared in this study (0.115 S/cm at 90 ◦C and 90% RH) was very 
similar to that reported in the literature under same conditions [67,68]. 
It stands between that of the composites incorporating non-fluorinated 
sepiolite and fluorinated ones, whether post-treated or not. 

For the membrane incorporating pure sepiolite (SEP10) into Aqui
vion, a reduced proton conductivity was observed compared to pristine 
Aquivion and Nafion® HP. This phenomenon may be due to sepiolite 
aggregation and possible blockage of ion channels, which hinder ion 
transport inside the composite membrane. 

Fluorinated sepiolite (SEP-F10) enhanced the proton conductivity of 
the composite membrane to a level close to that of virgin Aquivion, or 
even slightly higher, depending on the conditions. This may account for 
the better compatibility between the fluorinated ionomer backbone (C- 
F) of Aquivion and the fluorinated groups anchored on sepiolite, thus 
improving the interface between the two. 

The post-treatment of fluorinated sepiolite led to significantly higher 
proton conductivities. Both fluorinated and post-treated sepiolite (pSEP- 
F) were very favorable for proton conductivity: membranes prepared 
using 10 wt% post-treated and fluorinated sepiolite reached a proton 
conduction of 0.195 S/cm at 90 ◦C and 90% RH, while that of Aquivion 
was only 0.115 S/cm. 

Gore Select® exhibited the best proton conductivity among selected 
reference membranes, two to three times that of Nafion® HP, reaching 

that the larger the amount of sepiolite, the larger the water uptake. 
A larger water uptake is beneficial for PEMFC operation at low 

relative humidity. However, it generally leads to larger swelling, which 
may be detrimental as it can affect fuel cell performance during its 
operation. Here, two types of swelling have been considered: i) Room 
temperature between dry and wet states to characterize the impact of 
water uptake on the thickness and ii) Temperature between room tem-
perature and “high” temperature (after immersion in boiling water) to 
report the evolution of the membrane thickness during operation in a 
PEMFC (i.e., 80 ◦C or above). 

First, it is clear from Fig. 5d that water uptake has a marked impact 
on the membrane thickness. 

In general, the membrane thickness increases with the amount of 
sepiolite added to the Aquivion polymer and is above 45 μm. The 
membrane thickness also varies with oxalic and hydrochloric acid post- 
treatment. 

The membrane incorporating pristine sepiolite (SEP10, 10 wt%) had 
a thickness of 55.3 ± 2.5 μm, which is thicker than the pristine Aquivion 
membrane. 

Fluorinated sepiolite did not affect the composite membrane thick-
ness (Aq/SEP-F10: 54 ± 1.6 μm). 

The post-treatment of sepiolite in oxalic acid and hydrogen chloride 
results in thinner composite membranes 38.4 ± 2.1 to 48.0 ± 1.0 μm for 
pristine sepiolite and 47.6 ± 5.9 to 54.8 ± 1.1 μm for fluorinated one, 
depending on the amount incorporated in Aquivion, the thickest being 
obtained for 5 wt%. 

Such an impact of the water uptake on the membrane thickness 
transfers directly to the swelling between dry and wet states at room 
temperature (Fig. 5e). 

For all composite membranes, significantly higher swelling was ob-
tained compared to the pristine Aquivion membrane: about +120% for 
composite membranes prepared with 10 wt% of pristine or fluorinated 
sepiolite, between +90 and 130% for post-treated sepiolite, depending 
on the composite composition. 

The effect of temperature on the swelling of hydrated membranes 
showed interesting results for the composite membranes. As represented 
in Fig. 5f, Nafion® HP and Gore Select®, which are reinforced mem-
branes, had rather low swells of 6% and 1.2%, respectively. A much 
higher value of approximately 15% was obtained for pristine Aquivion 
membrane, not reinforced. 

The incorporation of sepiolite, whether or not functionalized and 
post-treated, led to a very significant drop in the swollen thickness of the 
composite membranes compared to pure Aquivion: 50% less swelling 
with 10 wt% sepiolite, even more was observed when the sepiolite was 
fluorinated or post-treated. The lowest swelling (1%) was observed for 
fluorinated and post-treated sepiolite. This behavior can be attributed to 
a reinforcement of the acicular nature of sepiolite nanofibers, as dis-
cussed in our previous study on Nafion® composite membranes [35,36]. 

Concerning fluorination, the presence of –C7F15 groups in the 
adapted sepiolite (SEP-F10) probably led to enhancement of the me-
chanical property due to the needle-like sepiolite by improving the 
nanophase distribution and the rapport between the filler and the hy-
drophobic domains of the Aquivion matrix [35,66]. 

Fluorination of the sepiolite and post-treatment with hydrogen 
chloride and oxalic acid caused a significant decline in swollen thick-
ness, which was reached to the similar value as that observed in the 
Gore-Select reinforced membrane. This synergistic impact was in 
accordance with the influence of observed homogeneity of the com-
posite membrane. The most homogenous membranes were obtained 
with the post-treated and fluorinated sepiolite (pSEP-F10 and pSEP-F5, 
Fig. 4i). 

5.7. Dynamic mechanical analysis (DMA) 

In terms of the mechanical properties of the membrane, a compari-
son of the different trends using DMA in shear mode is shown in Fig. 5gh. 



almost 0.260 S/cm at 90 ◦C and 90% RH. This stands above all the 
composite membranes prepared with 10 wt% sepiolites, regardless of its 
modification. Decreasing the amount of sepiolite to 5 wt% allowed an 
even higher proton conductivity of 0.407 S/cm at 90 ◦C and 90% RH. 
Further decreasing the amount of sepiolite to 2 wt% resulted in a proton 
conductivity of 0.310 S/cm at 90 ◦C and 90% RH, still higher than that of 
the Gore Select membrane but lower than that obtained with 5 wt% of 
sepiolite. It seems that there is an optimum proton conductivity at 5 wt% 
of incorporated sepiolite for the IEC and water uptake. This is not un
expected, as proton conductivity is highly correlated with IEC, the 
amount of water molecules in the membrane (RH and water uptake), 
and the transport of protons. The water uptake and IEC calculation for 
the membrane with 5% post-treatment sepiolite (pSEP5 or pSEP-F5) was 
slightly greater than for the membrane with 10%. Since proton con
ductivity is only improved with fluorinated and post-treated sepiolite 
(pSEP-F5), the main influence is probably the homogeneity of the 
dispersion, which affects the movement of protons, as discussed earlier. 

Fig. S3 shows the activation energies obtained from the logarithm of 
proton conductivity (Arrhenius plots) as a function of various relative 
humidity [70]. 

The activation energy of the pristine Aquivion membrane was ob
tained to be 10.823–19.920 kJ/mol, while the commercially available 
membranes, Nafion HP and Gore Select, showed 11.538–18.794 kJ/mol 
and 8.662–16.090 kJ/mol, respectively. Membranes incorporating 
pristine sepiolite exhibited 13.339–21.427 kJ/mol, while incorporation 
of fluorinated sepiolite led to 10.307–19.544 kJ/mol. The addition of 

pSEP5 and pSEP10, pretreated sepiolites, displayed 11.600–21.522 kJ/ 
mol and 11.901–20.873 kJ/mol, respectively. On the other hand, the 
blending of fluorinated and post-treated sepiolite reduced the activation 
energies (i.e., 7.437–15.534 kJ/mol for pSEP-F5 and 9.074–16.863 kJ/ 
mol for pSEP-F10) of the membranes similarly compared to that of 
fluorinated sepiolite, with the lowest value among the activation en
ergies of the tested membranes being 7.437 kJ/mol at 90 ◦C and 90 % 
RH. Based on the literature [71], the activation energy is less than 38.5 
kJ/mol, suggesting that the Grotthus mechanism is the main pathway of 
proton transport within the ion channel of the membranes. 

5.9. Impact of fluorination and post-treatment on sepiolite 

Post-treated and fluorinated sepiolite was shown to dramatically 
enhance the properties of composite membranes based on Aquivion. The 
effects of fluorination can be attributed to better affinity of the filler with 
the polymer phase due to the fluorine available for interaction (Fig. 5). 

Moreover, addition of fluorinated and post-treated sepiolite (pSEP-F) 
improves the dispersion of the nanoclays in the polymeric matrix 
compared to that of the non-treated sepiolite. Thus, this increases the 
availability of amorphous domains where the ionic conductivity mainly 
takes place [72,73], thereby improving the flexibility, which is in good 
agreement with the decreased stiffness of the membranes containing 5 
wt% fluorinated and post-treated sepiolite (Fig. 5g). Ultimately, the 
improved side-chain flexibility of the polymer phase within the com
posite membranes might enhance proton transport (Fig. 8). Indeed, 

Fig. 6. Impact of temperature based on (a) 50 ◦C, (b) 70 ◦C, (c) 90 ◦C in various RH conditions (25, 50, 75, 90%) on proton conductivity for PEMs: Nafion HP, Gore 
Select (Aquivion), virgin Aquivion, Aquivion/SEP10, Aquivion/pSEP5, Aquivion/pSEP10, Aquivion/SEP-F10, Aquivion/pSEP-F2, Aquivion/pSEP-F5, and Aquivion/ 
pSEP-F10 membranes (sepiolite = blue, fluorinated sepiolite = yellow, post-treatment = white plot and dashed line, 10 wt% = square plot, 5 wt% = circle plot, 2 wt 
% = triangle plot). 



Fig. 7. TEM micrographs: line profile for lumen size measurement of (a) SEP-F and (c) pSEP-F nanofibers. STEM-EDS elemental mapping: elemental distribution and 
mapping for (b) SEP-F and (d) pSEP-F nanofibers. (e) conceptual proton transfer pathway through parallel or series models in composite membranes containing 
fluorinated and post-treated sepiolite. 



studies have reported that the flexibility of polymer side chains affects 
the energy barriers for proton conductivity [74]. 

Another reason for the improved proton conductivity of the com
posite membranes with fluorinated and post-treated sepiolite is that the 
defects, larger pore volumes, and improved porosity (Fig. 2 and Table 2) 
in the sepiolite structure by the partial removal of Al2O3, Fe2O3, and 
MgO through post-treatment (Fig. 2fg and Fig. 3b) improved the ho
mogeneity (Fig. 4) and water uptake (Fig. 5d). Consequently, the proton 
diffusion rate (i.e., diffusion coefficient) and permeation of water mol
ecules in the amorphous structure improved. Moreover, the smaller 
thickness swelling (Fig. 5f) owing to the post-treatment effect minimizes 
the ohmic resistance. This means that improved proton conductivity was 

obtained depending on the change in material nanostructure, as re
ported in the literature [75]; thus, ion mobility is much easier. It should 
be noted here that the higher the ion diffusivity, the higher the ionic 
conductivity based on the Nernst-Einstein equation [76]. In addition, it 
is notable that the diffusion rate did not increase in the post-treatment of 
non-fluorinated sepiolite, whereas the membrane incorporated with 
sepiolite fluorinated and post-treated together improved the diffusion 
rate of protons. The reason might be that fluorine is an excellent element 
that enhances proton conductivity [77], as well as the interaction be
tween fluorination and post-treatment of sepiolite. 

Proton diffusion of fluorinated and post-treated sepiolite within the 
polymer matrix is more favorable than fluorinated sepiolite because of 

Fig. 8. Impact of fluorinated and post-treated sepiolites (pSEP-F) on composite membranes: (a, e) ionic diffusion coefficient calculated by Nernst-Einstein equation of 
protons in electrolyte membranes operated at 50 ◦C, 70 ◦C, and 90 ◦C under 25, 90% RH conditions, and (b to d, f to h) comparison of proton mobility from diffusion 
coefficient in the membranes operated at 50, 70, 90 ◦C and 25, 90% RH as a function of H+ concentration. Yellow and blue scatter plots represent fluorinated and 
non-fluorinated sepiolites, respectively and white scatter plots represent post-treated sepiolites. The values next to the scatter plots represent proton conductivity (S/ 
cm)/IEC (meq/g)/water uptake (%)/thickness swelling at boiling temperature (%). 



the wider lumen and pore volume. Increase in lumen size (i.e., 16.2 nm) 
and pore formation (Fig. 7d) were visually confirmed using TEM mi
crographs, and 0.73 cm3 g− 1 was also obtained by BET analysis for the 
total volume of fluorinated and post-treated sepiolite (Table 2). This 
resulted in a shorter proton transport pathway, which, in turn, facili
tated better proton diffusion in the Aquivion/pSEP-F membrane. The 
conceptual proton transport pathway in the polymer matrix can be 
illustrated in Fig. 7e using the following possible mechanisms: parallel 
and series models [78]. 

Also, the rough morphology (Fig. 7d) of fluorinated and post-treated 
sepiolites provides the large specific surface area (193.01 m2 g− 1) as 
listed in Table 2, which increases the contact area between the polymer 
matrix and the sepiolite. Accordingly, sepiolite with high hygroscopicity 

aids in proton diffusion even under low relative humidity operating 
conditions. Moreover, STEM-EDS revealed that sepiolite was fluorinated 
both inside and outside the surface (Fig. 7b and d). Post-treatment 
reduced the amount of fluorine and magnesium to 0.1 at% and 3.7 at 
%, respectively. As a result of this impact, the surfaces of the fluorinated 
and post-treated sepiolites appeared rough and porous. 

To confirm the proton diffusion coefficient and proton concentration 
of the membrane containing fluorinated and post-treated sepiolite, the 
Nernst-Einstein equation was used: [79]. 

D=
σRT
cz2F2 (6)  

where σ represents the proton conductivity measured using EIS. T, R, F, 

Fig. 8. (continued). 



c= 0.001 ×
ρ × IEC

1 + 0.01 × Wutvol
(7)  

where ρ, IEC, and Wutvol represent the polymer density, ion-exchange 
capacity, and volume-based water uptake, respectively. 

Fig. 8a and e shows the effective diffusion coefficients of protons in 
the commercially available membranes and the membranes developed 
in this study. Generally, as the operating temperature and relative hu
midity increase, the effective diffusion coefficient increases. 

For the 10 wt% sepiolite-loaded composite membranes, the order of 
the effective diffusivity of protons was as follows: Aq/SEP10 = Aq/ 
pSEP10 < Aq/SEP-F10 < Aq < Aq/pSEP-F10. Fluorination and post- 
treatment of sepiolite resulted in improved proton diffusivity of the 
composite membrane compared to that of the Aquivion membrane. 

Similar effective diffusion coefficients were obtained even when the 
loading of post-treated sepiolites was reduced from 10 wt% (Aq/ 
pSEP10) to 5 wt% (Aq/pSEP5). Even after fluorination and post- 
treatment, loadings of 10 wt% (Aq/pSEP-F10) and 2 wt% (Aq/pSEP- 
F2) led to similar effective diffusion coefficients. 

A higher effective diffusivity of protons was observed for Aq/pSEP- 
F10 and Aq/pSEP-F2 compared to pristine Aquivion. Moreover, 
improved effective diffusivity compared to Nafion® HP, commercially 
available membrane, was observed for Aq/pSEP-F composite mem
branes at 25, 90% RH and between 50 and 90 ◦C. Especially, blending 
with 5 wt% pSEP-F5 resulted in increased values compared to Gore 
Select® at 70 and 90 ◦C under 25, 90% RH conditions, leading to 
showing the best ion diffusion coefficient among the membranes tested. 

Fig. 8b-d and 8f-h compare ionic mobilities of the membranes 
operated at 50, 70, 90 ◦C and 25, 90% RH as a function of proton con
centration. The proton diffusion coefficient and concentration of Gore 
Select® improved with increasing operating temperature and relative 
humidity. The values of Nafion® HP were relatively lower than those of 
Gore Select® but were slightly higher than those of the pristine Aquivion 
membrane. 

Incorporation of natural sepiolite or sepiolite post-treated or fluori
nated alone reduced the diffusion coefficient of the composite mem
branes, which is lower than that of pristine Aquivion membranes, 
whereas similar or slightly increased proton concentrations were ob
tained for the membrane containing sepiolites post-treated or fluori
nated alone. However, the incorporation sepiolites fluorinated and post- 
treated together allowed improved proton diffusivity and concentration 
during operation. As the operating temperature increased, better proton 
diffusivity and concentration were observed for the Aq/pSEP-F mem
branes than for the other membranes, resulting in more differences. The 
high proton diffusivity and concentration appear to be enhanced by the 
complex causes of the amorphous membrane structure, improved water 
uptake, and low thickness swelling at boiling temperature. At 90 ◦C and 
90% RH, the best ionic diffusivity (1.14 × 10− 3 cm2/s) and proton 
concentration (3.059 × 10− 1 mol/cm3) in this work were observed, 
particularly when 5 wt% pSEP-F was added to Aquivion polymer matrix. 
In addition, this membrane showed better proton diffusivity (6.76 ×
10− 5 cm2/s) and proton concentration (1.809 × 10− 2 mol/cm3) 
compared to others tested at 90 ◦C and 25% RH, suggesting that it can be 
used in fuel cells less sensitive to low relative humidity. Accordingly, 
enhanced cell performance compared to commercially available 
Nafion® HP and other tested membranes could be obtained for the 
membrane containing fluorinated and post-treated sepiolite (Aq/pSEP- 
F5). The fuel cell performances of PEMFCs operated under wet and dry 
conditions were described below. 

5.10. Fuel cell performance 

Under wet conditions (Fig. 9a), the voltage – current curves of 
Nafion® HP, pristine Aquivion, Aq/SEP10, and Aq/SEP-F10 membranes 
were similar. Similar mass transport losses occurred at high current 
densities for all the membranes, except for Nafion® HP and composite 
membrane containing 5% post-treated and fluorinated sepiolite. The 
maximum power density of pristine Aquivion was obtained at approxi
mately 572 mW/cm2, indicating that it is approximately 130 mW/cm2 

lower than the results reported in the literature [80]. This might be 
attributed to the fact that the pressure applied to our single cell in this 
study was set to an extreme condition of 2.5 bar (1.5 bar relative). 
Blending with pSEP-F5 led to a cell voltage and power density similar to 
that of Nafion® HP. The reason that Aq/pSEP-F5 membrane has better 
performance compared with pristine Aquivion and non-post-treated 
sepiolite-blended membranes may be attributed to: 1) reduced thick
ness (19.2 ± 0.1 μ m in wet state), 2) flexible side-chain polymer, and 3) 
promoted proton diffusivity and concentration through interaction be
tween fluorination and post-treatment of sepiolite, thereby improving 
proton conductivity. 

Under dry conditions (Fig. 9b), composite membranes containing 
non-posttreated sepiolite showed similar performance to pristine Aqui
vion, whereas better performance was obtained for pretreated sepiolites 
with fluorine groups, except for the 10 wt% loading content. Adding 5% 
post-treated and fluorinated sepiolite (Aq/pSEP-F5) improved perfor
mance after 0.3 A/cm2 and better cell voltage and power density as 
compared to commercially available Nafion® HP and other membranes- 
contained MEAs. 

The MEAs based on Nafion® HP and Aq/pSEP-F5 had similar per
formances in terms of both cell voltage and power density under wet 
conditions, but differed significantly in the dry state. As the current 
density increased under low relative humidity conditions below 30%, 
the performance gap between the two MEAs became more apparent. 
This may be due to the effect of fluorination and post-treatment on the 5 
wt% sepiolite nanofiber (Aq/pSEP-F5). In other words, protons are more 
likely to diffuse to the Aq/pSEP-F5 membrane based on an increase in 
the diffusion coefficient and proton concentration, thereby showing 
improved performance between dry and wet conditions compared with 
other membranes tested. This means that pSEP-F5 contained composite 
membrane is less sensitive to low relative humidity and can be ulti
mately applied in various operating conditions with better performance. 
The results gathered in Fig. 9c and d indicate that the addition of 5 wt% 
post-treated and fluorinated sepiolites (Aq/pSEP-F5) shows the cell 
voltage with small gap due to the reduced MEA resistance (see Fig. S4) 
and good proton transport between wet and dry conditions at 0.6 A/cm2, 
whereas the other membranes significantly differ in cell performance at 
two kinds of different operating conditions. Regarding maximum power 
density (Fig. 9e), the highest value was obtained for Aq/pSEP-F5- 
contained MEA under low relative humidity below 30% among the 
MEAs tested. On the other hand, the other MEAs seem to be sensitive to 
low relative humidity, leading to a significant difference between the 
dry- and wet-state operating conditions. Moreover, the output voltages 
for power density at 0.48 V and 0.43 V were found to be the optimal 
operating condition for Nafion HP and Aq/pSEP-F5, respectively 
(Fig. 9b). 

Fig. 9f shows the maximum power densities of various MEAs 
compared under comparable conditions (i.e., 20–30% RH and 70–80 
◦C). The MEA developed by our group displayed at least 17.2–68.4%
greater than the MEA with commercially available membranes (i.e.,
Gore Select®, Nafion® HP, Nafion® 211, Nafion® 212) for maximum
power density, which has been reported in the literature [81–85].
Among the MEAs tested, Aq/pSEP-F 5 exhibited the highest power
density of 700 mW/cm2. Lower values were obtained for the commer
cially available Gore Select® and Nafion® membrane-containing MEAs.
Gore Select® and Nafion® HP showed values of approximately 580
mW/cm2 [81], while Nafion® 211 and Nafion® 212 displayed values

and z are the absolute temperature, ideal gas constant, Faradaic constant 
and valence charge, respectively. c represents the H+ concentration 
calculated using Equation (7) [79]. 



Fig. 9. Voltage – current curves and power densities of MEAs based on Nafion® HP, pristine Aquivion and Aquivion composite membranes with pure and modified 
sepiolites: (a) wet (RHH2 = 30% - RHAir = 100%) and (b) dry (RHH2 = 30% - RHAir = 30%) conditions (sepiolite = blue, fluorinated sepiolite = yellow, post- 
treatment = white plot and dashed line, 10 wt% = square plot, 5 wt% = circle plot). Evolution of (c) cell voltage and (d) power density at 0.6 A/cm2, and (e) 
maximum power density under wet (RHH2 = 30% - RHAir = 100%) and dry (RHH2 = 30% - RHAir = 30%) conditions. Comparison of (f) maximum power densities 
(mW/cm2) of fuel cell MEAs as reference under 18–30% RH operating conditions. Detailed information of membranes and MEA is provided in Table 3. 



6. Conclusion

We developed a less sensitive proton-exchange membrane (i.e., Aq/

pSEP-F5) to a relative humidity below 30%; this membrane showed a 
difference of only 0.77% between 100% RH and 30% RH for maximum 
power density. 

In the study, sepiolite nanofibers were successfully functionalized 
with fluorine groups and post-treated with acidic solutions. Aquivion- 
based composite membranes were prepared by incorporating pure 
sepiolite (SEP) or fluorinated and post-treated sepiolite (SEP-F or pSEP- 
F), and their properties were compared with those of commercial 
membranes (i.e., Nafion® HP and Gore Select®). Several conclusions 
related to the physical and chemical properties of the composite mem
branes developed in this study can be drawn. 

Adding pure sepiolite to the Aquivion matrix resulted in improved 
swelling ratio, water uptake, and mechanical property. The composite 
membrane exhibited similar chemical stability and IEC but showed 
reduced dispersion of fillers and proton conductivity, with greater 
thickness compared to Aquivion and Nafion® HP. 

Incorporating fluorinated sepiolite (SEP-F) has proven to be profit
able. This allowed better homogeneity inside the polymer matrix of the 
composite membrane. In terms of mechanical properties and ion con
ductivity, the prepared membranes were improved without influencing 
the water uptake, thickness, IEC, or chemical stability. 

Regarding post-treatment impact, the composite membrane with a 
blend of fluorinated and post-treated sepiolite (pSEP-F) displayed IEC 
and chemical stability similar to commercial membranes. Moreover, the 
proton conductivity of the composite membrane was the highest of the 
membranes tested, irrespective of filler content. However, they dis
played reduced thickness swelling at boiling temperature and 

Table 3 
Proton conductivity and maximum power density of proton exchange membranes used in hydrogen fuel cells operating at low relative humidity of 30% or below.  

Sample name Membrane material Material for 
catalyst and 
ionomer 

Proton conductivity of 
membrane (S/cm) 

Fuel cell test Ref. 

Feeding 
gas 

Operating 
condition (RH – 
Temp.) 

Max. power 
density (mW/ 
cm2) 

Gore Select® (Gore) Nafion + PTFE support 
layer 

Pt/C + ? 0.018 (25 % - 95 ◦C) H2 - O2 30 % - 70 ◦C 570 [81] and 
this work 

Nafion® HP (Chemours) Nafion + PTFE support 
layer 

Pt/C + Nafion® 
(Ion Power) 

0.008 (25 % - 90 ◦C) H2 -Air 30 % - 80 ◦C 576 This work 

Nafion® 211 (DuPont) Nafion Pt/C + Nafion® 
(Alfa Aesar) 

0.012 (30 % - 80 ◦C) H2 - O2 30 % - 80 ◦C 308 [82] 

Nafion® 212 (DuPont) Nafion ? – H2 - ? 20 % - 80 ◦C 220 [83] 
Aquivion® E79-03S (Solvay) Aquivion – 0.010 (25 % - 90 ◦C) – – – [67] 
Aq Aquivion Pt/C + Nafion® 

(Ion Power) 
0.007 (25 % - 90 ◦C) H2 -Air 30 % - 80 ◦C 520 This work 

Aq/pSEP-F5 Aquivion, pSEP-F5, IPA 
a 

Pt/C þ Nafion® 
(Ion Power) 

0.024 (25 % - 90 ◦C) H2 -Air 30 % - 80 ◦C 696 This 
work 

Aq/HNT-SF5 Aquivion, pHNT-SF5 b – 0.025 (25 % - 90 ◦C) – – – [40] 
Nafion/TiO2 nanoparticles Nafion, TiO2 

nanoparticles 
? – H2 - O2 20 % - 80 ◦C 327 [86] 

Nafion/TiO2 nanotube Nafion, TiO2 nanotube Pt/C + Nafion® 
(Ion Power) 

0.008 (18 % - 80 ◦C) H2 - O2 18 % - 80 ◦C 641 [87] 

Nafion/MZP Nafion, MZP c Pt/C + Nafion® 
(DuPont) 

0.017 (30 % - 70 ◦C) H2 - O2 18 % - 70 ◦C 350 [88] 

Nafion/S-ZrO2 Nafion, S-ZrO2 Pt/C + ? – H2 -Air 30 % - 70 ◦C 600 [89] 
N/SWy− oxCNT− RSO3H(y5) 

Nafion 
Nafion, Montmorillonite/ 
CNT d 

– 0.035 (30 % - 90 ◦C) – – – [90] 

NIM-SO3 Nafion Nafion, NIM_SO3 
e – 0.031 (30 % - 90 ◦C) – – – [91] 

Composite Nafion, MCM-41 f, DMF g – 0.071 (20 % - 80 ◦C) – – – [92] 
Silane based nanostructured 

composite membrane 
GPTMS h, EHTES i, 
H3PO4, Cloisite® 30B 

– 0.023 (30 % - 80 ◦C) – – – [93]  

a Isopropyl alcohol. 
b Halloysite nanotube modified with Sodium 2,3-dihydroxynaphthalene-6-sulfonate and N-(3-triethoxysilylpropyl)perfluorooctanoamide. 
c Mesoporous zirconium phosphate. 
d Carbon nanotube. 
e Sulfonate modified silica nanoparticles. 
f Silica filler modified with sodium hydroxide, cetyltrimethylammonium bromide, and tetraethoxysilane. 
g Dimethylformamide. 
h 3-glycidoxy propyl trimethoxy silane. 
i 2 (3, 4 epoxy cyclohexyl) ethyl triethoxy silane. 

slightly over 200 and 300 mW/cm2 [82,83]. Moreover, a greater 
maximum power density was observed for Aq/pSEP-F5 compared to 
Nafion composite membranes blended with TiO2 [86,87] or ZrO2 [88, 
89]. The membrane and electrode materials, proton conductivity, and 
maximum power density are listed in Table 3. Membranes developed by 
other research groups [90–93] have not yet been reported for the 
maximum power density under comparable conditions; thus, cell per-
formance cannot be compared with our MEA. It is noted here that the 
relationship between proton conductivity of the membranes and 
maximum power density of the cell is not proportional. 

Hydrogen crossover is also important because it affects fuel cell ef-
ficiency. Regarding hydrogen crossover (see Fig. S5) measured under 
harsh operating conditions (T = 90 ◦C, RH = 30%, P = 3 bar), the 
pristine Aquivion membrane was followed by the Nafion® HP. The 
composite membrane had a higher hydrogen permeability compared to 
the pristine Aquivion and commercially available membrane. This might 
be attributed to the fact that the incorporated sepiolite nanofibers have 
relatively high hygroscopicity, so the interior of the membrane is rela-
tively humid, allowing water to swell the membrane and widen the ion 
exchange channels. This is consistent with what is described in the lit-
eratures [94,95]. This was contrary to our expectation that composite 
membranes with improved mechanical resistance would show lower 
hydrogen crossover. 
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mechanical strength. Enhanced proton diffusion coefficients and proton 
concentrations were also observed by adding 5 or 10 wt% fluorinated 
and post-treated sepiolite, which resulted from the amorphous structure, 
improved water uptake, and low swelling at the boiling temperature of 
the composite membrane. Cell performance was also observed for MEAs 
containing the membranes developed in this study. A slightly enhanced 
performance at 0.6 A/cm2 was obtained for fluorinated sepiolite-based 
membranes compared to pristine Aquivion or Nafion® HP, particu-
larly at intermediate current densities, under wet conditions. The best 
cell voltage and power density were achieved with the composite 
membrane containing fluorinated and post-treated sepiolite (i.e., Aq/ 
pSEP-F5) among the membranes tested under dry conditions. Even, 
Aq/pSEP-F5 membrane was found to be less sensitive to low relative 
humidity below 30% because of small difference between wet and dry 
operating conditions. 

Based on characterization, blending with 5% fluorinated and post- 
treated sepiolite may be a viable route for improving the physico-
chemical properties of fabricated membranes, leading to a good result 
on hydrogen fuel cell performance at low relative humidity. 
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