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A B S T R A C T

The present study investigates a significant advance in the development of ion exchange membranes (IEMs) for 
water electrolysis. A membrane based on polyvinylidene fluoride (PVDF) was modified through a simple and 
cost-effective process, consisting of the incorporation of 15 wt% sodium metasilicate (Na2SiO3), followed by an 
alkaline (NaOH) surface treatment to improve its hydrophilic and ionic properties (M3A). Advanced charac
terisation techniques were applied to the membrane. The (FTIR) analysis displays the presence of the various 
functional groups such as -OH, CH2 (sp3), CF2, and Si-O-Si, while the (SEM) imaging showed a homogeneous 
surface. The membrane exhibited a tensile strength of 45.6 MPa. The ionic conductivity (IC), measured by 
electrochemical impedance spectroscopy (EIS), reached a value of 2.2 × 10− 2 S/cm in 1 M of NaCl solution, 
while the ionic permeability showed a value of 1.78 × 10− 4 cm/s for ions (Na+), and 2.84 × 10− 5 cm/s for 
protons (H+). The water uptake observed was 24.8%, along with an ion exchange capacity (IEC) of 0.56 meq/g. 
Moreover, a remarkable permselectivity of 95% determined by the potentiometry technique was obtained, 
confirming the membrane's effectiveness in ionic separation. The application of M3A in water electrolysis was 
studied using chronopotentiometry (CP). The electrolysis voltage in a cell with two compartments of different pH 
is less than 1.5 V and demonstrated operational stability over 50 h. In this type of electrolysis, M3A ensures 
continuity of electric current flow by migration and prevents the chemical diffusion of protons. Compared to the 
commercial CMI-7000 membrane, M3A offers remarkable performance in water electrolysis.

1. Introduction

Polymeric membranes (PMs) are of significance in a variety of sci
entific and industrial applications, including gas separation, water 
treatment, and electrochemical systems. This is due to their design 
flexibility, tuneable properties, and low cost [1]. Recently various pre
cursors have been used to produce PMs for instance poly(methyl 
methacrylate) PMMA, polysulfone PSU, poly(ether sulfone) PES, poly
amide PA, polyimide PI, poly(vinylidene fluoride) PVDF, and poly(tet
rafluoroethylene) PTFE [2]. Depending on their function, PMs are 
classified into filtration membranes (MF, UF, NF, RO), membrane 
distillation (MD), and ion-exchange membranes (IEMs) [3–5]. Among 
these, IEMs stand out for their ability to selectively transport ions while 
separating compartments—an essential feature in electrochemical pro
cesses [6]. IEMs are divided into cation-exchange membranes (CEMs), 
which conduct cations (e.g., H+, Na+) via fixed anionic groups like 
–SO₃− , and anion-exchange membranes (AEMs), which transport anions 

(e.g., OH− ) through cationic groups such as –NH₄+ [7,8]. Notable ex
amples include Nafion 117 (a CEM) and various AEMs used in elec
trolysis and energy conversion [9,10].

From an environmental and energy perspective, ion-exchange 
membranes (IEMs) are critical components in water electrolysis (WE), 
as their ionic selectivity and conductivity directly govern system effi
ciency and hydrogen purity [11,12]. It exists various technology of WE, 
including alkaline water electrolysis (AWE), proton exchange mem
brane water electrolysis (PEMWE), and solid oxide electrolysis cells 
(SOEC) [12,13]. AWE approach is the most widely implemented elec
trolysis technology at the industrial scale, owing to its cost-effective 
design and compatibility with inexpensive, readily available materials 
[14]. One of the main challenges of AWE is the high energy consump
tion, where the theoretical minimum thermodynamic potential applied 
(1.23 V at pH 14 and 25 ◦C) is predicted by the Nernst equations [15,16]. 
This potential corresponds to the following oxidation-reduction 
reactions: 
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2H2O+2e− →H2(g) +2OH− (1) 

EH2O/H2 = − 0.83 V vs.SHE (at pH = 14)

4OH− →O2(g) +2H2O+4e− (2) 

EO2/OH− = +0.40 V vs.SHE (at pH = 14)

On the other hand, an innovative approach to reduce energy con
sumption in water electrolysis is the dual-electrolyte (DE) configuration, 
which enables independent optimization of anodic (alkaline) and 
cathodic (acidic) reaction environments. This asymmetric setup can 
lower energy demand by up to ~68% compared to conventional systems 
[17]. By using a concentrated basic medium (NaOH or KOH solution) at 
the positive electrode and a strong acidic medium (H2SO4 solution) at 
the negative electrode, the applied voltage drops from 1.23 V (standard 
theoretical value) to 0.4 V [16,18]. This significant energy gain can be 
attributed to the following factors: 

• Cathodic compartment 

2H+ +2e− →H2(g) (3) 

EH+/H2 = 0 V vs.SHE (at pH = 0)

• Anodic compartment 

4OH− →O2(g) +2H2O+4e− (4) 

EO2/OH− = +0.40 V vs.SHE (at pH = 14)

The efficiency of the DE electrolysis technique depends on the use of 
electrodes with high resistance to corrosion and chemically stable 
membranes in aggressive environments [19]. In this respect, researchers 
are focusing in particular on the use of bipolar membranes (BPM) and 
proton exchange membranes (PEMs), which are widely employed in 
electrolysis processes [20–22]. From the literature, both bipolar mem
branes (BPMs) and perfluorinated proton-exchange membranes (PEMs) 
exhibit significant limitations for practical dual-electrolyte water elec
trolysis. For instance, Lee et al. [18] reported a BPM based on poly(aryl 
ether ketone) (PAEK) that required a relatively high cell voltage of 1.59 
V at a low current density of only 20 mA cm− 2. Such performance is 
unsuitable for industrial-scale hydrogen production, which typically 
demands current densities ≥100 mA cm− 2 with minimal voltage over
head. On the other hand, Ming-Yuan Lin et al. [16] employed Nafion 
211, a commercial PEM, in a KOH/H2SO4 DEWE system and achieved 
enhanced hydrogen evolution (0.95 L h− 1). However, Nafion mem
branes are prohibitively expensive, limiting their scalability. Moreover, 
under comparable operating conditions, Nafion 211 in their tests 
required ~2.0 V to reach 100 mA cm− 2 at 25 ◦C. To overcome these 
limitations, an important and widely used polymer material is PVDF, 
which has attracted significant interest from researchers. This polymer is 
distinguished by its exceptional properties, particularly its high thermal, 
chemical stability and low cost. However, due to its insulating nature 
and high hydrophobicity, PVDF requires specific modifications to be 
used in the production of IEMs for electrochemical applications [23]. 
These adaptations aim to improve its IC and hydrophilicity properties to 
optimise its performance in a variety of electrolytic environments [24]. 
To enhance the intrinsic properties of PVDF, specifically its IC and hy
drophilicity, various approaches have been employed, including ener
getic irradiation, polymer blending, the use of comb-branched 
copolymers, incorporation of dopants (such as nanomaterials and ionic 
liquids), addition of inorganic fillers, and surface treatments [25–27]. 
While PVDF membranes have been used in single-electrolyte water 

electrolysis (e.g., Sarthak et al. [28]), their application in dual- 
electrolyte systems remains scarce and underexplored. This present 
work aims to produce an efficient, cost-effective, and easily prepared 
IEM from polyvinylidene fluoride (PVDF) modified by sodium meta
silicate (Na2SiO3). The produced IEM was characterised in terms of both 
physicochemical, electrochemical, and mechanical properties (FT-IR, 
SEM, water uptake, IC, IEC, permselectivity, and ionic permeability). 
And study its performance in the WE system.

2. Material and methods

2.1. Materials

Polyvinylidene fluoride (PVDF, HSV-900, 99.9%) was supplied by 
Arkema (France), while sodium silicate (Na2SiO3, 99.9%) was pur
chased from SILMACA (Belgium). Dimethyl sulfoxide (DMSO, 99%) and 
sulfuric acid (H2SO4, 96%) were obtained from Biochem Chemopharma 
(France). Sodium hydroxide (NaOH, 99.9%), sodium chloride (NaCl, 
99.99%), and hydrochloric acid (HCl, 37%) were procured from Sigma 
Aldrich (USA). Additionally, the cation exchange membrane CMI-7000 
was sourced from FuMA-Tech (USA). Ag/AgCl electrode, Platinum 
(Pt) and nickel (Ni) rods with 99.9% purity, supplied from China.

2.2. Membrane preparation

The membrane was prepared by dissolving PVDF and Na2SiO3 in 
DMSO under magnetic stirring at 60 ◦C for 3 h to obtain a homogeneous 
brownish gel solution. The resulting solution was then transferred to a 
hermetically sealed vial and kept at rest for 24 h, allowing complete 
elimination of air bubbles. The solution was poured onto a clean glass 
plate using an adjustable film applicator, specifically designed to ensure 
even distribution and constant membrane thickness. The plate was then 
placed in an oven at 80 ◦C for 3 h, ensuring complete evaporation of the 
solvent and final formation of the membrane film. The film thus formed 
was carefully detached from the plate and washed thoroughly with 
deionised water to remove any residual solvent or reagent (Fig. 1). 
Membranes were prepared with varying concentrations of Na2SiO3 
added (Table 1). It has been noted that when the concentration of the 
solution exceeds 1.5%, the solution becomes rigid, thus preventing the 
formation of a film. The average thickness of the dry membranes was 
measured at around 35 μm.

2.3. Membrane characterisation

2.3.1. Ionic conductivity IC
The membrane resistance was measured by electrochemical imped

ance spectroscopy (EIS) using a pot/gal (model EC Lab SP-300). A two- 
compartment electrochemical cell and graphite electrodes of the same 
area, separated by the membrane and filled with sodium chloride (NaCl 
1 M) solution. The ion conductivity was calculated using the following 
equation: 

σ =
L

RmA
(5) 

where L is the thickness of the membrane, A is the area of the membrane, 
and Rm is the resistance of the membrane, respectively.

2.3.2. Water uptake
The membranes (M0 and the optimal) were immersed in deionised 

water at room temperature for 48 h to ensure complete absorption of 
water. Following immersion, water on the membrane surface was deli
cately eliminated using tissue paper. The wetted membranes were then 
placed in an instrument (SARTORIUOS humidity meter) and heated to 
60 ◦C. The membrane water content was determined when the weight 
value stabilised. The following equation was used to calculate water 
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uptake: 

Ww =
Wmw − Wmd

Wmd
×100 (6) 

where Wmw and Wmd are the wet and dry masses of the membranes, 
respectively.

2.3.3. Permselectivity
Permselectivity was determined using a potentiometric method with 

an electrochemical cell composed of two compartments (Fig. 2). These 
compartments, separated by the membrane under study, contained so
dium chloride (NaCl) solutions at concentrations of 0.5 M and 0.1 M, 
respectively. An Ag/AgCl electrode was immersed in each compartment 
to measure the potential difference between the two electrodes. The 
experiment was conducted at room temperature, with potential mea
surements recorded over 30 min, allowing the values to stabilise. The 
membrane permselectivity ∝ is defined as the ratio of measured po
tential ΔEm to theoretical potential ΔEth calculated using the equation: 

∝ =
ΔEm

ΔEth
(7) 

The theoretical potential ΔEth was calculated from the Nernst 
equation: 

ΔEth =
RT
F

ln
(

a1

a2

)

(8) 

where a1 and a2 are the activities of the NaCl solutions, F: Faraday 
constant, R: gas constant and T: temperature.

2.3.4. Ion exchange capacity (IEC)
The modified membrane was cut and rinsed with deionised water to 

ensure all residues were removed. It was then immersed in a solution of 
HCl (0.5 M) for 48 h to exchange all cations with H+, the membrane was 
carefully rinsed with deionised water to remove excess acid. It was then 
placed in NaCl solution (0.1 M) for 24 h to enable ion exchange. The 
solution containing the exchanged ions was recuperated and titrated 
with a 0.01 M NaOH solution using a pH meter to detect the equivalence 
point. IEC is calculated by the following equation: 

Fig. 1. Schematic illustration of the membrane's preparation method.

Table 1 
Composition of membrane components.

Membranes PVDF wt. (%) Na2SiO3 wt. (%) DMSO wt. (%)

M0 10 0 90
M1 10 0.5 89.5
M2 10 1 89
M3 10 1.5 88.5

Fig. 2. Schematic illustration of the cell setup for determining membrane 
permselectivity.
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IEC (meq/g) =
CNaOH × VNaOH

Wmd
(9) 

where CNaOH and VNaOH are the concentration and the volume of NaOH 
solution, Wmd is the dry mass of membrane used.

2.3.5. Permeability
The diffusion coefficient of Na+ cations was determined using a two- 

compartment cell separated by the membrane to be studied. One of the 
two compartments contains a solution of NaCl (0.1 M) and the other 
contains deionised water (Fig. 3). The solutions in the two compart
ments have the same volume and are continuously stirred to eliminate 
concentration polarisation. A conductivity meter was used to measure 
the conductivity of the solution at regular 20-min intervals. These 
measurements, as a function of time, were used to determine the con
centration of Na+ in the compartment that initially contained the water. 
However, the proton diffusion coefficient across the membrane from 
which Na+ ions were exchanged by H+, was determined using the same 
method employed for Na+, but the NaCl solution in the first compart
ment was substituted by HCl (0.1 M) solution. For each of the two ions, 
the diffusion coefficient (D) was calculated according to the following 
formula: 

D =
dCt

dt
VL

A(C0 − Ct)
≈

dCt

dt
VL
AC0

(10) 

where C0 and Ct are molar concentrations of NaCl or HCl measured at 
beginning and end of measuring, respectively, A is the effective mem
brane area, L is the membrane thickness, and V is the volume of the two 
compartments.

The following equation is used to calculate the ion permeability (P): 

P =
D
L

(11) 

2.3.6. Scanning electron microscopic (SEM)
The surface morphology of the membranes was examined using a 

scanning electron microscope (SEM Zeiss/Gemini 300). Images were 
taken for membranes prepared from PVDF without and with modifica
tion by Na2SiO3. The latter membrane was examined before and after 
treatment with 1 M NaOH.

2.3.7. Analysis of chemical functional groups (FTIR)
The Fourier-transform infrared (FTIR) spectra of the PVDF-based 

membranes were obtained using a SHIMADZU 03204 IR spirit spectro
photometer with a resolution of 4 cm− 1.

2.3.8. Mechanical strength
A mechanical tensile test was performed in accordance with ASTM 

D882 using a tensile testing ZWICH/ROELL Z 2.5 machine. Membrane 
samples, cut into rectangles with standardised dimensions of 1:3 cm, 
were secured between the movable and fixed jaws and then subjected to 
a constant tensile rate of 5 mm/min until rupture.

2.3.9. Membrane application
The membrane, which showed the best electrical performance, was 

used to separate the two compartments cell during WE. In this section, 
one of the compartments contains an H2SO4 solution (pH = 0), while the 
other contains NaOH (pH = 14). The electrodes used in this study are Pt 
for the cathode and Ni for the anode, with identical surfaces equal to 0.2 
cm2. A commercial membrane (CMI-7000) was also tested (Fig. 4a) in 
order to evaluate the performance of the PVDF-based membrane stud
ied. The results of this study were compared with those obtained in an 
AE. The latter was performed on the same cell, with and without the 
studied membrane (Fig. 4b). The series of chronopotentiometry mea
surements was carried out at a controlled temperature (25 ± 1 ◦C), 
applying a current density of 0.1 A/cm2 using a pot/gal (model ECLab 
SP-300). The long-term stability of the optimised membrane was 
assessed over a 50-h operation period, during which the pH of both the 
anodic and cathodic compartments was monitored throughout elec
trolysis. The electrolysis voltage was also measured (100 mA/cm2 

applied) and open-circuit conditions (OCV). In addition, the membrane 
was examined by SEM and FTIR analyses to identify any potential 
morphological or chemical alterations (Fig. 4a). The experiments were 
repeated three times to ensure reproducibility of the results.

3. Results and discussion

3.1. Ionic conductivity (IC)

The IC of membranes is the determining factor for a potential 
application in electrochemistry. The voltage of an electrochemical cell, 
during water electrolysis, for example, depends on the overvoltages of 
the electrodes and the ohmic drop. This latter can be of the same order of 
magnitude as the cell voltage if the membrane resistance is very high, 
rendering the cell useless. In order to obtain a membrane appropriate for 
application in the field of water electrolysis, the membranes M0, M1, M2 
and M3, mentioned in Table. 1, should be characterised by EIS in order 
to evaluate their IC. In addition, the IC of the M3A membrane, obtained 
by sodium hydroxide treatment of the M3 membrane, is evaluated. Fig. 5
shows Nyquist diagrams for membranes M0, M1, M2, M3 and M3A 
recorded at room temperature in a 1 M NaCl solution. Each plot consists 
of a capacitive loop at high and medium frequencies and a quasi-vertical 
line at low frequencies. The semicircle is related to ion transport in the 
membrane volume, while the linear branch reflects the blocking char
acter of the electrodes. The intersection of the capacitive loop with the 
real axis at high frequencies indicates the resistance of the NaCl solution 
[20,29]. The diagram relating to M0 shows a very high membrane 
resistance (1110 Ω), which corresponds to a very low IC (6.3 × 10− 6 S/ 
cm). revealing the insulating properties of this non-modified membrane 
[30]. On the other hand, the M1 and M2 membranes are characterised 
by resistances of 142 and 85 Ω respectively, corresponding to specific 
conductivities of 1.3 × 10− 5 and 1.6 × 10− 4 S/cm. However, the M3 
membrane has a lower resistance, which corresponds to a conductivity 
of 10− 3 S/cm. Despite this conductivity, the ohmic drop engendered by 
this membrane is high, at around 1 V. During electrolysis with such 
membranes (M1, M2 and M3), the ohmic drop in voltage, when an 
average current density of 0.1 A/cm2 is applied, is 3, 2 and 1 V 
respectively. These values are of the same order of magnitude, or are 
even higher, than the voltages measured during conventional electrol
ysis. As a result, these membranes, which are of no interest in the field of 
membrane electrolysis, are not selected for further characterisation. In 
order to reduce the membrane resistance, a NaOH treatment is used (1 M 
for 24 h). The membrane that undergoes this treatment (M3A) shows the 
lowest capacitive loop, synonymous with the highest IC. Indeed, the 

Fig. 3. Schematic representation of diffusion coefficient and permeability 
measurements.
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resistance of this membrane < 10 Ω , giving an ohmic drop of just 22 
mV. This last pertinent result shows the potential of this membrane in 
the field of water electrolysis [31]. This membrane therefore merits 
being characterised by the various techniques mentioned. The IC of M3A 
is of 2.2 × 10− 2 S/cm. Increasing the quantity of silicates (SiO2−

3 ) added 
to the polymer leads to an increase in the interaction zones with cations 
(in this case Na+), which improves the material's IC [5,32]. Thus, the 
alkaline treatment of the surface makes the membrane more hydro
philic, which facilitates the rapprochement of Na+ ions to the M3A 
surface by improving the ionic transport properties in the membrane 
and, consequently, the IC. These results are in agreement with those 
reported in the literature, in particular with the studies of Barbosa et al. 
[33] who investigated the effect of ionic liquids on the IC of a PVDF- 
based membrane for lithium-ion batteries and found a value of 2.8 
mS/cm2 for a 15% concentration of ionic liquid.

3.2. Water uptake

The water content analysis of the unmodified M0 and modified M3A 
polymer membranes reveals distinct physicochemical properties. The 
unmodified polyvinylidene fluoride (PVDF) membrane exhibited 
significantly lower water retention capacity (1.08%), a characteristic 
attributed to its inherent hydrophobic nature [25]. In contrast, the 
modified membrane demonstrated a marked improvement, achieving 

24.8% water content. This improvement is due to the process used: the 
incorporation of silicate compounds into the polymer matrix facilitates 
the formation of intermolecular hydrogen bonds, which increases polar 
interactions with water molecules [34,35]. Alkaline treatment with so
dium hydroxide, which M3A underwent, promotes the hydroxyl groups 
(-OH) (FT-IR analysis) on the membrane surface, thus increasing surface 
polarity [23].

3.3. Permselectivity

Permselectivity is a property that shows the ability of a membrane to 
facilitate the movement of counterions (Na+) while blocking co-ions 
(Cl− ) [36]. Fig. 6 shows the evolution of the voltage between two Ag/ 
AgCl electrodes, as a function of time, immersed in two NaCl solutions of 
concentrations equal to 0.1 and 0.5 M. A voltage of around 35 mV 
(Fig. 6) is recorded when M3A is used between the two solutions. This 
result indicates that M3A exhibits very high permselectivity, reaching a 
value of 95%. This permselectivity value is very comparable to those 
reported in the literature (Table 2) for commercial membranes. This 
performance can be attributed to the presence of negatively charged 
functional groups (SiO2−

3 ) and hydroxide groups after the alkaline 
treatment. These parameters facilitate electrostatic interactions with 
cations while blocking the transport of anions, which explains the high 

Fig. 4. Schematic of WE cell.

Fig. 5. Nyquist plots for prepared membranes.

Fig. 6. ΔEm as a function of time and using reference electrodes across a 
membrane that separates solutions of different salt concentrations.
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permselectivity observed [4,37]. On the other hand, when M0 is used to 
separate the two compartments of the measuring cell, the measured 
voltage becomes undefined, since this unmodified membrane is 
insulating.

3.4. Ionic exchange capacity (IEC)

The sodium M3A membrane, used to determine ion exchange ca
pacity, undergoes proton exchange treatment. It was then transferred to 
a NaCl solution to exchange the protons with Na + ions, which were 
titrated with NaOH to determine the IEC. The results obtained indicate 
that the unmodified membrane (M0), due to the absence of co-ions and 
its hydrophobic nature, does not allow ion exchange. However, the 
modified membrane M3A shows a relatively high IEC of 0.56 meq/g. 
This result is in agreement with those reported in the literature [41,42].

3.5. Permeability

Fig. 7 shows the evolution of the permeability, represented by the 
concentrations of Na+ and H+ ions, as a function of time, of the two 
membranes M3A and M0. The results show that the M0 membrane is 
impermeable to Na+ and H+ ions. This is explained by its hydrophobic 
nature. However, the permeability of the M3A to H+ and Na+ is 2.84 ×
10− 5 cm/s and 1.78 × 10− 4 cm/s, respectively. In comparison with 
literature, the proton permeability in the studied membrane is 167 times 
higher than that of the Nafion 117 membrane, while it is relatively lower 
than that obtained in the DMPB-TP+ membrane. On the other hand, the 
value of sodium ion permeability in the prepared membrane is higher 
than that obtained in the DMPB-TP+ membrane [43]. The significant 
increase in the membrane's permeability has resulted in an improvement 
in its hydrophilic properties (24.8% water uptake) [44]. The higher 
permeability of sodium ions compared to protons in a sodium silicate- 
modified PVDF membrane can be explained by structural modifica
tions to the membrane and specific interactions between ions and groups 
present in the membrane [45].

3.6. SEM imaging of the membranes

Scanning electron microscopy (SEM) is used to examine the impact 
of the modification on the morphology of the polyvinylidene fluoride 
(PVDF) membrane. The M0 membrane (Fig. 8a) has a relatively homo
geneous, rough surface, with a few surface defects due to evaporation of 
the solvent during membrane preparation. After modification by 
incorporation of Na2SiO3 (Fig. 8b), no change in surface roughness was 
observed. This shows that the Na2SiO3 is completely soluble in the 
polymer phase and forms a solid solution. However, the defects observed 
previously are reduced in number and size. This result may be related to 
the flexibility of this membrane. When the membrane undergoes surface 
treatment with NaOH (Fig. 8c), the roughness is remarkably reduced. 
This indicates the effectiveness of this treatment in making the mem
brane surface hydrophilic. This result supports those of IC and water 
retention.

3.7. Analysis of chemical functional groups (FTIR)

FTIR analysis of the prepared membranes (Fig. 9), for M0 that gives 
PVDF polymer spectrometer reveals the coexistence of α, β and γ crys
talline phases, identified by characteristic bands: α phase by bending 
vibration CF2 at 760 cm− 1, β phase by rocking CH2 at 838 cm− 1 and out- 
of-plane deformation CF2 at 1272 cm− 1, and γ phase by bands at 480 
cm− 1 and 1236 cm− 1 (CF out-of-plane deformation). Additional vibra
tions at 880 cm− 1 (CH bending), 1070 cm− 1 (C–C stretching), 1180 
cm− 1 (CF2 stretching), 1406 cm− 1 (CH2 deformation) and 2980:3020 
cm− 1 (CH2 stretches) [33].

For M3A, the PVDF bands persist, while two new regions appear: a 
broad band centred between 1050 and 1100 cm− 1, assigned to Si-O-Si 
asymmetric elongation vibrations characteristic of inorganic modifica
tion, and a broader band in the 3300–3600 cm− 1 range, associated with 
stretching vibration -OH groups [32,35,46].

3.8. Mechanical strength

The tensile strength of M3A reached 45.6 ± 2.10 MPa and an elon
gation at break of 25.1%, which are higher than those of the pure PVDF 
membrane (23.5 ± 1.7 MPa and 21%). This improvement is due to the 
structural interaction between the polymer matrix (PVDF) and the 
added inorganic particles. The addition of Na2SiO3 contributes to the 
formation of a more homogeneous structure, which reduces defects and 
increases the density of the material [47,48].

3.9. Membrane application

The M3A membrane, which has shown remarkable characteristics, is 
chosen for application in the field of water electrolysis. Firstly, an 
alkaline electrolysis in a NaOH solution (pH ≈ 14) is effected for 15 min 
at 0.1 A/cm2 using a Ni positive electrode and a Pt negative electrode. 
The curve for this electrolysis in Fig. 10a is characterised by a jump in 
voltage, due to the ohmic drop and overvoltage, in the first few mo
ments, then the voltage tends to be relatively stable at around 2.68 V 
[49]. This value, which is relatively high, is logical since the electrolysis 
conditions (temperature, pressure, etc.) have not yet been optimised 
[13]. M3A is then inserted to separate the two compartments in the 
previous cell, maintaining the same conditions. The curve for electrol
ysis with a membrane is identical to that for alkaline electrolysis without 
a membrane. However, the membrane electrolysis voltage remains 
stable at around 2.70 V. The difference between this value and that of 
electrolysis without a membrane, which is of the order of 20 mV, is due 
to the resistance of the membrane. This latter value supports the results 
of the study of the IC of M3A [10].

For another series of experiments, M3A is used to study its perfor
mance in the DE system (the effect of migration and chemical diffusion 
of ions, particularly H+, across this membrane). This membrane is used 

Table 2 
Permselectivity values of commercial cation exchange membranes.

Membrane Company Permselectivity Reference

Nafion-N117 Dupont 100% [38]
CEM-Type II Fujifilm 96% [39]
CMI-7000 Membrane international Inc 94% [40]
M3A – 95% This work

Fig. 7. The diffusion of Na+ and H+ through M0 and M3A.
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to separate the two compartments, filled with two solutions of different 
pH, catholyte (pH 0) and anolyte (pH 14). The curves (0–240 min) in 
Fig. 10b have a similar appearance to the curves in Fig. 10a. The curve of 
the first electrolysis applied (0 min), relating to electrolysis conducted 
just after the cell compartments have been filled, shows an electrolysis 
voltage that rises progressively from 1.20 to 1.43 V. A reduction in en
ergy consumption of ∼50% has been achieved. This shows the effec
tiveness of the DE system [16]. After this electrolysis, the system was 
maintained at zero current for a fixed period (30, 60, 120, and 240 min) 
in order to evaluate the diffusion of ions across the membrane in the 
absence of the electric field. After each period, a new 15 min electrolysis 
was completed and compared with the previous one to see any changes 

due to diffusion through M3A (pH of electrolytes). The curves recorded 
respectively after 30, 60, 120 and 240 min of current cut-off are prac
tically superimposable with the curve of the first electrolysis conducted. 
This shows that ionic diffusion is practically 0. The same experiments 
were carried out for commercial membrane CMI-7000 to compare the 
performance of M3A. The curves are shown in Fig. 10c that electrolysis 
with such a membrane is less efficient than that with M3A, since its 
electrolysis voltage rises to 1.8 V (at 0 min of 0 A applied) [19]. This 
increase in voltage, compared with that of M3A, is probably due to the 
ohmic drop in the commercial membrane [50]. In fact, the resistance of 
this membrane is 18 Ω and generates, for an electrolysis current density 
of 0.1 A/cm2, an ohmic drop of around 350 mV. After power cuts of 30 
and 60 min, the electrolysis voltages became around 1.9 and 2.1 V, 
corresponding to voltage increases of 100 and 200 mV, respectively. 
This change is explained by the effect of diffusion of H+ ions (neutrali
sation of electrolytes) through CMI 7000, which causes a reduction in 
the pH difference between the two compartments, thereby increasing 
the electrolysis voltage. After 120 min of current cut-off, the electrolysis 
voltage approaches 3 V, indicating that the commercial membrane is 
becoming more permeable to H+ [18].

Long-term evaluation of the membrane in a DEWE cell over a period 
of 50 h revealed excellent chemical and electrochemical stability. pH 
measurements taken in the anodic and cathodic compartments before 
and after the test showed no significant variation (Fig. 11a), demon
strating the membrane's effectiveness in preventing electrolyte cross- 
mixing. At the same time, the OCV remained constant in the absence 
of current, while under polarisation, the cell voltage remained stable 
(Fig. 11b) within a narrow range (1.42–1.51 V) [18,19]. The SEM im
ages (Fig. 12) reveal a complete absence of morphological degradation, 
attesting to the structural integrity of the membrane after 50 h of 
operation and the FTIR spectrum in Fig. 13 is identical to that of M3A in 
Fig. 9, with no characteristic bands disappearing or appearing. This 
confirms the absence of chemical degradation and the structural sta
bility of the membrane between acidic and alkaline conditions [51]. 
These results confirm that PVDF is an intrinsically stable polymer matrix 

Fig. 8. SEM images of membranes (a) M0, (b) M3, and (c) M3A.

Fig. 9. FTIR spectra of the pristine PVDF membrane (M0) and the modi
fied (M3A).
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and that the modification significantly improved its electrochemical 
performance without compromising its chemical integrity or structural 
stability under operating conditions [21].

4. Conclusion

A PVDF membrane modified with Na2SiO3 was prepared and char
acterised by various techniques. All the characterisations show the effect 
of this modifier. The membrane prepared by adding 15% (based on the 
weight of the polymer) of Na2SiO3 to PVDF with an alkaline surface 

Fig. 10. Chronopotentiogram recorded for WE systems (a) AWE, (b) DE with M3A, and (c) DE with CMI-7000.

Fig. 11. Stability test of M3A (a) PH measure, (b) Chronopotentiogram and OCV curve.
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treatment (M3A) shows the best characteristics, such as IEC = 0.56 meq/ 
g, permselectivity = 95%, IC = 2.2 × 10− 2 S/cm, and high permeability 
for Na+ 1.78 × 10− 4 cm/s. These performances make this membrane a 
potential choice in the field of water electrolysis. M3A's characteristics 
ensure the migration of cations during water electrolysis while blocking 
the diffusion of protons after the current has been cut off. During elec
trolysis in a two-compartment cell with different pH values (0 and 14), 
the electrolysis voltage is less than 1.5 V at 0.1 A/cm2. The membrane 
also exhibited mechanical strength 45.6 MPa, as confirmed by tensile 
testing, and remarkable operational stability over 50 h, with no signif
icant degradation in voltage, pH of electrolytes, morphology (SEM), or 
chemical structure (FTIR). The overall results obtained by this mem
brane are comparable to and better than those of commercial mem
branes CMI-7000.
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