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A composite Nafion-Sulfated Zirconia (SZrO2) membrane was prepared and investigated in a solid 

polymer electrolyte (SPE) water electrolyzer at different temperatures. The performance was compared 

to a commercial Nafion 115 membrane of similar thickness. The cell equipped with Nafion – SZrO2  

showed better performance at intermediate temperatures. The current densities were 2.7 and 2.2 A·cm
-

2
 at a terminal voltage of 1.8 V for the composite Nafion – SZrO2  and Nafion 115, respectively, at 

100°C and atmospheric pressure. The superior performance of the composite electrolyte was due to the 

strong acidity and water affinity of sulfated zirconia nanoparticles used as filler. Operation at 

intermediate temperatures in a solid polymer electrolyte water electrolyzer appears useful for a better 

thermal management of the heat released at high current densities.   

 

 

Keywords: SPE electrolyzer; composite membrane; water electrolysis; solid polymer electrolyte. 

 

 

1. INTRODUCTION 

Solid polymer electrolyte (SPE) water electrolysis technology is considered a very interesting 

alternative to the more conventional alkaline water electrolysis. The advantages of SPE technology 

over the alkaline one are clearly established: high gas purity (more than 99.998% for hydrogen), 

possibility of producing compressed gases (up to 200 bars and more), increased level of safety (no 

circulating of caustic electrolyte), much smaller mass and overall dimensions, significantly lower 

power consumption [1-9]. 

The SPE electrolyzer utilizes as the anodic catalyst noble metal oxides, as Ru and Ir, due to 

their high electronic conductivity, chemical and thermal stability [10-28]. For the hydrogen evolution 

reaction, platinum provides the best performance and is commonly used as cathode catalyst. A proton 

exchange membrane (a perfluorosulfonic acid solid electrolyte membrane, such as Nafion
®

 membrane) 
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as the electrolyte permits the transfer of protons from anode to cathode. Water splitting is an 

endothermic process. If no external heat is supplied, it can occur at a cell voltage larger than the 

thermoneutral potential (Etn) of 1.48 V [7] according to the following thermodynamic equation: 

 

Etn =  ΔH/nF 

 

However, to reduce capital costs, polymer electrolyte membrane water electrolyzers 

(PEMWEs) are operated at around 2 V/cell allowing the achievement of high current densities (better 

than 1 A·cm
-2

). The corresponding heat released in each cell due to the irreversibility of the process is 

typically larger than 0.5 Wth/cm
2
. In a polymer electrolyte membrane water electrolyzer stack of 1 

Nm
3
/h capacity, the heat released under such operating conditions thus exceeds 1 kWth. The 

conventional operating temperature of a PEMWE is around 80 °C; however high speed water 

recirculation is necessary to maintain this temperature and an additional cooling set up using large 

radiator and/or external blower is necessary. 

A wider range of operating temperature e.g. up to 100 °C may result in a better water and 

thermal management especially under the low pressure regime. High pressure operation will help to 

maintain a good fraction of liquid water inside the polymer electrolyte membrane, however standard 

Nafion membranes suffer from a decreased proton conductivity at above 100 °C even under such 

conditions [29]  

Modification of Nafion with formation of composite Nafion-based membranes has been object 

of different studies [29-41]. These composite structures should allow an increase of the operating 

temperature enhancing in this way the oxygen evolution reaction rate, which is the rate determining 

step of this process. Also the use of phosphoric acid doped polybenzimidazole (PBI) membranes was 

investigated to increase the operating temperature of an SPE electrolyzer [42]. These approaches 

allowed to obtain high current density with good conversion efficiency [29,30,42].  

On the other hand, the sulfated metal oxides have become subjects of intensive studies, being 

more stable than other solid superacids [31, 43]. In general, the incorporation of inorganic solid acids 

in conventional Nafion-type membranes is of interest, having the dual function of improving water 

retention as well as providing additional acidic sites [44]. Currently, sulfated zirconia (SZrO2) is 

recognized as one of the strongest superacid among all known solids (Ho < -16) [45]. It has been 

demonstrated that the proton conductivity of sulfated zirconia, as well as its surface and 

crystallographic properties, varies largely depending on the method of preparation, in particular on the 

thermal treatments [46,47]. Introducing SZrO2 in  Nafion membranes, a general enhancement was 

revealed in the fuel cell response, both in terms of power density delivered and reduction of ohmic 

resistance, compared to unmodified Nafion membranes. Moreover, the high-temperature impedance 

response of the SZrO2-doped Nafion-based fuel cell was highly improved, showing a well-controlled 

charge-transfer resistance [48].  

Despite the composite SZrO2-doped membrane appears promising in fuel cells, no previous 

attempts were made to investigate its behaviour in a PEM water electrolyzer. 

The objective of this work is to study the application of a composite Nafion - SZrO2  membrane 

as the electrolyte in an PEM water electrolyzer in order to increase the operating temperature, 
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improving, thus, the performance and allowing better thermal and water management under practical 

applications. 

 

 

 

2. EXPERIMENTAL 

2.1 Membrane electrodes assembling (MEA) 

Both sulphated zirconia, having a tetragonal crystalline structure, and SZrO2/Nafion composite 

membranes were prepared according to  procedures previously reported [31]. A Nafion 115 (Ion 

Power) membrane was used for comparison. The thickness of the composite membranes was about 

120 µm in the dry form, comparable to Nafion 115. A sulfite-complex route, described in detail in Ref. 

[11], was used to prepare the anodic IrO2 electrocatalyst. A slurry composed of 67 wt.% catalyst and 

33 wt.% Nafion ionomer (5 wt.% Ion Power solution) in deionised water and anhydrous Ethylic 

alcohol (Carlo Erba) was prepared by mixing under ultrasounds. This slurry was directly deposited 

onto one face of the membrane by using a spray technique. The anode catalyst loading was 2.5 mg·cm
-

2
. A Ti grid (Franco Corradi, Italy) was used as the backing layer for the anode. A commercial 30% 

Pt/Vulcan XC-72 (ETEK, PEMEAS, Boston, USA) was used as the catalyst for the H2 evolution. The 

cathode catalyst was spread on carbon cloth backings (GDL ELAT from ETEK) with a Pt loading of 

0.5 mg·cm
-2

. The ionomer content in both electrodes was 33 wt.% in the catalytic layer after drying. 

MEAs (5 cm
2
 geometrical area) were directly prepared in the cell housing by tightening at 9 N·m using 

a dynamometric wrench.  

 

2.2 MEA  electrochemical characterization 

The 5 cm
2
 PEM single cell electrolyzer performance was evaluated at different temperatures 

(80° and 100°C) and under atmospheric pressure. Deionised water was pre-heated at the same cell 

temperature and supplied by a pump at a flow rate of 2 ml·min
-1

 to the anode compartment. The water 

temperature was maintained at the same temperature of the cell by proper heat supply. Measurements 

of cell potential as a function of current density, electrochemical impedance spectroscopy (EIS) and 

chrono-amperometry were carried out by an Autolab PGSTAT 302 Potentiostat/Galvanostat equipped 

with a 20 A booster (Metrohm). The impedance measurements were performed under potentiostatic 

control in a frequency range between 20 kHz and 0.1 Hz by frequency sweeping in the single sine 

mode.  

The amplitude of the sinusoidal excitation signal was 0.01 V. The series resistance was 

determined from the high frequency intercept on the real axis of the Nyquist plot. The polarization 

resistance was taken as the difference between the extrapolated low frequency intercept and the high 

frequency intercept on the real axis. 

The morphology of the composite Nafion/sulfated zirconia membrane was investigated by 

using scanning electron microscopy SEM-FEG (FEI XL 30)–instrument. 
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3. RESULTS AND DISCUSSION 

The polarization curves for the electrolysis cells based on bare Nafion and composite 

membrane at 80°C and under atmospheric pressure are reported in Figure 1.  
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Figure 1. Polarization curves for the electrolyzers with different membranes at 80 °C 

 

A slight different trend for the two electrolysis cells is observed. The performance in the 

activation (current onset) region is better for the cell with Nafion 115, indicating a better catalyst-

electrolyte interface; whereas at high potential values, where electrolyte conductivity is predominant, 

the cell with Nafion – SZrO2 shows a better behaviour.  
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Figure 2. Nyquist plots for the electrolyzers with different membranes at 80 °C 
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To get more insights on the different characteristics of the two MEAs, an analysis of the 

electrochemical impedance was carried out at 1.5 V and 80 °C on the two cells. A comparison of 

Nyquist plots is reported in Figure 2. The series resistance of the cell equipped with the composite 

membrane is slightly lower. This value is around 0.1 Ω·cm
2
. Thus under a high humidification level 

(liquid water is fed to the cell at 80°C), the conductivity of the composite membranes is just slightly 

better than bare Nafion producing a more favourable slope in the polarization curve at high current 

density where ohmic drop is predominant. Instead, the polarization resistance at 1.5 V is slightly lower 

for the cell with Nafion 115 (0.13 ·cm
2
 vs. 0.15 ·cm

2
), as a result of a better interface between 

catalysts and bare membrane. This difference is confirmed also by the polarization curve (Fig. 1) 

where a higher current is observed at 1.5 V for bare Nafion 115. The composite membrane shows an 

additional semicircle at low frequencies which may be related to mass transport constraints e.g. a slow 

removal of the reaction products at the catalyst-electrolyte interface. 

-15

-10

-5

0

5

10

15

-1 0 1 2 3 4 5

log(f)

- 
p

h
a

s
e
 (

Z
) 

/ 
d

e
g

Nafion 115

Nafion - SZrO2

80 °C

 
Figure 3. Bode plots for the electrolyzers with different membranes at 80 °C 

 

Comparison of the phase response as a function of frequency in the Bode plots for the 

impedance spectra (Fig. 3) allows to identify three relaxation times at high (2615 Hz), intermediate 

(44.7 Hz) and low (0.41 Hz) frequencies for the composite membrane. The relaxation process at high 

frequency is possibly associated to the H2 evolution. This corresponds to a very small semicircle (at 

around 0.1 Ω·cm
2
 for the composite membrane) in the Nyquist plot of Fig. 2. Whereas the one at 

intermediate frequency, corresponding to the main semicircle in Fig. 2, is related to the oxygen 

evolution that is the limiting step of the entire process. The occurrence of a relaxation process at very 

low frequencies for the composite membrane (Fig. 3), related to the small semicircle at around 0.24 

Ω·cm
2
 in Fig. 2, is indicative of transport related characteristics. Non optimal membrane-catalyst 

combination may probably affect the speed of  gas removal at the interface. 

In figure 4 chrono-amperometric measurements for the two different electrolysis cells, at 1.6 V 

and 80 °C, are reported. The electrolyzer containing Nafion – SZrO2 as the membrane, though has 

lower performance compared to the electrolyzer with Nafion 115, has shown lower decay during the 
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time stability test with a stable value of 0.72 A·cm
-2

 @ 1.6 V. Generally, the presence of an inorganic 

filler inside the membrane reduces cross over effects improving  the stability with time. 
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Figure 4. Chrono-amperometric measurements at 1.6 V and 80°C for the electrolyzers with different 

membranes 
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Figure 5. Polarization curves for the electrolyzers with different membranes at 100 °C 

 

In order to evaluate the properties of the Nafion – SZrO2 membrane at higher temperatures, the 

polarization curves of the two electrolyzers were performed at 100 °C and atmospheric pressure 

(Figure 5). Better overall performances are achieved at high temperatures and full humidification. The 

polarization curve for the cell based on Nafion – SZrO2 showed higher performance compared to the 
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cell with Nafion 115. Especially in the practical range of current densities, the differences are more 

significant above 1.55 V. At 1.8 V, the current density for water splitting was 2.7 A·cm
-2

 for the 

composite membrane and 2.2 A·cm
-2

 for the bare Nafion membrane corresponding to an increase of 

about 20 %. 

This is due to the good conductivity of the membrane compared to the Nafion 115 at this 

temperature (100 °C). Previous studies related to the application of this composite membrane in fuel 

cell revealed improved proton diffusivity as indicated by NMR studies [31]. 

The perspectives  of sulfated zirconia on Nafion properties for PEM electrolyzer application are 

demonstrated. The superacidic inorganic compound appears to promote higher hydration level in the 

composite membranes with respect to a bare Nafion membrane, as demonstrated in a previous paper 

dealing with fuel cells [31] and using water uptake measurements. The presence of the inorganic 

compound resulted also in higher water diffusion coefficients for the doped membranes over a wide 

range of temperature and external relative humidity (i.e., 30-100%) [31]. Impedance spectroscopy 

measurements provided an in situ confirmation of these enhanced properties. 
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Figure 6. Nyquist plots for the electrolyzers with different membranes at 100 °C and 1.5 V 

 

A comparison of the Nyquist plots for the two electrolysis cells at high temperature (100 °C) in 

the activation controlled region (1.5 V) is reported in Figure 6. As reported above, similar series 

resistance was observed for the two membranes at 80 °C  (see Fig. 3), whereas significantly lower 

series resistance (Fig. 6) was obtained at high temperatures (100 °C) for the cell equipped with the 

composite membrane with respect to that containing bare Nafion (0.075 ·cm
2
 vs. 0.1 ·cm

2
). This 

confirms the improved proton and water diffusivity of the Nafion – SZrO2 membrane compared to the 

bare membrane at higher temperatures. 

The Nyquist plot profiles are significantly different at 100 °C than at 80 °C especially for the 

composite membrane showing the presence of two semicircles contributing in a similar extent to the 

overall impedance; whereas, at 80 °C the high frequency semicircle related to the electrochemical 

oxygen evolution process was dominant. The high temperature operation considerably reduces the 
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activation barrier for oxygen evolution. However, it appears evident an increase of mass transport 

constraints (low frequencies semicircle) probably related to the removal of reaction products which 

may be slightly hindered by a more consistent vapour phase at the interface at 100 °C. The linear slope 

at high frequencies at 100 °C in the Nafion 115 membrane appears related to some hydration 

constraints. Hydrogen evolution on Pt should not give a relevant contribution to the impedance spectra 

at 100 °C. Its very low relaxation time is indicative of the occurrence of a very small semicircle at high 

frequency that is not evident at 100 °C but it is envisaged for the composite membrane at 80 °C. The 

Bode plots show essentially two main relaxation times for the composite membrane and Nafion at 100 

°C (Fig. 7). 
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Figure 7. Bode plots for the electrolyzers with different membranes at 100 °C 

 

 
 

Figure 8. SEM image of  composite Nafion – SZrO2 membrane 
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As shown by the impedance spectra at 100 °C, the catalyst-electrolyte interface is not yet 

optimised for the composite membrane as shown by the occurrence of larger polarization resistance. 

The latter is exacerbated by the presence of a consistent low frequency semi-circle.   

To better understand the origin of the increased polarization resistance for the composite 

membrane with respect to Nafion, we have investigated the surface morphology of the composite 

polymer inorganic material (Fig. 8) by scanning electron microscopy (SEM). It appears at low 

magnification that the filler is evenly distributed; but, on a microscopic scale, the occurrence of 

agglomerates of inorganic filler extending about 500 nm in diameter and bare perfluorosulfonic acid 

regions is quite clear. The agglomerates form surface protuberances which may reduce the adhesion of 

the catalytic layer on the composite membrane. The adhesion  is instead optimal for the 

microscopically flat bare Nafion membrane.  

 

 

 

4. CONCLUSIONS 

The properties of a composite Nafion – SZrO2 membrane for SPE electrolyzers were compared 

to those of a commercial membrane, Nafion 115. The composite membrane showed promising 

properties for both conventional (80 °C) and high temperature operation allowing the achievement of 

higher performance at 100 °C under practical operating conditions corresponding to suitable current 

density. A higher working temperature allowed the increase in the electrolyzer performance thanks to 

the enhanced reaction kinetics, in particular at the anode of the electrolyzer. The enhancement of 

performance of the composite membrane versus bare Nafion appears essentially related to an increase 

of conductivity; whereas it still remains unoptimized the catalyst-electrolyte interface under the new 

configuration. The gain in performance due to the increased proton conductivity in the composite 

membrane is counteracted in part by the increase of polarization resistance. These aspects need to be 

addressed in a next study in order to allow for a more significant increase in performance with the new 

polymer electrolyte.  
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