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ABSTRACT 

The environmentally unsafe by-products (CO2, H2S, NOx and SO2 for example) of 

using carbon-based fuels for energy generation have paved the way for research on 

cleaner, renewable and possibly cheaper alternative energy production methods.  

Hydrogen gas, which is considered as an energy carrier, can be applied in a fuel cell 

setup for the production of electrical energy.  Although various methods of hydrogen 

production are available, sulphur-based thermochemical processes (such as the 

Hybrid Sulfur Process (HyS)) are favoured as alternative options for large scale 

application.  The SO2 electrolyser is applied in producing H2 gas and H2SO4 by 

electrochemically converting SO2 gas and water.  This study focused firstly on the 

evaluation of the performance of the SO2 electrolyser for the production of hydrogen 

and sulphuric acid, using commercially available PFSA (perfluorosulfonic acid) 

(Nafion®) as benchmark by evaluating i) various operating parameters (such as cell 

temperature and membrane thickness), ii) the influence of MEA (membrane 

electrode assembly) manufacturing parameters (hot pressing time and pressure) and 

iii) the effect of H2S as a contaminant.  Subsequently, the suitability of novel PBI 

polyaromatic blend membranes was evaluated for application in an SO2 electrolyser.   

The parametric study revealed that, depending on the desired operating voltage and 

acid concentration, the optimisation of the operating conditions was critical.  An 

increased cell temperature promoted both cell voltage and acid concentration while 

the use of thin membranes resulted in a reduced voltage and acid concentration.  

While an increased catalyst loading resulted in increased cell efficiency, such 

increase would result in an increase in manufacturing costs.  Using electrochemical 

impedance spectroscopy at the optimised operating conditions, the MEA 
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manufacturing process was optimised with respect to hot press pressure and time, 

while the effect of selected operating conditions was used to evaluate the charge 

transfer resistance, ohmic resistance and mass transport limitations.  Results 

showed that the optimal hot pressing conditions were 125 kg.cm-2 and 50 kg.cm-2 for 

5 minutes when using 25 and 10 cm2 active areas, respectively.  The charge transfer 

resistance and mass transport were mostly influenced by the hot pressing 

procedure, while the ohmic resistance varied most with temperature.   

Applying the SO2 electrolyser in an alternative environment to the HyS 

thermochemical cycle, the effect of H2S on the SO2 electrolyser anode was 

investigated for the possible use of SO2 electrolysis to remove SO2 from mining off-

gas which could contain H2S.  Polarisation curves, EIS and CO stripping were used 

to evaluate the transient voltage response of various H2S levels (ppm) on cell 

efficiency.  EIS confirmed that the charge transfer resistance increased as the H2S 

competed with the SO2 for active catalyst sites.  Mass transport limitations were 

observed at high H2S levels (80 ppm) while the ECSA (electrochemical surface area 

obtained by CO stripping) showed a significant reduction of active catalyst sites due 

to the presence of H2S.  Pure SO2 reduced the effective active area by 89% (which is 

desired in this case) while the presence of 80 ppm H2S reduced the active catalyst 

area to 85%.   

 

The suitability of PBI-based blend membranes in the SO2 electrolyser was evaluated 

by using chemical stability tests and electrochemical MEA characterisation.  F6PBI 

was used as the PBI-containing base excess polymer which was blended with either 

partially fluorinated aromatic polyether (sFS001), poly(2,6-dimethylbromide-1,4-

phenylene oxide (PPOBr) or poly(tetrafluorostyrene-4-phosphonic acid) (PWN) in 
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various ratios.  Some of the blend membranes also contained a cross-linking agent 

which was specifically added in an attempt to reduce swelling and promote cross-

linking within the polymer matrix.  The chemical stability of the blended membranes 

was confirmed by using weight and swelling changes, TGA-FTIR and TGA-MS.  All 

membranes tested showed low to no chemical degradation when exposed to 80 wt% 

H2SO4 at 80°C for 120 h.  Once the MEA doping procedure had been optimised, 

electrochemical characterisation of the PBI MEAs, including polarisation curves, 

voltage stepping and long term operation (> 24 h) was used to evaluate the MEAs.  

Although performance degradation was observed for the PBI membranes during 

voltage stepping, it was shown that this characterisation technique could be applied 

with relative ease, producing valuable insights into MEA stability.  Since it is 

expected that the SO2 electrolyser will be operated under static conditions (cell 

temperature, pressure and current density) in an industrial setting (HyS cycle or for 

SO2 removal), a long term study was included.  Operating the SO2 electrolyser under 

constant current density of 0.1 A cm-2 confirmed that PBI-based polyaromatic 

membranes were suitable, if not preferred, for the SO2 environment, showing stable 

performance for 170 hours. 

This work evaluated the performance of commercial materials while further adding 

insights into both characterisation techniques for chemical stability of polymer 

materials and electrochemical methods for MEA evaluation to current published 

literature.  In addition to the characterisation techniques this study also provides 

ample support for the use of PBI-based materials in the SO2 electrolyser. 

Keywords: Hybrid Sulfur Process, SO2 electrolyser, Hydrogen production, 

electrochemical impedance spectroscopy, PBI blend membranes, H2S deactivation, 

electrochemical surface area, CO stripping 
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OPSOMMING 

Die negatiewe invloed op die natuur van die byprodukte (soos byvoorbeeld CO2, 

H2S, NOx en SO2) wat geproduseer word deur die aanwending van koolstof-

gebaseerde energieproduksie, het die weg gebaan vir navorsing oor skoon, 

hernubare en heel moontlik goedkoper alternatiewe metodes van energie-

opwekking.  Waterstofgas, wat tans as 'n energiedraer beskou word, kan as 

brandstof in brandstofselle aangewend word om elektriese energie te genereer.  

Afgesien van bestaande metodes vir waterstofproduksie, word die Hibried Swael 

Proses (HyS) as die beste moontlike opsie vir grootskaalse produksie beskou.  Die 

SO2 elektroliseerder word gebruik om H2 asook H2SO4 te produseer deur die 

elektrochemiese reaksie tussen SO2 en water.  Hierdie studie het eerstens gefokus 

op die evaluering van die SO2-elektroliseerder vir die produksie van waterstofgas en 

swaelsuur deur gebruik te maak van 'n kommersieel beskikbare PFSA-(perfluoro-

sulfoonsuur) membraan deur i) verskeie bedryfsparameters (wat seltemperatuur en 

membraandikte insluit) te evalueer, ii) die invloed van vervaardigingsparameters van 

die membraan-elektrodesamestelling (MES) te ondersoek (soos byvoorbeeld die 

warmsaamperstyd en -druk) en iii) die invloed van die teenwoordigheid van H2S-gas 

as kontaminant te evalueer.  Vervolgens is die toepasbaarheid van nuwe PBI-poli-

aromatiese gemengde membrane getoets vir gebruik in die SO2-elektroliseerder. 

Die parametriese ondersoek het aangedui dat, afhangend van die spanning en 

suurkonsentrasie benodig, die kondisies vir die elektroliseerder baie noukeurig 

gekies moet word.  'n Verhoogde seltemperatuur het beide die selspanning en 

suurkonsentrasie bevoordeel, terwyl die gebruik van dun membrane die spanning en 

suurkonsentrasie verlaag het.  Terwyl 'n hoër katalislading die seleffektiwiteit 

verhoog het, sou dit die kostes ook dienooreenkomstig verhoog.  Deur die gebruik 
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van elektrochemiese impedansie-spektroskopie (EIS) by die voorafbepaalde 

geoptimiseerde bedryfstoestande kon die MES-vervaardigingsparameters van die 

warmsaampersdruk en -tyd geoptimiseer word.  Geselekteerde bedryfskondisies is 

gebruik om die ladingoordrag-weerstand, ohmiese weerstand en die massa-

oordragbeperkings te evalueer.  Resultate het getoon dat die beste warmsaampers-

parameters 125 kg cm-2 en 50 kg cm-2 vir 5 minute vir 25 en 10 cm2 aktiewe 

oppervlaktes onderskeidelik was.  Die ladingoordrag-weerstand en massa-

oordragbeperking is hoofsaaklik deur die warmsaampers-prosedure beïnvloed 

terwyl, die ohmiese weerstand die meeste deur seltemperatuur beïnvloed is.   

Die gebruik van die SO2 elektroliseerder in alternatiewe omgewings anders as in die 

HyS-proses, is ondersoek deur die effek van H2S op die SO2 elektroliseerder te 

evalueer om sodoende die toepaslikheid van die SO2 elektroliseerder te bepaal om 

SO2-gas te verwyder uit die by-produkgasse van die mynbou-industrie.  

Polarisasiekrommes, EIS asook CO-adsorpsie/desorpsietegnieke is aangewend om 

die invloed van verskeie vlakke van H2S (dpm) op die spanning, as 'n funksie van 

tyd, en sel-effektiwiteit te bepaal.  EIS het n toename in die ladingoordrag-weerstand 

bevestig wat aan die H2S-adsopsie toegeskryf is wat die aantal aktiewe posisies vir 

SO2-adsopsie beperk.  Massa-oordragbeperkings was teenwoordig by hoë vlakke 

van H2S (80 dpm) terwyl die elektrochemiese oppervlak-area (ECOA, bepaal deur 

die CO-adsorpsie/desorpsietegniek) 'n merkwaardige verlaging in aktiewe 

gekataliseerde posisies as gevolg van die teenwoordigheid van H2S gas getoon het.  

Suiwer SO2-gas het die effektiewe aktiewe area tot soveel as 89 % verlaag, wat in 

dié geval verlang word, terwyl die teenwoordigheid van soveel as 80 dpm H2S slegs 

85 % van die aktiewe gekataliseerde posisies kon bedek.   
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Die toepaslikheid van PBI-gebaseerde gemengde membrane is getoets vir die 

gebruik in die SO2-elektroliseerder deur gebruik te maak van chemiese 

stabiliteitstoetse, asook elektrochemiese MES-karakterisering.  F6PBI is deurgaans 

gebruik as die PBI-bevattende basis-oormaat-komponent wat gemeng is met of 

gedeeltelike gefluorineerde aromatiese poli-eter (sFS001) of poli-(2,6-

dimetielbromied-1,4-fenieleenoksied) (PPOBr) of poli-(tetrafluorostireen-4-

fosfoonsuur) (PWN) in verskeie verhoudings.  Die gebruik van 'n 

kruisverbindingsagent, wat 'n poging was om die swelling te verlaag en om die 

kruisbinding in die polimeer self te bevorder, is vir spesifieke gemengde polimere 

ingesluit.  Die chemiese stabiliteit van die gemengde membrane is deur gewig- en 

swelverandering, TGA-FTIR- en TGA-MS-tegnieke bevestig.  Alle membrane wat 

getoets is, het minimaal tot geen chemiese verval getoon nie nadat hulle blootgestel 

is aan 80 massa% H2SO4 by 80°C vir 120 uur.  Na afloop van die optimisering van 

die PBI-gebaseerde MES inenting-prosedure is elektrochemiese 

karakteriseringstegnieke soos polarisasiekrommes, spanningstappe asook 

langtermynbedryf (24 uur) gebruik om die MES te evalueer.  Afgesien van 'n 

verlaagde effektiwiteit na die spanningstap-karakteriseringstegniek wanneer die PBI-

gebaseerde polimere gebruik is, is die toepaslikiheid van die spesifieke tegniek vir 

MES-stabiliteitskarakterisering wel bevestig.  Aangesien die SO2-elektroliseerder 

heelwaarskynlik onder statiese toestande (seltemperatuur, druk en stroomdigtheid) 

in 'n industriële opset bedryf sal word (soos in die HyS proses, of vir SO2-

verwydering), is dit goedgedink om 'n langtermynstudie in te sluit.  Deur die SO2-

elektroliseerder by 'n konstante stroomdigtheid van 0.1 A cm-2 te bedryf, is die 

geskiktheid van die PIB-gebaseerde poli-aromatiese membrane bevestig, of selfs 

verkies, in die SO2 omgewing deur stabiele gedrag vir 170 uur te toon.   
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Hierdie studie het die bedryf van kommersiële materiaal (polimere) geëvalueer terwyl 

beide karakteriseringstegnieke vir chemiese stabiliteit van polimere en 

elektrochemiese evalueringsmetodes vir MES’e tot die bestaande literatuur 

toegevoeg is.  Afgesien van die karakteriseringstegnieke, verskaf hierdie studie ook 

oortuigende data vir die gebruik van PBI-gebaseerde polimeermaterial in die SO2 

elektroliseerder.   

Sleutelwoorde: Hibried Swael Proses, SO2 elektroliseerder, Waterstofproduksie, 

electrochemiese impedansie-spektroskopie, PBI-gemengde membrane, H2S-de-

aktivering, elektrochemiese oppervlak-area, CO adsorpsie/desorpsie. 
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CHAPTER 1: INTRODUCTION 

 
1.1 BACKGROUND 
With the increasing demand for electricity, the balancing of production capacity and 

sustainability for the production of energy becomes more important.  Presently, the 

high energy production using traditional sources such as natural gas (NG), coal and 

fossil fuels, can meet current demand, but with increased legislation imposed on 

environmental and sustainability issues, the focus is shifting towards energy 

production that is clean and renewable.  Some of the more promising alternative 

methods for the production of energy (electricity) include wind [1,2], solar [3,4] and 

hydro-electricity [5–7].  In some cases these methods can be combined, for example 

wind and hydro [8,9], wind, solar and hydro [10–12] or solar and hydro [13].   

 

Of some of the alternative energy production methods, hydrogen gas has been 

identified as a possible energy carrier, for example when coupled with proton 

exchange membrane fuel cells (PEMFC).  Hydrogen gas can be produced from 

several sources including more traditional carbon-based fuels, such as NG, or from 

renewable sources such as biomass [14] or water.  In the latter case, water 

electrolysis can be used to produce pure hydrogen and oxygen from water [15–17].  

The central components of a water electrolyser usually consist of flow fields (wherein 

the reactants are transported), gas diffusion layers (GDLs) and a membrane 

electrode assembly (MEA) consisting of a proton exchange membrane (PEM) coated 

with a catalyst on both sides of the PEM. Figure 1.1 shows a schematic diagram of 

the general cell design of a water electrolyser.   
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Figure 1.1: Schematic representation of the general components and mechanism of a 
water electrolyser. 

 

At the anode catalyst, which usually consists of iridium oxide, water is oxidised to 

produce oxygen gas, protons and electrons [18].  The PEM membrane, usually 

made from perfluorosulfonic acid (Nafion®), facilitates the transport of protons to the 

cathode where it is recombined with the electrons from the anode via an external 

electrical circuit to produce hydrogen gas.  Figure 1.2 shows the chemical structure 

of Nafion®, which is most often used in both the fuel cell and water electrolyser 

environment.  While normal water electrolysis produces clean hydrogen from a non-

carbon-based source, a theoretical voltage of 1.23 V is needed with a practical 

operating voltage of around 1.5 – 2 V [15,18,19].  This operating voltage would have 

to be reduced to compete with current industrial operations for large scale hydrogen 

production. 
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Figure 1.2: Typical chemical structure of a PFSA-based membrane (Nafion®). 

 

Numerous alternative methods for the large-scale production of hydrogen from 

renewable sources have been suggested, of which the thermochemical cycles have 

shown significant advantages [20–23].  Two of these thermochemical cycles, the 

Sulfur Iodine (SI) and Hybrid Sulfur (HyS) processes, have received considerable 

attention in the last decade [21,24].  In both cycles H2SO4 is thermally decomposed 

to water, oxygen and sulfur dioxide as shown in equation 1.1 [20,25–27]. 

 

22242 222H OSOOHSO ++→         (1.1) 

 

While the oxygen separation from sulfur dioxide forms part of both cycles, the 

conversion of the sulfur dioxide to hydrogen differs significantly [24,28,29].  In the 

sulfur iodine cycle, SO2 is reacted with water in the presence of I2 at 120°C (known 

as the Bunsen reaction), producing sulphuric acid and hydroiodic acid (equation 1.2).   

 

HISOHOHI 22SO 42222 +→++         (1.2) 

222 IHHI +→           (1.3) 

 

The separation of the two acids is achieved spontaneously in the presence of excess 

iodine.  The sulphuric acid is recirculated to the sulphuric acid decomposition step – 

equation (1.1), while the hydroiodic acid is decomposed at 350 – 450°C to form H2 

and I2 (which is also recycled within the cycle – equation (1.3)) [25,24,30].  Thus the 

SI cycle produces both hydrogen and oxygen from water using I2 and sulfur in a 

closed loop. 
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As mentioned before, the sulphuric acid decomposition and oxygen step is similar for 

both the SI and HyS cycle.  The application of the SO2 within the cycles is however 

different; where the SI cycle converts the SO2 and water in the presence of I2 to 

H2SO4 and HI, the HyS cycle directly produces H2SO4 and H2 by reacting SO2 and 

water electrochemically, as shown in equation (1.4). 

 

24222 2SO HSOHOH +→+      E° = 0.158 V vs SHE (1.4) 

 

The advantage of this thermochemical cycle is the electrolysis of SO2 over the water 

electrolysis described earlier is the theoretical voltage needed for the reaction.  While 

water electrolysis needs 1.23 V, with a practical voltage of 1.5 - 2 V, the SO2 

electrolyser’s theoretical voltage is only 0.158 V [20,22], with a practical voltage 

below 1 V [31].  Figure 1.3 shows a schematic of the SO2 electrolyser and its 

operation.  During SO2 electrolysis, water is oxidised in the presence of SO2 at the 

anode, which is either dissolved in H2SO4 or in pure gas form, to produce sulphuric 

acid, protons and electrons.  The protons are transported through a 

separator/membrane before being recombined with the electrons at the cathode, 

supplied by an external electrical circuit to produce hydrogen according to equation 

(1.5). 

 

222H He →+ −+       E° = 0 V vs. SHE (1.5) 
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Figure 1.3: Schematic of the SO2 electrolyser (Prepared by the author). 

 

Before discussing the various modes of operation, some consideration should be 

given to the membrane electrode assembly (MEA - consisting of a PEM coated on 

both sides with a catalyst layer), which is at the heart of the electrolyser.  Generally 

the catalyst, for both anode and cathode of an SO2 electrolyser consists of a 

platinum group based metal (PGM) [32,33].  A suitable catalyst should show fast 

kinetics towards SO2 oxidation (equation 1.4) while having excellent stability in the 

highly corrosive environment.  Either pure platinum (also known as platinum black, 

PtB) or platinum supported on carbon (Pt/C) is used as catalyst, similar to what is 

currently being used in the fuel cell environment.  The catalyst stability is usually 

determined by cyclic voltammetry (CV), while linear sweep voltammetry is employed 

to evaluate the catalyst activity [34,35].  While various other metals (including gold) 

have been investigated for the SO2 electrolyser, platinum is still the best performing 

catalyst in terms of activity and stability [34].   
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To be suitable for SO2 electrolysis, the PEM should show chemical stability in the 

highly acidic (H2SO4) environment with high proton and low SO2 transport.  A variety 

of membrane materials are stable in such acidic environments.  The most common 

membrane currently used both in a fuel cell and water electrolyser environment, is 

made from perfluorosulfonic acid (for example PFSA shown in Figure 1.2) [18,36].  

Alternative proton exchange membranes that have shown promising results are 

made from sulfonated polyetheretherketone (sPEEK) [37], sulfonated Diels-Alder 

polyphenylenes (SDAPP), stretched recast PFSA, PFSA/fluorinated ethylene 

propylene (FEP) blends and perfluorocyclobutane-biphenyl vinyl ether (BPVE)-based 

membranes [38].  However, all these materials are most suitable for low temperature 

(<100°C) applications.  In view of the high temperature for the operation of the SO2 

electrolyser (120°C, [39]), materials capable of higher operating temperatures, which 

are often based on or blended with polybenzimidazole (PBI) materials, are being 

investigated [40].  Examples of these include pure PBI, partially fluorinated 

poly(arylene ether) (sFS) blended with PBI, non-fluorinated poly(arylene 

etherethersulfone) (sPSU) with or without PBI [41] and ionically and ionically-

covalently cross-linked PBI blended membranes [40,42].  Apart from pure PBI, 

recent studies have also focussed on PBIOO and F6PBI-based membranes [40].  

Figure 1.4 shows the structure of F6PBI which has been shown to have superior 

stability in acidic environments [40,42]. 

 

 
Figure 1.4 : Structure of F6PBI [40,42]. 

 

To characterise a membrane’s performance in terms of SO2 electrolysis various 

techniques are available.  Similar to the Fenton’s test used in fuel cell research, the 

chemical stability of membranes used in the SO2 electrolyser can be characterised 

by exposing the membranes to 80 wt% sulphuric acid at 80°C for 120 h [41,40].  

TGA-MS analysis has been used to determine the chemical stability of the materials 

by determining changes in the structures of the membrane material after acid 
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exposure [40,42].  In addition, electrochemical impedance spectroscopy (EIS), which 

is also widely used in the fuel cell environment [43,44], has been applied to evaluate 

the performance of various MEAs in an SO2 electrolyser by separating the charge 

resistance (kinetic), ohmic resistance (membrane resistance) and the mass transport 

limitations [45].   

 

According to literature there are currently three possible methods of operating an 

SO2 electrolyser: i) supplying SO2 dissolved in H2SO4 as the anode reactant and 

clean H2SO4 as the cathode reactant, ii) using pure SO2 gas as anode and liquid 

water as cathode (for temperatures lower than 100°C) and iii) humidifying the anode 

SO2 supply while running a dry cathode (for temperatures above 100°C) [39]. 

 

The first method of operation (H2SO4 containing dissolved SO2) was suggested by 

the Westinghouse Corporation in the 1970s [46].  Although the low solubility of sulfur 

dioxide in concentrated sulphuric acid (50 wt%) [47] resulted in a limited current and 

significant mass transport limitations, it did demonstrate the operation of the SO2 

electrolyser. 

 

Sivasubramanian et al. [23] showed that the electrolyser could be operated using 

SO2 gas as anode and liquid water as cathode (method 2) using a proton exchange 

membrane (PEM).  The water needed for the reaction is supplied by the diffusion of 

water from the cathode to the anode.  Although a maximum current density of 0.4 A 

cm-2 could be reached, the diffusion of water from the cathode to the anode was 

offset by the electro-osmotic drag (water drawn from the anode to cathode due to 

proton transport).  Staser et al. [48] showed that the operating current density could 

be increased to 1 A cm-2 using a membrane with a thickness of 25 µm (NR-211) by 

increasing the differential pressure across the membrane.  Although this increased 

current density significantly improved the hydrogen production capacity, the 

sulphuric acid produced is diluted due to the permeation of water from the cathode to 

the anode. 
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The third method entails a relatively new concept reported in only one published 

journal article in which the anode SO2 supply is humidified [39].  In their study, they 

showed that the operation of a humidified SO2 electrolyser, using sulfonated 

polybenzimidazole (PBI)-based membranes, could be used to produce hydrogen.  

They further showed that the PBI-based membrane, despite being thicker than the 

NR212 membrane, yielded a better performance than the N212-based membrane at 

an operating temperature of 80°C. 

 

Apart from its suitability for the production of H2, the SO2 electrolyser (using either 

method 2 or 3 depending on the membrane type), could also be used in the mining 

environment.  It is well-known that SO2 is a major component of the off-gas stream 

produced in many mining industries [49–54].  Although no literature is available on 

this topic, it would be interesting to investigate whether the SO2 electrolyser could be 

used to convert the significant amount of SO2 vented annually [53] to H2 gas and 

sulphuric acid while simultaneously reducing the amount of vented SO2.  

Unfortunately however, the composition of the flue gas produced by the mining 

industry consists not only of SO2 but also contains CO, CO2, NH3, NO, NO2 and H2S.  

The presence of these gaseous components could influence the effectiveness of the 

SO2 electrolyser catalyst significantly.  The effect of these components on other 

systems, that also incorporate MEA technology like fuel cells, has been investigated 

intensively and shows that performance is reduced significantly, especially for sulfur 

(SO2, H2S) compounds and CO [55,56].  Similar studies have however not been 

conducted for the SO2 electrolyser. 
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1.2 PROBLEM STATEMENT 
Although literature does provide a number of papers on specific aspects of SO2 

electrolysis, a detailed investigation of the operating parameters is not available 

when operating the electrolyser under ambient pressures (i.e. no pressure 

differential across the PEM).  This is for example required when specific cell 

performance or acid concentrations are needed. 

Apart from the optimisation of the operating parameters, a more specific analysis of 

factors contributing to the overall cell voltage is necessary.  This can be achieved by 

analysing effects that are known to influence MEA performance such as kinetics, 

membrane resistance and mass transport.  As MEA manufacturing is a key process 

in the overall SO2 electrolysis system a detailed MEA manufacturing study would 

contribute to the improvement of the cell performance. 

As discussed above, the application of the SO2 electrolyser within the mining 

industry could be a possibility.  For this reason the effect of contaminant gases such 

as H2S should be evaluated to determine their effect on the SO2 electrolyser anode.   

In order to further increase the electrolyser performances by increasing the 

electrolyser temperature is an easy and hence obvious choice.  To facilitate 

temperatures above 100°C, membranes other than PFSA-based have to be 

identified and evaluated.  PBI-based membranes have the ability to conduct protons 

at temperatures as high as 180°C within the HT-PEMFC environment [57].  

However, before doing SO2 electrolysis at these elevated temperatures, various 

issues must first be overcome, including chemical and temperature stability, MEA 

doping methods, activation procedures and optimisation of polymer blend ratios. 
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1.3 AIM AND OBJECTIVES OF STUDY 
In view of the above mentioned, the aim of the study was i) to determine the 

influence of specific variables (operating conditions, MEA manufacturing and H2S 

contamination) on the performance of the SO2 electrolyser using Nafion® as 

benchmark and ii) to investigate the suitability of PBI-based membranes for SO2 

electrolysis. 

To achieve the above mentioned aim the following objectives were identified: 

i) Automation of a SO2 electrolyser system to facilitate the operation of an 

SO2 electrolyser whilst also increasing the operational safety1. 

ii) Characterise and optimise specific operating parameters such as cell 

temperature, catalyst loading and membrane thickness. 

iii) Evaluate the influence of the MEA manufacturing process on cell 

performance. 

iv) Investigate the effect of H2S contamination on the performance of an SO2 

electrolyser. 

v) Determine the suitability of PBI-based membranes for the SO2 electrolyser 

and optimise the doping of PBI-based MEAs. 

vi) Investigate the performance of PBI blends containing poly(2,6-

dimethylbromide-1,4-phenylene) oxide (PPOBr) and 

poly(tetrafluorostyrene-4-phophonic) acid (PWN). 

 

 

 

 

 

 

 

 

 

 

                                            
1 Forming the backdrop and pre-requirement for the study, this objective is not discussed in the 
individual experimental chapters but in Appendix A.   
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1.4 OUTLINE OF THESIS 
A brief discussion is given in Chapter 1 on energy supply, focussing on the use of H2 

as an energy carrier and its manufacture using electrolysis.  The characterisation 

techniques of the catalyst and membrane used in the SO2 electrolytic cell are briefly 

described before presenting the aim, objectives and the outline of the thesis. 

In Chapter 2 the influence of various parameters including hot pressing pressure, 

cell temperature, catalyst loading, membrane thickness, membrane type and SO2 

concentration supplied to the anode on the performance of the SO2 electrolyser is 

presented.  The use of dissolved SO2 in H2SO4 as anolyte and de-aerated H2SO4 as 

catholyte is also briefly analysed by varying the cell temperature, membrane 

thickness and acid concentration used. 

Using the optimised parameters from Chapter 2, the influence of the MEA 

manufacturing process is evaluated in Chapter 3.  Polarisation curves and 

electrochemical spectroscopy analysis (EIS) were employed to both determine the 

cell performance and to differentiate the membrane and the charge transfer 

resistance, as well as the mass transport limitations. 

In Chapter 4, using the optimal conditions determined in Chapter 2 and 3, the 

influence of H2S as a contaminant on the cell performance was evaluated.  The effect 

of H2S was established by using EIS while the electrochemical surface area (ECSA) 

was determined by CO stripping. 

In Chapter 5 the MEA acid doping procedure when using PBI-based membranes 

(PBI membranes must be doped with acid for proton conductivity) was optimised.  

The influence of the process parameters discussed in Chapter 2 and 3, were 

subsequently determined when using PBI-based membranes.  Chemical stability as 

well as electrochemical analysis is also provided to further elucidate the applicability 

of these membranes. 

Applying the optimised MEA doping procedure determined in Chapter 5, the 

suitability of novel covalently and ionically cross-linked PBI-excess blends for SO2 

operation is evaluated in Chapter 6.  The H2SO4 stability was determined, while 
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polarisation curves and voltage stepping was used to evaluate the performance 

within the SO2 electrolyser. 

In Chapter 7 the results from Chapters 2-6 are recapitulated from which the overall 

conclusions of the thesis are summarised.  Finally, recommendations are presented 

for possible future work that might i) further increase electrolyser efficiency and ii) 

broaden the set of characterisation techniques for MEA evaluation. 

In Appendix A the automation of the SO2 electrolyser system used to generate the 

data shown in this study is presented. 

In Appendix B the front pages of the published articles from this study are 

presented. 
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CHAPTER 2: VARIOUS OPERATING METHODS AND 

PARAMETERS FOR SO2 ELECTROLYSIS* 
 
 
 
Chapter Overview 
The application of PFSA-based proton exchange membranes (PEM) was 

investigated for the production of hydrogen and sulphuric acid using a SO2-

depolarized electrolyser system (using a 25 cm2 active area).  Parameters 

investigated included hot pressing pressure for the MEA manufacturing, cell 

temperature, membrane thickness, catalyst loading, membrane type and SO2 anode 

feed concentration.  The effects of cell temperature, membrane thickness and acid 

concentrations were also investigated when using a second method where clean 

sulphuric acid as cathode and SO2 saturated sulphuric acid as anode were used.  

Electrochemical impedance spectroscopy showed that the pressure exerted in the 

MEA manufacturing step had a significant influence, with 125 kg cm-2 yielding the 

highest current density.  High temperatures (> 80°C) and thin membranes (≈120 µm) 

showed the best performance while thicker membranes produced higher acid 

concentration when using the first system.  The SO2 concentration in the anode had 

a significant influence with the overpotential increasing with decreasing SO2 

concentration. When using the second method, it was found that the SO2 solubility in 

sulphuric acid was important as the mass transport of the SO2 limits the overall 

reaction rate.  From the two systems tested, the first method i.e. dry SO2 anode and 

liquid water cathode showed the best operational effectiveness reaching a maximum 

of 0.32 A cm-2 at 80°C using N115 coated with 1 mgPt cm-2 while the second system 

under the same conditions achieved a current density of 0.18 A cm-2 when using 

N117. 

 

 

 
                                            
* Krüger, A.J., Krieg, H. M., Grigoriev, S. A. and Bessarabov, D. (2015), Various operating methods 
and parameters for SO2 electrolysis. Energy Science & Engineering. Doi 10.1002/ese3.80 
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2.1 INTRODUCTION  
It is well known that the electrolysis of water is regarded as an alternative to the 

conventional methods for the production of hydrogen [1].  With the development of 

proton exchange membranes (PEM), the interest in the electrochemical production 

of oxygen and hydrogen from water has significantly increased as PEM-based water 

electrolysis is an efficient and environmental friendly method that can be used for the 

production of hydrogen when zero-carbon power sources such as renewable or 

nuclear are used [1]. It is well known that the theoretical energy input for water 

electrolysis is 1.229 V with the practical operating voltage in the 1.7 – 2 V range. 

Attempts to increase the overall electrolysis efficiency have been made, for example 

in the development of high temperature steam electrolysis [2]. More intricate systems 

have also been nominated as possible improvements on normal electrolysis 

including thermochemical cycles. Almost 100 thermochemical cycles have been 

identified by the department of energy (DOE-USA) of which the sulfur-based cycles, 

specifically the Sulfur Iodine (SI) and the Hybrid Sulfur (HyS) cycles [3] seem most 

favourable. The HyS cycle, which is the focus of this study, requires a high 

temperature step (also present in the SI cycle), which has conventionally been 

assumed to be supplied by nuclear reactors, where sulphuric acid (H2SO4) is 

decomposed to SO2, H2O and O2. Subsequently, the oxygen is removed as a 

product, while the SO2 and H2O are fed to a PGM (Platinum Group Metal) catalysed 

SO2 electrolyser where the SO2 and water are converted to H2 and H2SO4 by means 

of a PEM (proton exchange membrane) electrode assembly (MEA) [4]. The overall 

reaction for the electrolysis step is shown in Equation 2.1. 

 

242222 HSOHSOOH +→+         (2.1) 

 

The produced H2SO4 is recycled to the decomposer to complete the cycle [5]. By 

making certain assumptions for the decomposer and separation step, Gorensek et 

al. [3] showed that when operating the electrolyser at 0.6 V and 0.5 A cm-2, the entire 

HyS cycle can achieve a thermal to electrical efficiency of 47% [3].  The advantage 

of the SO2 depolarised electrolysis is that the theoretical potential needed to drive 

the electrolysis step is only 0.158 V [4] with practical potentials of 0.5 – 0.9 V, which 

is considerably lower than that of water electrolysis. However, for the electrolyser to 
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be economically feasible, the hydrogen produced must be of high purity as its purity 

is essential when used in the fuel cell market where it has been clearly shown that 

impurities, such as SO2, reduce the operation efficiency of a fuel cell dramatically [6]. 

On the other hand, a high concentration of sulphuric acid (in the range of 65 wt% [7]) 

is needed to ensure that the subsequent HyS decomposition step is efficient enough 

to make the entire HyS cycle competitive compared to other hydrogen production 

methods currently being explored [8]. 

 

When the Westinghouse Corporation initially developed the SO2 electrolyser in the 

70s, it was run using a diaphragm as separator, where clean sulphuric acid was fed 

to the cathode and sulphuric acid saturated with SO2 gas fed to the anode [5]. 

Although initial results were poor due to the high ohmic resistance of the separator 

and the limited mass transport of the SO2 gas in the acid, it did show the potential of 

SO2 depolarized electrolysis.  Sivasubramanian et al. [4] showed that the 

performance of the SO2 electrolyser can be increased by exchanging the diaphragm 

with PFSA-based proton exchange membranes, such as Nafion® and supplying the 

cathode with liquid water and the anode with dry SO2 gas. More recently Staser et al. 

[9] showed that the cell voltage can be decreased further by increasing the cathode 

water pressure, whereby the authors almost reached the desired electrolyser 

operating conditions initially proposed by Gorensek et al. [3], reaching 0.760 V at 0.5 

A cm-2. The acid concentration produced was however not sufficient for re-circulation 

to the decomposer. Other aspects that need further attention include the SO2 

crossover from the anode to the cathode leading not only to the removal of 

unreacted SO2, but also to an increased cell voltage due to catalyst poisoning on the 

cathode while simultaneously producing unwanted and potentially toxic gases such 

as H2S in the H2 product stream. Although the high cathode pressure used by Staser 

et al. [10] significantly reduced the SO2 crossover, further work is required to 

increase the produced acid concentration. 

 

In this chapter a preliminary evaluation of commercial PFSA-based proton exchange 

membranes for use in SO2 electrolysis is reported.  The various parameters include 

hot pressing pressure used in the MEA manufacturing step, operating cell 

temperature, catalyst loading, membrane thickness, membrane type and SO2 

concentration in the anode.  Furthermore, the effect of using clean sulphuric acid as 
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the cathode feed and SO2 saturated sulphuric acid as the anode feed (as was used 

initially in the HyS cycle) was evaluated by varying the cell temperature, membrane 

thickness and acid concentration used. 

 

2.2 EXPERIMENTAL 
2.2.1 GENERAL OPERATING PROCEDURE  

All membrane samples, including both the Nafion® (Ion Power) and the modified 

PFSA membranes (FZP-50, Fumatech) were pre-treated in 1M H2SO4 at 80°C for 90 

min [4], unless stated otherwise. Membrane electrode assemblies were 

manufactured by hot-pressing (model# 3912, Carver USA) the membranes between 

two gas diffusion electrodes (FuelCellEtc, USA), consisting of carbon cloth and a 

micro-porous layer onto which the catalyst had been deposited. A pressure of 125 kg 

cm-2, unless stated otherwise, at a temperature of 120°C for 5 min was used. The 

hot-pressed MEAs were stored in a plastic bag in DI water until use.  Before SO2 

electrolysis, all MEAs were hydrated at the intended operating temperature for at 

least 2 h within the electrolyser. Electrolysis was achieved by supplying dry SO2 gas 

(150 ml min-1) to the anode using a thermal mass flow controller while DI water was 

circulated through the cathode compartment as previously described [11]. The acid 

produced was collected in a glass separation vessel at the anode side. Figure 2.1 

shows the experimental system, where a 25 cm2 electrolyser (Fuel Cell 

Technologies) was used. 
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Figure 2.1: Schematic of the experimental SO2 electrolysis setup with a liquid cathode 
and a dry SO2 anode feed with (1) – SO2 flow meter, (2) – SO2 electrolyser, (3) – 
Cathode, (4) – Anode and (5) – Glass acid separator. 

 

All membranes were pre-conditioned by running the electrolyser at 0.1 A cm-2 for 20 

min before the polarisation curve was started. The polarisation curves were obtained 

by increasing the current density incrementally every 90 s while recording the 

voltage.  The system used was controlled by a Labview® program.   

 

Electrochemical impedance spectroscopy (EIS) analysis was applied using a Gamry 

REF300 potentiostat equipped with a frequency response analyser (FRA).  The 

impedance of the electrolyser was measured galvanostatically with a perturbation 

signal of 10% (2% at current densities higher than 0.25 A cm-2 to avoid voltages 

above 1.1 V) with a frequency range of 10 kHz to 10 mHz.  The anode was used as 

the working electrode while the cathode served as both the counter and reference 

electrode.  An electrical circuit was fitted to the data to determine the membrane 

resistance, charge resistance and mass transport effect as described in [2]. 
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2.2.2 VARIABLES TESTED 
The effects of various parameters were investigated in this study to determine their 

influence on SO2 electrolysis.  These parameters include hot pressing pressure, 

temperature, catalyst loading, membrane thickness, membrane type and the SO2 

concentration supplied to the anode. Finally, a second system was used to evaluate 

the effect of using SO2 saturated sulphuric acid as the anode and clean sulphuric 

acid as the cathode where the effect of cell temperature, membrane thickness and 

acid concentration on cell performance was determined. 

 

The effect of the applied pressure during MEA hot-pressing was evaluated in a 

pressure range of 50 – 140 kg cm-2.  Both the pressing temperature and time were 

kept constant at 120°C and 5 min respectively while both polarisation curves and EIS 

were used for characterisation. 

 

To determine the influence of temperature on electrolysis [13], the system was 

operated at temperatures ranging from 50 – 90°C (each with a new MEA) using 

N117 and a catalyst loading of 1 mgPt cm-2.  Since reaction kinetics are generally 

increased using a higher catalyst loading [13], three catalyst loadings were tested 

including 0.3, 0.5 and 1 mgPt cm-2. It should be noted that the 1 mgPt cm-2 catalyst 

loading contained platinum black (with no supporting material) while both the 0.5 and 

0.3 mgPt/C cm-2 contained platinum on a carbon support.  The notation of Pt/C will 

be used to indicate the platinum supported on carbon catalyst. 

 

As it has been shown previously that the water transport through the membrane 

influenced the SO2 electrolysis even when a water pressure gradient was used [14], 

the effect of membrane thickness was investigated by additionally measuring the 

sulphuric acid concentration and the specific resistance.  The acid concentration was 

determined by titration with 0.1M NaOH and phenolphthalein as indicator, while the 

area specific resistance (Ω cm2) was measured using a high frequency milliohm 

meter (HP 4328A).   

 

It has been shown for fuel cell applications that the type and configuration of PFSA-

based materials, such as different side chains on the PTFE type backbone [15], 

different equivalent weights being used [15] and alterations to the membrane 
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configuration to promote proton conductivity [16] influence performance.  It was 

shown that by including zirconium particles within the membrane matrix, the 

membranes’ water content increased at higher temperatures [16].  To determine this 

influence on SO2 electrolysis, such a zirconium-containing membrane (FZP-50, 

Fumatech) was evaluated using 1 mgPt cm-2 at 80oC and compared to a commercial 

Nafion®-based N115. 

 

While previous studies reported in the literature refer to the use of pure SO2 gas [4] 

as the anode this is not always possible when the electrolyser is connected to an 

industrial process, such as a coal-fired plant [17], where the concentration of SO2 is 

depleted after the scrubbing methods to reduce SO2 emissions. Hence, to determine 

the influence of the SO2 concentration, the electrolyser performance was determined 

using a SO2 feed concentration range of 10 – 100% (v/v) where N2 gas was used to 

dilute the SO2. 

 

To determine the influence of dry SO2 gas vs. SO2 dissolved in diluted H2SO4 feed, 

clean sulphuric acid was supplied to the cathode and SO2 saturated sulphuric acid to 

the anode, as schematically illustrated in Figure 2.2.  Two double walled glass 

containers, each with a volume of 250 ml (± 5 ml) were used as the anode and 

cathode feed compartments, respectively. Batch solutions (2 000 ml) of 30 and 65 

wt% sulphuric acid were prepared by diluting 98 wt% H2SO4 in DI water (18 MΩ cm).  

Each glass container was filled with 50 ml of acid.  The temperature of the acid 

solutions was controlled by circulating pre-heated water through the outer 

compartments using a FED-12ED Julabo water bath. Prior to the application of 

current, SO2 gas was bubbled through the anode compartment for at least 2 hours at 

50 ml min-1 to ensure saturation, while the cathode solution was purged with N2 gas. 

No pressure was used to increase the SO2 content in the anode compartment due 

the glass construction of the vessels. 
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Figure 2.2: Schematic representation of the SO2 electrolyser system used with an acid 
cathode and a SO2-saturated anode feed. 

 

Both anode and cathode solutions were circulated through the electrolyser cell back 

to the glass containers using a peristaltic pump (WMB, Du520). The same DC power 

supply was used as for the liquid cathode/dry SO2 anode system (Figure 2.1). 

Polarisation curves were obtained by increasing the applied current incrementally 

every 90 seconds. For this investigation Scanning Electron Microscope (FEI Quanta 

250 FEG with ESEM capabilities) images were made of the membrane electrode 

assemblies for characterisation purposes. 
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2.3 RESULTS AND DISCUSSION 
2.3.1 INFLUENCE OF HOT PRESSING PRESSURE  

The pressure exerted in the hot-pressing step was varied from 50 to 140 kg cm-2 

where both polarisation curves and electrochemical impedance spectroscopy were 

used to evaluate the effect of the pressure used on the performance. Figure 2.3 

shows the polarisation curves for N117 at 80°C with a catalyst loading of 1 mgPt cm-

2. From Figure 2.3 it is interesting to notice that the 50 and 140 kg cm-2 are 

comparable at low current densities (< 0.03 A cm-2) while the 50 kg cm-2 pressure 

has better performance up to 0.14 A cm-2.  With increased current density (> 0.15 A 

cm-2) the 140 kg cm-2 pressure shows both better performance and a reaches higher 

current density than the 50 kg cm-2.  The 125 kg cm-2 pressure shows the best 

performance irrespective of the current density used.  It should also be noticed that 

the 125 kg cm-2 reaches almost 0.3 A cm-2 (0.1 A cm-2 more than the 140 kg cm-2).  It 

has been shown that the pressure applied in the MEA manufacturing step for fuel 

cell application also influences performance [12].  A change in the gas diffusion 

electrode (similar to the one used in this study) gas permeability was observed for 

gases.  Thus the permeability of the reactant SO2 to the anode, as well as the 

produced H2SO4 permeability from the anode to the flow field, should also be 

influenced significantly.    

 

To determine why the pressure influences the overall performance of the electrolyser 

electrochemical impedance spectroscopy (EIS) was done at 0.15 A cm-2.  The 

current density was selected as the 50 kg cm-2 could only reach 0.17 A cm-2, i.e. the 

perturbation current signal of 0.1 amperes would cause the voltage to increase 

above the 1 volt corrosion limit set by the use of graphite flow field plates.   
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Figure 2.3: Polarisation curves as a function of hot pressing pressure for N117, 1 
mgPt cm-2 at 80°C.  

 

Figure 2.4 illustrates the EIS data attained for the various hot pressing pressures. It 

is apparent that the membrane resistance (interception with the x-axis) was not 

significantly influenced by the hot pressing pressure as has been previously reported 

in literature [18]. By visual inspection Figure 2.4 confirms the improved polarisation 

curve attained for the 125 kg cm-2 compared to the 50 kg cm-2 hot-pressed MEA due 

to the improved charge transfer characteristics as shown by the width of the semi-

circle. 
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Figure 2.4: Nyquist plots for SO2 electrolysis as a function of MEA hot pressing 
pressure.  The EIS shown were performed at 0.15 A cm-2. 

 

Mass transport effects can be identified by the straight line in the low frequency 

range in Figure 2.4 (far right of the x-axis) and is present at all pressures used [12].  

Using the electrical circuit as previously described [2] a model fitment could be made 

to separate the membrane resistance, charge resistance and mass transport 

limitations.  The data obtained from the model supports the assumption made 

regarding the membrane resistance and was confirmed with the membrane 

resistance increasing slightly from 8.30 to 10.20 mΩ when the pressure was 

increased from 50 – 140 kg cm-2, respectively.  The charge resistance was 

comparable between 125 and 140 kg cm-2 (20.98 vs. 28.50 mΩ respectively) while 

the 50 kg cm-2 had the highest resistance of 56.90 mΩ.  The mass transport 
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limitations increased as the applied hot pressing pressure increased.  It is clear that 

the most influential factor for performance, at 0.15 A cm-2, appears to be the charge 

resistance as this is the only parameter in which the 125 kg cm-2 is better than the 50 

and 140 kg cm-2.  

 

2.3.2 INFLUENCE OF TEMPERATURE 
The effect of temperature on the cell performance for the 25 cm-2 active area acid 

electrolyser is shown in Figure 2.5 for N117 (183 µm) using a 1 mgPt cm-2 catalyst 

loading. Experiments were repeated at 50 and 80°C showing an error of 5% on the 

operating voltage. Sivasubramanianet et al. [4] showed that at low current densities, 

and no cathode water pressure, the water diffusion from the cathode to the anode 

provided sufficient water for the reaction.  This is however not true at current 

densities above 0.4 A cm-2, where the water drawn to the cathode due to electro-

osmotic drag offsets the natural diffusion of water through the membrane.  This was 

confirmed in this study showing the clear limit on the current density attainable due 

to the water mass transport limitations. It is well known that the uptake of water by 

PFSA-based membranes is temperature dependent, i.e. increasing the proton 

conductivity of the membrane, with an electro-osmotic drag coefficient of 2 at 20°C 

compared to the 3.3 at 90°C at a constant current [19].  The significant increased 

performance for the SO2 electrolyser with increased temperature can be attributed to 

the higher proton conductivity (due to higher water uptake). However, Staser et al. 

[10] showed that the solubility coefficient (cm2 s-1) during the crossover of SO2 from 

the anode to the cathode increased with increasing temperature, which could reduce 

the hydrogen evolution efficiency dramatically. 
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Figure 2.5: Temperature effect on SO2 electrolysis using N117 and 1 mgPt cm-2. 

 

Table 2.1 shows both the acid concentration and the high frequency values (area 

specific resistivity, Ω cm2) as a function of temperature and current density for N117. 

It can be seen that the cell temperature did not have a significant influence on the 

area specific resistance at any current density.  However, the resistance did increase 

as a function of the current density. This was also illustrated by Staser et al. [20] who 

obtained an increase in the resistance as a function of the acid concentration 

produced, i.e. current density. 
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Table 2.1: Acid concentration produced and area specific resistance of N117 as a 
function of current density at various temperatures.  

 50°C 60°C 80°C 90°C 

Current 

density 

(A cm-2) 

[H2SO4] 

(mol L-1) 

RAC   

(Ω m2) 

[H2SO4] 

(mol L-1) 

RAC   

(Ω cm2) 

[H2SO4] 

(mol L-1) 

RAC    

(Ω cm2) 

[H2SO4] 

(mol L-1) 

RAC   

(Ω cm2) 

0.05 4.75 0.12 4.38 0.125 4.5 0.125 4.44 0.10 

0.1 6.88 0.11 6.63 0.125 4.53 0.125 5.81 0.11 

0.15 6.72 0.11 8.28 0.15 7.1 0.138 6.56 0.12 

0.18 7.5 0.125 - - - - - - 

0.2 - - 9.81 0.163 6.88 0.138 6.94 0.11 

0.25 - - - - 7.44 0.138 - - 

0.28 - - - - - - 12.69 0.125 

 

When considering the acid concentration, it is clear from Table 2.1 that at 50°C the 

acid produced is slightly more concentrated than at 60°C for current densities below 

0.15 A cm-2. However, when the current density was increased above 0.15 A cm-2 

the acid concentration increased from 50°C to 60°C.  While this tendency did not 

hold when increasing to 80°C, it is noticeable that an acid concentration of 12.69 mol 

L-1 ± 0.2 mol L-1 (corresponding to 55 wt%) was reached at 90°C at 0.28 A cm-2.  

While this product acid was the most concentrated H2SO4 attained under these 

conditions, the concentration was below the optimum concentration for the HyS 

cycle, which should be in the region of 65 wt% [7]. It is clear from the results 

presented that to increase the concentration of the acid, the cell would have to run at 

higher current densities while maintaining a reasonable operating voltage. Staser 

etal. [20] showed that the specific-area resistance increased significantly with 

increased acid concentration produced, although a water pressure was used on the 

cathode.    
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 2.3.3 INFLUENCE OF CATALYST LOADING 

Figure 2.6 shows the data obtained for the different catalyst loadings tested. It is 

clear that at low current densities the cell performances are almost identical.  This is 

probably due to the low reaction rate of SO2 at the anode allowing the water enough 

time to diffuse through the MEA.  A slight difference (37 mV when comparing 0.5 and 

0.3 loadings) can however be observed when the current densities are above 0.18 A 

cm-2, where the 1 mgPt cm-2 achieved a higher current density when compared to 

the 0.5 mgPt/C cm-2 or 0.3 mgPt/C cm-2. This effect has been seen when a 

differential pressure was applied where it was shown that the catalyst loading of 1.5 

mgPt cm-2 vs. 0.5 mgPt/C cm-2 had little to no effect on cell performance [9] using 

catalyst coated membranes. It must be noted that the particle size and catalyst wt% 

in the ink used to manufacture the GDEs also influenced the overall catalyst 

utilisation [21] making a direct comparison more difficult as the supplier of the GDEs 

had confirmed that the PtB catalyst particle size was 9 µm while the Pt/C (60 wt%) 

catalyst was 4.0 – 5.5 nm.  However, the aim in this specific study was to compare 

the two different commercial catalysts which unfortunately were not available with 

the same catalyst particle size.   

 



33 
 

 

Figure 2.6: Effect of catalyst loading on cell voltage at 80°C. 

 

In a recent study Lee et al. [22] investigated the effect of catalyst loading on SO2 

oxidation using a three electrode system. They were able to show that the Pt 

utilization was influenced significantly by the electrochemical surface area showing 

an decrease in utilisation with increasing Pt loading [22]. In spite of this inverse 

proportionality, they were able to show that the exchange current density increased 

from 9.0 x 10-9 to 2.7 x 10-5 A cm-2 when the Pt loading was increased from 0.4 to 

4.02 mgPt cm-2. The area specific resistance was also measured for each catalyst 

loading and no considerable difference could be established with the resistivity being 

in the 0.14 – 0.15 Ω cm2 region. 
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2.3.4 INFLUENCE OF MEMBRANE THICKNESS  
Although literature does provide information on the effect of membrane thickness on 

the cell performance when operating under a differential pressure, it does not supply 

data on its affect at ambient anode and cathode pressures [14]. This is illustrated in 

Figure 2.7 showing the effect of membrane thickness for 3 different Nafion 

membranes on SO2 electrolysis.  All MEAs were produced using 0.5 mgPt/C cm-2 

GDEs. 

 

 
Figure 2.7: Effect of membrane thickness on SO2 electrolysis performance at 80°C. 

 

When considering the membrane thicknesses of these membranes (N115 = 122 µm; 

N117 = 183 µm; and N1110 = 245 µm) it is evident that the membrane thickness has 

a significant influence on the cell performance in terms of current density with N115 

reaching 0.32 A cm-2 compared to 0.17 A cm-2 achieved by N1110. It is well-known 
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that the water permeation of Nafion® membranes is dependent on membrane 

thickness with thicker membranes having a lower diffusion coefficient [23] due to a 

larger diffusion path. Thus, at a constant current density and temperature the total 

water flux to the anode will increase for thinner membranes. This effect will then, in 

turn, decrease the acid concentration of thinner membranes while thicker 

membranes will produce more concentrated sulphuric acid. This was confirmed 

when considering Table 2.2 where the acid and area specific resistance as a 

function of membrane thickness at a constant temperature of 80°C is shown. 

 
Table 2.2: Acid concentration produced and area specific resistance as a function of 
membrane thickness. 

 N115 N117 N1110 

Current density 

(A cm-2) 

[H2SO4] 

(mol L-1) 

RAC     

(Ω cm2) 

[H2SO4] 

(mol L-1) 

RAC     

(Ω cm2) 

[H2SO4] 

(mol L-1) 

RAC     

(Ω cm2) 

0.05 2.53 0.10 5.063 0.14 7.01 0.15 

0.1 4.53 0.11 7.25 0.14 7.38 0.18 

0.15 6.88 - - 0.13 8.94 0.19 

0.2 7.4 0.11 7.75 0.15 - - 

0.25 7.44 0.12 8.69 0.15 - - 

0.32 8.84 0.14 - - - - 

 

Although cell temperature does influence the operating voltage it was shown that the 

acid concentration influences the reaction kinetics of SO2 reduction, as well as the 

average membrane conductivity even when using a differential pressure [20]. As in 

Table 2.1, the area specific resistance seemed to increase with increasing current. In 

addition, the resistance also showed an increase with increasing membrane 

thickness, where the resistance of N1110 (at 0.1 A cm-2) was nearly twice that of 

N115.  The increasing resistance with increasing current density could be attributed 

to the produced acid concentration. As N1110 had lower water diffusing to the 

anode, the acid would be more concentrated compared to N115 and N117.  This 

increase of acid concentration with membrane thickness was also reported by Staser 

et al. [20] when using a pressure differential.  Although the acid concentrations were 

lower due to the permeating water (pressure driven effect) the effect of membrane 
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thickness on acid concentration was still present. It is also interesting to note that the 

acid concentration increased more rapidly for N115 (increased by 6.34 mol L-1 from 

0.05 to 0.32 A cm-2) than for N117 (increased by 3.63 mol L-1 over the same current 

density range). 

 

2.3.5 COMPARISON OF N115 AND FZP – 50 
While Nafion® is the commercial standard membrane used for water electrolysis and 

therefore, often referred to for SO2 electrolysis, there are other PFSA-based proton 

exchange membranes of interest.  One example is a novel FZP-50 PFSA-based 

proton exchange membrane from Fumatech, which was evaluated using ambient 

pressure at 80°C with a 0.5 mgPt/C cm-2 catalyst loading. Figure 2.8 shows the 

comparative performance of N115 and FZP-50 during SO2 electrolysis.  It is clear 

that the FZP-50 yielded lower voltages at current densities above 0.2 A cm-2 than 

N115.  Although the membrane thickness of the FZP-50 is almost 40 µm thinner than 

the N115 it does show that alternative PFSA membranes are suitable for SO2 

electrolysis. 
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Figure 2.8: Comparison between N115 and FZP-50 PFSA membranes at 80°C and 1 
mgPt cm-2.  

 

The FZP-50 PFSA membrane contains zirconium oxide within the polymeric 

membrane to facilitate water sorption which was initially manufactured for operation 

of PEM Fuel Cells at temperatures close or higher than 100°C where PFSA 

membranes have the drawback of losing conductivity (and in turn its water content).  

It is clear that this improved ability to retain water within the PFSA membrane is 

advantageous in the SO2 electrolyser especially at higher current densities, as can 

be seen from Figure 2.8.  According to the measurements, the ohmic resistance of 

FZP-50 remained near constant, increasing only 0.01 Ω cm2 over the entire 

operating current density, while the N115 increased from 0.1 to 0.14 Ω cm2 showing 

that the FZP-50 membrane is more stable (better proton conductivity at high acid 

concentration) in an acid environment than the N115. The acid concentration 
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produced was similar for the two membranes with N115 producing a slightly higher 

acid concentration (8.84 vs. 7.2 mol L-1 at 0.32 A cm-2).  Although the N115 produced 

slightly higher acid concentrations, the FZP-50 operated under lower potentials, 

ultimately reducing the energy input needed. 

 

2.3.6 INFLUENCE OF SO2 FEED CONCENTRATION  
To determine this influence the performance of the SO2 electrolyser fed with a 

reduced concentration of SO2 was investigated.  In Figure 2.9 the results obtained 

when feeding the anode concentrations of 100%, 90%, 50% and 10% (v/v) SO2 gas 

using 1 mgPt cm-2 and N115 at 80°C are presented. 

 

 
Figure 2.9: Effect of reduced SO2 concentration on SO2 electrolysis.  
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The significant increase in the potential with decreasing SO2 concentration at 

constant current density was to be expected in view of the starvation of the anode 

reactant. This effect was also shown by Seong et al. [25] who did however show that 

better  performances could be attained at higher temperatures (reaching 0.2 A cm-2 

for 20% SO2), although it was not clear if a pressure difference was used. The 

overall voltage increase could be linked both to the decreased amount of SO2 

available and to the increased diffusion paths of the SO2 through the N2. The voltage 

penalty caused by reducing the SO2 concentration from 100% to 50% is 225 mV at 

0.2 A cm-2. A possible mitigation step apart from the increased temperatures 

suggested by Seong et al. [25], could be to increase the anode pressure, which 

would reduce the operating potential at lower SO2 concentrations. 

 

2.3.7 INFLUENCE OF FEED STREAM CONFIGURATION 
Operating the SO2 electrolyser using alternative configurations is possible, for 

example by using clean sulphuric acid as the cathode feed and SO2 saturated 

sulphuric acid as the anode reactant feed.  This configuration was investigated by 

varying the operating temperature, the membrane thickness and the acid 

concentration. For this configuration either N115 or N117 was used. 

 

2.3.7.1 INFLUENCE OF TEMPERATURE 
Figure 2.10 illustrates the effect of temperature on the performance of SO2 

electrolysis using a 30 wt% sulphuric acid solution.  N117 was used with a catalyst 

loading of 1 mgPt cm-2 and an electrolyser with a 25 cm2 active area. It was 

expected that the overall performance would increase with increasing temperature 

(as had been observed by the SO2 dry anode fed results presented in Figure 2.5).  

This was however not the case when the SO2 was dissolved in H2SO4, which could 

probably be ascribed to the solubility of SO2 in H2SO4.  It has been shown [26], [27] 

that the solubility of SO2 gas in 30 wt% sulphuric acid solution decreases with 

increasing temperature at constant pressure, thereby reducing the amount of SO2 

gas available for the reaction, resulting in an increased operating voltage. 
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Figure 2.10: Effect of cell temperature on cell performance using acid/acid feed and 
N117. 

 

The presence of the relatively high overpotential (compared to using SO2 anode feed 

– See Figure 2.5) is also due to the fact that the dissolved SO2 gas has a significantly 

lower diffusivity in the liquid H2SO4 than it would have in a gas.  The lower SO2 

concentration combined with the mass transport limitation resulted in a maximum 

operational current density of 0.2 A cm-2. It should be reported that the system had 

fairly poor voltage stability at 50°C with an increase of 100 mV per hour, which could 

have been caused by the poor reaction kinetics.  However, at 80°C there was no 

significant increase in voltage.   

 

Figure 2.11 shows surface SEM images taken after electrolysis from the cathode for 

both the 50 and 80°C MEA’s. According to Figure 2.11a it is clear that some sulfur 
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deposition (determined with EDX analysis and visible as the light grey area between 

the carbon fibres) has occurred on the GDE used at 50°C. This deposition of sulphur 

was due to SO2 diffusion from the anode to the cathode where possible parasitic 

reactions could occur [10], [28] producing elemental sulphur or H2S gas, although no 

odour was apparent during operation. The cathode acid turned slightly milky, 

indicating that H2S and SO2 dissolved in the liquid. The darker area in Figure 2.11(a) 

is the land area of the flow field showing that the sulphur produced is only present 

within the flow field area. 

 

   
(a)        (b) 

Figure 2.11: SEM images of the cathode GDE surface after SO2 electrolysis at 50°C (a) 
& 80°C (b). 

 

Figure 2.11(b) shows the cathode surface after electrolysis at 80°C.  Although there 

is less (determined by visual inspection) sulphur deposited on the surface, its 

presence confirms that even with a reduced amount of SO2 dissolved (due to 

increased solution temperature) some SO2 did diffuse through the membrane. 

 

2.3.7.2 INFLUENCE OF MEMBRANE THICKNESS  
The effect of membrane thickness (N117 vs. N115) was also investigated for this 

system using 1 mgPt cm-2 GDEs at 80°C. The results are shown in Figure 2.12.  In 

view of the data obtained from the liquid cathode and dry SO2 anode experiments 

(Figure 2.7), it was expected that the thinner membrane would perform better. 

However, for this configuration the thicker N117 membrane showed a slightly better 

performance. This effect can be explained in terms of the SO2 transport across the 

membrane. As the SO2 flux across the membrane is dependent on the membrane 

Cathode Cathode 
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thickness [10], it could be expected that N115 allowed more SO2 to the cathode than 

N117. The presence of SO2 at the cathode was shown to reduce cell performance by 

increasing the cell potentials [28].   

 

 
Figure 2.12: Effect on membrane thickness on cell performance when using acid/SO2-
acid reactants. 

 

In order to show this effect more clearly SEM images were taken of the cross-section 

of each membrane electrode assembly after electrolysis (Figure 2.13). From the 

SEM images one can clearly see the membrane thickness difference between the 

N117 and N115.  When considering the S deposition observable from the cross 

section of the N117 MEA (Figure 2.13(a)), it is clear that only small amounts of S had 

been deposited on the cathode side of the MEA, confirming the observations made 
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earlier for N117 (Figure 2.11(b)).  From Figure 2.13(b) it is clear that significantly 

more S had been deposited on the cathode explaining its worse performance. 

 

     
(a)        (b) 

Figure 2.13: Cross sectional view of N117(a) & N115(b) MEAs  after SO2 electrolysis.
  

2.3.7.3 INFLUENCE OF H2SO4 CONCENTRATION 
To determine the effect of acid concentration the performance was determined using 

a 30 wt% and a 65 wt% H2SO4 feed solution. It is clear from the V-i curve (Figure 

2.14) that a higher overpotential was present when using the more concentrated 65 

wt%. This can be attributed to the low solubility characteristics of SO2 gas in more 

concentrated acid solutions.  Gorensek et al. [26] showed that the SO2 solubility 

decreased from 0.748 to 0.665 g SO2 per 100 g H2SO4 when the acid concentration 

was increased from 30 to 65 wt% at constant pressure and temperature.  In addition, 

the diffusion of the SO2 from the solution to the anode catalyst will decrease with 

increasing sulphuric acid concentration as the viscosity of the acid increases from 1 

centipoise (39.92 wt% H2SO4) to 2.8 centipoise (65.13 wt% H2SO4) at 80°C [29].  

The OCV (open circuit voltage) determined for both acid concentrations was 0.183 V 

(30 wt%) and 0.265 V (65 wt%), respectively.  These values can be compared 

(although slightly lower) to the values obtained theoretically (from the Nernst 

equation using an OLI MSE model-generated species activities) by Gorensek et al. 

[26] who reported a theoretical reversible potential of 0.206 V (30 wt%) and 0.347 V 

(60 wt%) at 80°C for an SO2 electrolyser operated with a liquid cathode and a dry 

SO2 anode under 6 bar differential pressure.  The higher reversible potential as a 

function of acid concentration might be due to the adsorption of sulphur species to 

the anode before any current is available.   

Anode Anode 
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Figure 2.14: Effect of H2SO4 concentration used for the acid/SO2-acid system at 80°C 
when using N117. 

 

2.4 CONCLUSION  
Various parameters influencing SO2 electrolysis were investigated, including a liquid 

cathode and dry SO2 anode fed system where the influence of hot pressing 

pressure, cell temperature, catalyst loading, membrane thickness, membrane type 

and SO2 concentration were investigated.  Subsequently the reactant configuration 

was changed to a clean sulphuric acid cathode feed and a SO2 saturated H2SO4 

feed setup, where the influence of cell temperature, membrane thickness and acid 

concentration used was determined. The significant investigation of these various 

parameters have not been investigated in such detail.  Using the dry SO2-fed setup, 
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it was found that performance was influenced by the hot pressing pressure during 

MEA manufacture, while higher cell temperature, thinner membranes and operating 

at low current densities improved performance. The highest acid concentration of 

12.69 mol L-1 was attained using a N117 at 90°C and 0.28 A cm-2.  The effect of 

catalyst loading showed little influence at low current densities (<0.2 A cm-2), 

although the 1 mgPt cm-2 loading showed slightly better performance at higher 

current densities.  The overall cell voltage was a strong function of SO2 

concentration supplied to the anode, showing an increase in voltage as the SO2 

concentration was decreased. It was shown that the SO2 solubility in sulphuric acid 

was crucial when the cathode was supplied with clean sulphuric acid and the anode 

with SO2 saturated sulphuric acid.  Increasing the cell temperature from 50°C to 

80°C showed a decrease in performance (due to a decrease in SO2 solubility in 

sulphuric acid as temperature is increased).  Decreasing membrane thickness also 

resulted in high overpotential which is probably due to increased SO2 crossover from 

the anode to the cathode. 
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CHAPTER 3: EVALUATION OF MEA MANUFACTURING 

PARAMETERS USING EIS FOR SO2 ELECTROLYSIS* 
 
 
 
Chapter Overview 
As shown in Chapter 2 the MEA manufacturing parameters influence the 

performance of a 25 cm2 active area cell.  Following this a detailed study follows on 

the membrane electrode assembly (MEA) manufacturing parameters such as hot 

pressing pressure and pressing time were investigated for the use in a SO2 

electrolyser on a 10 cm2 active area cell is presented. The SO2 electrolysis was 

optimised in terms of cell temperature, membrane thickness and catalyst loading. 

The electrolysis efficiency was evaluated using polarisation curves while 

electrochemical impedance spectroscopy (EIS) was used to determine the 

membrane resistance, activation energy and mass transport limitations. An electrical 

circuit, which included inductance, ohmic resistance, charge transfer, constant phase 

and Warburg elements, was used to fit the experimental data. The optimum hot 

pressing conditions were 50 kg cm-2 for 5 min at 120°C.  Increased cell temperature 

(80°C) resulted in a reduction of mass transport, while thicker membranes resulted in 

an increased mass transport resistance due to lower water transport through the 

membrane.  Increased catalyst loading (from 0.3 to 1 gPtC cm-2) improved the cell 

performance due to improved kinetics confirmed by the EIS data.  

 

 

 

 

 

 

 

 

                                            
* Krüger AJ, Krieg HM, van der Merwe J, Bessarabov D. Evaluation of MEA manufacturing 
parameters using EIS for SO2 electrolysis. Int J Hydrogen Energy 2014;39:18173–81. 
doi:10.1016/j.ijhydene.2014.09.012. 
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3.1 INTRODUCTION  
The production of hydrogen as an energy carrier in the energy sector has received 

increased interest in both the research and commercial community [1,2].  Since 

many current methods of hydrogen production, for example from coal result in the 

production of pollutants, it is necessary to evaluate alternative methods. The 

Westinghouse Corporation in the 70’s proposed such an alternative method known 

as the Hybrid Sulfur (HyS) cycle which forms part of the so-called thermo-chemical 

cycles [3].  The HyS process aims at producing high quantities of hydrogen and 

sulphuric acid from both water and SO2 gas in an electrolysis step which is 

incorporated into the three step HyS cycle [4].  Although it was initially suggested to 

couple this process with a nuclear heat source, recent papers have shown that other 

heat sources could also be used, for example, the coupling of the SO2 electrolysis 

step with a pyrometallurgical plant of nickel and copper concentrate [5].  According to 

Lokkiluoto et al., this process would not be closed as had been initially proposed for 

the HyS cycle, but would use the SO2, which is a by-product produced from current 

industrial processes like flash smelting of metal sulfides, for the production of H2 and 

H2SO4.  Commercially H2SO4 is generally produced by a contact process whereby 

sulphur solids are oxidised in the presence of oxygen to produce SO2 gas.  The SO2 

is then further converted to SO3 over a V2O5 catalyst in the presence of water which 

is used to increase the acidity to 98% H2SO4 [6]. 

 

An SO2 electrolyser can be operated using three modes of operation, the first using 

SO2 saturated sulphuric acid as the anolyte and clean sulphuric acid as the catholyte 

as first proposed by Westinghouse in the HyS cycle [4].  The second method of 

operation, proposed by Sivasubramanian et al. [7], entails supplying the anode with 

dry SO2 gas while the cathode receives liquid water.  The water diffusion across the 

membrane was shown to be sufficient for the reaction up to a current density of 0.4 A 

cm-2.  Staser  et al. [8] improved the performance of this operating method by 

applying a pressure on the cathode.  The characterisation of the MEA performance 

can be achieved by either focusing on the membrane or catalyst characteristics.  

Methods that have been used to evaluate the membrane include polarisation curves, 

long term operation, SEM, TEM, TGA-MS and FTIR [9,10].  Variables investigated 

when evaluating catalysts for SO2 electrolysis, include catalyst loading, catalyst 

composition and catalyst stability [11–13].  Techniques that can be used for such 
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catalyst evaluation include catalyst utilisation, polarisation curves, cyclic voltammetry 

and linear voltammetry [11,12,14].  Determining the operating performance of both 

the membrane and catalyst simultaneously can also be achieved within the 

electrolyser cell using electrochemical impedance spectroscopy (EIS), which can be 

used to determine the ohmic resistance, activation energy and mass transport 

effects in an MEA [15].  In addition the technique can be applied in-situ.  Thirdly, the 

anode can be supplied with humidified SO2 gas while operating a dry cathode.  

Although this technique is new, one paper (at the time of writing this thesis) is 

available showed increased performance although thicker membranes are used [16].   

 

This chapter will focus on both the influence of the membrane electrode (MEA) 

manufacturing method (pressure and time), as well as other MEA related properties 

(membrane thickness, catalyst loading and active area) on SO2 electrolysis.  While 

electrochemical impedance spectroscopy has not yet been used extensively to 

evaluate SO2 electrolysis, the suitability of this method [17] i) to evaluate membrane, 

catalyst and charge transfer resistances and ii) to determine the mass transport 

during SO2 electrolysis will be evaluated.   

 

3.2 EXPERIMENTAL  
For this study Nafion® 117 (Ion Power, USA) membranes (N1110 for membrane 

thickness evaluation) were pre-treated by boiling the membrane samples in 1 M 

H2SO4 solution at 80°C for 90 min to remove any impurities [10].  After the acid 

treatment step, the membranes were rinsed in water until neutral and stored.  All 

MEA’s were made by hot-pressing (Carver Hot Press, Model #3912) two gas 

diffusion electrodes (FuelCellEtc, USA)  using 1 mgPtB cm-2, unless stated 

otherwise, on both sides of the PEM using a pressure of 50 kg cm-2 for 5 min at a 

temperature of 120°C unless stated otherwise.   

 

The same experimental system used previously [9], was used to evaluate the MEA’s.  

All MEA’s tested were hydrated at the desired operating temperature for 2 h by 

circulating pre-heated water through the electrolyser cell (10 cm2, Fuel Cell 

Technologies).  An activation step was performed by running the electrolyser at a 

constant current of 0.1 A cm-2 for 20 min.  Polarisation curves were then recorded by 

increasing the current density by 0.025 A cm-2 every 90 seconds [9]. 
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For this study galvanostatic electrochemical impedance spectroscopy (EIS) [15] was 

used by applying an AC current of 10% of the applied DC current over a frequency 

range of 0.1 to 100 kHz using a Gamry REF300 potentiostat [18,19].   

 

To model EIS data, an equivalent circuit model can be developed, based on 

literature [15], that presents processes or components in the SO2 electrolyser.  If a 

suitable fit is attained, the equivalent circuit model can be used to determine the 

membrane resistance (ohmic), activation energy (charge transfer) and mass 

transport limitations (Warburg) [15]. For this study the best fit was attained using the 

equivalent circuit model shown in Figure 3.1. 

 

 
Figure 3.1: Equivalent circuit model used to fit the experimental data. Ind – 
Inductance, Ohm – Ohmic resistance, Charge – Charge transfer resistance, CPE – 
constant phase element, W – Warburg impedance. 

 

Although the contribution of the inductance (Ind) of the electrical cables is small, it is 

measured by the equipment and was therefore included in the model.  While the 

ohmic resistance (Ohm) describes the ohmic losses of the whole cell, which includes 

the resistance of the membrane, GDE, catalyst and contact resistances (between the 

membrane and GDE), the contribution of the membrane resistance is significantly 

higher than the resistance of the GDE and contact [15] and therefore be referred to 

as the membrane resistance unless stated otherwise.  For this reason the contact 

and GDE resistances were neglected.  The activation energy of the reaction can be 

described by both the charge transfer resistance (Charge) related to the reaction and 

the constant phase element (CPE) related to the non-ideal capacitance, which is 

present in the semi-circle region of the experimental data.  The Warburg term (W4), 

was used to describe the mass transport effects in the cell [20].  For this study the 
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ohmic (Ohm), activation energy (Charge) and mass transport (W4) parameters will 

be used to evaluate the overall MEA performance.   

 

3.3 RESULTS AND DISCUSSION 
3.3.1 HOT PRESS PRESSURE  

To optimise the hot pressing three pressures were investigated.  In Figure 3.2 the 

voltage response of a N117 membrane, which had been hot-pressed at 80°C at 

various pressures, in a SO2 electrolyser is presented.  It is clear that the pressure 

used for the MEA manufacturing process does have an influence on the overall 

performance of the electrolyser as has been previously demonstrated for single cell 

PEM fuel cells [15]. According to Figure 3.2, the 50 kg cm-2 hot pressing pressure 

resulted in the best Vi curve for SO2 electrolysis.  Increasing (100 kg cm-2) or 

decreasing (25 kg cm-2) the applied pressure to the MEA had a similar negative 

effect on the overall operating voltage. An increase in voltage can usually be 

ascribed to an increase in the resistance of the anode, cathode or membrane [21].  

The cathode resistance is usually neglected due to the low voltage needed for H2 

evolution, while the anode resistance is assumed to be the majority of the catalyst 

resistance with the membrane resistance (ohmic) being a function of the hydration 

and type of membrane. 
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Figure 3.2: Effect of hot pressing pressure on SO2 performance using N117, 80°C and 
1 mg PtB cm-2. 

 

EIS can be performed in two different modes: potensiostatic and galvanostatic EIS. 

Potensiostatic EIS applies fixed DC potential while small AC potential perturbation is 

applied. When galvanosatic EIS is used a fixed DC current and small AC 

perturbation current is used [15].  Since the polarisation curves were produced at 

fixed current densities only galvanostatic EIS was used in this study.  The EIS data 

for the effect of hot pressing pressure as a function of various current densities is 

shown in Figure 3.3.  

 

-2 -2 -2 

N117, 80°C, 1 mgPtB cm-2 
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Figure 3.3: EIS analysis for N117 hot pressed at (a) 25, (b) 50 and (c) 100 kg cm-2 at 
various current densities (A cm-2). 

 

According to literature [18] the through-plane membrane resistances can be obtained 

from where the impedance data crosses the real (x) axis, while the activation 

resistance is related to the diameter of the semi-circle of the impedance data and  

the mass transport can be obtained from the 45 degree line (usually present at high 

current densities) [22]. 

 

From Figure 3.3 it is clear that the membrane resistance (ohmic) increases with 

increasing current density for all three hot pressing pressures. The small increase in 

(a) 

(b

 

(c) 
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membrane resistance is however negligible compared to the effect of the activation 

resistance and mass transport. As was observed in Figure 3.2, the 50 kg cm-2 

reached a higher current density (0.3 A cm-2) compared to 25 and 100 kg cm-2 where 

only 0.25 A cm-2 was reached.  

 

When considering the activation resistance (charge) of the 50 kg cm-2 (Figure 3.3b), 

it is clear that the activation resistance decreased (as seen by the decrease in the 

semi-circle) when the current density was increased from 0.05 to 0.15 A cm-2.  

However, at higher current densities (above 0.15 A cm-2) the resistance increased 

which can be ascribed to mass transport dominating the impedance data.  For the 

mass transport a general increase in resistances was observed with increasing 

current densities as can be expected due to the limited water transport at higher 

current densities [8].  Since higher current densities produce more concentrated 

sulphuric acid at the anode, the observed increase in the open circuit potential was 

expected [23]. The higher acid concentration also reduces the water reactant needed 

for the reaction. 

 

It is clear from Figure 3.3, that it is difficult to compare impedance data as a function 

of both current densities and operating parameters. To simplify the comparison of 

each operating parameter, the impedance data at the highest current density was 

considered. Figure 3.4 illustrates the correlation between the different hot pressing 

pressures at 0.25 A cm-2. The insert in Figure 3.4 shows the model fitted to the 50 kg 

cm-2 experimental data.  Although a slight deviation is present at lower frequencies 

(associated with the mass transport), the simplified model used to simulate the data 

gives an accurate fitting when compared to similar models presented in literature 

[24].  Since the model gave a similar good fit for all EIS data presented in this paper, 

the modelled data was only included for the data presented in Figure 3.4.   
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Figure 3.4: EIS data at 0.25 A cm-2 as a function of hot-pressing pressure. Insert 
shows the model fitted to the 50 kg cm-2 data.  

 

Using the model, values could be obtained for the ohmic, activation and mass 

transport resistances as shown in Figure 3.5. 

-2 -2 -2 

-2 
N117, 80°C, 1 mgPtB cm-2 



58 
 

 
Figure 3.5: Model Values (mΩ) for different hot pressing pressures 

 

By increasing the hot pressing pressure by a factor of four, the membrane resistance 

increased by 3 mΩ according to Figure 3.5.  However, the increasing membrane 

resistance is not linear which shows that increasing the pressure further could affect 

the membrane resistance significantly.  Unlike the membrane resistance, the highest 

activation resistance was observed at 25 kg cm-2, which can be attributed to 

inadequate contact between the membrane and the catalyst.  Increasing the 

pressure improved the contact between the membrane and catalyst as seen by the 

membrane resistance when 50 kg cm-2 was used.  However, when increasing the 

pressure to 100 kg cm-2 an improved contact between the membrane and the 

catalyst is expected.  This is not observed for this case as the mass transport 

contribution became the limiting factor.  A decrease (increase) in Warburg value is 

-2 -2 -2 
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associated with higher (lower) mass transport effect.  This effect can be attributed to 

a change in the GDE porosity as shown for fuel cells using the same GDE materials, 

where an increase in hot-pressing pressure resulted decreased GDE porosity which 

would increase the mass transport effect [18].  Based on these results it seems that 

hot pressing had no significant influence on the membrane resistance.  The 

activation resistance and mass transport were influenced as a function of the 

pressure applied. 

 

3.3.2 HOT PRESS TIME  
Figure 3.6 shows the voltage response for various time periods of hot-pressing.  The 

pressure applied was 50 kg cm-2 at 120°C.  A clear difference is observed as a 

function of the time used.  For this experiment the highest current obtained was of 

importance as this can be related to the mass transport limitations. 

 
Figure 3.6: Polarisation curves for different hot pressing times using N117, 80°C and 1 
mgPtB cm-2. 

N117, 80°C, 1 mgPtB cm-2 
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Similar to the hot-pressing pressure results, the intermittent hot pressing time (5 min) 

gave the highest obtainable current densities.  When hot pressing for 2 and 7 min 

almost identical VI curves were obtained at current densities below 0.2 A cm-2 

however at higher current densities an increased performance for the 7 min hot 

pressed MEA was observed.     

 

Figure 3.7 shows the impedance data as a function of hot pressing times showing 

that both mass transport and overall cell resistance directly influence the operating 

voltage.   

 
Figure 3.7: EIS data as a function of hot pressing time for 0.2 A cm-2. 

N117, 80°C, 1 mgPtB cm-2 
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The data from Figure 3.7 confirms the results presented in Figure 3.6, i.e. that the 

best performance was obtained when using the 5 min hot pressed MEA. Using the 

modelled data, values were again obtained for the ohmic, activation and mass 

transport effect and is presented in Figure 3.8.  According to the impedance data for 

the 2 min hot-pressing time, the activation resistance is the largest, which can be 

ascribed to the weak contact between the membrane and the GDE. The 7 min hot 

pressing resulted in the lowest activation resistance which can be ascribed to the 

improved contact between the membrane and the GDE.  Although the activation 

resistance was low, the mass transport was limiting the performance as can also be 

seen by the low current density achieved in the polarisation curve (Figure 3.6). 

 
Figure 3.8: Model Values (mΩ) for different hot pressing time. 
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3.3.3 OPERATING TEMPERATURE  
To illustrate the influence of temperature on current density, SO2 electrolysis was 

conducted at 50 and 80°C.  In Figure 3.9, the polarisation curves for both the 50 and 

80°C run experiments are shown.  The increased performance of the electrolyser 

with increasing temperature was expected in view of the increased reaction kinetics 

and higher ion conductivity of the membrane at elevated temperatures [25].   

 

 
Figure 3.9: Polarisation curve obtained as a function of temperature when using N117, 
hot pressed at 50kg cm-2 for 5 minutes. 

 

While the effect of temperature on the VI curve of Nafion has been previously 

demonstrated [18], the electrochemical impedance spectroscopy analysis as a 

function of operating temperature for SO2 electrolysis has not yet been presented.  

N117, 1 mgPtB cm-2 

°C °C 
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Figure 3.10 shows the EIS data of the temperature differences at 0.2 A cm-2 for 

N117 and 1 mgPtB cm-2.   

 

 
Figure 3.10: EIS data as a function of temperature at 0.2 A cm-2. 

 

The data obtained using the proposed model (fitting not shown) showed a decrease 

in membrane resistance from 31 to 18 mΩ when increasing the temperature from 50 

to 80°C. This reduction is due to an increase in the water content of Nafion® with 

increasing temperature [26].  Better kinetics was also observed at higher 

temperatures with an activation resistance of 47 mΩ (80°C) compared to 53 mΩ 

(50°C).  The mass transport however was significantly higher at 50oC (22.89 

compared to 62.03) due to the lower water content of the membrane [8].   

 

 

°C °C 

N117, 1 mgPtB cm-2 
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3.3.4 MEMBRANE THICKNESS  
To compare the effect of membrane thickness on SO2 electrolysis, a MEA was made 

from Nafion N1110 (245 µm) and Nafion N117 (171 µm).  The Vi data was obtained 

at 80°C using 1 mgPt cm-2 catalyst.  According to Figure 3.11 the membrane 

thickness had a significant influence on the electrolysis.  It is understandable that the 

reduction in membrane thickness resulted in a reduced cell voltage over the entire 

current density range resulting in the increased current density observed when using 

N117.  

 

 
Figure 3.11: Effect of membrane thickness on SO2 electrolysis. 

 

At the beginning of the electrolysis (0.05 A cm-2), the differences between the 

membranes were almost negligible (30 mV).  However, as the current density was 

increased, the difference in voltage became significant. This increase can be 

80°C, 1 mgPtB cm-2 
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attributed to both the water uptake difference between the membranes and their 

proton conductivity [26]. 

 

When considering the EIS analysis presented in Figure 3.12, it is clear that the 

thickeer membrane had a higher membrane resistance.  The values obtained from 

the model (data not shown) supports this increase in membrane resistance with 

N1110 having a resistance of 36.3 mΩ and N117 a resistance of 17.8 mΩ.  While the 

activation resistance is comparable (58.47 and 47.92 mΩ for N1110 and N117 

respectively), the mass transport was significantly different (62.03 vs 23.76) as can 

be seen by the extended 45 degree line in Figure 3.12.  This implies that the 

thickness of the membrane had an influence on both the membrane resistance and 

mass transport effect, while the activation energy comparable. 

 

 

Figure 3.12: EIS analysis as a function of membrane thickness for 0.2 A cm-2. 

80°C, 1 mgPtB cm-2 
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3.3.5 CATALYST LOADING  
Figure 3.13 shows the data as a function of catalyst loading at 80°C when using 

N117.  While, it is clear that higher catalyst loading resulted in an increased 

performance of the SO2 electrolyser by 40 mA cm-2 when changing from a 1 mgPtB 

cm-2 to a 0.3 mgPtC cm-2 catalyst loading, Staser et al. [25] observed that no 

significant effect of catalyst loading on cell performance.  However, their data was 

attained using a pressure differential across the membrane thereby reducing the SO2 

crossover and increasing the water content of the membrane thus reducing the 

possible effect of catalyst loading. 

 

 
Figure 3.13: Polarisation curve as a function of catalyst loading. 

 

N117, 80°C 
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Figure 3.14 shows the EIS data obtained for the different catalyst loadings used.  It 

clearly support the data obtained from the polarisation curve with the 1 mgPtB cm-2 

having the best performance followed by the 0.5 and 0.3 mgPtC cm-2 respectively.    

 

 
Figure 3.14: EIS analysis as a function of catalyst loading at 0.2 A cm-2. 

 

It should be noted that the catalyst used to manufacture the GDE for both the 0.5 

and 0.3 mgPtC cm-2 was platinum supported on carbon, while for the GDE 

containing 1 mgPtB cm-2, platinum black was used.  This difference in catalyst 

configuration is also characterized by a difference in the particle size with the 

platinum supported on carbon having an average size of 4nm and the platinum black 

used for the 1 mgPtB cm-2 a particle size of 9 µm (according to the supplier).  Due to 

the larger particle sizes of the 1mg PtB loading it is expected that the water transport 

-2 -2 -2 
N117, 80°C 
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through the GDE is higher than 0.3 and 0.5 mg Pt/C as noted from the membrane 

resistance in Figure 3.15.  

 

  
Figure 3.15: EIS data obtained (mΩ) from the model for different catalyst loadings. 

 

As described in Section 2 the ohmic resistance is a combination of the membrane, 

GDE, catalyst and contact resistances.  The difference in ohmic resistance (from 

Figure 3.15) is therefore attributed to the catalyst resistance (Pt/C vs. PtB) as the 

contact and membrane resistances should stay the same as the MEA manufacturing 

process was the same.  Comparing the activation energies, it can be concluded that 

the 0.5 Pt/C mg cm-2 yielded the best catalyst utilisation however the catalyst particle 

size lead to the 1 mgPtB cm-2 having a better overall performance.  The catalyst 

loading did not have a significant effect on the mass transport. 

-2 -2 -2 
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3.4 CONCLUSION  
The use of polarisation curves and electrochemical impedance spectroscopy (EIS) 

were used to evaluate both the MEA manufacturing process and operating 

parameters (cell temperature, membrane thickness and catalyst loading).  In all 

cases the EIS data was suitable in elucidating the tendencies observed with the 

polarisation curve data, while allowing for the identification of the limiting effects 

more clearly. Both the hot pressing pressure and hot-pressing time used in the MEA 

manufacturing process showed an effect on the overall performance.  A pressure of 

50 kg cm-2 for 5 min yielded the best performance.  Lower pressures resulted in an 

inadequate contact between the membrane and GDE as shown by high activation 

resistances while a higher pressure resulted in over pressuring the GDE material 

which increased the mass transport effect.  It was further shown that an increase in 

operating temperature decreased both the activation energy and mass transport 

resistances.  Significant mass transport limitations were observed when thicker 

membranes were used while the activation energies were comparable over the 

current densities used. Finally it was shown that the catalyst used for the electrolysis 

in terms of the amount and the particle size differences also had a significant 

influence both on the activation energy and mass transport resistances.  
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CHAPTER 4: EFFECT OF H2S ON SO2-DEPOLARISED 

WATER ELECTROLYSIS* 
 
 
 
Chapter Overview 
The performance of a PEM SO2 electrolyser, used for the production of H2 gas and 

liquid H2SO4, was evaluated when the feed was contaminated with hydrogen sulfide.  

Transient voltage response at constant current density and polarisation curves 

showed a decrease in operating efficiency over time for all H2S concentrations 

tested.  Electrochemical impedance spectroscopy (EIS) was applied to separate and 

quantify the membrane resistance, charge resistance and mass transport limitations 

to evaluate the influence of H2S exposure time.  The charge resistance increased by 

64.70 mΩ over 40 min when the anode was exposed to 80 ppm H2S.  Cyclic 

voltammetry (CV) was applied to determine the electrochemical surface area (ECSA, 

cm2.g-1) by CO stripping as a function of SO2 and SO2/H2S exposure (10, 30, 60 and 

80 ppm H2S).  An ECSA of 83.52 cm2 g-1 was obtained for a clean catalyst while 

exposing the anode to SO2, at 0.1 A cm-2 for 3 minutes, reduced the ECSA to only 

9.10 resulting in an 89% reduction in active platinum sites.  The reduction in ECSA 

for a fresh anode, when exposed to 80 ppm H2S, was calculated as 12.56 cm2 g-1 

which is a reduction of 85% in active catalytic sites. 

 

 

 

 

 

 

 

 

                                            
*Krüger AJ, Krieg HM, Bessarabov D. Effect of H2S on SO2-depolarised water electrolysis. Int J 

Hydrogen Energy 2015;40:4442–50. doi:10.1016/j.ijhydene.2015.02.036. 
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4.1 INTRODUCTION  
Hydrogen production through SO2 assisted water electrolysis, known as SO2 

depolarised electrolysis (SDE), has received increased attention as a possible clean 

alternative to current industrial processes for the production of hydrogen.  The SO2 

electrolyser was initially incorporated in the Hybrid Sulfur (HyS) thermochemical 

cycle proposed by the Westinghouse Corporation in the 1970’s [1].  The cycle 

incorporates a sulphuric acid decomposition step (into SO2, H2O and O2), oxygen 

separation step and an electrolysis step (reacting SO2 and H2O).  Although the 

overall theoretical efficiency of the HyS cycle was estimated at 41.7% (HHV) [2] 

using traditional PFSA (such as Nafion®) proton exchange membranes (PEM) and 

44.0 – 47.6% (HHV) [3] when using polybenzimidiazole (PBI) proton exchange 

membranes in the electrolyser, significant research is needed for the entire process 

to come close to the calculated efficiency.  In the  electrolyser, which is the focus of 

this paper, water reacts in the presence of SO2 over a platinum group metal (PGM) 

anode, usually platinum supported on carbon, producing concentrated sulphuric acid 

(equation (4.1)) and hydrogen gas (equation (4.2)) giving an overall reaction shown 

in equation (4.3).  

 
−+ ++→+ eHSOHlOHgSO 22)(2)( 4222   Eo = 0.158V vs. SHE (4.1) 

)(22 2 gHeH →+ −+      Eo = 0 vs. SHE  (4.2) 

)()()()( 24222 gHlSOHlOHgSO +→+       (4.3) 

 

Gaseous SO2 is fed to the anode while pre-heated water is circulated through the 

cathode (which diffuses to the anode for the reaction).  Concentrated sulphuric acid 

is produced when the SO2 reacts with water producing protons and electrons.  The 

protons are conducted through the membrane to the cathode which produces 

hydrogen gas by combining with the electrons.   

 

Other applications of the SO2 electrolyser can be identified where the entire HyS 

cycle, acid decomposition and oxygen separation step is not needed.  One such 

application could be in coal firing plants where large amounts of SO2 are produced 

as air pollutant [4].  Removal of SO2 impurities from flue gas, before venting to the 

atmosphere, can be achieved by several established methods.  For example, lime 
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based sorbents (spray dryer process, wet limestone process or wet lime process) 

can be used to absorb SO2 into liquid form and later converted into solid gypsum [5].  

The lime sorbents used in these processes can include calcium oxide, calcium 

carbonate and calcium hydroxide.  Although these processes are effective, problems 

such as scaling and process cost opens the field for the development of other 

processes for the removal of SO2. 

 

The SO2 electrolyser could also be applied for the removal of SO2 by feeding SO2 

dissolved in sulphuric acid [6], water [7] or in the gas form to the anolyte of the SO2 

electrolyser; producing H2SO4 and hydrogen.  The main operating difference 

between the SO2 electrolyser and normal water electrolyser is that the water 

electrolyser uses liquid water as the anode reactant compared to the SO2 used in the 

SO2 electrolyser.  For water electrolysers the typical contaminates include dissolved 

metals such as sodium [8], cobalt and silver [9].  While, when the reactant is a gas, 

typical contaminants include CO2 [10], CO [11], H2S [11,12], SO2 [13] and NH3 [14] 

for systems such as the fuel cell or SO2 electrolyser.   

 

In fuel cells the presence of SO2 or H2S is seen as the contaminant which adsorbs 

on the catalyst surface reducing the active catalyst sites for the oxygen reduction 

reaction (ORR).  The adsorption of H2S on PGM, specifically on platinum, has been 

extensively investigated [11,15–19]. In the SO2 electrolyser system the SO2 is 

however one of the reactants while the H2S is seen as the contaminant. 

 

The advantage of the electrolysis of SO2 in the presence of water over conventional 

scrubbing techniques is that both H2 and H2SO4 are produced from one impurity or 

by-product.  Although the SO2 electrolyser performance has been investigated for a 

variety of conditions including temperature, pressure, anode/cathode feed stream 

composition, membrane thickness, catalyst loading and even SO2 concentration to 

the anode, these parameters were investigated for applications where pure SO2 was 

available.  It is acceptable to assume that flue gas consists of SO2, H2S, CO, CO2, 

NO and NO2 mixtures [20–22].  If the SO2 electrolyser is to be applied in the flue gas 

environment, i.e. in the presence of hydrogen sulfide gas for example, further studies 

are needed to determine the performance under these specific conditions. 
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This chapter reports, to the best of our knowledge, for the first time, on the operating 

performance of the SO2 electrolyser in the presence of H2S under conditions typically 

found in current industrial environments.  The focus is given on the influence of 

various concentrations of hydrogen sulfide on the SO2 electrolyser performance.  

Main methods of characterisation include polarisation curves, electrochemical 

impedance spectroscopy and cyclic voltammetry in this paper. 

 

4.2 EXPERIMENTAL  
Evaluation of the effect of hydrogen sulphide (H2S) on the performance of the SO2 

electrolyser was investigated using a system schematically depicted in Figure 4.1.  

An additional picture is available in Appendix A, Figure A-1(b).  The system used is 

based on a previous method for SO2 electrolysis operation [23,24] with the exception 

of the supply of H2S to the anode.  Pure SO2 is supplied to the anode using a 

thermal mass flow controller (SLA5850, Brooks) at a constant 0.15 L min-1 while DI 

water is circulated to the cathode.  Membrane electrode assemblies (MEA) were 

prepared using N115 as PEM and 1 mgPtB cm-2 catalyst loading as GDE’s.  The 

GDE’s were hot-pressed on both sides of the PEM using 50 kg cm-2 pressure at 

120°C for 5 min.  The active area of the cell was 10 cm-2.  All membrane samples 

were pre-treated in 1 M H2SO4 for 90 min before hot-pressing [25]. 
 



77 
 

P

P

T
F

P

SO2 Supply

E-8

1. SO2 Pressure Gauge
2. N2 Pressure Gauge
3. SO2 Quarter Turn Valve
4. N2 Quarter Turn Valve
5. SO2 Mass Flow Meter
6. N2 Mass Flow Meter
7. SO2 Non Return Valve
8. N2 Non Return Valve
9. Quarter Turn Valve
10. Syringe Pump
11. SO2(g) and H2SO4(l) Separator

12. PVDF Pressure Gauge
13. PVDF Needle Valve
14. Bubble Flow Meter
15. PVDF Pressure Gauge
16. PVDF Needle Valve
17. Gas – Liquid Separator
18. Sulfur Scrubber
19. Bubble Flow Meter
20. Water Supply
21. HPLC Water Pump
22. In-Line Water Heater

Gas tight Syringe Pump

H2S Supply

P

F N2 Supply

1

2
3

4

5

6

7

8

9
10

11

12

13

14

15

16

17

18

19

20

21

22

 
Figure 4.1: Schematic of the experimental system used to evaluate the effect of H2S 
on the performance of an SO2 electrolyser system. 

 

Polarisation curves were obtained using a DC power supply (GenH12.5-60, 

Accutronics) by increasing the current incrementally every 90 seconds while 

recording the voltage.  Diluted hydrogen sulfide (10% H2S balanced in N2, Afrox SA) 

was introduced to the anode using a syringe pump with a 50 mL gas tight syringe 

(NE-1000, DLD Scientific).  The concentration of the H2S was first determined using 

N2 (instead of SO2) to dilute the 10% H2S to the desired ppm level before each 

experiment.  The flow rate of the syringe pump was carefully calibrated over a period 

of 4 hours (per ppm level) to ensure stable/homogeneous mixing.  The mixing of the 

H2S and SO2 was performed using an in-house manufacture “y-piece”.  The main 

line, for the pure SO2, was made of ¼” tubing while the H2S line was 1/16” which 

could be inserted into the ¼” tubing of the SO2.  The gas line downstream of the 

mixing piece was 10 cm long before connecting to the electrolyser.  This ensured 

that the mixed gasses were uniformly distributed inside the tubing. 
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Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) was 

used to evaluate the effect of H2S on the SO2 electrolyser system using a Gamry 

REF300 potentiostat/galvanostat.  Galvanostatic EIS was applied using an AC 

current of 10% of the DC current over a frequency range of 0.1 – 100 kHz with 10 

points per decade [26,27]. The membrane resistance, charge resistance and mass 

transport limitations were separated using an electrical circuit model as previously 

described for the SO2 electrolyser [26].  Figure 4.2 shows the electrical equivalent 

circuit (EEC) that was used to determine the membrane, charge resistance and the 

mass transport limitations (Warburg impedance). 

 

 
Figure 4.2: Electrical equivalent circuit (EEC) diagram used to fit the experimental 
data. Ind - Inductance, Ohm - Ohmic resistance, Charge - Charge resistance, CPR - 
Constant phase element and W - Warburg impedance. 

 

Cyclic voltammetry was used to determine both the electrochemical surface area 

(ECSA, cm2 g-1) using CO stripping (using a method based on literature [28,29]) and 

the effect of H2S on the catalyst [12,17,18,30].  The voltage was cycled from 20 mV 

up to 1.1 V before cycling back to 20 mV with a scan rate of 50 mV s-1.  The ECSA 

was determined for a clean catalyst after SO2 exposure and after exposure to 

different H2S concentrations.  All calculations of ECSA were baseline corrected to 

exclude any double layer capacitance present within the system [19]. 
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4.3 RESULTS AND DISCUSSION 
4.3.1 HYDROGEN SULFIDE DEACTIVATION  

Firstly, the effect of H2S gas as an impurity on the performance of the SO2 

electrolyser was investigated.  Figure 4.3 shows the transient voltage response at a 

constant 0.1 A cm-2 for the exposure of the anode to various H2S concentrations.  A 

fresh MEA was used for each concentration, although it is shown on the same 

timeline.  It should be mentioned that the exposure time decreased as the H2S 

concentration increased due to the use of the syringe pump i.e. a higher flow rate of 

the 10% H2S was needed for higher concentrations (only 50 mL of the 10% H2S was 

available per experiment due to syringe size).  The presence of SO2 in PEM fuel 

cells as impurity has been thoroughly investigated and is well-known to decrease the 

cell performance dramatically [10,13,19,31–33].  SO2 gas on the fuel cell set-up 

prevents H2 oxidation due to catalyst deactivation thereby reducing the active sites 

available for the reaction of H2.  When SO2 is used as the only reactant, as in SO2 

electrolysis, the surface coverage of SO2 on the Pt catalyst is desired.  Similarly the 

effect of H2S as impurity is clearly visible when SO2 is the reactant as shown in 

Figure 4.3.  Although the deactivation effect is not as dramatic as in fuel cells, a clear 

increase in operating voltage is apparent with an increase in the H2S concentration. 
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Figure 4.3: Voltage response at 0.1 A cm-2 as a function of H2S concentration at 80°C, 
N115 and 1 mgPt cm-2. 

 

A voltage increase of 46 mV was observed in the presence of the 10 ppm H2S while 

increasing the H2S concentration to 30 ppm resulted in a further potential increase of 

62 mV.  A further increase in the H2S concentration from 60 to 80 ppm resulted in an 

increase of 110 and 155 mV respectively.  According to these results the voltage 

increased linearly (R2 = 0.95) by 1.75 mV per ppm H2S.  The rate of voltage increase 

is clearly not linear as a sharp increase is observed within the first minute of 

exposure after which a stable operating voltage seems to appear.  It has been 

shown previously that the presence of 25 ppm SO2 in PEMFC showed a significant 

reduction of operating current (at constant voltage of 0.7 V) within 60 min [31].  

When comparing the 30 ppm H2S in this study with that of contaminating a PEMFC 

with 25 ppm SO2 PEMFC, the effect is not as detrimental for the SO2 electrolyser 

when exposed to H2S at concentrations below 30 ppm [31]. 
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To evaluate the effect of H2S exposure at different concentrations and operating 

current densities, polarisation curves were recorded.  Figure 4.4 shows the 

polarisation curves as a function of the H2S concentration supplied to the anode.  As 

can be expected, compared to the transient data, a clear decrease in the overall 

performance is observed as the H2S concentration is increased.   

 

 

Figure 4.4: Polarisation curves as a function of H2S concentration at 80°C using N115 
and 1 mgPt cm-2. 

 

A clear reduction in the current density achievable is visible when increasing the H2S 

concentration from 10 to 80 ppm H2S.  If a linear decrease in current density is 

assumed (R2 = 0.95), the maximum current density attainable decreases with 3.1 mA 

cm-2 per ppm H2S.  At low current densities (kinetics), a significant voltage increase 
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is observed with 0.637 vs. 0.787 V for clean SO2 and 80 ppm H2S respectively.  This 

could be explained by the reduced ability of SO2 adsorption as the H2S present in the 

feed steam blocks some of the active catalyst sites [34]. 

 

Although the general method is to derive the impedance expressions from kinetic 

aspects of any process [35–38], this paper  focuses on the membrane resistance, 

charge resistance and mass transport limitations as these are the main parameters 

influencing the operating voltage, a simplified method based on literature is used 

[26,27]. Electrochemical impedance spectroscopy as a function of time was obtained 

for each H2S concentration to determine which component is responsible for the 

reduction in performance.  Figure 4.5 shows the EIS data obtained after 20 min and 

60 min exposure times under constant current (0.1 A cm-2) operation.  It should be 

mentioned that the normal practice of using the same scales for both the x and y axis 

was not used to better illustrate the curvature in the data.   

 

 

Figure 4.5: EIS data obtained at 0.1 A cm-2 as a function of H2S concentration at (a) 20 
min and (b) 60 min. 

 

The interception of the imaginary data with the real axis is used as the membrane 

resistance (Ohmic), while the charge resistance and mass transport limitations can 

be determined by applying an electric circuit model to the rest of the data as previous 
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described for the SO2 electrolyser system [26].  It is clear that the membrane 

resistance was not influenced by the presence of the H2S in the anode feed stream 

for both 20 and 60 min exposure times.  The charge resistance however was 

influenced and increased with H2S concentration as can be expected as more H2S 

present would occupy more active sites of the catalyst.  Mass transport limitations 

could not clearly be identified (a straight line in the low frequency range) from the 

EIS data. 

 

To quantify the membrane resistance, charge resistance and mass transport 

limitations the data was used to fit the electrical equivalent circuit model using the 

Echem Analyst software from Gamry.  Table 4.1 shows the values obtained from the 

model at 0.1 A cm-2 at 20 and 60 min for the H2S concentrations tested.  The 

inductance (Ind, from the wired connecting to the potentiostat and electrolyser) 

values are given followed by the membrane resistance (Ohm), charge resistance 

(Charge), constant phase element (CPE) and the mass transport limitations (W – 

Warburg).   

 

Table 4.1: Parameter values obtained from fitting the EEC to the experimental data.  

Amount of 

H2S (ppm) 

After 20 min 

Ind (H) Ohm (mΩ cm-2) Charge (mΩ cm-2) CPE (S sa) W (-) 

0 3.47 x 10-8 1.33 12.33 0.54 57.20 

10  3.43 x 10-8 1.28 26.41 0.58 61.11 

30  2.26 x 10-8 1.28 28.63 0.54 31.75 

60  3.64 x 10-8 1.23 19.87 0.66 60.25 

80 2.81 x 10-14 1.30 55.11 0.44 67.29 

 After 60 min 

0 3.47 x 10-8 1.34 16.03 0.58 68.97 

10  3.42 x 10-8 1.29 26.23 0.59 46.11 

30  2.25 x 10-8 1.29 34.18 0.56 35.31 

60  3.6 x 10-8 1.26 33.61 0.65 82.60 

80 2.53 x 10-13 1.33 61.58 0.65 97.33 
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The membrane resistance (Ohm) showed no significant change when varying the 

H2S concentration or time.  It was shown previously that membrane resistance does 

not increase significantly in other systems such as PEMFC and water electrolysis 

over a 60 min period [8,31].  The charge resistance (Charge) was however 

influenced by the presence of H2S, reaching 55.11 mΩ cm-2 after 20 min when 

exposed to 80 ppm H2S indicating that the catalyst efficiency is reduced.  The charge 

resistance is higher for all ppm levels tested after 60 min of exposure with the 80 

ppm being the highest at 61.58 mΩ cm-2.  Both Figure 4.4 and Figure 4.5 have some 

deviation when the 60 ppm H2S data is concerned.  The exact cause is however not 

fully understood requiring further research.  Interestingly an improved mass transport 

is observed for pure SO2, 30 – 80 ppm H2S.  It is widely accepted that both SO2 and 

H2S adsorbs onto Pt forming an intermediate of Pt-S [12,30,31,39].  It is assumed 

that the available active catalytic sites, after SO2 is adsorbed, are covered by H2S; 

which could also facilitate the electrolysis of water although a higher potential would 

be needed. 

 

4.3.2 CYCLIC VOLTAMMETRY  
From the EIS data it can be concluded that the charge resistance is the significant 

parameter influencing the cell voltage and overall performance when the SO2 

electrolyser is exposed to H2S.  Generally cyclic voltammetry can be used to 

evaluate the catalytic activity of a catalyst towards an electrochemical reaction 

[40,41].  The conventional method for this technique is to use an electrolyte (such as 

diluted H2SO4) which facilitates transport of the oxidised species in a three electrode 

setup [42].  Although important information can be deduced from this type of 

experiment, it is difficult to extrapolate to a MEA and electrolyser/fuel cell system.  

For this reason cyclic voltammetry was performed within the SO2 electrolyser cell to 

measure the electrochemical active surface area (ECSA) using the CO stripping 

method [19,43]. 

 

The ECSA is calculated by dividing the charge area, integrated under the CO peak, 

QCO (mC cm-2) with the catalyst loading CLPt (mg cm-2) and 0.420 mC as shown in 

Equation 4 [18].  The 0.420 mC is included as the amount of charge needed to 

remove one monolayer of adsorbed CO.  Keeping in mind that the use of this value 
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is based on the assumption that all the CO adsorbed onto the catalyst is linearly 

bonded while a bridged bonding could also occur [43]. 

 

Pt

CO

CL0.42
QECSA
×

=          (3.4) 

 

The charge area in equation 3.4 was integrated from 0.600 to 0.800 V for all 

measurements.  Figure 4.6 shows the CV’s for a clean catalyst, i.e. where the anode 

was exposed to H2 and the cathode exposed to N2.  By recording CV’s in this 

operating method, the ECSA for a pure catalyst was determined while also showing 

that all CO species had been removed from the surface after one cycle.  In Figure 

4.6, the H2 (solid line) was obtained before CO exposure on the clean catalyst, while 

CO_1 (cycle 1) and CO_2 (cycle 2) was obtained after CO exposure.  It should be 

mentioned that a third CV was performed (CO_3) but the data fell exactly on the H2 

baseline making it not clearly visible.  The fact that the third CO CV was almost 

identical to the H2 “baseline” CV shows that all CO had been removed from the 

catalyst.   
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Figure 4.6: CV of CO stripping for a clean catalyst. H2 baseline generated using N2 
anode and H2 cathode.  

 

The H2 adsorption/desorption peaks (0.02 – 0.250 V) are clearly visible on the H2 CV 

(Figure 4.6), while they are not visible on the first CO cycle confirming complete 

coverage of the catalytic active sites with CO [11,18,31].  The hydrogen peak 

however starts to appear after the first CO cycle changing until it almost reached the 

identical shape of the H2 CV.  Integration of the first CO peak gave a charge area of 

35.08 mC cm-2 corresponding to an ECSA of 83.52 cm2 g-1.  This value is almost 

twice of that obtained for fuel cell applications (40.2 m2 g-1), although the hydrogen 

adsorption/desorption peak area was used in the calculation of the ECSA and not 

the CO stripping method [18]. 
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Figure 4.7 shows the CO CV’s obtained after the anode had been exposed to pure 

SO2 gas for 3 min at a constant current of 0.1 A.cm-2.  The application of the 

constant current of 0.1 A.cm-2 used during the SO2 exposure was based on the 

operating method of the electrolyser, i.e. running the SO2 electrolyser at a constant 

0.1 A.cm-2 for 20 min to ensure equilibrium of temperature, acid production and 

water transport to and from the anode [24,26].  The H2 baseline is also added for 

comparison of both the H2 adsorption/desorption peaks (0.02 – 0.250 V) and the CO 

adsorbed peak (0.600 – 0.800 V). 

 

  
Figure 4.7: CV after SO2 exposure at 0.1 A cm-2 for 3 min.  

 

When comparing the H2 baseline curve with the first cycle after SO2 exposure, it is 

clear that both the H2 adsorption/desorption and CO peaks disappeared indicating 
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that all active platinum sites have been covered by the SO2 [32].  Two further cycles 

(SO2_2 and SO2_3) were performed showing the reappearance of the H2 peaks 

increasing from SO2_2 to SO2_3.  The increase in the H2 peaks indicates the 

removal of sulphur species from the catalyst layer as is further supported by the 

reduction of the oxide peak present in the broad peak visible in the potential range 

above 0.700 V [19,31,32] for cycle 2 and 3.  Although no clear CO peak was evident, 

a small charge area of 3.82 mC cm-2 was obtained, which corresponds to an ECSA 

of 9.10 cm2 g-1 and an 89% reduction in active sites available for CO adsorption.  It 

has been previously shown that exposure of a PEM fuel cell platinum cathode to 25 

ppm SO2 results in a reduction in the ECSA from 280 to below 25 cm2 mg-1, which is 

a reduction of 91 % of active catalyst sites [31].  The significant reduction in active 

platinum sites, when exposed to SO2, is desirable as the maximum amount of active 

sites should be utilised when running a SO2 electrolyser. 
 

Figure 4.8 shows the CV curves obtained at different H2S concentrations using CO 

stripping.  While exposing the anode to the various H2S concentrations for 3 min in 

the absence of SO2 [19], its voltage was kept constant at 0.600 V.  The CO curve for 

the clean catalyst was included as reference.  A clear decrease in the CO charge 

area is visible when H2S was introduced, irrespective of the H2S concentrations 

used.  A steady decrease was observed with the exception of 60 ppm H2S which 

showed a shift in the onset potential of the CO peak from 0.612 V for the clean 

catalyst to 0.649 V.  Nevertheless, a clean charge area integration was possible and 

used to compare the different electrochemical surface areas. 
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Figure 4.8: CV's as a function of H2S concentration.  

 

It should be mentioned that Figure 4.8 shows only the first CV after CO adsorption 

while the second and third curve, for each ppm level tested, showed the H2 

adsorption/desorption peaks and is representative of the H2 baseline curve shown in 

both Figure 4.6 and Figure 4.7 indicating a complete removal of H2S from the 

catalyst.  Levels as low as 8 ppm H2S have been shown to reduce the available 

platinum surface by 94% over a period of 1.78 h for PEM fuel cells [17]. 

 

Figure 4.9 shows a summary of all the electrochemical surface areas obtained from 

the CO stripping procedure.  It is clear that exposure to the pure SO2 resulted in the 

highest ECSA loss of 89% while a decrease is observed with increasing H2S 

exposure levels.  A decrease in ECSA from 52 to 12.56 cm2 g-1 was observed when 
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increasing the H2S concentration from 10 to 80 ppm which corresponds to a 

decrease of 85% in active catalyst sites for 80 ppm H2S. 

 
Figure 4.9: ECSA values determined by CO stripping for a clean catalyst and after 
SO2, 10 ppm H2S, 30 ppm H2S, 60 ppm H2S and 80 ppm H2S exposure.   

 

When considering that the exposure of the SO2 electrolyser anode to 80 ppm H2S 

has resulted in a reduction of active catalyst sites by 85%, the current transient 

performance in Figure 4.3 is actually surprising.  From literature it has been shown 

that platinum supported on carbon catalyst exposed to low levels of H2S (5 – 30 

ppm) for PEM fuel cell application is deactivated to a greater extent than has been 

observed in this study [11,12,17,19].   For other systems like PEM fuel cells the 

catalyst activity could be recovered to 97.5% of the initial operation, it is interesting 

that such a significant decrease in operation was not observed in Figure 4.3.  One 

explanation could be related to the 20 min conditioning step done prior to each 
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concentration in which the anode was exposed to SO2 (see Experimental) at a 

constant current of 0.1 A cm-2 for the cell to reach a steady state of operation.  This 

step ensured that the catalyst was properly covered (89% as shown in Figure 4.7 

and Figure 4.9) by S species originating from the SO2 i.e. only 11% was essentially 

available for H2S to adsorb. 

 
4.4 CONCLUSION  
The effect of various H2S concentrations on the performance of the SO2 electrolyser 

used for H2 and H2SO4 production was investigated. Transient data revealed a 

reduced performance when H2S levels were increased from 10 to 80 ppm.  The 

performance loss was less than the performance loss observed in PEM fuel cell 

operation in the presence of H2S/SO2 contamination.  Polarisation curves showed 

that the reduced performance was not affected by the operating current density.  The 

use of electrochemical impedance spectroscopy revealed that the charge resistance 

was most influenced when compared to the membrane resistance and mass 

transport limitations.  The catalyst activity was further investigated by using cyclic 

voltammetry and CO stripping to determine the electrochemical surface area of the 

catalyst as a function of pure SO2, 10 – 80 ppm H2S exposures.  This technique 

revealed that the SO2 conditioning step, used in the determination of the transient, 

resulted in an almost complete coverage of the catalyst active sites which impaired 

the deactivation effect of the H2S.  It was also shown that when only H2S was used in 

the exposure step in the absence of SO2, the ECSA was reduced significantly with 

80 ppm H2S resulting in a catalyst coverage of 89%. 
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CHAPTER 5: CHARACTERISATION OF A 

POLYAROMATIC PBI BLEND MEMBRANE FOR SO2 

ELECTROLYSIS* 
 
 
 
Chapter Overview 
The application of a polyaromatic acid-base blend membrane from partially 

fluorinated and sulfonated aromatic polyether and the polybenzimidazole F6PBI has 

been investigated for hydrogen production using SO2 electrolysis.  Several 

membrane electrode assembly (MEA) pre-doping strategies have been investigated 

using polarisation curves.  Membrane thickness variation, voltage cycling and long 

term operation at constant current (0.1 A cm-2) was also performed.  Scanning 

electron microscopy (SEM) and TGA-MS was used to evaluate MEA stability before 

and after long term operation.  It was found that doping the MEA after hot pressing 

performs the best reaching a current density of 0.3 A cm-2.  The performance could 

also be improved by cycling the voltage 16 times to reach 0.33 A cm-2.  Long term 

operation showed stable voltage at 0.1 A cm-2 staying below 0.8 V.  SEM images 

showed that no significant sulfur deposition was present while TGA-MA analysis 

confirmed some degradation after the 140 h of operation. 

 

 

 

 

 

 

 

 

 
                                                
*Kruger AJ, Cichon P, Kerres J, Bessarabov D, Krieg HM. Characterisation of a polaromatic PBI blend 
embrane for SO2 electrolysis. Int J Hydrogen Energy 2015:1–12. 
doi:http://dx.doi.org/10.1016/j.ijhydene.2014.12.081. 
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5.1 INTRODUCTION  
Hydrogen gas can be viewed as one of the energy carriers of the future especially 

when used in alternative power systems such as fuel cells.  With the fuel cell market 

on the brink of commercialisation for the automotive industry the demand for 

hydrogen is expected to increase rapidly [1] resulting in an increased need for 

alternative methods for the production of low cost hydrogen.  The Hybrid Sulfur 

(HyS) cycle has been proposed as one such possible alternative for the high volume 

production of hydrogen [2].  This three-step cycle entails the decomposition of 

sulphuric acid to water, oxygen and sulphur dioxide.  After oxygen separation, the 

sulphur dioxide and water is subsequently electrochemically converted to both 

hydrogen and sulphuric acid [2,3].  For this step, an electrolyser system is used 

containing a proton exchange membrane (PEM) coated with a catalyst on both sides 

of the membrane serving as the anode and the cathode.  The produced H2SO4 from 

the electrolyser is fed back to the initial decomposition step completing the cycle.  

For the HyS cycle to be competitive Gorensek et al [4] determined that the 

electrolyser step should be operated at 0.6 V and 0.5 A cm-2 while producing at least 

a 65 wt% H2SO4 product concentration.  Similar to fuel cell applications, Nafion® 

membranes have been initially proposed and tested for the SO2 electrolyser [5].  The 

sluggish reaction kinetics of the SO2 oxidation however requires that higher 

operating temperatures are needed which is not ideal for Nafion® membranes where 

water is required for proton transport.  The ability of for example polybenzimidiazole 

(PBI) based membranes to conduct protons when doped with an acid electrolyte is 

beneficial and could be favoured due to the produced acid in the electrolyser [6].   

 

Previous studies have shown the suitability of these PBI based membranes for this 

process showing increased performance when compared to the Nafion® based 

membranes [6–8].  Schoeman et al. [6] for example demonstrated the suitability of 

membranes made from non- and partially fluorinated sulfonated arylene main-chain 

polymers blended with PBIOO. More recently, both the acid stability and electrolyser 

suitability of ionically and ionical-covalently cross-linked PBI based membranes was 

demonstrated with improved cell voltages in the lower current density region [7].  It 

was shown by Peach et al. [7] that of the three cross-linked membranes tested, the 

MJK 1753 membrane performed better than the MJK 1758 and MJK 1761 
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membrane.  This MJK1753 membrane consists of a blend containing a basic 

polymer (F6-PBI – the macromolecular cross-linker), an acidic polymer (sulfonated 

polymer from decafluorobiphenyl and bisphenol AF) and a crosslinking agent 

(bisphenol A-di-epoxide).  The synthesis procedure for this blend has been 

described previously [7].  Since the efficiency of the PBI based membranes are 

highly sensitive to pre-treatment methods due to the influence of the acid content of 

the membrane on the proton conductivity [9,10], it would be important not only to 

evaluate the performance of the membrane but also determine the influence of the 

pre-treatment on the performance of the membrane. 

 

This chapter will report on the optimisation of the MEA doping procedure using the 

hot pressing procedure determined by comparing polarisation curves.  The effect of 

membrane thickness was also tested while the acid concentration and area specific 

resistance was used for characterisation.  A long term (140 h) constant current 

procedure was also performed and the MEA characterised (before and after 

operation) using SEM and TGA-MS. 

 

5.2 EXPERIMENTAL 
5.2.1 MEMBRANE SYNTHESIS  

The polyaromatic blend membrane used in this study was prepared as previously 

described [7,11] by preparing solutions of 10 wt% SFS001 and 2 wt% F6PBI in 

DMSO (for structure of the blend components see Table 5.1).  After neutralising the 

SFS001 with n-propylamine (if the SFS001 solution would be mixed in the SO3H 

form from the PBI, a polyelectrolyte complex would be formed immediately) the 

F6PBI was added.  The crosslinking agent was then added to the mixture and stirred 

until a homogeneous solution was made.  The solvents were then evaporated by 

casting the solution onto a glass plate and placing it in a vacuum oven (20 – 200 

mbar) at 130°C for 2 h and 150°C for 1h.  Post treatment of the membrane were 

done according to [6].  The acid polymer, base polymer and cross linker used is 

shown in Table 5.1. 
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Table 5.1: Chemical structure of the acid, base polymer and cross linker used in the 
synthesis of the MJK 1753 polyaromatic blend membrane. 

Description Chemical Structure 

Acid polymer (3 gram) 

 
Basic Polymer (0.398 gram) 

 
Cross-linker (0.12 gram) 

 
 

 

5.2.2 MEA MANUFACTURING  
Since PBI based membranes use acid for proton conduction, doping is required.  

The question arose whether and how the MEA manufacturing process and 

specifically the hot-pressing (as this might result in the loss of the doped acid) 

influences the doping of the membrane.  

 

After membrane synthesis, membrane samples were pre-treated using basically a 

four step process: i) washing the membrane with water at 80°C for 24 h, ii) drying at 

80°C for 12 h, iii) hot pressing of the GDE onto the membrane and iv) acid doping in 

1 M H2SO4 at 80°C for 24 h.  During hot-pressing two GDE’s (Fuel Cells Etc, USA) 

with a catalyst loading of 1 mgPt.cm-2 were pressed on either side of the membranes 

at 120°C for 5 min using a pressure of 125 kg cm-2.  Of these four steps, the MEA 

manufacturing and the doping not only have the most important influence on the 

overall efficiency of the electrolyser, but also on each other as the hot pressing could 

result in the loss of doped acid. 
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Hence, to determine the interaction of these two parameters, the following 

combinations of washing, doping and hot pressing were investigated: 

 

i) H2SO4 /Hot pressing (Acid/MEA) 

Doping the membrane in 1 M H2SO4 at 80°C for 24 h before the hot-

pressing step. 

ii) H2O/Hot pressing(H2O/MEA) 

Washing the membrane sample in DI water at 80°C for 24 h before the 

hot-pressing step (no doping). 

iii) H2O/Hot pressing/H2SO4(H2O/MEA/Acid) 

Washing with H2O as in ii) before hot pressing followed by doping the 

MEA in 1 M H2SO4 at 80°C for 24 hrs. 

iv) Air/Hot pressing (Air/MEA) 

Heating the membrane to 80°C using a hot-air oven for 24 h before the 

hot pressing step (no-doping). 

 

5.2.3 SO2 ELECTROLYSIS  
The electrolysis system that was used for the evaluation of the various pre-treated 

PBI based membranes was based on the setup described previously [6,7].  In view 

of the varying pre-treatments of the membranes, all MEA’s were heated in the 

electrolysis cell for 1 h at 80°C with no supply of reactant.  Subsequently the anode 

and cathode were supplied with 150 mL min-1 SO2 gas and 45 mL min-1 DI water 

respectively.  A constant current of 0.1 A cm-2 was then applied for 20 min after 

which a polarisation curve was obtained by incrementally increasing the current 

while recording the voltage.  This step is based on previous work for PFSA-based 

membranes.  Both area specific resistance (ASR, Ω cm2) and acid concentration 

produced were recorded for all MEA doping variations. 

 

The MEA’s performances, based on the polarisation curves, were used to select the 

best MEA doping procedure.  With the best doping procedure identified, the 

influence of the membrane thickness (20, 80 & 90 µm) was evaluated.  Although 

literature does supply specific break-in procedures for PBI based fuel cells, this 

information is not available for electrolysis, especially for the SDE. 
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Cyclic voltammetry was applied to the MEA’s, using 16 cycles and a cycle range of 0 

– 1 V using a 50 mV s-1 ramp rate, to determine the stability of the MEA’s 

(membrane and catalyst) [12].  

 

To determine the stability of the membrane during SO2 electrolysis, a long term 

operation of the SO2 electrolyser was done for 140 h at a current density of  0.1 A 

cm-2 and 80°C while the voltage was recorded every 5 min.  For this procedure a 35 

µm thick membrane was used. The MEA from the long term operation test was 

characterised using SEM, FTIR and TGA-MS.  A FEI Quanta 250 FEG scanning 

electron microscope was used to evaluate the MEA structure before and after the 

long term operation.  The ATR-FTIR spectra was obtained using a Bruker Alpha-P 

spectrometer with a resolution of 4 cm-2, while a TGA system coupled with MS [7] 

(TA Instruments, SDT model Q60 with mks Cirrus Mass Spectrometer) was used to 

measure both the weight loss and mass fractions coming of at specific temperatures.  

The data obtained from the MS system was further analysed by assuming that all 

signals lower than 2 mbar can be neglected.  Moreover, TGA-FTIR coupling 

investigation was done for the 1753 membrane and its polymer components SFS001 

and F6PBI to elucidate their thermal degradation characteristics as a supplement to 

the TGA-MS coupling experiments.  The used TGA was a Netzsch machine 

(STA449C) which was coupled with a Nicolet Nexus FTIR (Vectra interferometer) vie 

a heated transfer line.  The TGA was operated under 65 – 70% O2 atmosphere, and 

the heating speed was 20 K min-1.  For correlation of the TGA and FTIR running time 

and temperature, CO2 gas injection for marking of the FTIR spectra was used. 

 

5.3 RESULTS AND DISCUSSION 
5.3.1 EFFECT OF MEA PRE-TREATMENT 

When PBI based materials are used in fuel cells, the MEA treatment procedures, i.e. 

the order as well as the method of the doping and the MEA manufacture, needs to 

be considered as the amount of acid within these membrane types (proton carrier) is 

important for the proton transfer and hence the overall membrane resistance [13,14].  

To our knowledge this step has however not been investigated thus far when using 

PBI based membranes for SO2 electrolysis.  It is assumed, for this study, that the 

acid produced through the reaction keeps the membrane doped to an acceptable 
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level.  To investigate the effect of the type of doping and the order of doping vs MEA 

manufacture four different pre-treatments were chosen as described above.  After 

pre-treatment all four membranes were run in the SO2 electrolysis cell under 

identical conditions.  In Figure 5.1 the polarisation curve of the membranes with the 4 

MEA different doping procedures are presented. 

 

 
Figure 5.1: Voltage response curves for SO2 electrolysis as a function of current 
density for various MEA doping techniques. 

 

It is clear that the SO2 efficiency is influenced significantly by the MEA doping 

procedure.  The method of acid doping the MEA after hot-pressing (H2O/MEA/Acid) 

showed the best performance reaching 0.3 A cm-2 compared to the 0.19 A cm-2 for 

the non-doped H2O/MEA procedure.  It is interesting to note that the non-doped MEA 
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that bad been only treated with air (Air/MEA), i.e. heated to 80°C for 24 h, performed 

slightly better at current densities below 0.14 A cm-2 than the Acid/MEA combination.  

This could be due to two reasons.  Firstly, the acid (Acid/MEA) could have been 

pressed from the membrane during the hot-pressing step resulting in a low acid 

content within the MEA.  Secondly, the relatively high temperature (120°C) in 

combination with the applied pressure (125 kg cm-2) of the hot-pressing in the 

presence of acid could have damaged the polymer structure resulting in the 

observed lower performance.  When comparing H2O/MEA and H2O/MEA/Acid, it is 

clear that although the H2O/MEA treated membrane attained similar voltages than 

the H2O/MEA/Acid at low current densities, the performance of the H2O/MEA/Acid 

improved significantly at higher current densities.  This is understandable as the 

water present in the non-acid doped membrane (H2O/MEA) must first be replaced 

during the SO2 electrolysis by the produced acid.  Although electrolysis could be 

performed with only water in the membrane, H2SO4 is preferred when higher 

temperatures are to be used in the future.  It is clear that the performance is a 

function of the water/acid ratios within the membrane.  It appears that a low acid 

concentration should be present within the membrane as can be seen in the low 

current density region.  Higher acid concentration within the membrane (high current 

density) shows a significant decrease in performance and can be attributed to a 

lower conductivity for more concentrated acid.  It is well-known that the concentration 

of the acid used and the time period of membrane doping determines the acid 

doping level of the membrane.  In this study the membrane was assumed to have 

been doped with the acid produced in the 20 min break-in period at 0.1 A cm-2.  

Although it is not clear if the 20 min was sufficient for the break-in of the H2O/MEA 

treated membrane, it was observed that the voltage dropped continuously over the 

20 min time frame.  However, to facilitate the comparison of the differently pre-

treated membranes, the 20 min break-in period was kept constant for all pre-treated 

membranes.  Generally, the results show that acid doping after hot-pressing does 

improve the performance most specifically at higher current densities. 
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During the SO2 electrolysis, the acid concentration produced at the anode was 

recorded for each doping method.  Table 5.2 summarises the acid concentration 

produced for each MEA doping method as a function of current density.  The blank 

spaces are indicative of MEA’s that could not reach adequate current densities for 

acid production. 

 
Table 5.2: Acid concentration produced as a function of the MEA doping methods at 
different current densities. 

Current Density Acid/MEA H2O/MEA H2O/MEA/Acid Air/MEA 
(A cm-2) [H2SO4] (mol L-1) 

0.10 6.56 6.56 6.25 6.88 

0.15 7.17 7.81 7.50 7.19 

0.25 - - 8.44 - 

0.28 - - 8.13 - 

 

The acid concentrations produced for all the MEA doping procedures were similar at 

the various current densities.  Apart from the applied current density, the acid 

concentration produced in the SO2 electrolyser is mainly dependent on the water 

transport properties of the membrane and the membrane thickness [15- 17].  Since 

all membranes had similar initial thicknesses, it can be assumed that the doping 

procedures had little to no influence on the membrane thickness, which has been 

confirmed in a previous study on the stability of these membrane types in H2SO4 [7]. 

 

It is well known that the membrane resistance is one of the main contributors to the 

total cell resistance [18] of which the anode and cathode resistance make up the 

other two contributing resistances.  To evaluate the membrane resistance a high 

frequency AC milliohm meter (HP, 4328A) was used.  Table 5.3 shows a summary of 

the area specific resistance (Ω cm2) obtained with the MEA’s manufactured by the 

various doping procedures as a function of the operating current density.  The empty 

spaces again indicate that the MEA’s could not achieve the current density. 
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Table 5.3: Area specific resistance as a function of the current density for the 4 
different pre-treated membranes. 

Current Density Acid/MEA H2O/MEA H2O/MEA/Acid Air/MEA 
(A cm-2) Area specific resistance (Ω cm2) 

OCV 0.40 0.30 0.25 0.40 

0.10 0.28 0.24 0.18 0.40 

0.13 0.28 0.22 0.18 0.32 

0.15 0.28 0.22 0.19 - 

0.17 0.28 0.22 0.18 - 

0.22 - 0.22 0.20 - 

0.28 - - 0.20 - 

0.30 - - 0.22 - 

 

The membrane resistance was also recorded at OCV (open circuit voltage – when 

no current is applied), which is an indication of the natural voltage of the system, i.e. 

maximum resistance of the cell.  It is clear that the area specific resistance is a 

function of the doping method used and is dependent on the acid doping level and 

hence the conductivity of the membrane.  It can be assumed (see discussion of 

Figure 5.1) that no acid was present in the Acid/MEA and Air/MEA, prior to the 

application of current and thus under OCV conditions, resulting in a higher resistance 

than what had been observed for the H2O/MEA and H2O/MEA/Acid doping methods. 

The relationship between the OCV and the acid level within the membrane is visible 

when a current is applied (membrane being doped with acid produced) showing a 

decrease in the area specific resistance (ASR).  It was shown that the ASR is a 

function of the current density (acid concentration produced) i.e. increasing with 

current density for PFSA-based membranes [18].  This is however not clearly visible 

in the current density range that was tested in this study.  This effect is best seen for 

the H2O/MEA/Acid doping method.  The stable ASR values observed for the other 

doping methods could indicate that the membranes are still being doped by the acid 

produced.   

 

Since the H2O/MEA/Acid pre-treatment method resulted in the best results, it was 

used for the experimental work shown further. 
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5.3.2 EFFECT OF MEMBRANE THICKNESS  
It is known that membrane thickness directly influences the performance of both fuel 

cells and electrolysers [19,20] mainly due to its influence on the ohmic resistance of 

the system.  To determine this effect of the PBI blend membranes on SO2 

electrolysis, 20, 80 µm and 90 µm thick membranes were evaluated that had been 

pre-treated using the H2O/MEA/Acid procedure containing 1 mgPt cm-2.  In Figure 

5.2 the effect of the membrane thickness on the performance of the SO2 electrolysis 

is shown.  In a previous study it was shown that reducing the membrane thickness 

resulted in an increased electrolysis efficiency [16].  Although in that case a pressure 

was applied on the cathode side to increase the water flux to the anode and reduce 

the SO2 transport to the cathode.  From the data shown in Figure 5.2 it can be seen 

that the 80 µm thickness showed the best results reaching a current density of 0.3 A 

cm-2 followed by the 90 µm, reaching 0.22 A cm-2.  The 20 µm membrane showed 

the worst performance reaching only 0.12 A cm-2.  The performance of all the 

membrane thicknesses tested showed comparable performance at low current 

density (low acid concentration produced) while the difference in performance 

increased significantly with increasing current density.  The poor performance of the 

20 µm membrane can be attributed to a high SO2 crossover [21,22], [23] from the 

anode to the cathode which could increase the catalyst resistance and thus 

decrease the overall performance of the MEA.  The poorer performance of the 90 µm 

compared to the 80 µm membrane could be explained as follows.  The cell voltage 

is, amongst others, a function of the acid produced at the anode, which in turn is a 

function of the water transport from the cathode. Due to the thicker path length less 

water is present at the anode for the electrolytic reaction when using the 90 µm 

membrane contributing to the lower performance compared with the 80 µm 

membrane.  
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Figure 5.2: Effect of membrane thickness on the SO2 electrolyser performance.  

 

In view of the influence of membrane thickness on water transport, it is expected that 

the membrane thickness will also influence the acid concentration. Table 5.4 shows 

the acid concentration as a function of the membrane thicknesses tested in this 

study at various current densities.  It is clear that the thinnest membrane produced 

the most dilute acid due to the highest H2O crossover, while the thickest membrane 

produced the highest acid concentration. It is however interesting to note that the 

acid concentration for the 90 µm membrane only increased 0.25 mol L-1 when the 

current density is doubled from 0.1 to 0.2 A cm-2. 
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Table 5.4 Acid concentrations produced as a function of membrane thickness. 

Current Density (A cm-2) 20 µm 80 µm 90 µm 

 
Acid Concentration (mol L-1) 

0.1 5.625 6.25 6.31 

0.2 - 6.35 6.56 

0.28 - 8.44 - 

 

The highest acid concentration achieved was 8.44 mol L-1 correlating to about 57 

wt% H2SO4, which is still below the recommended 65 wt% H2SO4 for the HyS cycle.  

However, it is an improvement over the data published for a PFSA-based membrane 

(N115®) [15], which had a thickness of 122 µm when considering that with the 

MJK1753 membrane 8.44 mol L-1 was reached at 0.28 A cm-2 compared to the 3.5 

mol L-1 reached at 0.3 A cm-2 when using the N115® membrane.  It should be 

mentioned that for the study of the N115 a pressure was applied on the cathode 

which would result in a higher cross-over of and hence dilution by H2O [15]. 

 

5.3.3 VOLTAGE CYCLING  
The activation and break-in procedures of PBI based MEA’s have been investigated 

for high temperature fuel cells (HTFC) [10], where it has been shown that this step is 

crucial in ensuring that the best performance is achieved from the membrane 

materials.  Different break-in procedures have been proposed ranging from operation 

of the HTFC at constant voltage for 50 h [10], while other methods include operating 

the fuel cell at a constant voltage while recording the polarisation curves.  The 

activation of the PBI based membrane used in this study for application in the SO2 

electrolyser have been tested by cycling the voltage (50 mV s-1) from 0 – 1 V.  Figure 

5.3 shows the forward voltage – current cycles for 16 cycles.  It is clear that the cell 

efficiency actually improved with time, especially at higher current densities, during 

the cycling of the applied voltage.   
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Figure 5.3: Effect of voltage cycling as a break-in procedure on the MEA performance.  

 

The results however do not show whether the current values obtained in Figure 5.3 

are stable as the scan rate may be fast enough not to allow the reaction to reach a 

steady state.  For this reason a second series was conducted including the 

polarisation curves before and after the voltage cycling.   Figure 5.4 shows the 

polarisation curves obtained.  Since the current was kept constant for 90 s, it can be 

assumed that the voltage had reached a steady state operation. 
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Figure 5.4: Polarisation curves before and after voltage cycling break-in procedure.  

 

From the performance of the cell it is clear that the performance of the membrane 

improved after voltage cycling in view of both the lower voltages (at higher current 

densities) and the higher overall current density attained after cycling.  The voltage 

stability was also tested (results not shown) at 0.32 A cm-2 after cycling and was 

found to remain stable at ±0.008 mV when tested for 5 min.  This step was also 

performed on the MEA before voltage cycling at 0.28 A cm-2 and it was observed 

that the voltage increased by 23 mV over the same 5 min time period.   

 

It is evident from the experimental data obtained using voltage cycling that the same 

applies to electrolysis operation what has been observed for HTFC i.e. when using 

PBI based membranes, an activation/break-in step is necessary for best 

performance. 
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5.3.4 LONG TERM OPERATION  
While the characterisation of various MEA combinations by polarisation curves are 

important for material improvement and system control it is also essential to evaluate 

its long term operation (24 – 30 hrs [7]).  To show the stability of the MJK1753 PBI 

membrane (80µm, 1 mgPt cm-2), a long term test was recorded at 80°C and a 

constant current of 0.1 A cm-2 while recording the voltage every 5 min for 140 h.  The 

results are shown in Figure 5.5. 

 

 
Figure 5.5: Long term SO2 electrolysis at a constant 0.1 A cm-2 and 80°C.  

 

The two discrete increases in voltage at 46 and 98 h were due to a change in the 

water feed to ensure that clean DI water is continually supplied to the electrolyser.  

Although the voltage increase over time is most likely due to a combined degradation 
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of the membrane and the catalyst, the focus of this paper is on the degradation of 

the membrane.  While the voltage remained below 0.800 V, there was a gradual 

increase from 0.664 to 0.799 V which could be due to sulfur deposition at the 

cathode as a result of SO2 crossover.  

 

In order to further elucidate whether membrane internal changes might have 

contributed to the slight increase in voltage or the patterns observed in the long time 

test, the MEA before electrolysis and the MEA after the long term operation were 

characterised using SEM, FTIR, TGA and MS.   

 

5.3.4.1 SCANNING ELECTRON MICROSCOPY  
SEM micrographs were taken from the MEA before and after the long term operation 

to evaluate both the cross section and the top-view of the MEA to determine whether 

any visible structural changes or sulphur deposition had occurred.  The top view is 

not shown as no significant changes were visible.  Figure 5.6 shows the cross 

section view of the membrane before (Figure 5.6(a)) and after (Figure 5.6(b)) the 

long term tests with the cathode facing upwards. 

 

    
Figure 5.6: Cross sectional scanning electron microscopy images of (a) before and (b) 
after SO2 electrolysis. 

 

In both Figure 5.6(a) and (b) the platinum catalyst is clearly visible as the white band 

followed by the micro porous layer onto which it had been deposited and finally the 

carbon cloth as the gas diffusion media.  Sulfur would appear as small grey granules 

(as the MEA’s were dried at 80°C for 24 h before SEM analysis) either between the 

catalyst and membrane or within the anode/cathode GDL media.  Since no 
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significant sulphur deposition is visible on the cathode GDL, it is clear that limited 

SO2 crossover occurred confirming the suitability of these PBI blended membranes 

in terms of their SO2 barrier properties. 

 

5.3.4.2 TGA – MS ANALYSIS  
To further characterise the possible degradation of the PBI based membrane, TGA 

analysis was performed to determine its thermal stability (which is an indication of 

the membrane stability).  Figure 5.7 shows the temperature stability of the 

membrane only, as well as the MEA before (with GDE’s) and the MEA after (with 

GDE’s) SO2 electrolysis up to 600°C.  It is assumed that changes observed for the 

MEA where mainly due to changes in the membranes, as the GDE is known to be 

stable within the same operating period, although for high temperature PEM fuel cell 

applications [24].  No significant difference between the MEA before and after SO2 

electrolysis is observed.  The lower peak values for the MEA are assigned to the 

larges weight fraction of the GDE, resulting in a lower resolution, i.e. a small weight 

change for the MEA with increasing temperature when compared to the total sample 

weight.   

 

It is clear that the membrane is stable up to 300°C losing only 6% weight.  Some 

weight loss is observed above 200°C before significant degradation occurs at 

temperatures above 550°C.  The weight loss in the 0 – 160°C region is commonly 

attributed to water loss due to evaporation [25]. The MJK 1753 membrane showed 

improved membrane stability when compared to previously PBI based membranes 

tested for the application in the SO2 electrolyser [6] which contained ionically cross-

linked sFS (partially fluorinated – sulfonated arylene main chain ionomer), sPSU 

(non-fluorinated – sulfonated arylene main chain ionomer), sPSU-PBI (blended 

polymer between sPSU and PBIOO) and pure PBIOO membranes [6].  From the 

previous study on the PBI-based membranes [6], the sPSU-PBIOO blended 

membrane showed the best performance and will be compared in terms of the TGA 

results. 

 

The same water evaporation stage is observed for the sPSU-PBIOO in the 0 – 

160°C range while the weight change with increased temperature is comparable to 

the MJK1753 polymer presented here.  
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Figure 5.7: Weight loss of the membrane, MEA before and MEA after long term 
operation as a function of temperature. 

 

The temperature ranges in which the membrane showed maximum weight loss was 

determined by taking the first derivative between the weight and temperature and is 

shown in Figure 5.8.  Accordingly three temperature ranges were selected at 50 – 

120°C, 300 – 350°C and > 450°C.   
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Figure 5.8: Differential TGA for membrane only, MEA Before, MEA After long term 
operation.  

 

Using the TGA coupled with MS as described previously [7], the mass fraction as a 

function of the degradation temperatures could be obtained and compared to the 

temperature region of maximum weight loss as determined from the TGA data, 

thereby allowing the identification of the species evaporated for each temperature.  

The MS data for these specific temperature ranges were used to compare the signal 

of the membrane only, MEA before and the MEA after the long term operation.  

Table 5.5 shows a summary of the mass fractions selected with their possible 

molecular structure identified for evaluation. 
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Table 5.5: Mass fraction (m/z) with their possible molecular identity. 

Mass 
fraction (m/z) 

Assigned 
Identity 

Mass fraction 
(m/z) 

Assigned 
Identity 

Mass fraction 
(m/z) 

Assigned 
Identity 

14 N / CH2 19 F 48 SO 

16 O 27 CH2-CH 64 SO2 

17 OH 32 S 81 SO3H 

18 H2O 44 CO2   

 

Figure 5.9 shows the fragments identified for the 50 – 120°C temperature range.  

During the membrane synthesis NMP was used as solvent to dissolve the polymeric 

blend components.  The NMP solvent can be identified in the N/CH2 fragment seen 

in all three temperature ranges tested.  Water evaporation (O, OH and H2O) can also 

be expected in all three temperature ranges tested and is shown to increase with 

temperature showing that some water is trapped inside the membrane structure.  It 

can also be argued that the presence of the GDE materials could also increase the 

temperature at which water would evaporate as it needs to permeate through the 

catalyst layer and then the carbon cloth materials.  All the intensities of the species 

shown here were bigger for the MEA after compared to the MEA before as one 

would expect.  It is however not as significant for the species with molecular weights 

above 44. 
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Figure 5.9: MS data for selected temperature range 50 – 120°C for the membrane only, 
the MEA before and MEA after long term operation. 

 

When considering the intermediate temperature range (300 – 350°C) shown in 

Figure 5.10, the heavier elements such as F (19), CH2-CH (27) and CO2 (44) 

became more prominent while H2O (18) and S (32) remained present in high 

quantities.  In this temperature range the components of the blended membrane are 

known to start to decompose [6,7]. The increase of the F component, coupled with 

membrane degradation, is especially visible for the MEA after electrolysis which can 

be an indication of the degradation of SFS001 and F6-PBI [25].  
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Figure 5.10: MS data for 300 – 350°C temperature range for the membrane only, the 
MEA before and the MEA after long term operation. 

 

It is clear from Figure 5.10 that the membrane showed some degradation due to SO2 

electrolysis as shown by the MEA after data having bigger peaks for all elements.  

The presence of the O (16), OH (17) and H2O (18) can still be associated with water 

evaporation while the appearance of the more prominent CO2 (44) peaks are a clear 

indication of membrane degradation. 

 

Figure 5.11 shows the MS data for the temperature range above 450°C.  The 

degradation pattern is similar to that of the first two temperature ranges although the 

intensities are higher for all the elements indicating that the polymer has started to 

decompose completely.  The increased CO2 peak shows this degradation clearly.  It 
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is however interesting to note that no SO (48) or SO2 (64) peaks were observed for 

any of the temperature ranges tested here.  A possible explanation for this finding is 

that SO2 decomposes into S and O under the specific conditions of the MS 

experiment.  In TGA-MS coupling experiments the thermal splitting-off characteristics 

of the SO3OH groups could be mentioned (see below).   

 

 
Figure 5.11: MS data shown for temperature range > 450°C for Membrane Only, MEA 
Before and MEA After the long term operation. 
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5.3.4.3 TGA – FTIR ANALYSIS  
The assistance of the group of Dr. Jochen Kerres must be acknowledged for 

supplying the TGA-FTIR data discussed in this section.  Via TGA-FTIR coupling the 

thermal degradation characteristics of 1753 and the blend components SFS001 and 

F6PBI were investigated. The SO3H splitting-off characteristics were investigated by 

monitoring the appearance of SO2 bands (between 1340 and 1370 cm-1) in the TGA 

decomposition gases, and the polymer degradation characteristics by monitoring the 

appearance of CO bands (between 2241 and 1991 cm-1). In Figure 5.12, the FTIR 

spectra series obtained from TGA-FTIR coupling experiment of the acidic blend 

membrane component SFS001 is depicted.  

 

 
Figure 5.12: FTIR spectra series from TGA-FTIR coupling experiment of SFS001. 

 

Those IR bands relevant for the coupling experiment (CO2 band marking signal for 

assignment of the respective TGA temperature to FTIR bands, SO2 band  
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indication for splitting-off of SO3H groups, and CO band  indication for degradation 

of polymer backbone) are marked within the spectra series representation. In Figure 

5.13, the Chemigrams of SO2 band (red: 1: start of SO2 evolution; 2: maximum of 

SO2 evolution), CO band (green: 1: start of CO evolution; 2: maximum of CO 

evolution) and Gram-Schmidt trace (blue: 1: arrival time of CO2 in FTIR cuvette) 

evolution of SFS001 (a), F6PBI (b) and MJK1753 membrane (c) during TGA-FTIR 

coupling experiment are represented. From the chemigrams, both the starting 

temperature of the respective degradation process and the maximum of the 

respective degradation process can be read.  
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Figure 5.13: Chemigrams of SO2 band (red: 1: start of SO2 evolution; 2: maximum of 
SO2 evolution), CO band (green: 1: start of CO evolution; 2: maximum of CO 
evolution) and Gram-Schmidt  trace (blue: 1: arrival time of CO2 in FTIR cuvette) 
evolution  of SFS001 (a), MJK1753 (b) and F6PBI (c) during TGA-FTIR coupling 
experiment. 

 

In Figure 5.14, the TGA traces of the sulfonated blend component (a), the blend 

membrane MJK1753 (b), and the basic blend component F6PBI (c) are shown along 

with the characteristic temperatures of degradation processes (SO3H splitting-off, 

and start of backbone degradation via CO development). 
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Figure 5.14: TGA of SFS001 (a), MJK1753 (b) and F6PBI (c) including specific 
degradation temperatures (from coupled FTIR). 

 

a 

b 

c 
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It is clearly seen from the TGA traces that the SO3H splitting-off start temperature of 

the pure sulfonated polymer and the blend membrane are nearly equal and lie at 

250°C, which is far beyond the operation temperature of SO2 electrolysis. Moreover, 

the start temperature of thermal backbone degradation is roughly 100°C higher than 

the SO3H splitting-off starting temperature. From these results an excellent thermal 

stability of the blend membrane can be concluded. 

 

5.4 CONCLUSION  
In this study the pre-treatment and stability of a PBI based blended proton exchange 

membrane in an SO2 electrolyser was investigated.  The results showed that the 

MEA manufacturing procedure had a significant influence on the overall cell 

performance, where the best performance was attained when the doping was done 

after the hot pressing of the MEA.  It was also shown that the MEA conditioning 

(voltage cycling) improved the overall cell performance.  Long term operation (140 h) 

confirmed that the voltage remained below 0.8 V for the duration of the test.  

Following the long term testing, the MEA was characterised using SEM, FTIR and 

TGA-MS.  The SEM images showed minimal sulfur deposition while the FTIR 

indicated that no significant chemical change occurred during SO2 operation.  The 

TGA coupled with MS data for the membrane only showed that the membrane is 

stable when exposed to H2SO4 while degradation was seen when operated in the 

SO2 electrolyser. Improvement on the cell performance can be achieved by 

operating at temperatures higher than 100°C and will form part of future work. 
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CHAPTER 6: EVALUATION OF COVALENTLY AND 

IONICALLY CROSS-LINKED PBI-EXCESS BLENDS FOR 

APPLICATION IN SO2 ELECTROLYSIS* 
 
 
  
Chapter Overview 
Proton exchange membranes (PEM) containing various combinations of PPOBr 

(poly(2,6-dimethylbromide-1,4-phenylene) oxide, covalently cross-linked) or PWN 

(poly(tetrafluorostyrene-4-phosphonic acid), ionically cross-linked) were evaluated 

for their suitability in an SO2 electrolyser environment.  Since H2SO4 is produced 

during the oxidation of SO2 in the presence of water, the membranes used in the 

electrolyser must be both chemically and electrochemically stable.  Acid stability 

tests showed that the blend membranes were stable in 80 wt% acidic media at 80°C 

for 120 h.  The electrochemical characterisation included polarisation curves, voltage 

stepping and long-term operation.  Using polarisation curves two blend combinations 

were selected for the voltage stepping.  Both types of blended membranes showed 

high stability up to 110 cycles while the F6PBI/PPOBr blend membrane had 

comparable (to N115®) long term operating voltage, while the F6PBI/PWN blend 

membrane showed improved voltage, attaining 0.781 V compared to the 0.812 V 

obtained when using N115 at 0.1 A cm-2. 

 

 

 

 

 

 

 

 

                                            
* Krüger AJ, Kerres J, Bessarabov D, Krieg HM. Evaluation of covalently and ionically cross-linked 
PBI-excess blends for application in SO2 electrolysis. Int J Hydrogen Energy 2015;40:8788-96. 
Doi:10.1016/j.ijhydene.2015.05.063. 
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6.1 INTRODUCTION  
When considering the amount of applications for hydrogen it makes sense to focus 

on a clean and efficient method of producing hydrogen without using carbon-based 

fuels.  An alternative method of producing environmentally clean hydrogen is through 

the electrolysis of pure water which produces both hydrogen and oxygen.  

Theoretically a voltage of 1.23 V would be needed to split the water into its separate 

gaseous molecules.  The reaction however takes place at higher voltages due to 

contact resistances within the electrolyser hardware (among others) and an 

operating voltage in the order of 1.5 – 2 V is more reasonable [1].   

 

The Westinghouse Corporation suggested the sulphur-based thermochemical cycles 

to further reduce the theoretical voltage input for the electrochemical oxidation of 

water [2].  The traditional Hybrid Sulfur (HyS) cycle uses the thermal energy 

produced by gas cooled nuclear reactors to decompose concentrated sulphuric acid 

into SO2, O2 and H2O [3,4].  After separating the O2 the SO2 and water is 

electrolysed in an electrolyser, where a similar hardware design can be used as in 

fuel cells, to form H2 and H2SO4.  The produced acid is then concentrated and 

returned to the decomposition step.  During the electrolysis step SO2 dissolved in 

sulphuric acid is reacted at the anode, producing sulphuric acid, while the hydrogen 

is formed at the cathode.  Sivasubramanian et al. showed that the electrolyser could 

also be operated by supplying the anode with dry SO2 gas and liquid water to the 

cathode [5].  In this setup the water diffuses through the polyperfluorinated sulfonic 

acid (PFSA) membrane, due to a concentration gradient and/or pressure differential, 

to the anode to react with the SO2.  Although this modification has proven to 

increase the operating current density of the electrolyser significantly it has the 

limitation of not producing enough sulphuric acid required for the decomposition 

step.  Various methods can be employed to increase the acid concentration 

produced, such as increasing membrane thickness (which decreases the cell 

efficiency) or operating the electrolyser at higher temperatures (which will decrease 

the water content of the PFSA membrane and also reduce cell efficiency).   

 

In the initial design it was shown that temperatures above 100°C in the electrolyser 

would be required for a feasible HyS cycle [4].  However, above 100°C Nafion would 
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not be suitable.  An alternative membrane materials that have shown their suitability 

at these temperatures are polybenzimidazole PBI-based membranes [6].  These 

types of membrane require the presence of an acid to facilitate the conduction of 

protons across the membrane [7].  The sulfonation of a partially fluorinated (sFS) 

arylene, blended with commercial PBI, has been shown to produce a thermal and 

chemical stable proton exchange membrane for use in the SO2 electrolyser 

environment.   

 

The aim of this chapter is to evaluate both covalently and ionically cross-linked PBI 

blend membranes for use in low temperature (<100°C) SO2 electrolysis.  Firstly both 

types of membranes were tested for acid stability [7,8] simulating the acidic 

environment of the electrolyser.  Weight change, swelling and FTIR analysis were 

used to characterise the effect of the acidic medium on the membranes.  

Characterisation of the membranes in an operating electrolyser was performed by 

polarisation curves, voltage stepping and long term operation (> 200 h). 

 

6.2 EXPERIMENTAL  
As sulphuric acid is produced in the SO2 electrolyser, the acid stability of any 

membrane to be used in the electrolyser has to be tested.  After determining the acid 

stability, MEAs were made from the selected membranes before evaluating these 

membranes in an electrolyser.  Polarisation curves were used for the evaluation of 

the membranes’ performances after which the MEA stability, for long term operation, 

was determined.  This section will describe i) how the membranes were synthesised, 

ii) how the acid stability was determined and iii) how the selected membranes were 

evaluated in the SO2 electrolyser.   

 

6.2.1 MEMBRANE SYNTHESIS  
Two series of membranes were synthesised for testing in the SO2 electrolyser.  The 

first series (abbreviated as series A, see Table 6.1) comprised blends of F6PBI and 

PBIOO with a phosphonated PBI entitled PWN, which is ionically cross-linked 

between the phoshonated polymer and the F6PBI by proton transfer from the 

phosphonic acid group to the basic N of F6PBI.  The second series (abbreviated as 

series B, see  
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Table 6.2) consisted of covalently cross-linked blend membranes between F6PBI and 

the CH2Br group of bromomethylated PPO.  The cross-linking reaction is shown in 

Figure 6.1. 

 

The main differences between Series A and series B were the blending polymers 

used and the type of cross-linking.  The same F6PBI polymer was used for both 

series, but the second polymer was either PWN (Series A) or PPOBr (Series B).  

One of these series A membranes (MJK-1898) contained PBIOO instead of F6PBI, 

while the subscript used for PWN relates to the phosphonic groups carried by the 

pentafuorostyrene, i.e. 1 indicates a phosphonic group per pentafluorostyrene unit 

and 0.4 indicates that 4 pentafluorostyrene carries a phosphonic group for every 10 

repeating units.  Different mass or molar proportion of the blend components (as 

indicated in both Table 6.1and/or Table 6.2 b is used. The PBI membranes used in 

this chapter were supplied by the Institute of Chemical Process Engineering, 

University of Stuttgart, Germany. 
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Table 6.1: Summary of membranes tested under Series A 

Membrane 
Name 

Description 
Mass or molar 

relation between 
PWM and F6PBI 

Basic polymer 
Cross-linking polymer or 

acidic polymer 

MVA175 

Ionically cross-linked 

blend with phosphonated 

polymer as ionical cross-

linker 

PWN1/F6PBI 20/80 

w/w Blend (Base-

excess, HT)  

FF

F F

(PO3H2)1

n

 

MVA176 

Ionically cross-linked 

blend with phosphonated 

polymer as ionical cross-

linker 

PWN1/F6PBI 1eq/1eq 

Blend 

(equimolar, HT)  

FF

F F

(PO3H2)1

n

 

MJK-1895 

Ionically cross-linked 

blend with phosphonated 

polymer as ionical cross-

linker 

PWN1/F6PBI 10/90 

w/w Blend (Base-

excess, HT)  

FF

F F

(PO3H2)0,4

n

 

MJK-1896 

Ionically cross-linked 

blend with phosphonated 

polymer as ionical cross-

linker 

PWN0.4/F6PBI 20/80 

w/w Blend (Base-

excess, HT)  

FF

F F

(PO3H2)0,4

n

 

MJK-1898 

Ionically cross-linked 

blend with phosphonated 

polymer as ionical cross-

linker 

PWN0.4/PBIOO 20/80 

w/w Blend (Base-

excess, HT) 

O

N

NN

N
O

H H

n

 

FF

F F

(PO3H2)0,4

n

 

 

N

N N

N

H H

F

F

F

FF

F

n

N

N N

N

H H

F

F

F

FF

F

n

N

N N

N

H H

F

F

F

FF

F

n

N

N N

N
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F

F

F
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Table 6.2: Membranes tested under Series B. 

Number of 
Sample 

Description 

Mass or molar 
relation between 
polymer 1 and 

polymer 2 

Basic polymer 
Cross-linking polymer or 

acidic polymer 

MAK30b 
Covalently cross-linked 

PBI blend  

F6PBI/PPOBr 90/10 

w/w Blend (Base-

excess, HT)  

CH2Br

CH2Br

O
n

 

MAK31b 
Covalently cross-linked 

PBI blend 

F6PBI/PPOBr 80/20 

w/w Blend (Base-

excess, HT)  

CH2Br

CH2Br

O
n

 

MAK32b 
Covalently cross-linked 

PBI blend 

F6PBI/PPOBr 70/30 

w/w Blend (Base-

excess, HT)  

CH2Br

CH2Br

O
n

 

MAK33b 
Covalently cross-linked 

PBI blend* 

F6PBI/PPOBr 60/40 

w/w Blend (Base-

excess, HT)  

CH2Br

CH2Br

O
n

 

*See Figure 6.1: 
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Figure 6.1: Cross-linking reaction between F6PBI and the CH2Br group of 
bromomethylated PPO. 

 

6.2.2 ACID TREATMENT  
All membrane samples were tested using an acid treatment step adopted from 

literature [8], which included membrane drying, acid treatment and again drying while 

the thickness and weight changes of each sample were recorded for each step.  The 

membranes were placed in 80 wt% H2SO4 at 80°C for 120 h before drying the 

treated membranes in air at 80°C for 12 h.   

 

 

6.2.2.1 MEMBRANE WEIGHT CHANGE AND SWELLING  
Both the weight change (wt%) and membrane swelling (%) were recorded before 

and after acid treatment.  Excess acid, from the acid treatment step, was removed by 

pressing the membrane sample between two paper cloths.  This was repeated until 

no liquid was soaked up by the paper.  The samples were then weighed using an 

Adams balance (PW Analytical grade, 0.0001 g).  The starting membrane thickness 

was determined after the first drying step using a Mitutoyo digital micrometer (293 

MDC-MX).  The change in thickness was determined after the weighing step.  All 

thickness measurements reported were the averages of at least 5 measurements 

across the entire membrane surface to ensure a true representation of the change in 

thickness.   
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6.2.2.2 FTIR  
The ATR-FTIR spectra used in this study were obtained on a Bruker Alpha – P 

spectrometer with a resolution of 4 cm2 [8].  FTIR was used to evaluate if the 

chemical structures of the membranes were affected by the presence of H2SO4. 

 

6.3 SO2 ELECTROLYSIS 
6.3.1 GENERAL PROCEDURE 

All membranes were pre-treated in 1M H2SO4 solution at 80°C for 90 min. to remove 

any solutions that might still be present within the membrane after synthesis.  

Membrane electrode assemblies (MEA) with an active area of 10 cm2 were 

manufactured by hot-pressing two gas diffusion electrodes (GDEs) on either side of 

the membrane using a pressure of 50 kg cm-2 for 5 min at 120°C.  The electrolysis 

for all membranes was evaluated using a system described previously [9].  Before 

electrolysis was performed the MEA had been doped using the same acid 

concentration used for the acid stability testing at 80°C for 24 h before cell assembly.  

All MEAs were kept at 80°C for 1 h. (within the electrolyser) before a beak-in step 

had been initiated at 0.1 A cm-2 for 20 min.  Polarisation curves were obtained by 

increasing the current density by 0.01 A cm-2 every 90 s while recording the voltage.  

After the polarisation curve, the MEAs were kept at 0.1 A cm-2 for 24 h, after which 

another polarisation curve was taken. This operating procedure was controlled 

electronically using a Labview® based program which included the necessary safety 

checks such as shutdown when the voltage reached 1.05 V. 

 

6.3.2 MEA DURABILITY  
The term MEA durability can be interpreted in various ways.  In this study the term 

MEA durability will focus on the membrane degradation aspect of MEA durability and 

not on the catalyst and gas diffusion durability.  Two methods, used for both water 

electrolysers and fuel cells, were adapted from literature to determine the MEA 

durability (also known as accelerated stress tests – AST) of the best performing 

membrane, based on the general SO2 electrolysis procedure described previously.   

Voltage stepping and steady state operation at constant current are well-known 

methods used in fuel cell systems for the evaluation of MEA stability [10–13].  It is 

known that both voltage stepping and constant current operation do influence the 
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catalyst’s ability to facilitate the reaction but it will be shown that the effect of the 

catalyst degradation is not as significant, in this case, when compared to the 

membrane degradation.   

 

6.3.2.1 VOLTAGE STEPPING  
The voltage stepping method was done at 80°C for the three best performing 

membranes i.e. N115, MVA175 and MAK30b.  The voltage was kept constant for 2 

min while alternating between 0.9 and 0.3 V.  The voltage was stepped between the 

higher 0.9 V limit to the lower 0.3 V limit 250 times while the current density was 

recorded every second.  A schematic of the sequence is shown in Figure 6.2. 

 

 
Figure 6.2: Voltage stepping sequence used in the membrane degradation test, 
current density shown on secondary axis. 

 

6.3.2.2 STEADY STATE OPERATION  
The best performing membranes (N115, MVA175 and MAK30b) were further 

evaluated using a steady state operation.  The electrolyser was operated under a 

constant current of 0.1 A cm-2 at 80°C for 237 h while the voltage was recorded 

every 5 min.  
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6.4 RESULTS AND DISCUSSION 
6.4.1 ACID TREATMENT  

With the production of concentrated sulphuric acid within the SO2 electrolyser it is 

necessary to evaluate the membrane stability of the proton exchange membranes in 

such environments before evaluating these membranes in the SO2 electrolyser.  The 

membrane weight and swelling were measured when exposed to concentrated 

H2SO4.  FTIR was performed to determine if any chemical change had occurred 

during the acid exposure.    

 

6.4.2.1 MEMBRANE WEIGHT AND SWELLING  
It has previously been shown that pure PBIOO (Fuma-Tech) dissolved in high acidic 

environments (≈90 wt% H2SO4) while the stability could be improved when blending 

with a sulfonated ionomer, for example a sFS (partially fluorinated sulfonated arylene 

main-chain ionomer) co-polymer [7].  The chemical stability of the polyaromatic blend 

membrane from sFS with PBIOO has also been investigated and shown to be stable 

in the same acid environment used in this study i.e. 80 wt% H2SO4.  By using TEM 

analysis [8] it was, however, shown that the blend membrane showed some 

sulfonation.  When F6PBI was used instead of PBIOO, no sulfonation of the F6PBI 

blend component could take place, which was due to electron deficiency in this 

polybenzimidazole. 

 

Figure 6.3 shows both the weight change and swelling percentages due to exposure 

to concentrated sulphuric acid for the various membranes tested. 
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Figure 6.3: Membrane weight change (a) and swelling (b) due to acid treatment for 
series A. 

 

The only difference between the MVA175, MVA176 and MJK1895 is the weight ratio 

between the two polymers used (PWN and F6PBI or PBIOO– see Table 6.1).  The 

weight increase of the MVA175 and MJK1985 can be due to formation of HSO3- salts 

of the PBI component by transfer of one proton of H2SO4 to the imidazole-N.  The 

sulfonation of hydrogen sulphate salts of PBI-based polymers is known to occur 

during H2SO4 exposure [7].  Further weight loss can be due to the loss of short chain 

oligomers of the polymeric phosphonic acid component of the blend due to their 

(partial) water solubility, which is also present in other PBI-based ionically cross-

linked blend membranes [7].   

 

 

-30

-20

-10

0

10

20

30

40

50
W

ei
gh

t C
ha

ng
e 

(w
t %

)
MVA175 MVA176 MJK1895
MJK1896 MJK1897 MJK1898

-90

-80

-70

-60

-50

-40

-30

-20

-10

0

Sw
el

lin
g 

(%
)

MVA175 MVA176

MJK1895 MJK1896

MJK1897 MJK1898(a) (b) 



139 
 

 
Figure 6.4: Membrane weight change (a) and swelling (b) due to acid treatment for 
series B. 

 

Figure 6.4 shows the weight and swelling stability of the series B membranes in the 

presence of concentrated sulphuric acid.  Although all the variation (Table 6.2) 

showed a decrease in weight it is however comparable with other PBI-blend 

membranes previously investigated.  In the case of the Series B membranes it is 

highly probable that the partial sulfonation of the PPOBr blend component takes 

place (since PPO is an electron-rich aromatic polymer which can be easily 

sulfonated), which leads to partial dissolution of those PPOBr chains which are not 

included into the covalent network within the blend membrane.  It turns out that the 

32b membrane shows the optimal balance between cross-lining density and PPO 

content since these membranes report the lowest weight loss among all Series B 

membranes.  As can be seen in Figure 6.4b, the swelling is reduced upon increase 

of cross-linking density. 

 

 

 

 

 

 

 

 

-30

-25

-20

-15

-10

-5

0
W

ei
gh

t C
ha

ng
e 

(w
t %

)

MAK30b MAK31b

MAK32b MAK33b

-90

-80

-70

-60

-50

-40

-30

-20

-10

0

Sw
el

lin
g 

(w
t %

)

MAK30b MAK31b

MAK32b MAK33b
(a) (b) 



140 
 

6.4.2.2 FTIR  
FTIR was performed of all the membrane samples to detect any chemical change 

due to the exposure to the concentrated sulphuric acid.  As an example Figure 6.5 

shows the spectra obtained before (MVA175_B & MAK30b_B) and after (MVA175_A 

& MAK30b_A) acid exposure. 

 

 
Figure 6.5: FTIR spectra obtained for MVA175 and MAK30b before and after exposure 
to concentrated H2SO4. 

Although no significant difference in spectra is observed in the high wavelength 

region a small change is observed for the lower range.  This range (640 – 1270 cm-1) 

is indicative of the presence of H2SO4 within the membrane [14], which could still be 

present from the acid treatment, implying that it has not been washed out 

completely.  The FTIR data for MJK1898 (not shown) shows a clear increase in the 

lower range (700 – 1300 cm-1) which can be either H2SO4 (still present from the acid 

treatment) or HSO3- salts indicating a degree of sulfonation and which further 

supports the weight and swelling data presented in Figure 6.3(a) and (b).  Series B 

FTIR data (not shown) show similar spectra i.e. increase in sulfonation component 

indicating that the electron rich polymers are sulfonated under these conditions.   
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6.4.2 SO2 ELECTROLYSIS 
6.4.2.1 MEA SCREENING 

While acid treatment of the polymer membranes gives an indication of its chemical 

stability, it is not possible to predict its performance in the SO2 electrolyser.  To 

determine their performance, membrane electrode assemblies (MEAs) were made 

from all the polymer membranes tested for acid stability.   

 

To determine the best MEAs, a combination of tests was conducted.  The first test 

was to operate the electrolyser at a constant current of 0.1 A cm-2 for 20 min before 

starting a polarisation curve [9,15].  After the polarisation curve had been recorded, 

the MEA was kept at the 0.1 A cm-2 again for 24 h after which another polarisation 

curve was determined. 

 

The first set of polarisation curves is shown in Figure 6.6.  It should be mentioned that 

for Series A the MVA176 and MJK1986 did not survive the hot pressing and post 

MEA doping step.  Both became brittle when stored before use, causing them to 

crack when sandwiched between the two graphite flow fields of the electrolyser.  For 

the B series, membranes MAK32b and MAK33b did survive the hot pressing and 

MEA post-doping but could not maintain the 0.1 A cm-2 at a voltage below 0.999 V 

which is part of the break-in procedure and the rest of the testing protocol could not 

be followed.   
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Figure 6.6: Polarisation curves for both Series A and B. 

 

From Figure 6.6 it is clear that the MVA175 performed better than the N115 below a 

current density of 0.28 A cm-2 while the MJK1987 performed better below 0.1 A cm-2.  

None of the B series membrane showed an improved performance over the 

commercial N115.  Although an improvement could be achieved for MVA175 and 

MJK1987 over the N115, the operating voltage stability should also be investigated.  

The voltage stability at 0.1 A cm-2 was recorded over a 24 h period and is shown in 

Figure 6.7.  
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Figure 6.7: 24 h voltage stability at 0.1 A cm-2 for all membrane tested. 

It can be seen that the operating voltage for the N115 is stable over the 24 h testing 

period.  The voltage is noticeably lower for the PBI blend membranes tested, 

although the voltage seems to drift, e.g. for MJK1895 the voltage starts at a fairly 

high 0.836 V but drops to 0.784 V after 6.5 h and then increases again to 0.873 V 

over the next 10 h.  It is noticeable that the voltage is lower for the PBI blend 

membranes for the constant current method although a higher voltage is recorded in 

the polarisation curve (Figure 6.6).  One explanation for this could be that the 

membranes were conditioned after operation at a high current density (above 0.1 A 

cm-2).  A second polarisation curve was taken of all the membranes after the 24 h 

steady state operation, as shown in Figure 6.8.  The first noticeable point is the poor 

polarisation performance of N115 after the 24 h period.  The performance of the 

N115 returned to near exactly the same as the first polarisation curve (before the 24 

h steady state operation) when a second polarisation curve was recorded.  This 
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phenomenon could be explained by the dehydration of the PFSA membrane during 

the 24 h period, which could increase the membrane resistance.  This is however not 

seen for the PBI-based materials.   

 

 
Figure 6.8: Polarisation curves for the membranes tested after the 24 h steady state 
operation at 0.1 A cm-2. 

 

For the series A membranes tested the MVA175 showed the worst second 

polarisation curve (reduction of 52% of the current density in the first polarisation 

curve) while the series B membranes seemed stable with a reduction of only 10% for 

MAK31b. 
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6.4.2.2 VOLTAGE STEPPING  
After the polarisation curve and constant current of all the membranes had been 

achieved, a membrane degradation study, known as voltage stepping, was done.  

This method is different from the well-known cyclic voltammetry (usually performed 

for catalyst evaluation by increasing the voltage per second, mV s-1) by holding the 

cell voltage at two pre-selected points and times, usually a low and high value.  This 

increases the stress under which the MEA operates and promotes degradation.  For 

this study the two voltage points used were 0.3 and 0.9 V for 2 min.  Three 

membranes (best of series A, B and N115 as standard) were selected, based on 

their polarisation curves for this test i.e. N115, MVA175 and MAK30b.  A cycle 

consisted of keeping the MEA at 0.3 for 2 min and then at 0.9 V for another 2 min.  

All MEAs tested were subjected to 250 cycles to determine the membrane stability 

under increased stress conditions.  Figure 6.9 shows the current density achieved as 

a function of voltage cycles.  
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Figure 6.9: Current density (A cm-2) as a function of the voltage cycling. 

 

The assumption that the reduced current density is due to the membrane 

degradation rather than catalyst degradation is supported (at least for the number of 

cycles used in this study) by the N115 data.  If the catalyst would degrade the N115 

data would also show signs of reduced current density.  The fact that the current 

density is constant for the 250 cycles shows that the catalyst is also stable for this 

number of cycles.   

 

Since the degradation of the current density is due to the membrane it is clear that 

the Nafion® has sufficient stability while the PBI blend membranes show 

degradation.  A clear reduced performance can be identified for both MVA175 and 

MAK30b at 110 cycles.  A steady decrease in current density is observed for 
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MVA175 while MAK30b shows a sharp decrease in performance from cycle 107 to 

115, after which a near steady operation is observed.  This shows that voltage 

stepping can be used in not only determining membrane stability but also in 

membrane selection.  

 

Polarisation curves were recorded before and after the voltage stepping as shown in 

Figure 6.10.  A reduced performance for the PBI-blend membrane is clear and 

expected in view of the results presented in Figure 6.9.  It is interesting to note that 

the current density reached for the polarisation curve of N115 is higher than before 

the voltage stepping, suggesting that the membrane performance is improved rather 

than degraded over the 250 cycles tested. 

 

 
Figure 6.10: Polarisation curves before (B) and after (A) voltage stepping. 
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Although the PBI blend membranes showed degradation using the voltage stepping 

method, it is however difficult to extrapolate to the duration for which the membrane 

can be operated at a fixed current density before an unacceptable voltage would be 

reached (20% increase in voltage for example). 

 

6.4.2.3 OPERATING STABILITY  
Another method of testing proton conductive membranes is to operate the 

electrolyser at a constant reaction rate (current density) while recording the voltage 

as a function of time.  Figure 6.10 shows the voltage response of the three 

membranes tested in the voltage stepping section for 70, 158 and 238 h for N115, 

MAK30b and MVA175, respectively.  Due to the non-linearity of the voltage increase 

it is difficult to report a voltage decrease as a function of time, as is customary for 

this type of test.   It can however be said that the MVA175 membrane showed a 

better voltage response than both the N115 and MAK30b up to 70 h, reaching a 

maximum voltage of 0.782 V compared to 0.841 V and 0.817 V for N115 and 

MAK30b, respectively.  The voltage increased drastically for MAK30b after the 70 h 

period reaching 0.856 V after 155 h.  The operating voltage for the MVA175 

membrane seemed to stabilise after 130 h.  The wavelike variation of the voltage 

over time has previously been reported for other membranes as well, and could 

therefore be characteristic of this type of SO2 electrolyser. 
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Figure 6.11: Voltage stability of N115, MVA175 and MAK30b at 0.1 A cm-2. 

 

Although it has been shown that various parameters influence the operating voltage, 

such as temperature, differential pressure, catalyst loading and membrane thickness 

when PFSA membranes are used, other parameters need further investigation when 

using PBI-based membranes, such as acid doping, acid content in the membrane 

and high operating temperature (>100°C), to name a few.  For this method of 

operating the electrolyser, i.e. using a liquid cathode, it is possible that the acid 

within the membrane is removed by the water and must be replaced with the acid 

produced by the reaction.  Although the membrane degradation is not as apparent in 

the long term operation as in the voltage stepping technique, it is still a valuable test 

to identify possible membranes to be used in the SO2 electrolyser.  Further studies 

would be required to be able to evaluate the PBI based membrane in a low liquid 
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water environment.  Two modes of operation would be available, i.e. either by 

operating the electrolyser, with a PBI membrane, using SO2 dissolved in sulphuric 

acid, or using humidified SO2 as anode feed at high temperatures.   

 

6.5 CONCLUSION  
The characterisation of various PBI-blend polyaromatic membranes was shown for 

the application in a SO2 depolarised electrolyser system.  Weight and membrane 

swelling showed that chemical stability of the blend membranes were reasonable 

when treated in concentrated sulphuric acid.  Polarisation curves showed that most 

of the synthesised membranes were able to operate in the acidic environment.  

Stable voltage values were obtained, in the membrane selection step over a 24 h 

period.  The selected membranes were subjected to voltage stepping, which showed 

that both PBI membranes showed a gradual decline up to 100 cycles.  A strong 

decrease was observed after the 100 cycles for the next 10 cycles, after which 

another steady decline was observed. The N115 showed a slight improvement over 

the 250 cycles tested.  Long term operation at 0.1 A cm-2 showed an overall higher 

voltage for N115 (for the 0 – 70 h time region) while the MAK30b membranes’ 

voltage increased significantly after 7 h of operation.  Further studies would be 

required to further increase the advantage of the PBI membranes over PFSA, such 

as either operating the electrolyser using SO2 dissolved in H2SO4 as anode feed, or 

increasing the operating temperature (>100°C) using humidified SO2 gas as anode 

feed. 
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CHAPTER 7: EVALUATION AND RECOMMENDATIONS 
 

7.1 INTRODUCTION 
As presented in Chapter 1, the aim of this study was twofold: i) to determine the 

influence of specific variables (operating conditions, MEA manufacturing and H2S 

contamination) on the performance of the SO2 electrolyser using Nafion® as 

benchmark and ii) to investigate the suitability of PBI-based membranes for SO2 

electrolysis.  While a conclusion was presented within each experimental chapter, it 

is the purpose of this chapter to summarize and evaluate the key findings obtained 

during the study, followed by recommendations for possible further studies. 

 

7.2 NAFION AS BENCHMARK – CHAPTERS 2 - 4 
As mentioned in Chapter 1, the objective of building an automated SO2 electrolyser 

system to facilitate the safe operation was completed as described in Appendix A.  

The automation of the system contributed to improved operational safety and 

efficiency, as well as data processing.  The automated sequences, as described in 

Appendix A, allowed for the system to be operated from start to end of an 

experiment entirely without supervision.   

Chapter 2 investigated the influence of various operating parameters on the SO2 

electrolyser (using a 25 cm2 active area cell), such as hot pressing pressure, cell 

temperature, membrane thickness, catalyst loading, membrane type and SO2 feed 

concentration (diluted with N2).  An additional operating method was also 

investigated which used SO2-saturated H2SO4 (as anode supply) and clean H2SO4 

(as cathode supply) [1].  The effect of cell temperature, membrane thickness and 

acid concentration was investigated for this operating method.  Of these parameters 

tested, the factors which had the most influence were cell temperature, membrane 

thickness and SO2 concentration.  A temperature above 80°C was preferred. In 

addition it was shown that PFSA was ideally operated under water saturated 

conditions, a high catalyst loading (around 1 mgPtB cm-2) using thin membranes 

(N115 vs. N1110) [2].  High cell resistance was observed when using SO2-containing 

H2SO4 as anode supply, which was ascribed to the restricted mass transport of SO2 

through the viscous acid. 
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A detailed investigation (Chapter 3) comprising the separation of the charge transfer 

resistance, ohmic resistance and mass transport limitations using EIS analysis, 

revealed that the activation resistance was a function of cell temperature (which was 

expected), catalyst type (Pt/C vs. PtB), catalyst particle size and hot pressing 

pressure.  The ohmic resistance, which relates to the membrane resistance and thus 

to its conductivity, was mostly influenced by the cell temperature and membrane 

thickness, while the mass transport limitations were affected by the cell temperature 

and hot pressing pressure used in the MEA manufacturing step.  According to these 

results the operating point where the electrolyser can be operated at its highest 

efficiency would be at high cell temperatures (>100°C) with the optimised MEA 

manufacturing procedure (as determined in Chapter 2) preferably by using thin 

membranes. 

The voltage degradation, i.e. voltage increase during electrolysis, observed in 

Chapter 4, due to a low level (ppm) H2S contamination, when the anode was 

conditioned with SO2 before exposing it to H2S, was not as detrimental to the SO2 

electrolysis as has been reported in the PEMFC literature, when Pt/C was used as 

catalyst [3].  It is clear from this that it is important to operate the SO2 electrolyser 

using “clean” SO2 before exposing the anode to any level of H2S.  Although an 

increase of, for example 63 mΩ (charge transfer resistance), which was observed 

after operating at 0.1 A cm-2 for 60 min, is significant it could be reduced by 

operating the electrolyser at further optimised conditions, which according to 

Chapters 2 and 3, could be by increasing the operating cell temperature or by using 

alternative catalysts.   

 

7.3 PBI-BASED MEMBRANES - CHAPTERS 5 AND 6 
The results in Chapters 5 and 6 have confirmed that PBI-based membranes were 

stable in an H2SO4 environment, as well as being suitable for SO2 electrolysis.  

Although various parameters were tested, the results reported in these chapters 

show that the most influential factors for the overall SO2 electrolysis performance 

included the MEA doping procedures, MEA activation sequence, membrane 

thickness and blending ratios of the different polymers involved. 
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The MEA doping procedure was evaluated in Chapter 5 for a specific PBI-blended 

membrane (MJK 1753), which formed the basis for Chapter 6.  The data obtained for 

different membrane thicknesses did not show similar tendencies (where thinner 

membranes had improved performance) as when using PFSA-based materials i.e. 

thinner membranes having improved performance.  An optimal thickness is however 

possible where a balance between SO2 crossover and membranes resistance needs 

to be established to provide the desired cell efficiency and voltage stability [4].  An 

additional activation step (voltage cycling) showed improved cell performance, 

increasing the current density obtainable (at 80°C) by almost 10%. 

 

The influence of blending the PBI-based membrane with various fluorinated 

polymers was investigated in Chapter 6.  By varying the two blending polymers, 

poly(2,6-dimethylbromide-1,4-phenylene oxide) (PPOBr) and poly(tetrafluorostyrene-

4-phosphonic acid) (PWN), with the PBI component (F6PBI) it was shown that using 

20/80 wt% PWN/F6PBI and 10/90 wt% F6PBI/PPOBr combinations, the highest 

stability, as well as SO2 electrolysis performance was obtained. 

 
7.4 NAFION vs. PBI MEMBRANES 
With the focus on Nafion in Chapters 2 - 4 and PBI in Chapters 5 & 6, respectively 

the question of the comparison of the performances of the Nafion® and PBI-based 

membranes arose.  From the results obtained it is clear that the Nafion was 

chemically more stable than the PBI-based membranes, while PBI-based 

membranes showed similar to better performance than Nafion in the SO2 

electrolyser.  However, Nafion® would be the preferred choice when operating at 

temperatures below 100°C due to its commercial availability. 

While all PBI-based membranes used in this study were prepared for scientific 

purposes and are not yet commercially available, various institutions worldwide 

(Sandia National Laboratory (SNL), Case Western Reserve University and Clemson 

University) are focussing on the development and production of PBI-based 

membranes.  In addition the number of possibilities is in essence endless when 

considering the numerous possible blending polymers and ratios that can be varied.  

It is however clear that the most important advantage, and hence reason, for 

including PBI-based membranes in this study is their suitability at higher 
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temperatures [5].  While this study demonstrated comparable results when using 

Nafion and PBI-based membranes ≤80°C, it is clear that above 100°C, as would be 

optimal for SO2 electrolysis [5], Nafion will not be stable.  While it was not the 

purpose of this study to investigate high temperature SO2 electrolysis, a recent study 

in our group (unpublished) clearly shows the influence when comparing a Nafion 115 

to the most recently developed PBI-based membrane provided by the group of Dr 

Kerres (University of Stuttgart).  According to Figure 7.1, this optimised membrane 

outperformed the Nafion, especially at high current densities, both at 80°C and at 

95°C, showing the substantial potential of these membrane materials.   

 
Figure 7.1: Comparison between SO2 electrolysis polarisation curves for N115 and a 
novel PBI membrane blend at 80 and 95°C. 
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7.5 RECOMMONDATIONS 
While the aim and objectives of this study have been attained, various opportunities 

for further research on SO2 electrolysis became apparent during this study.   

 

 While according to literature current densities as high as 1 A cm-2 have been 

attained when operating the SO2 electrolyser using a pressure differential, 

lower acid concentrations were however attained.  The acid concentration can 

possibly be increased at 1 A cm-2 and acceptable operating voltages by 

increasing the cell temperature, which would decrease the charge transfer 

resistance. 

 

 For elevated pressure differentials, re-enforced PFSA-based membranes, 

which are currently emerging from industry for the application in 

electrochemical hydrogen compression, might be suitable. 

 

 An aspect that has not received significant attention both in this study and in 

literature is the further development of catalysts with faster SO2 oxidation 

kinetics and long term stability, possibly including non-PGM metals which 

would reduce the overall costs of this process. 

 

 When the SO2 supply to the electrolyser is contaminated with other gases 

such as H2S, alternative catalyst materials could be developed that are more 

prone to withstand poisoning such as platinum-ruthenium combinations.  

However, the challenge would be to find catalysts that do not reduce sulfur 

adsorption. 

 

 High temperature SO2 electrolysis (> 100°C) must be developed to reduce the 

kinetic and ohmic resistances of the electrolyser. 

 

 For the high temperature application, PBI-based membranes can be used.  

However, for the extreme conditions within the electrolyser at higher 

temperatures (120 – 160°C), the suitability of the membranes has to be 

established.  Simultaneously, alternative MEA manufacturing techniques 
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would be required to replace the Nafion that is currently used as binder during 

MEA manufacturing. 

 

 Membrane acid treatment, currently being done at 80°C, must be performed 

at temperatures of at least 120°C to evaluate chemical stability. 

 

 Apart from the variables evaluated in this study, further MEA parameters 

should be optimised to ensure the lowest overall MEA resistance.  These 

could include i) the optimisation of membrane blend combinations (PBI / 

sulfonated polymer ratios), ii) selecting the use of CCMs (catalyst coated 

membranes) over GDEs, iii) binder selection for the catalyst ink preparation 

(must be stable in acidic environment while being able to conduct protons at 

elevated temperatures) and v) determine the optimal SO2 / water vapour ratio 

needed to produce the highest acid concentration possible while operating at 

acceptable voltage and current densities. 
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APPENDIX A: SYSTEM AUTOMATION 

 
A – 1 INTRODUCTION 
In this appendix the automation process needed to accurately and safely operate the 

SO2 electrolyser system used in this study is discussed.  Firstly, the electronically 

controlled hardware is discussed (A - 2) followed by the Labview® (manufactured by 

National Instruments) interface and the general coding used to execute operation (A 

- 3). 

 

A – 2 ELECTRONICALLY CONTROLLED HARDWARE 
The list of electronically controlled hardware presented in Table A - 1 is based on the 

general setup used in this study (see Figure 2.1 Chapter 2, page 21).  The hardware 

used for automation in the setup was carefully selected to only use a 4 – 20 mA 

signal input/output.  When considering the thermal mass flow meters for example, 

which were used to control the flow of the gases, the set point of the meter was 

given by a current between 4 – 20 mA with 4 mA being the lowest flow rate, i.e. 0 nL 

min1 and 20 mA corresponding to the flow controllers’ highest flow rate, i.e. 2 nL min-

1.  As the relationship between the current and the calibrated flow rate is linear, it is 

easy to calculate the required current for any flow rate.  This concept is also 

applicable to the liquid pump. 
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Table A - 1: Electronically controlled hardware used in the SO2 electrolyser that was automated using Labview®. 

Item Description Communication 
Method 

Input 
(mA) 

Output 
(mA) 

Operating 
Range 

Power 
Required 

PS Power Supply RS-232 VISA* VISA 12.5V – 60A 12 Vdc 

MFC1/2/3 Thermal Mass Flow Controller Analog 4 – 20 4 – 20 0 – 1 nL/min+ 24 Vdc 

P4/5 Pressure Transducer Analog N/A 4 – 20 0 – 20 Barg# 12 Vdc 

T Thermocouple Anaolog N/A 0 – 20 0 – 700 °C N/A 

Liquid Pump High rpm piston pump Analog 4 – 20 4 – 20 0 – 2 L/min 240 VAC 

NI-9174 Compaq Daq Housing for modules N/A N/A N/A 240 VAC 

NI-9207 4 – 20 mA Input Analog 0 – 20 N/A N/A N/A 

NI-9265 4 – 20mA Output Analog 0 – 20 N/A N/A N/A 

NI-9211 Thermocouple module Analog 0 – 100 Ω N/A N/A N/A 

NI-9481 Temperature Control Digital ON/OFF ON/OFF ON/OFF N/A 
*VISA – Visual Instrument Software Architecture 
+nL/min – Flow controller is calibrated at normalised (n) conditions which is 0 °C and 1 atm (atmospheric pressure) 
#Barg – Indicates that the pressure is not normalised to atmospheric pressure 
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A – 3 PROGRAMMING 
The Labview® program used in this study has two main features: the front panel 

(where the user operates) and the block diagram (where the program is written).  

Figure A - 1 shows a representation of the front panel design used in this study.  It 

was designed is such a way that the most important information was always visible. 

The black highlighted section of Figure A - 1 mainly includes the operating voltage 

(V), current (A), current density (A.cm-2), cell temperature (°C), SO2 flow (L min-1), 

heater ON/OFF, anode/cathode pressure (Barg) and the amount of points logged. 

 

Both the red and yellow highlighted sections are part of the first tab (Controls – see 

white highlighted section).  The red highlighted section provides general information 

regarding the current experiment provided by the user i.e. membrane type, 

electrodes used, cell temperature (°C), catalyst loading (mgPt cm-2), as well as the 

suppliers of the membranes and the MEA parts used.  The yellow highlighted section 

is divided in two sections, one for the power supply and pump inputs, such as the 

current set point (A), voltage limit (V), active area being used (cm2), power supply 

ON/OFF, pump flow rate (mL min-1) and the pump flow set point (mL min-1), while the 

second part deals with the inputs for the cell temperature (°C) and SO2 flow rate set 

point (L min-1). 
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Figure A - 1: Representation of the Front Panel design used. 



163 
 

Additional functionality was obtained by selecting a different tab (white highlighted 

section), which was used to house all the sequences planned for this study: 

Sequence 1: Polarisation curves, Sequence 2: Polarisation curves – constant current 

for a pre-determined time – polarisation curve, Sequence 3: Cyclic voltammetry, 

Sequence 4: Voltage stepping and Sequence 5: Long term operation.  Figure A - 2 

shows the information for the additional tabs from the white highlighted section 

(Sequences, Pol. and T vs. Time) used to visually show the polarisation curves and 

temperature vs. time data.  

 

When considering EIS using a 10 cm2 active area Sequence 1, which is the bases 

for the other sequences, consisted of the following: 

• Idling – Setting of all parameters, such as temperature, SO2 flow rate and 

water flow rate. 

• MEA hydration – when PFSA membranes are used the membrane must be 

properly hydrated to ensure optimal operation. This step supplies the heaters 

with 240 VAC power using the relay module controlled by the temperature set 

point while the cathode feed is being circulated.  A safety interlock is in place 

to monitor the cell temperature (if the cell temperature increases above 90°C 

the system will stop).  A point is logged every minute and after the required 

180 min (3 hrs.) the program proceeds to the next step. 

• CC (Constant Current) @ 0.1 A cm-2 – this step is the pre-conditioning step 

for 20 min and ensures that the anode and cathode reactant flow and cell 

temperature have stabilised.  The anode supply (SO2) is applied 1 min before 

the power supply is switched on.  The program automatically converts the 

current density to the required current using the active area supplied by the 

user.  The voltage is logged every 30 s for the 20 min period.  The program 

will again stop the system if the voltage reaches 1 V, indicating that the 

membrane does not perform sufficiently.  If the voltage is less than 1 V the 

system will go to the next step. 

• Polarisation Curve – This step will produce the polarisation curve by 

increasing the current density (according to the information supplied by the 

supplier) every 90 s while recording each point before increasing the current.  

This process will be done until the voltage reaches 1 V after which the current 
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density will be reduced every 90 s until the current (not current density) 

reaches 0.3 amp.  When this happens the next step is initiated.  Report 

Writing – This step writes all the logged information to an Excel template file 

which already includes the formatting and graphs typically used, such as the 

polarisation curve, voltage as a function of time and temperature. 

 

As mentioned above, sequence 1 formed the basis of sequence 2.  The only 

difference is the additional steps of running the electrolyser at a constant current (0.1 

A cm-2) followed by a secondary polarisation curve. Figure A-3 shows a typical 

voltage vs. time graph for Sequence 1 and 2. 
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Figure A - 2: Tabs used for (a) sequence selection, (b) polarisation curve figure, (C) temperature vs. time. 

(a) 

(b) 
(c) 
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Figure A - 3: Voltage and current density as a function of time for both Sequence 1 and 2. 

 

Apart from the front panel that is used to select the operating parameters, the block 

diagram mentioned above, is used for the actual programming which controls the 

system.  For simplicity, Figure A - 4 only shows a typical block diagram containing 

the coding needed for the actual read/write of the compact Daq.  After each 

component, which needs to be controlled electronically, has been connected to the 

appropriate module (See Table A - 1) the coding can be started.  In Figure A - 4 

(black highlighted area) it can be seen that the specific module and channel must be 

selected corresponding to where the part was connected.  For example, the CO 

mass flow controller analog input, for selecting the setpoint of the meter, was 

connected to module 2 (which has several channels) and on channel ai0.  The other 

SO2 thermal mass flow controller, for example, was connected to the same module 

but on channel ai1.  
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Figure A - 4: Example of the coding needed to read/write to the compact daq. 

 

The red highlighted section in Figure A - 4 shows the scaling procedure used as the 

actual input to the thermal mass flow controller is 4 – 20 mA and the user selects a 

flow set point in nL/min.  The program will then force the appropriate current (4 – 20 

mA) across two pins on the thermal mass flow controller which controls the valve 

resulting in the desired flow rate through the meter.  It should be clear that the 

description of controlling each and every item/part will be rudimentary as the same 

principle applied to the greater part of the system. 
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APPENDIX B: ARTICLES PUBLISHED FROM THIS 

STUDY 
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