
Contract No.: 

This manuscript has been authored by Savannah River Nuclear Solutions 

(SRNS), LLC under Contract No. DE-AC09-08SR22470 with the U.S. 

Department of Energy (DOE) Office of Environmental Management (EM). 

 

Disclaimer: 

The United States Government retains and the publisher, by accepting this 

article for publication, acknowledges that the United States Government 

retains a non-exclusive, paid-up, irrevocable, worldwide license to publish 

or reproduce the published form of this work, or allow others to do so, for 

United States Government purposes. 



Development and testing of a PEM SO2-depolarized electrolyzer 
and an operating method that prevents sulfur accumulation 

 

John L. Steimkea,b,*, Timothy J. Steepera,c, Hector R. Cólon-Mercadoa, and 
Maximilian B. Gorenseka 

aSavannah River National Laboratory, Aiken, SC 29808 USA 
bCurrent address: 1829 Robinson Drive, North Augusta, SC  29841 USA  

cCurrent address: 725 Dayton Valley Road, Dayton, NV  89403 USA 
 

Abstract 

The hybrid sulfur (HyS) cycle is being developed as a technology to generate hydrogen 

by splitting water, using heat and electrical power from a nuclear or solar power plant.  A key 

component is the SO2-depolarized electrolysis (SDE) cell, which reacts SO2 and water to form 

hydrogen and sulfuric acid.  SDE could also be used in once-through operation to consume SO2 

and generate hydrogen and sulfuric acid for sale.  A proton exchange membrane (PEM) SDE cell 

based on a PEM fuel cell design was fabricated and tested.  Measured cell potential as a function 

of anolyte pressure and flow rate, sulfuric acid concentration, and cell temperature are presented 

for this cell.  Sulfur accumulation was observed inside the cell, which could have been a serious 

impediment to further development.  A method to prevent sulfur formation was subsequently 

developed.  This was made possible by a testing facility that allowed unattended operation for 

extended periods. 
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Acronyms 

ASR 

BPR 

DOE 

Area specific resistance 

Back pressure regulator 

US Department of Energy 

HTE High-temperature electrolysis 

HyS Hybrid sulfur 

INL Idaho National Laboratory 

MEA Membrane electrode assembly 

PBI Polybenzimidazole 

PEM Proton exchange membrane (a.k.a. polymer electrolyte membrane) 

PFA 

PPS 

Perfluoroalkoxy 

Polyphenylene sulfide 

PTFE Polytetrafluoroethylene 

SDE 

SEM 

SO2-depolarized electrolyzer 

Scanning electron microscopy 

SRNL Savannah River National Laboratory 

 1 

1. Introduction 2 

1.1. Background 3 

Concerns about the potential for climate change due to anthropogenic CO2 emissions 4 

from the combustion of fossil fuels along with the desire for a sustainable source of energy 5 

inevitably lead to hydrogen produced from renewable or nuclear sources as a possible alternative 6 

for future energy systems.  Utilization of hydrogen in fuel cells is non-polluting and efficient.  7 
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Renewable sources are inexhaustible and clean.  Properly managed, nuclear energy sources are 8 

virtually inexhaustible, with smaller footprints and potentially smaller life cycle impacts. 9 

As a result, thermochemical cycles that can generate hydrogen by splitting water using 10 

high temperature heat from nuclear or concentrated solar sources have been the focus of 11 

considerable research efforts since they were first proposed in the 1960s [1].  One of these is the 12 

hybrid sulfur (HyS) cycle (also known as the Westinghouse cycle), which consists of a low 13 

temperature (~100ºC) and a high temperature (~1000ºC) step [2].  In the high temperature step, 14 

sulfuric acid is decomposed endothermically to SO2, water, and oxygen co-product.  In the low 15 

temperature step, after the oxygen is separated and removed, the remaining water and SO2 are 16 

reacted electrochemically in SO2-depolarized electrolysis (SDE) cells to form sulfuric acid and 17 

hydrogen product.  SO2-depolarization greatly reduces the cell potential needed to generate 18 

hydrogen as compared to conventional water electrolysis.  Reversible and practical cell voltages 19 

for SDE are ~0.2 and ~0.7 V, respectively, whereas for conventional proton exchange membrane 20 

(PEM) water electrolysis, they are 1.23 and ~1.75 V, respectively.  Sulfuric acid from the SDE 21 

cells is recycled back to the decomposer to close the cycle.  (Alternately, SDE may be used with 22 

a source of SO2 such as a smelter or coal fired power plant to generate sulfuric acid and 23 

hydrogen products.)  Thermochemical water-splitting cycles offer the possibility of higher 24 

conversion efficiencies (with respect to the primary heat source) than direct water electrolysis 25 

because they can use heat directly without power conversion losses to drive one or more of the 26 

reaction steps (e.g., high temperature sulfuric acid decomposition in the case of HyS. 27 

HyS is one of the simplest thermochemical water-splitting cycles, comprising only two 28 

reaction steps, having all fluid reactants and products, and with sulfur (cycling between its +4 29 

and +6 oxidation states) the only other element required besides hydrogen and oxygen.  30 
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Consequently, its separation tasks are relatively simple, minimizing their potential impact on the 31 

net thermal efficiency for hydrogen production. 32 

1.2. Previous work 33 

Researchers at Westinghouse Electric Corporation, where HyS was first conceived [3], 34 

performed extensive early testing of SDE for hydrogen production during the period 1975-1983 35 

[4-10].  Westinghouse tests used conventional parallel plate electrochemical cells.  The anolyte 36 

was a sulfuric acid solution containing dissolved SO2 flowing through a gap between the anode 37 

and a porous rubber membrane.  The catholyte was a sulfuric acid solution, and similarly flowed 38 

between the cathode and the membrane. 39 

After 1983, when the drive toward alternative energy sources dwindled with the global 40 

stabilization of petroleum supplies and prices, there was a period of inactivity for SDE 41 

development until 2003, when interest in a hydrogen economy began to grow once again.  42 

Savannah River National Laboratory (SRNL) received U. S. Department of Energy (DOE) 43 

funding to develop SDE for HyS under the Nuclear Hydrogen Initiative and issued a number of 44 

reports on electrolyzer development.  Cólon-Mercado and Hobbs [11] evaluated a variety of 45 

potential catalysts for use with SDE.  Elvington, et al. [12] tested a range of PEM materials such 46 

as Nafion®, PBI (polybenzimidazole), and polyphenylenes for properties such as chemical 47 

stability, durability, proton conductivity, and  SO2 flux.  Cólon-Mercado, et al. [13] summarized 48 

the body of work related to SDE at SRNL up to that point. 49 

Larger scale tests (54.8 cm2 active cell area) at SRNL were reported by Steimke and co-50 

workers [14-16] in which temperature, acid concentration and SO2 concentration were varied.  51 

For the larger scale tests, SRNL developed an SDE cell and associated hardware patterned after 52 

conventional PEM fuel cells, albeit with liquid feeds streams. The intent of this approach was to 53 
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leverage ongoing developments in PEM fuel cell technology, which would ultimately lead to 54 

better and more economical SDE cell designs. 55 

SRNL tested the performance and the effect of operating conditions for both short and 56 

long term operation of the cell.  During the course of these tests, deposition of sulfur at the 57 

interface between the membrane and the cathode was observed, which could have made the 58 

liquid-fed PEM SDE approach impractical.  Further testing and analysis resulted in the 59 

identification of an operating envelope that prevented the formation of such a sulfur rich layer.  60 

The discovery of this operating envelope was a major achievement and resulted in the granting 61 

of a US patent [17]. 62 

Water transport through a membrane electrode assembly (MEA) that operated with a 63 

gaseous SO2 feed to the anode and water feed to the cathode was modeled by Staser and Weidner 64 

[18].  Staser et al. [19] quantified individual contributions to the total voltage drop.  In particular, 65 

they examined water transport and diffusion of SO2. 66 

Stone et al. [20] tested an electrolyzer stack in which SO2 was introduced in the gas phase 67 

and a low permeability pre-layer was used to reduce crossover of SO2. 68 

Jayakumar et al. [21] tested the use of PBI and Nafion® membranes in PEM SDE.  69 

Proton transport in PBI is less dependent on the water concentration in the membrane than in 70 

Nafion®.  Therefore, PBI membranes are not as severely affected by operation at higher acid 71 

concentrations.  Nafion® membrane dehydration is detrimental as it results in increased cell 72 

voltage.  More concentrated sulfuric acid is clearly desirable for commercial applications.  For 73 

tests using PBI membranes, water vapor and gaseous SO2 were fed to the anode where they 74 

reacted to form sulfuric acid, and the cathode was kept dry.  For tests with Nafion®, however, 75 

liquid water was fed to the cathode and anhydrous SO2 was fed to the anode.  Water diffused 76 
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across the membrane from the cathode to the anode, driven by the activity difference, where it 77 

reacted with SO2 to make sulfuric acid.  This kept the membrane hydrated.  One characteristic of 78 

feeding gaseous SO2 was that the concentration of the sulfuric acid product depended on the cell 79 

current.  When using Nafion® membranes, increasing the acid concentration increased the area 80 

specific resistance (ASR) of the cell, which was expected.  The effect was much smaller, 81 

however, with PBI membranes. 82 

Kriek et al. [22] published a review paper on open cycle SDE for sulfuric acid and 83 

hydrogen production.  Xue et al. [23] performed a thorough sensitivity study of differences in 84 

MEA preparation and SDE operating conditions.  In all tests the MEA was constructed using a 85 

Nafion® 115 membrane.  In MEA testing they varied weight percent acid in the anolyte, 86 

temperature and current.  As expected, increases in each parameter increased cell voltage.  They 87 

also varied Pt loading in the catalyst.  Additional Pt loading decreased cell voltage up to a point.  88 

They developed an empirical correlation for cell voltage.   Peach et al. [24] tested PBI and 89 

Nafion® membranes in an SDE cell.  Dry SO2 was fed to the anode and water was fed to the 90 

cathode.  The product was 80% sulfuric acid solution.  At low current densities the PBI 91 

membrane gave lower cell voltages than the Nafion® membranes.  At higher current densities, 92 

the voltages were comparable.  Allen et al. [25] studied the mechanisms of SO2 oxidation in SDE 93 

using solid disk electrodes.  They found that the oxidation is an oscillating reaction, that 94 

dithionate may be an intermediate, and that there is evidence for the formation of sulfur rich 95 

solids.   Xue et al. [26] tested a range of bimetallic catalysts for SO2 oxidation.  Their goal was to 96 

find a cheaper substitute for the baseline catalyst, platinum.  Platinum chromium bimetallic 97 

catalyst (60 wt% Pt) gave the best results.  Cell performance degradation was attributed to the 98 

formation of sulfur rich solids.  99 
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1.3. Electrochemical reactions 100 

The cell of the electrolyzer has two electrodes: an anode and a cathode.  Electrical current 101 

passes through the cell which drives the following two reactions.   102 

 Anode: VEeHaqSOHlOHaqSO 158.0,22)()(2)( 4222 −=°++→+ −+  (1) 103 

 Cathode: VEgHeH 0.0),(22 2 =°→+ −+  (2) 104 

Protons (hydronium ions) move from the anode to the cathode through the PEM, while electrons 105 

flow from the anode to the cathode through an external circuit, recombining to form molecular 106 

hydrogen.  The net reaction is shown in (3). 107 

 Net reaction: VEgHaqSOHlOHaqSO 158.0),()()(2)( 24222 −=°+→+  (3) 108 

The standard cell potential for this reaction is -0.158 V [27].  This assumes all reactants 109 

and products are at their standard states.  The reversible cell potential at the actual conditions in 110 

the electrolyzer, Erev may be calculated from this value using the well-known Nernst equation.  111 

The actual operating voltage, Eoper contains additional contributions, as shown in (4), 112 

  hwohmcarevoper EE hhhh ++++=  (4) 113 

where Erev is the reversible cell potential or potential at very low current, which is a weak 114 

function of temperature and a stronger function of acid concentration; 115 

 ηa is the anode overpotential, which is a function of the effective surface area of the 116 

catalyst, catalyst type, current density, SO2 concentration, and acid concentration; 117 

 ηc is the cathode overpotential, which is smaller than the anode overpotential and is a 118 

function of catalyst surface area, catalyst type and current density; 119 

 ηohm is the ohmic loss, which is due to the resistance across the fluids and the membrane 120 

and is proportional to current density; and 121 

ηhw is the hardware loss, which is proportional to current density. 122 
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 A more detailed explanation and quantification is provided in [19]. 123 

 124 

2. Experimental 125 

2.1. Description of the electrolysis cell 126 

The SRNL electrolysis cell is of the PEM MEA type.  The MEA is a “sandwich” 127 

consisting of an electrically conducting flowfield, an anode where anolyte (an aqueous solution 128 

of SO2 and sulfuric acid) is oxidized to produce hydrogen ions and sulfuric acid, an electrically 129 

insulating PEM that allows hydrogen ions and water to pass through, a cathode where the 130 

hydrogen ions are reduced to hydrogen gas, and another electrically conducting flowfield.  The 131 

remainder of the electrolyzer serves to deliver fresh anolyte containing the reactants to the anode 132 

and to remove spent anolyte containing the sulfuric acid reaction product, to remove wet 133 

hydrogen gas and any by-products from the cathode, to provide current paths to the electrodes, to 134 

allow temperature control, and to contain the internal pressure. 135 

Photographs of the SRNL electrolysis cell are provided in Figure 1.  Proceeding from the 136 

anode side of the cell to the cathode side, the following layers can be found, with thicknesses 137 

noted: stainless steel heated pressure plate (25.4 mm), Kynar® insulator (0.3 mm), copper 138 

terminal plate (3.4 mm), non-porous graphite seal block (12.7 mm), inter-digitated graphite 139 

flowfield with ten narrow channels (2.5 mm), non-PTFE (polytetrafluoroethylene) coated carbon 140 

paper (0.3 mm), Nafion® membrane with platinized carbon coated on both sides (0.3 mm), 141 

carbon cloth (0.15 mm), inter-digitated graphite flowfield with 30 channels (2.5 mm), another 142 

seal block (12.7 mm), another copper terminal plate (3.4 mm), fiberglass insulator (0.7 mm), and 143 

another stainless steel heated pressure plate (25.4 mm).  Inter-digitated means that the inlet and 144 

outlet ports are connected to different finger-like channels cut into the flowfield, and that the 145 
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inlet and outlet channels are interspersed but do not connect directly.  The carbon paper and cloth 146 

used in the cell were obtained from ElectroChem, Inc. 147 

The pressure plates are 152 mm square and have twelve holes for Belleville spring 148 

washers and bolts torqued to 22 N-m that compress the cell to prevent leakage and maintain 149 

electrical continuity.  The edge of both pressure plates has a deep hole for the insertion of a small 150 

cartridge heater.   The face of the anode pressure plate also has two holes containing Teflon® 151 

inserts that are sealed to the pressure plate with Viton® O-rings.  PFA (perfluoroalkoxy) tubes 152 

for anolyte to enter and exit the cell pass through holes and other Viton® O-rings in the Teflon® 153 

inserts.  The Teflon® inserts also pass through a hole in the anode copper terminal plate where 154 

there is another Viton® O-ring.  The copper terminal plates have large tabs to which heavy 155 

power cables are bolted.  The anode copper terminal is pressed against the graphite seal block 156 

(120 mm square).  One edge of each graphite seal block has two 50-mm deep, 1.6-mm diameter 157 

holes for PFA coated thermocouples to measure anode and cathode temperatures.  An adjacent 158 

edge of each seal block has an attachment for a voltage tap.  Anolyte flows through a hole in the 159 

seal block and to the graphite flowfield that sits in a recess machined into the seal block.  The 160 

anode flowfield has ten channels that are 1.3 mm deep, 0.7 mm wide and 72 mm long, half 161 

connected to the anolyte inlet and half to the outlet.  The geometry forces anolyte to flow from 162 

inlet channels, parallel to the face of the flowfield, through the electrically conducting porous 163 

carbon paper and also parallel to the platinized carbon layer forming the anode of the MEA.  164 

Anolyte is collected by the outlet channels.  The cathode side of the MEA faces electrically 165 

conducting carbon cloth and a graphite flowfield with thirty channels.  Half of the channels are 166 

connected to a water inlet and half are connected to the hydrogen (with a little water) outlet.    167 

The maximum active area of the cell is equal to 54.8 cm2. 168 
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Design, fabrication, and operation of the SRNL cell represented a significant technical 169 

achievement.  It was the first SDE cell based on a PEM fuel cell design, and its robust 170 

construction allowed for numerous tests over several years with a variety of MEAs.  The 171 

maximum cell potentials encountered in SDE experiments were low enough to allow the use of 172 

graphite anodes instead of the titanium anodes typically found in PEM water electrolyzers, 173 

making the SRNL SDE cell much more like a PEM fuel cell operated “in reverse” as an 174 

electrolyzer.  The intent was to facilitate leveraging future improvements in PEM fuel cell 175 

design. 176 

2.2. Description and fabrication of the MEA 177 

The SDE MEA uses a membrane with thin electrodes coated on both sides.  The 178 

membrane, typically Nafion® 115, was coated with platinized carbon ink using a spray gun 179 

driven with argon carrier gas, as described previously (e.g., Elvington, et al. [12]).  Platinum 180 

black, which has less surface area, was used for a few MEAs but resulted in higher cell voltages.  181 

The target metal loadings were typically 1.8 mg Pt/cm2 and 0.8 mg Pt/cm2 for the anode and 182 

cathode sides, respectively.  The ink contained platinized carbon, water, methanol, and Nafion® 183 

dispersion.  After spraying and drying the membrane, the MEA was hot pressed as a sandwich 184 

between sheets of Teflon® cloth and metal plates at 140ºC and 1.5 MPa for three minutes. 185 

2.3. Balance of the electrolyzer facility 186 

The electrolyzer facility is divided into two sections, the anolyte section and the hydrogen 187 

section, which are on the left and right hand sides of Figure 2, respectively.  The anode chemical 188 

reaction, equation (1), consumes water and SO2, both of which are supplied to the anolyte tank 189 

using accurate digitally controlled syringe pumps, Teledyne ISCO Model 500D.  It was 190 

important to meter SO2 to the absorber section of the anolyte tank in the liquid phase, not in the 191 



SO2-depolarized electrolyzer performance page 11 of 54 

gas phase, for accurate measurement.  Three steps were taken to ensure SO2 remained in the 192 

liquid phase.  First, liquid phase SO2 was drawn from the bottom of an inverted cylinder.  193 

Second, the SO2 cylinder was heated to 40ºC with a blanket heater prior to transfer to increase its 194 

internal pressure and facilitate transfer to the syringe pump.  Third, the SO2 backpressure 195 

regulator (BPR) just downstream of the syringe pump was set above the vapor pressure of SO2 at 196 

ambient temperature, which is 330 kPa(abs).  The BPR prevented premature flashing and 197 

maintained the SO2 loaded to the syringe in liquid form.  When the control computer sensed a 198 

low inventory of SO2 in the pump it changed the positions of valves and reversed direction of the 199 

syringe to refill from the supply cylinder.  So, during the brief refilling period, no SO2 was fed to 200 

the packed bed absorber. 201 

The water syringe pump was refilled with deionized water from a pressurized header for 202 

quick and easy replenishment.  Computer control metered the two reactants into the anolyte tank.  203 

Water was added at a controlled rate to maintain anolyte density, which is strongly dependent on 204 

acid concentration.  If water had not been added, consumption of water and generation of 205 

sulfuric acid would have increased the sulfuric acid concentration with a corresponding increase 206 

in anolyte density.  SO2 was added at a controlled rate to maintain anolyte pressure.  If SO2 had 207 

not been added, consumption of SO2 would have decreased the anolyte pressure and also the SO2 208 

concentration in the anolyte. 209 

Initially, the anolyte pump was a magnetic drive gear pump with polyphenylene sulfide 210 

(PPS) gears and Carpenter Alloy 20 body.  After hundreds of hours of operation, the body 211 

showed significant corrosion.  Later, a small piston pump with Teflon® body and ceramic piston 212 

was successfully used.  Feedback control utilizing the flow measurement at the magnetic 213 

flowmeter was used to control the anolyte flowrate at the specified setpoint.  The commercial 214 
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flowmeter had zirconium electrodes and custom flanges with zirconium inserts which never 215 

suffered observable corrosion.   216 

Fresh anolyte entered the anode side of the electrolyzer and exited enriched in sulfuric 217 

acid and depleted in SO2 and water.  Single pass conversion of SO2 was typically 33%.  Spent 218 

anolyte then flowed through an Anton Paar Type DTR 427 density meter with tantalum wetted 219 

surfaces for corrosion resistance.  220 

Spent anolyte next passed into the top of the 1.2-m tall anolyte tank, which had two 221 

sections.  The top section was a packed bed absorber filled with glass Raschig rings that were 222 

supported on a glass screen located 300 mm above tank bottom.   The absorber allowed SO2 gas 223 

to be absorbed into the anolyte.  The bottom section was the anolyte reservoir.  The ends of the 224 

anolyte tank were machined from Teflon® and were sealed with Viton® O-rings.  The walls of 225 

the tank were three nested tubes.  The inner and middle tubes were made from heavy wall 226 

borosilicate glass for corrosion resistance and clarity.  The outer tube was made from clear 227 

acrylic for resistance to breakage.  Hot water was pumped upward between the inner and middle 228 

tubes to heat the anolyte.  The space between the middle and outer tubes trapped an air layer to 229 

decrease heat loss.  Hot water was provided by a hot water bath that included a pump.   230 

Because water and SO2 were being added to the anolyte tank, anolyte volume slowly 231 

increased, so hardware was added to automatically control the anolyte inventory.  Four laser 232 

beams positioned at different elevations below the Raschig rings were aimed across the anolyte 233 

tank, but off-center.  Four light detectors were arranged on the opposite side of the tank at the 234 

same elevations, one per laser.  When liquid anolyte was present the laser beam diffracted into its 235 

detector, otherwise it did not.  Moving up from the bottom of the anolyte tank the elevations 236 

were low alarm (70 mm), low operating (120 mm), high operating (180 mm) and high alarm 237 
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(230 mm).  When the high operating sensor detected liquid, the computer opened a motorized 238 

drain valve.  When the low operating sensor stopped detecting liquid, the computer closed the 239 

valve.  Discharged anolyte was collected in a drum.  Occasionally a mechanical malfunction 240 

caused the anolyte level to go outside its normal range and register low alarm or high alarm.  241 

Then a repair was made.   242 

The other side of the facility was the hydrogen handling side.  A small flow of water, 243 

manually adjusted to about 10 mL/min, was fed to the cathode side to maintain good hydration 244 

of the membrane.  Some of this water crossed the membrane to the anolyte because the activity 245 

of water at the cathode (essentially pure water) was greater than in the anolyte (sulfuric acid) and 246 

because the cathode pressure was usually maintained 33 kPa higher than the anode pressure.  247 

This provided a small water flux to counter the concentration driven flux of SO2 from the anode 248 

side to the cathode side.  It also provided some of the reaction water required at the anode.  249 

Water, hydrogen and a small concentration of hydrogen sulfide flowed out of the cell to a 250 

water/hydrogen separator, which had an infrared level detector.  When the water level was higher 251 

than the infrared source and the detector, water absorbed the beam.  The disrupted beam briefly 252 

opened the valve at the bottom of the separator.  Water with some dissolved hydrogen sulfide 253 

flowed to a collection drum until the beam was reestablished and the valve closed. 254 

Downstream of the separator was a BPR that maintained the pressure of the hydrogen and 255 

maintain a constant pressure difference across the membrane.  Hydrogen flowed from the BPR to 256 

a gas flowmeter calibrated for hydrogen.  Part of the gas flow passed through a gas 257 

chromatograph to measure hydrogen sulfide concentration.  258 
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2.4. Materials observations 259 

Initially, some components used in the hydrogen product stream were constructed from 260 

Type 316 stainless steel and showed no corrosion.  After the method of operation was changed to 261 

prevent sulfur layer formation, an unexpected result was that the hydrogen stream became 262 

corrosive to the stainless steel, whereas it had not been before.  Apparently the altered 263 

composition of the product stream de-passivated stainless steel.  Stainless steel components 264 

before the water separator were subsequently replaced with PFA or Teflon® components, which 265 

solved the problem.  Downstream of the water separator, where almost all of the water was 266 

removed, the hydrogen stream was not corrosive to stainless steel. 267 

Titanium components were used briefly but were quickly corroded by hot anolyte.  268 

Zirconium and tantalum were both resistant to hot anolyte.  The seal blocks of the cell were 269 

machined from graphite.  Both porous and non-porous graphite are available for sale.  It was 270 

learned that the seal blocks must be made from non-porous graphite to prevent slow leaks.  271 

 272 

3. Experimental 273 

3.1. Observations of cell voltage increase and sulfur formation 274 

A total of 37 MEAs was tested with the SDE cell.  Table 1 summarizes the 275 

characteristics of the MEAs that were tested.  Results for a few of these tests are presented here. 276 

During early testing of MEAs at SRNL, it was observed that cell voltage generally 277 

increased over the period of testing for an MEA, which was usually intermittent and conducted 278 

only during daytime hours over a period as long as two months.  At the time, it was not known 279 

whether the increase in voltage was the result of membrane degradation, catalyst poisoning, or 280 

some other cause.  This observation was complicated by the fact that cell voltage is influenced 281 
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by current density, cell temperature, anolyte pressure (which affects concentration of SO2 in the 282 

anolyte), anolyte flowrate, membrane material and thickness, catalyst loading, and concentration 283 

of sulfuric acid in the anolyte.  The first longevity test, which used MEA 12, provided valuable 284 

information about the process of cell voltage increase because it was run for 100 continuous 285 

hours at nearly constant conditions. 286 

MEA 12 was tested briefly on a Friday at ambient conditions and cell voltages were 287 

among the lowest for ambient conditions that had been measured up to that time.  Over the 288 

weekend the cell was stored with the anode immersed in anolyte saturated in SO2 and the 289 

cathode was exposed to hydrogen gas.  The test resumed the following Monday morning.  The 290 

cell voltage for ambient conditions and the same current as Friday was 90 mV higher.  291 

Temperature and pressure were then increased to 80°C and 4 bar and held there for 100 292 

continuous hours.  Both of those increases decreased cell voltage, as expected.  Anode and 293 

cathode pressures were held equal.  Anolyte flowrate was 80 mL/min and anolyte acid 294 

concentration was 30 wt%.  Catholyte flush water flowrate was 2 mL/min.  For a constant 295 

current density of 365 mA/cm2 (20 A) the voltage gradually increased from 0.78 V to 0.84 V 296 

over 100 hours.  In addition, the pressure drop for constant flow of anolyte through the cell 297 

increased from 10 kPa to 27 kPa.  298 

An additional observation was made during this 100-hr test.  During initial ambient 299 

condition startup on the first day of continuous testing, colloidal sulfur was observed in the 300 

water/hydrogen separator, but no additional sulfur was observed there after a couple of hours 301 

into the run.  At the end of the test, MEA 12 was cleaned and mounted for scanning electron 302 

microscopy (SEM).  As show in Figure 3, a thick sulfur rich layer was found between the 303 

cathode and membrane.  This layer registered 58.7% sulfur and for this situation had the same 304 
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thickness as the membrane.  The anode, cathode and membrane were expected to register some 305 

sulfur because sulfur is a constituent of Nafion®.  However, it was obvious that a new sulfur-rich 306 

layer had been deposited, adding ohmic resistance to the MEA, which increased cell voltage and 307 

also pressed the MEA into anode flow passages, increasing pressure drop. 308 

The existence of the sulfur layer was completely unexpected and suggested that, unless 309 

the cause for its formation could be understood and prevented, it had the potential to render PEM 310 

SDE technology infeasible. 311 

3.2. Observations of colloidal sulfur and hydrogen sulfide formation 312 

There were other observations that finally led to the solution of the problem.  Sometimes 313 

the cell current was abruptly stopped after the cell had been operating.  A couple of minutes later 314 

a cloud of colloidal sulfur appeared in the water/hydrogen separator.  Then a couple of minutes 315 

after resuming the current, the contents of the separator began to clear. 316 

Another observation was the odor of hydrogen sulfide, not SO2, emitted by the water 317 

flowing out of the water/hydrogen separator.  This was initially a surprise because some SO2 was 318 

expected to cross the membrane from the anode to the cathode.  Operating with the cathode 319 

pressure greater than the anode pressure decreased the appearance of colloidal sulfur in the 320 

separator and the odor of hydrogen sulfide in the effluent from the separator. 321 

3.3. Observations on cell voltage 322 

Figure 4 shows typical cell voltages as a function of current density for initial testing.  323 

The voltage at very low current density, not plotted here, is the reversible voltage for SDE, 324 

approximately 200 mV [19].  The kinetic over-potential term adds about 400 mV at 150 mA/cm2 325 

current density.  At current densities greater than 150 mA/cm2, there is a linear region resulting 326 

from ohmic-overpotential and above some higher current density, not shown in Figure 4, the 327 
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voltage increases sharply because of mass transfer over-potential.  This last term is the result of 328 

mass transfer limitations; either the supply of reactants to the active catalyst sites is limiting, or 329 

diffusion of sulfuric acid product away from catalyst sites is limiting.  In fact, for the present 330 

HyS electrolyzer, any mass transfer limitation was always the result of an inadequate supply of 331 

SO2.  The two lines in Figure 4 show the linear regions for operation at ambient temperature and 332 

pressure and at 80°C and 4 atm for nominally identical MEAs.  Note that increasing the 333 

temperature decreases both the slope and intercept of the line tracing the linear region.  Typical 334 

intercepts for ambient operation and 80°C operation are 0.62 V and 0.58 V, respectively. 335 

Cell voltages generally increased during early tests over the course of testing an MEA.  336 

Figure 5 illustrates this trend for some ambient temperature and pressure operation.  After 337 

placing a linear fit through data points with current densities greater than 150 mA/cm2, it can be 338 

seen that all three data sets have the same intercept, 0.62 V.  This behavior is consistent with an 339 

increasing internal electrical resistance of the MEA, which would be expected with an increasing 340 

layer of sulfur. 341 

Inspection of cell polarization data like Figure 4 and Figure 5 showed an important 342 

simplification.  For current densities greater than 150 mA/cm2 and less than the current density 343 

for which mass transfer became important, which was not reached in these data sets, the plot 344 

could be approximated by an intercept and a slope.  For most MEAs tested, the intercept was 345 

about 0.58 V for 80°C and 0.62 V for ambient temperature.  The slope, which has units of ohm-346 

cm2, measured for initial testing of an MEA depended on membrane type and thickness and on 347 

catalyst loading.  As testing progressed the slope increased because a sulfur layer of increasing 348 

thickness was adding electrical resistance to the cell, but the intercept, either 0.58 V or 0.62 V 349 

depending on temperature, usually remained the same. 350 
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3.4. Effect of SO2 concentration in the anolyte 351 

Figure 6 plots cell voltage for MEA 8 at four anolyte pressures; 1, 2, 3 and 4 bar.  The 352 

corresponding SO2 concentrations at 80°C and 30 wt% H2SO4 in the anolyte were estimated to 353 

be 0.14, 0.37, 0.61 and 0.85 molar, respectively, using the properties model described in [27].  354 

The cell voltage for the highest concentration can be represented by a line with intercept 0.61 V 355 

and slope 0.49 Ω-cm2, and no data points indicate mass transfer limitation.  When the pressure 356 

was reduced to 3 bar, the line was unaffected except for current densities greater than 800 357 

mA/cm2, where there was mass transfer limitation.  When the pressure was reduced to 2 bar, the 358 

line was unaffected except for current densities greater than 500 mA/cm2, and when the pressure 359 

was reduced to 1 bar, the line was unaffected except for current densities above 250 mA/cm2.  360 

This suggests that a certain concentration of SO2 is necessary as a reactant for the anode reaction 361 

to proceed at a particular rate and the necessary concentration depends on current.  Increasing the 362 

current increases the reaction rate and the necessary concentration of SO2.  If less than the 363 

necessary concentration is provided, the cell voltage increases because a reactant is limited and 364 

the anode overpotential term in Eqn. (4) becomes large.  If a higher SO2 concentration is 365 

provided, there is no effect on cell voltage at the current densities tested. 366 

3.5. Hypothesis for formation of the sulfur layer 367 

SO2 dissolved in the anolyte crosses the membrane to the cathode under the action of two 368 

forces.  First, a concentration gradient always drives SO2 from the anode to the cathode.  Second, 369 

SO2 dissolved in water is transported by the flux of water through the membrane which can be in 370 

either direction. Water flux has three components.  Electro-osmotic drag always drives water 371 

from the anode to cathode.  The activity (concentration) gradient of water always drives water 372 

from the cathode to the anode because the anolyte is typically 30 wt% H2SO4 and 70 wt% water, 373 
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while pure water is supplied to the cathode.  The pressure gradient across the membrane can 374 

drive water from higher to lower pressure, which can be chosen to be in either direction.  The 375 

electrically driven anode reaction consumes SO2 and therefore reduces the SO2 concentration at 376 

the anode relative to the bulk stream concentration. 377 

The first location where SO2 can contact hydrogen gas in the presence of catalyst is at the 378 

interface between the membrane and the cathode.  Two parasitic chemical reactions, shown 379 

below, are necessary to form elemental sulfur.  The first reaction is energetically preferred 380 

because its standard Gibbs free energy change, ΔG° is more negative, and the reaction forms 381 

hydrogen sulfide.  The second reaction, known as the Claus Reaction, is less energetically 382 

favorable and forms elemental sulfur. 383 

  molkJGlOHaqSHgHaqSO /4.201),(2)()(3)( 2222 −=°∆+→+  (5) 384 

  molkJGlOHsSaqSHaqSO /9.117),(2)(3)(2)( 222 −=°∆+→+  (6) 385 

This observation led to the hypothesis that limiting the concentration of SO2 at the 386 

interface between the membrane and cathode would result in all SO2 arriving at the interface 387 

being consumed in the first and less harmful reaction, leaving no SO2 to participate in the second 388 

reaction.  There are at least four ways to reduce the concentration of SO2 at the interface. 389 

1. Reduce the SO2 concentration in the bulk anolyte. 390 

2. Increase current density to consume more SO2 at the anode.  This decreases the 391 

concentration at the anode and membrane interface.  392 

3. Increase the net water flux from cathode to the anode. 393 

4. Decrease the permeability of the membrane to SO2. 394 

There are possible disadvantages to all four methods. 395 

1. If SO2 concentration is reduced enough cell voltage will increase, see Figure 6. 396 
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2. Increasing current density generates more hydrogen production from a given cell 397 

area but increases cell voltage. 398 

3. A sufficiently high water flux from cathode to anode might interfere with 399 

hydrogen ion diffusion through the membrane and this would increase cell 400 

voltage. 401 

4. A membrane that was less permeable to SO2 might also be less permeable to 402 

hydronium ions. 403 

3.6. Mapping cell operation to prevent sulfur formation 404 

Inspection of Figure 6 for MEA 8 suggests that higher concentrations of SO2 in the 405 

anolyte allow higher current densities before cell operation becomes mass transfer limited.  406 

Therefore, the three current densities at the branch points in Figure 6 were plotted against the 407 

corresponding SO2 molarities in Figure 7.  Also, five similar data points from testing MEA 29 408 

were plotted.  It should be noted that MEA 8 was tested with a previous design of the anolyte 409 

flowfield that was developed for higher anolyte flowrates.  While there is significant scatter in 410 

the data, they suggest proportionality between SO2 molarity and mass transfer limited current 411 

density.  A line was plotted on the graph that passed through the origin and between the data 412 

points.  The anode reaction was mass transfer limited for points below the line.  The further 413 

below the line, the higher the cell voltage, but the less likely formation of sulfur is.  For points 414 

above the line the anode reaction is not mass transfer limited.  Moving further above the line 415 

does not change the cell voltage but it was hypothesized that sulfur formation is more likely and 416 

occurs faster.  Figure 8 plots where the other MEAs were operated on the operating map.  Note 417 

that the weekend period during the first longevity test, when MEA 12 was stored in SO2-418 

saturated anolyte, was the MEA 12 data point furthest from the dividing line on Figure 8 and 419 
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also the period when the fastest increase in cell voltage occurred.  Note also that the data 420 

discussed in the preceding paragraph pertain to the particular catalysts, flowfields, flowrates and 421 

membranes that were studied.  However, the method could be applied to any SDE cell. 422 

The data for the points labeled “Button Cell” were generated in a different, very small 423 

(i.e., button cell) electrolyzer used to test candidate membranes and various catalyst 424 

compositions.  It only operated at atmospheric pressure and 60°C and therefore the anolyte could 425 

not have high SO2 molarity.  Significantly, the button cell electrolyzer never developed a sulfur 426 

layer at the cathode. 427 

3.7. New operating procedure to prevent sulfur formation 428 

A new operating envelope or procedure was proposed and tested, which was to limit 429 

operation at all times just below the dividing line on Figure 7 and Figure 8 so that cell voltage 430 

is, at most, slightly increased and sulfur formation is greatly reduced or eliminated.  It is 431 

important to stay below the line not only during steady state operation but also during startup and 432 

shutdown. 433 

At startup, this was accomplished by loading fresh anolyte with no SO2.   The power 434 

supply was used to impress 0.9 V across the cell. Anolyte and cell were heated to the desired 435 

temperature.  The 0.9-V potential is insufficient to accomplish conventional water electrolysis 436 

which would generate oxygen, but enough to consume SO2 once it is added or any traces of SO2 437 

left from previous operation.  SO2 was slowly added while verifying that the transition 438 

conditions remained below the dividing line in Figure 7 and Figure 8.  This increased anolyte 439 

pressure, concentration of SO2 and current density.  Results from [27] were used to calculate SO2 440 

concentration from anolyte temperature and pressure.  When the target current was reached, 441 

power supply operation was changed to current control.  If an increase in SO2 concentration did 442 
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not decrease cell voltage, then the SO2 concentration was decreased until the first indication of 443 

SO2 limited operation was reached. 444 

Shutdown of the facility was accomplished with the following steps.  While current and 445 

operating temperatures were maintained, the feed of SO2 was stopped which slowly decreased 446 

anolyte pressure as the SO2 was consumed.  Venting SO2 vapor to accelerate the pressure 447 

decrease was not normally done because it caused gas bubble formation in the anolyte pump.  448 

Pressure reduction decreased the concentration of SO2 in the anolyte and caused cell voltage to 449 

increase.  When the cell voltage increased to 0.9 V, the power supply automatically switched to 450 

voltage control at which time cell current decreased as SO2 was consumed.  Once anolyte 451 

pressure decreased to atmospheric, the power supply and the anolyte pump were simultaneously 452 

de-energized while allowing the cathode water flush to continue.  Then the valve at the outlet of 453 

the anolyte tank was closed and the anode of the cell was flushed with deionized water.  Both 454 

sides of the cell were stored in water. 455 

3.8. Normalization of cell voltage 456 

To allow better comparison of data collected over a wide range of conditions, a method 457 

was developed to normalize cell voltage with respect to current density and temperature.  458 

Normalization of cell voltage was accomplished by dividing the slope of the linear part of the 459 

voltage response by the slope of a standard MEA.  Based on an earlier report [14] the standard 460 

response for ambient conditions was defined to be the following, where E and i are cell voltage 461 

and current density (A/cm2), respectively. 462 

  ( ) icmohmVE 267.062.0 −+=  (7) 463 

The standard response for 80°C was defined to be the following. 464 

  ( ) icmohmVE 242.058.0 −+=  (8) 465 
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Note that both the intercept and slope decrease when the temperature increases from 466 

ambient to 80°C.  Implementation of normalization for ambient and 80°C used the following two 467 

equations, 468 

  ( ) ( )iVEE measnorm 67.062.0−=  for ambient operation (9) 469 

  ( ) ( )iVEE measnorm 42.058.0−=  for 80°C operation (10) 470 

where Enorm is the normalized cell voltage, while Emeas if the experimentally measured cell 471 

voltage. 472 

The normalization process compensates for temperature and current density, and can be 473 

thought of as comparing the ohmic loss of an MEA to the baseline ohmic loss.  When the 474 

normalized voltage is 1.2, the ohmic loss is 20% higher than baseline. 475 

Another method for comparing cell voltages is to use Area Specific Resistance (ASR), 476 

which was used by Idaho National Laboratory (INL) in their high temperature steam electrolysis 477 

(HTE) work [28].  INL defines ASR as follows. 478 

  ( ) iEEASR Nernstop −=  (11) 479 

The terms Eop and ENernst are the operating voltage and the Nernst potential, respectively.  480 

ASR has units of ohm-cm2.  An altered form of eqn 11 was sometimes used for HyS results. 481 

  ( ) iEEASR measHyS 0−=  (12) 482 

The term E0 is the intercept for eqns. (7) and (8), interpolated for temperature.  483 

Equations (9) and (10) were used to normalize cell voltage from the MEA 12 longevity 484 

run and eqn. (12) was used to calculate the ASR, as shown in Figure 9.  Operating conditions 485 

were 80°C and 4 atm.  Normalized cell voltage was initially about 1.0, implying good 486 

performance.  After the weekend, it increased to 1.4, so that ohmic resistance had increased by 487 

40%.  At the end of the run ohmic resistance was 90% higher than originally.  ASR is a function 488 
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of temperature, generally decreasing with increasing temperature.  For comparison, INL reported 489 

ASR ranging from 0.7 to 1.3 ohm-cm2 for operation of their HTE at 800°C. 490 

3.9. Results of applying the sulfur elimination method 491 

The method for eliminating sulfur was most successfully applied during the testing of 492 

MEAs 36 and 37, the final MEAs tested in the experiment series.  While there were equipment 493 

issues during the testing of MEA 36, subsequent analyses of both MEAs indicated no sulfur 494 

formation.  Test results for MEA 37 follow. 495 

MEA 37 was tested continuously over a ten-day period.  Previous software and hardware 496 

improvements were successful in fine tuning the facility for mostly unattended operation.  Other 497 

than minor pressure variations, testing was uneventful and cell voltage was steady, as shown in 498 

Figure 10.  SO2 molarity in the figure was computed based on pressure, temperature, and acid 499 

concentration [27].  There was a slight downward trend in hydrogen sulfide concentration, which 500 

may actually have been an artifact of column aging in the gas chromatograph.  At the end of 501 

testing, MEA 37 appeared to be in pristine condition.  An SEM analysis, Figure 11, as well as 502 

energy dispersive x-ray spectra, not shown, showed no sulfur layer. 503 

Measured hydrogen flowrate was steady at 0.50±0.02 mol/hr, which is 98%±4% of 504 

theoretical for the cell current.   Measured pressure in the anolyte tank was 0.76 barg (11 psig), 505 

pressure drop for anolyte flow through the cell was 0.14 bar (2 psid) and cathode pressure was 506 

1.86 barg (27 psig).  Cathode pressure was maintained higher to increase water flux from the 507 

cathode to the anode and to limit diffusion of SO2 from anode to cathode.  The hydrogen product 508 

contained 0.06 mol % hydrogen sulfide.  Because three moles of hydrogen are required to form 509 

one mole of hydrogen sulfide, 0.18% of the hydrogen product was consumed by the parasitic 510 
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reaction.  In a future commercial plant, the hydrogen sulfide would be separated from the 511 

product hydrogen and oxidized to SO2 for reuse in the process. 512 

The earlier discovery of the sulfur rich layer in MEA 12 following its longevity test was 513 

considered such a potentially devastating problem, that proof of the validity of the new operating 514 

envelope with the MEA 36 and MEA 37 tests was a significant achievement.  Based on this 515 

work, a patent was applied for and granted, prescribing operating conditions under which 516 

formation of the sulfur layer in the MEA could be prevented [17]. 517 

3.10. Trends for cell voltage 518 

Figure 12 shows that cell voltage increases with increasing sulfuric acid concentration.  519 

There are two major reasons for this: (1) the Nafion® membrane begins to dehydrate, reducing 520 

its ability to transfer hydronium ions; and (2) the solution becomes more viscous, which reduces 521 

mobility of reactants and products.  Because of reduced mobility, the local concentrations of 522 

reactants are decreased and the local concentration of product is increased.  This increases the 523 

Nernst potential.  This effect may be less important with a non-Nafion® membrane.  Figure 13 524 

shows that decreasing partial pressure of SO2 in the anolyte increases cell voltage, when SO2 is 525 

the limiting reactant.  As was discussed before, increases in SO2 concentration beyond a certain 526 

point do not decrease voltage, but generate elemental sulfur and increased quantities of parasitic 527 

reaction product hydrogen sulfide.  Figure 14 shows that increasing cell temperature decreases 528 

cell voltage, because reaction rate increases and viscosity decreases.  Reactants and products can 529 

move to and from catalyst active sites more easily.  Figure 15 shows that increasing anolyte flow 530 

decreases cell voltage, up to a point, because it improves mass transfer.  However, increasing 531 

flowrate decreases per-pass conversion. 532 
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Most of the 37 MEAs tested had anodes and cathodes containing platinized carbon with 533 

platinum loadings ranging from 0.8 to 1.8 mg/cm2.  For ambient temperature operation, higher 534 

platinum loading decreased initial cell voltage.  However for operation at 80°C, platinum loading 535 

made little difference in initial cell voltage.  Cell voltage was lowest for a few hours after startup, 536 

and then increased to a value that was steady or slowly increasing depending on whether a sulfur 537 

layer was being formed.  538 

 539 

4. Conclusions 540 

SDE has promise as a source of bulk hydrogen that does not contribute to climate change 541 

and that can be operated sustainably when coupled with high temperature decomposition of 542 

sulfuric acid in a HyS cycle driven by a renewable heat source.  It can also be used in an open 543 

circuit process for co-production of sulfuric acid from an SO2 source like a power plant flue gas 544 

or ore smelter off-gas.  There are three primary technical obstacles to commercialization of SDE:  545 

1) capital cost of the electrolyzers; 2) frequency of MEA replacement; and 3) power cost 546 

compared to the value of the products.  The work reported here contributes to the resolution of 547 

all three issues.  The most important result was the resolution of the sulfur formation problem.  548 

In the first series of tests reported here, sulfur was observed to accumulate inside the MEA.  This 549 

increased cell voltage, which increases power cost, but, more importantly, destroyed the MEA in 550 

only hundreds of hours of operation.  That would necessitate replacement of the MEA in 551 

commercial applications at a frequency that would prevent SDE from becoming economically 552 

viable.  A commercial application would require MEAs to last tens of thousands of hours.  This 553 

research developed and verified an operating procedure to prevent sulfur formation in the MEA 554 

that led to the award of a patent.   The issue of capital cost was addressed by developing a thin 555 
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cell that borrows from conventional PEM fuel cell designs and components, that can be stacked, 556 

and which has good per-pass conversion of SO2.  This means future improvements in PEM fuel 557 

cell technology, for which the development effort is much greater than for SDE, could be 558 

leveraged to lower capital cost even further.  The cell also allows operation at practical current 559 

densities, which results in reasonable values of the MEA total area required for a given 560 

application.  This work demonstrated that the electron efficiency for hydrogen generation is close 561 

to 100%, and the cell voltage is much lower than for conventional electrolysis.  Data were 562 

collected which would allow process optimization, at least for the base case of platinized carbon 563 

catalyst on Nafion® membrane.  For example, it is commercially desirable to produce high 564 

concentration sulfuric acid but that requires more electrical power per mole of acid generated.  565 

Data presented here could be used for optimization. 566 

Because of funding constraints, the tests reported here were conducted almost exclusively 567 

with Nafion® membranes.  However, as was mentioned in Section 1.2, the use of PBI 568 

membranes has the potential to decrease cell voltage and increase product acid concentration.  569 

Current work at SRNL on SDE includes experiments with acid-doped PBI membranes. 570 

 571 
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Figure 2  Schematic of SRNL electrolyzer test facility. 667 
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Figure 3  Scanning electron micrograph of MEA 12. 670 
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Figure 4  Typical initial electrolyzer cell voltages. 673 
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Figure 5  Increasing MEA ohmic resistance with time. 676 
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Figure 6  Effect of SO2 concentration on cell voltage. 679 
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Figure 7  Boundary for SO2-limited operation. 682 
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Figure 8  Map of test conditions. 685 
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Figure 9  Normalized voltage and Area Specific Resistance for MEA 12. 688 
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Figure 10  MEA 37 voltage, SO2 molarity, and %H2S. 691 
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Figure 11  Scanning electron micrograph of MEA 37. 694 
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Figure 12  Effect of acid concentration on voltage. 697 
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Figure 13  Effect of partial pressure of SO2 on MEA 31. 700 
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Figure 14  Effect of temperature on voltage, MEA 28. 703 
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Figure 15  Effect of flowrate on voltage. 706 
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Table 1  Characteristics of the MEAs tested in the SRNL SDE cell.711 
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Figure 12 
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Figure 14 
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Table 1 

 

MEA 
No. Membrane 

Membrane 
thickness, 

mil 
Anode 

flow field 
Cathode 

flow field 

Anode 
Pt 

loading, 
mg/cm2 

Cathode 
Pt 

loading, 
mg/cm2 

Active 
area, 
cm2 

1 Nafion® 115 5 E-Tek E-Tek 0.65 
Pt-C 

0.65 
Pt-C 49.0 

2 Nafion® 117 7 
Carbon 
paper, 7 

mil 

Carbon 
cloth, 12 

mil 
1.13 
Pt-C 

1.14 
Pt-C 49.7 

3 Nafion® 117 7 
Carbon 
paper, 7 

mil 

Carbon 
cloth, 12 

mil 
1.44 
Pt-C 

1.32 
Pt-C 48.1 

4 Nafion® 117 7 
Carbon 
paper, 7 

mil 

Carbon 
cloth, 12 

mil 
0.88 
Pt-C 

0.99 
Pt-C 49.7 

5 Celtec®-L 4 
Carbon 
paper, 7 

mil 

Carbon 
cloth, 12 

mil 
1.0 

Pt-C 
1.0 

Pt-C 46.3 

6 Celtec®-L 
(2 layers) 8 

Carbon 
paper, 7 

mil 

Carbon 
cloth, 12 

mil 
1.47 
Pt-C 

2.16 
Pt-C 49.7 

7 Celtec®-V 4 
Carbon 
paper, 7 

mil 

Carbon 
cloth, 12 

mil 
0.8 

Pt-C 
0.8 

Pt-C 47 

8 Nafion® 115 5 
Carbon 
paper, 7 

mil 

Carbon 
cloth, 12 

mil 
0.78 
Pt-C 

0.61 
Pt-C 49.7 
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MEA 
No. Membrane 

Membrane 
thickness, 

mil 
Anode 

flow field 
Cathode 

flow field 

Anode 
Pt 

loading, 
mg/cm2 

Cathode 
Pt 

loading, 
mg/cm2 

Active 
area, 
cm2 

9 Nafion® 117 
Giner 7 

Carbon 
paper, 7 

mil 

Carbon 
cloth, 12 

mil 
4.0 

Pt black 
4.0 

Pt black 49.7 

10 Nafion® 117 
Giner 7 

Carbon 
paper, 7 

mil 

Carbon 
cloth, 12 

mil 
1.0 

Pt-C 
1.0 

Pt-C 49.7 

11 Nafion® 115 5 
Carbon 
paper, 7 

mil 

Carbon 
cloth, 12 

mil 
1.09 
Pt-C 

0.72 
Pt-C 

47.6 
and 
54.8 

12 Nafion® 115 5 
Carbon 
paper, 7 

mil 

Carbon 
cloth, 12 

mil 
1.01 
Pt-C 

1.01 
Pt-C 54.8 

13 Nafion® 115 5 
Carbon 
paper, 7 

mil 

Carbon 
cloth, 12 

mil 
1.02 
Pt-C 

0.59 
Pt-C 54.8 

14 Nafion® 117 
Giner 7 

Carbon 
paper, 7 

mil 

Carbon 
cloth, 12 

mil 
0.8 

Pt-C 
0.8 

Pt-C 49 

15 
Polyphenylene 

SDAPP 2.2 
(Hickner) 

2 
Carbon 
paper, 7 

mil 

Carbon 
cloth, 12 

mil 
1.5 

Pt black 
1.5 

Pt black 46.3 

16 
Polyphenylene 

SDAPP 2.2 
(Hickner) 

2 
Carbon 
paper, 7 

mil 

Carbon 
cloth, 12 

mil 
1.5 

Pt-C 
1.5 

Pt-C 54.8 

17 Nafion® 212 
Lynntech 2 

Carbon 
paper, 7 

mil 

Carbon 
cloth, 12 

mil 
1.5 

Pt black 
1.5 

Pt black 50.0 
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MEA 
No. Membrane 

Membrane 
thickness, 

mil 
Anode 

flow field 
Cathode 

flow field 

Anode 
Pt 

loading, 
mg/cm2 

Cathode 
Pt 

loading, 
mg/cm2 

Active 
area, 
cm2 

18 Nafion® 115 5 
Carbon 
paper, 7 

mil 

Carbon 
cloth, 12 

mil 
0.75 
Pt-C 

0.75 
Pt-C 54.8 

19 Nafion® 115 5 
Carbon 
paper, 7 

mil 

Carbon 
cloth, 12 

mil 
0.83 
Pt-C 

0.7 
Pt-C 54.8 

20 Nafion® 115 5 
Carbon 
paper, 7 

mil 

Carbon 
cloth, 12 

mil 
0.782 
Pt-C 

2.67 
Pt black 54.8 

21 Nafion® 115 5 
Carbon 
paper, 7 

mil 

Carbon 
cloth, 12 

mil 
0.6 

Pt-C 
2.9 

Pt black 54.8 

22 
Nafion® 117 

Pt impregnated 
Giner 

7 
Carbon 
paper, 7 

mil 

Carbon 
cloth, 12 

mil 
1.0 

Pt black 
1.0 

Pt black 54.8 

23 
Nafion® 117 

Pt impregnated 
Giner 

7 
Carbon 
paper, 7 

mil 

Carbon 
cloth, 12 

mil 
1.0 

Pt-C 
1.0 

Pt black 54.8 

24 
Nafion® 117 

Pt impregnated 
Giner 

7 
Carbon 
paper, 7 

mil 

Carbon 
cloth, 12 

mil 
1.0 

Pt-C 
1.0 

Pt black 48.8 

25 Nafion® 117 
Giner 7 

Carbon 
paper, 7 

mil 

Carbon 
cloth, 12 

mil 
4.0 

Pt black 
4.0 

Pt black 54.8 

26 Nafion® 117 
Giner 7 

Carbon 
paper, 7 

mil 

Carbon 
cloth, 12 

mil 
4.0 

Pt black 
4.0 

Pt black 54.8 
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MEA 
No. Membrane 

Membrane 
thickness, 

mil 
Anode 

flow field 
Cathode 

flow field 

Anode 
Pt 

loading, 
mg/cm2 

Cathode 
Pt 

loading, 
mg/cm2 

Active 
area, 
cm2 

27 Nafion® 115 5 
Carbon 
paper, 7 

mil 

Carbon 
cloth, 12 

mil 
0.86 
Pt-C 

1.8 
Pt-C 54.8 

28 Nafion® 115 5 
Carbon 
paper, 7 

mil 

Carbon 
cloth, 12 

mil 
1.79 
Pt-C 

0.87 
Pt-C 54.8 

29 Nafion® 115 5 
Carbon 
paper, 7 

mil 

Carbon 
cloth, 12 

mil 
1.79 
Pt-C 

0.88 
Pt-C 50.0 

30 Nafion® 115 5 
Carbon 
paper, 7 

mil 

Carbon 
cloth, 12 

mil 
0.86 
Pt-C 

1.80 
Pt-C 54.8 

31 Nafion® 115 5 
Carbon 
paper, 7 

mil 

Carbon 
cloth, 12 

mil 
0.95 
Pt-C 

1.76 
Pt-C 54.8 

32 Nafion® 115 5 
Carbon 
paper, 7 

mil 

Carbon 
cloth, 12 

mil 
1.77 
Pt-C 

0.84 
Pt-C 54.8 

33 Nafion® 115 5 
Carbon 
paper, 7 

mil 

Carbon 
cloth, 12 

mil 
1.92 
Pt-C 

0.81 
Pt-C 54.8 

34 Nafion® 115 5 
Carbon 
paper, 7 

mil 

Carbon 
cloth, 12 

mil 
0.82 
Pt-C 

1.87 
Pt-C 54.8 

35 Nafion® 115 5 
Carbon 
paper, 7 

mil 

Carbon 
cloth, 12 

mil 
0.92 
Pt-C 

1.85 
Pt-C 54.8 
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MEA 
No. Membrane 

Membrane 
thickness, 

mil 
Anode 

flow field 
Cathode 

flow field 

Anode 
Pt 

loading, 
mg/cm2 

Cathode 
Pt 

loading, 
mg/cm2 

Active 
area, 
cm2 

36 Nafion® 115 5 
Carbon 
paper, 7 

mil 

Carbon 
cloth, 12 

mil 
0.85 
Pt-C 

1.84 
Pt-C 54.8 

37 Nafion® 115 5 
Carbon 
paper, 7 

mil 

Carbon 
cloth, 12 

mil 
1.81 
Pt-C 

0.87 
Pt-C 54.8 
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Development and testing of a PEM SO2-depolarized electrolyzer 
and an operating method that prevents sulfur accumulation 

 

 

Highlights 
• A PEM SO2-depolarized electrolyzer was built and tested for the hybrid sulfur cycle 
• 37 different membrane electrode assemblies were tested 
• Sulfur deposition was observed  at the cathode in early testing 
• The sulfur formation mechanism was identified and preventive measures developed 
• Operation without sulfur deposition for over 200 h was successfully demonstrated 
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