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ABSTRACT 

This work involves the study of the operational performance of phosphoric acid 

based electrochemical hydrogen pumps with a polybenzimidazole (PBI) electrolytic 

membrane.  During characterization of these devices, the power consumption was found 

to be highly sensitive to the water vapor pressure in the supply gas stream which in turn 

affects the phosphoric acid concentration.  The power requirement was 30 times higher 

when the supply gas stream was not humidified than when the supply gas stream was 

humidified.   

Upon testing of electrochemical hydrogen pumps over a range of supply gas wa-

ter vapor pressures from 150 to 0.8 mmHg, it was found that the effective platinum 

catalyst area decreases as phosphoric acid concentration increases in response to declin-

ing supply gas vapor pressure.  It was hypothesized that the decline in the effective 

platinum catalyst area was caused by the adsorption of a species from the electrolyte that 

increases in concentration with phosphoric acid concentration. Polyphosphoric acid 

species were such a species which increased in concentration as phosphoric acid concen-

tration increased and as a result were hypothesized to be the species adsorbing on the 

platinum catalyst. 

Additional testing was conducted in an electrochemical half cell in which the ef-

fect of phosphoric acid concentration on the platinum surface area at a single electrode 

interface could be studied.  Impedance spectroscopy and cyclic voltammetry (CV) 

testing was used to measure changes in exchange current and platinum surface area 

following the exposure of the electrode to electrolyte. Platinum surface coverage esti-

mates from CV measurements were 60-87% at a phosphoric acid concentration of 76 

wt% P2O5 (105 wt% H3PO4) and near 100% coverage at 83.3 wt% P2O5 (115 wt% 

H3PO4).  The exchange current for hydrogen oxidation and reduction on platinum 

decreased by a factor of 25 for 76 wt% P2O5 and a factor of 1000 for 83.3 wt% P2O5 

phosphoric acid concentration within 36 hours. A similar dependence of platinum 

surface coverage and exchange current on phosphoric acid concentration was observed 

during hydrogen pump testing over a range of supply gas vapor pressures.  
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This work indicates that platinum catalyst activity declines sharply above a phos-

phoric acid concentration of 72.4 wt% P2O5 (100 wt% H3PO4) which causes a significant 

increase in hydrogen pump power consumption. To reduce power consumption, the 

hydrogen gas supplied to the hydrogen pump requires humidification to a vapor pressure 

of at least 55 mmHg.  The addition of humidification to the supply gas stream adds 

complexity to a system incorporating a phosphoric acid hydrogen pump.  The need to 

add humidification equipment to reduce phosphoric acid hydrogen pump power con-

sumption may have a significant impact when such devices are applied to hydrogen 

separation applications including hydrogen recovery from industrial exhaust streams and 

for emerging alternative energy applications. 
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1. Introduction 

 

A hydrogen pump electrochemically purifies and compresses hydrogen and is 

very similar in construction to a fuel cell. In one application, hydrogen consumption can 

be reduced in a given process by recycling hydrogen from a low value, low purity, waste 

gas stream containing hydrogen to a high purity, high value hydrogen gas stream.  

Application of the technology to stainless steel annealing and other heat treatment 

operations with waste hydrogen streams are currently being explored [1].   The simplici-

ty of the combination of purification and compression into a singular device may offer 

cost advantages over the current methods of recapturing hydrogen that incorporate both 

mechanical compression and pressure swing adsorption.  Future hydrogen pump applica-

tions could include the extraction of hydrogen from reformed hydrocarbons such as 

methane and compression to provide fuel for hydrogen powered transportation.   

This study focuses on a particular type of hydrogen pump incorporating platinum 

electrodes and a phosphoric acid electrolyte retained in a polybenzimidazole (PBI) 

membrane [2].  It was known that PBI fuel cells could tolerate a CO concentration of 1-

2% as compared to a CO concentration of 10-50 ppm in a proton exchange membrane 

(PEM) fuel cell and furthermore that PBI fuel cells lack supply gas humidification where 

as PEM systems do require humidification.  As a result, it was proposed [3] that PBI 

hydrogen pumps would provide higher tolerance to impurities such as CO compared to 

PEM hydrogen pumps [4-6] and would not require supply gas humidification.  Previous 

testing of PBI based fuel cells with a phosphoric acid electrolyte originated with the 

creation of the PBI membrane [7] in the 1990s.  The concept of using PBI based electro-

chemical cells as hydrogen pumps originate with U.S. patent application 

2003/0196893A1 [8].  

 During initial characterization of PBI based hydrogen pumps, the supply gas 

stream was humidified to a water vapor pressure of 150 mmHg.  It was later discovered 

that power consumption was 30 times higher when the supply gas stream was not 

humidified.  This observation has the potential to increase the cost and complexity of 

hydrogen pumping systems if reducing power consumption and efficient operation is 
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required.  Furthermore, some applications require a dry hydrogen stream and the added 

humidity would have to be removed in the product gas stream further increasing cost and 

complexity. 

The supply gas water vapor pressure affects the electrolyte concentration which 

was found to directly affect power consumption. Product water generation effectively 

self humidifies PBI fuel cells and reduces the phosphoric acid concentration relative to 

PBI hydrogen pumps which lack product water generation.  The lack of product water 

generation in PBI hydrogen pumps offered an opportunity to study the effect of higher 

phosphoric acid concentrations.       

In response to the magnitude and novelty of the sensitivity of power consumption 

to phosphoric acid concentration, the research priorities were directed to discovering the 

cause of the cell performance sensitivity to the supply gas humidity. The effect of 

phosphoric acid concentration on hydrogen pump power consumption was studied by 

varying the supply gas vapor pressure from 150 to 0.8 mmHg and recording the cell 

voltage at constant current density. Impedance spectroscopy and cyclic voltammetry 

were used to probe the specific electrochemical processes affected by phosphoric acid 

concentration.  An additional set of experiments measured the effect of phosphoric acid 

concentration on the exchange current and on the effective platinum catalyst area in an 

electrochemical half cell. The half cell testing allowed processes at a single platinum 

electrode interface to be isolated and improved control over the phosphoric acid electro-

lyte concentration.  

In both the full cell and the half cell, it was found that the exchange current for 

hydrogen oxidation and reduction on platinum sharply declined at high phosphoric acid 

concentrations due to the adsorption of a species from the electrolyte onto the platinum 

catalyst surface. For example at a phosphoric acid concentration of 76 wt% P2O5 (105 

wt% H3PO4), the exchange current dropped by a factor of 25 within 36 hours.  For the 

same test, 60-87% of the active platinum catalyst surface was estimated to be covered 

with an adsorbate. The adsorbate could be removed from the catalyst surface by increas-

ing the interfacial potential to 1 volt versus a reversible hydrogen reference (RHE).   

In general, indications of species adsorption on platinum were found when the 

phosphoric acid concentration exceeded 72.4 wt% P2O5 (100 wt% H3PO4).  These 
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findings took a step toward the development of a humidification free PBI phosphoric 

acid hydrogen pump by determining that increased power consumption at low supply 

gas vapor pressure was caused by the ineffectiveness of platinum as a hydrogen oxida-

tion and reduction catalyst at high phosphoric acid concentrations.  The development of 

a new catalyst with higher activity in concentrated phosphoric acid or the prevention of 

species adsorption on platinum could remove the humidification requirement from 

phosphoric acid based hydrogen pumps.   
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2. Historical Review 

2.1 Hydrogen Pump:  Overview of Processes and Components 

A hydrogen pump is a powered electrochemical cell which extracts hydrogen 

from a supply gas stream and drives (“pumps”) the hydrogen across a proton conducting 

membrane to a product gas stream.  In the process, hydrogen concentration and or 

pressure increases from the supply gas stream to the product gas stream.  Gas constitu-

ents that do not cross the membrane are rejected into an exhaust stream that also contains 

excess hydrogen (Figure 1).  

 The electrochemical hydrogen pump consists of an anode electrode, a polymer 

electrolyte (PBI) membrane, and a cathode electrode.  The supply gas is fed into the 

anode chamber where hydrogen is oxidized at the anode electrode and the resulting 

protons are conducted across the membrane to the cathode where the protons are reduced 

to form molecular hydrogen. 

 

Supply Gas: 

H2 & impurities 

Cathode 

Exhaust Gas: 

Purified H2 

 

Exhaust Gas:  

H2 & impurities 

 

   

Figure 1:  A hydrogen pump requires power to drive hydrogen oxidation at the anode, proton

conduction through an electrolytic membrane, and hydrogen reduction at the cathode. 
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 The energy required to drive a flux of hydrogen oxidation, proton conduction and 

hydrogen reduction is supplied by a power supply. One electron is driven from anode to 

cathode through an external circuit for each proton conducted across the proton conduct-

ing membrane. The power consumption of a hydrogen pump is equal to the cell voltage 

multiplied by the current.  

2.2 Chemical Reactions and Relationships between Voltage 
and Current in the Hydrogen Pump 

 Hydrogen oxidation occurring at the anode is divided into an adsorption step and 

an oxidation step.  The hydrogen component of the supply gas is adsorbed onto the 

anode catalyst and oxidized to a proton and electron. The well known reactions that 

describe these processes are given below. 

     

     H2        2 Hads                Eq. 2.1 

     2Hads   2 H + + 2 e-                 

Eq. 2.2 

 

At the cathode, the protons are reduced to adsorbed hydrogen atoms which then 

desorb from the catalyst and recombine to form molecular hydrogen.  The well known 

reactions that describe these processes are given below. 

    

     H+  + e-     H           Eq. 2.3 

     2Hads     H2            

Eq. 2.4 

 

When the cell is not polarized the reactions are in equilibrium and no net hydro-

gen oxidation or reduction occurs.  The equilibrium reaction rates across the catalyst 

interface at the anode and cathode are referred to as the exchange currents. At equilibri-

um, no power is supplied to the hydrogen pump and the proton pumping flux is zero 

across the membrane.     
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When power is supplied to the hydrogen pump, the electrodes are polarized away 

from their equilibrium interfacial potentials and a net current is generated across the 

electrode interfaces.  The polarization of the interfacial potential away from equilibrium 

is termed overpotential.  The overpotential,   in volts can be expressed as: 

 

            Eq. 2.5         

where Vint is the potential difference between the electrode and the electrolyte following 

polarization in volts and Vequ  is the equilibrium interfacial potential difference in volts.  

Equations 2.5 through 2.9 can be found in reference [9].   

 As the cell is polarized, the anode overpotential becomes increasingly positive 

and the rate of hydrogen oxidation increases. The dependence of the hydrogen oxidation 

current on overpotential is described by the Butler-Volmer Equation (B-V equation):  

 

 

 

where Ian is the net oxidation current in amps, io is the exchange current in amps,  is the 

overpotential in volts, R is the gas constant, 8.314 J/K mole, T the temperature in 

degrees Kelvin, n = 2 electrons per molecule, β is the symmetry factor, .5, and F is 

Faradays constant, 96485 Coulombs/mole.  The first term in Equation 2.6 expresses the 

anodic contribution to the net current and the second term expresses the cathodic reverse 

reaction current.  At overpotentials exceeding the numerical value of RT/βnF, the second 

exponential term is insignificant [9]. 

The dependence of the exchange current on catalyst area, the reaction rate con-

stant, and the hydrogen concentration is described by Equation 2.7:   

 

	  

 

Eq. 2.6 

Eq. 2.7 
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where ka is the anodic rate constant in moles-cm/s, Ch is the hydrogen concentration in 

moles cm3, and A is the catalyst area in cm2.  If overpotential and temperature are 

constant in Equation 2.6 then the oxidation current, Ian is dependent on the exchange 

current. 

 

The cathodic version of the Butler-Volmer Equation is given in Equation 2.8: 

 

 

 

 

where Icath is the net cathodic current in amps and Ch+ is the concentration of protons in 

moles/cm3 and kc is the cathodic rate constant in moles-cm/s 

A schematic plot of equations 2.6 and 2.8 is provided in Figure 2.   

 

 

 

Figure 2: Schematic plot of the B-V equation showing the dependence of current on electrode 

overpotential for both positive oxidation currents and negative reduction currents. 
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In Equations 2.6 through 2.9, a decrease in active platinum catalyst area results in 

an increase in electrode overpotential at fixed current.  The relationship between active 

catalyst area and overpotential will be used to support the hypothesis that increases in 

cell voltage are related to a decline in effective catalyst area caused by species adsorp-

tion. The term effective is applied to catalyst area to differentiate between species 

adsorption and permanent loss of catalyst area through mechanisms such as particle 

coarsening.  Catalyst area covered by an adsorbed species still exists but it is ineffective. 

Proton conduction in the phosphoric acid electrolyte also contributes to the total 

cell voltage.  This contribution to the cell voltage can be described by Ohms law which 

is provided below:   

 

 

 

where Vcond is the voltage required to drive protons across the ion conducting membrane 

volts, I is the current in amps, and R is the resistance to proton conduction of the electro-

lyte in Ohms.  

  

2.3 Electrolyte and Electrode Materials 

Phosphoric acid retained in polybenzimidazole (PBI) [2, 10, 11] provided the 

proton conducting electrolyte in the membrane. In addition to selectively transporting 

hydrogen from anode to cathode, the membrane separates the pressure and concentration 

differences from the anode supply gas to the cathode product gas.     

The oxidation and reduction electrodes consisted of platinum supported on car-

bon bonded with Teflon in a structure commonly found in phosphoric acid fuel cells [12-

14].  This porous composite electrode structure is depicted in Figure 3.  The catalyst 

consists of platinum nano-particles supported on carbon particles.  The diameter of the 

platinum catalyst and carbon supported particles are 2-5 nm and 20-50 nm, respectively. 

 The Teflon renders a portion of the pores hydrophobic and binds the catalyst 

particles together.   The hydrophobic pores allow hydrogen to readily diffuse through the 

Eq. 2.10
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electrode by preventing the saturation of all pores with phosphoric acid [12].  Diffusivity 

is much higher in a pore filled with gas than liquid.    

Phosphoric acid that is driven out of the PBI membrane during cell assembly is 

absorbed in the hydrophilic regions of the electrode.  The function of the phosphoric acid 

within the electrode is to provide proton conducting pathways between the membrane 

and the catalyst sites throughout the 50 m thickness of the electrode. A catalyst particle 

must be in contact with electrolyte to be active [13]. 

 

Figure 3:  The idealized catalyst layer diagram on the left depicts the carbon support in gray, 

platinum catalyst particles in black, phosphoric acid in orange and Teflon which renders pores 

hydrophobic in white.  The picture on the right shows the lack of order present in a real electrode 

structure. 

It will be shown in the results section that changes in effective platinum catalyst 

area happen faster than documented in fuel cells. Similar platinum supported on carbon 

electrodes have reported lifetimes on the order of 40,000 to 60,000 hours while operating 

in phosphoric acid fuel cells [12, 15, 16].  In one study of platinum particle coarsening, 

55 to 75% of the initial catalyst area remained after 100 hours of operation at 191C 

[17].  Approximately 20% of the surface area remained 20,000 hours into the test.  In 

this work, the effective catalyst area drops to near zero within 100 hours at 160C. The 
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loss of catalyst area in this work is reversible and mechanisms such as catalyst coarsen-

ing would not be reversible. 

 

 

 

2.4 Phosphoric Acid Chemistry  

 
The effective platinum catalyst area will be shown to decline as phosphoric acid 

concentration increases above 72.4 wt% P2O5 (100 wt% H3PO4). The species present 

above this concentration are hypothesized to adsorb on platinum electrodes.  The com-

position of phosphoric acid is discussed below as a function of concentration.  

Phosphoric acid is comprised of multiple phosphate species including hydrogen 

phosphate (HPO4), dihydrogen phosphate (H2PO4), orthophosphate (H3PO4), and other 

longer chain lengths of polyphosphoric acid.  For solution concentrations below 69 wt% 

P2O5 (95 wt% H3PO4) polyphosphoric acid is undetectable at room temperature [18, 19] 

and  the species present are described by the following reactions [20].   

 

   H3PO4 + H20            [H3O]+ + [H2PO4]
-           Eq. 2.11 

   [H2PO2]
-  + H20            [H3O]+ + [HPO4]

-2            Eq. 2.12 

 

As concentration decreases the solution tends toward a higher degree of ioniza-

tion moving from the left to the right hand side of the reactions above.   

Polyphosphoric acid species are detected when the concentration is above 69 

wt% P2O5 (95 wt% H3PO4) at room temperature. The polymerization of polyphosphoric 

acid from orthophosphoric acid is described by the following condensation reactions [20, 

21].  

 

2H3PO4             H4P2O7 + H2O                     Eq. 2.13 

H3PO4 + H4P2O7             H5P3O10 + H2O              Eq. 2.14 
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 H4P2O7 and H5P3O10 are referred to as Pyrophosphoric and Tripolyphosphoric 

acid in accordance with the number of phosphorus atoms in the molecule.   Chain length 

increases with solution concentration as the condensation reaction proceeds with the 

removal of one water molecule per PO3 repeat unit (Figure 4). 

The concentration of phosphoric acid is defined as 100 wt% H3PO4 when the ratio of 

hydrogen, phosphorus, and oxygen atoms for all the species present in the solution is 

equivalent to H3PO4. When the concentration is above 100 wt% H3PO4 water is removed 

from the system as phosphoric acid polymerizes.   

 

Figure 4: Polyphosphoric acid molecular diagrams [20]. 

 

In Table 1 the concentration of polyphosphoric acid species of various chain 

lengths at room temperature is provided as a function of phosphoric acid concentration  

[18, 19].  The chain length and concentration of polyphosphoric acid species increase as 

a function of phosphoric acid concentration. A similar data set indicating the species 

distribution at the hydrogen pump operating temperature of 160C was not available in 

the literature.   
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Table 1: Distribution of phosphoric acid species as a function of concentration at room temperature 

[18]. 

 
 

An increase in chain length with temperature was indicated by the following ref-

erences.  In a NMR study by Jayakody, the fraction of phosphoric acid molecules of 

chain length greater than 2 increased from 20C to 140C [22].  Corbridge stated that 

Equation 2.13 tends toward pyrophosphoric acid as temperature increases [23]. Water 

vapor pressure data also confirms that polyphosphoric acid concentration increases with 

increasing temperature [24]. It is shown that the ΔH associated with phase change of 

water in solution to vapor increases with phosphoric acid concentration as polyphosphor-

ic acid beings to form.  This increase in ΔH is shown to shift to lower concentrations as 

temperature rises from 120 to 170C, indicating that the on set of polyphosphoric acid 

formation shifts to lower concentrations as temperature increases. 

2.5 Adsorption of Molecules on Platinum  

 

The decline in effective platinum catalyst area at high phosphoric acid concentra-

tions shows similar characteristics to the behavior of other adsorbates on platinum.  The 

surface coverage of platinum with CO is known to vary with potential and temperature 

[25, 26].  The CO can be removed from the surface by increasing potential to 850 mV at 

which point the catalyst area returns(measured with cyclic voltammetry) to its previous 
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value.  Loss and recovery of effective catalyst area after perturbations in applied voltage 

is characteristic of adsorbed species on the catalyst surface.  This, in turn, demonstrates 

that the physical catalyst surface area does not decline due to a physical or other perma-

nent degradation mechanism.  Other adsorbed species have been reported in the 

literature.  For example, polycrystalline platinum has been shown to be covered with Cl-, 

I-, and HSO4- and is a function of concentration and applied potential [27].   

Orthophosphate, dihydrogen phosphate, and hydrogen phosphate adsorb on plat-

inum in single and double coordination configurations [28].  P-O vibrations observed in 

IR spectra suggest that the bare oxygen atoms in phosphoric acid molecules adsorb on 

platinum sites.  It is possible that a similar bonding mechanism exists for polyphosphoric 

acid species.    

The nature of the interaction between platinum and polyphosphoric acid is an on 

going topic of study.  The structure of polyphosphoric acid consists of individual PO4 

tetrahedron.  The P-O-P bond exhibits rotational flexibility about the linking corner 

oxygen atoms.  The resulting coordination flexibility allows polyphosphoric acid to 

adapt to the coordination requirements for specific metal cations [29]. 

 

2.6 Water Vapor Pressure in the Anode and Cathode Gas Streams 
affects the Phosphoric Acid Concentration 

The equilibrium water vapor pressure in the gas phase above phosphoric acid is a 

function of the phosphoric acid concentration and temperature [19, 24, 30, 31].   As the 

phosphoric acid concentration increases, the equilibrium water vapor pressure in the gas 

phase over phosphoric acid decreases. This inverse relationship between the water vapor 

pressure in the gas phase above phosphoric acid and phosphoric acid concentration will 

be used to affect the phosphoric acid concentration in an operating hydrogen pump. The 

phosphoric acid concentration in an operating hydrogen pump can be affected by chang-

ing the water vapor pressure in the anode supply gas stream. Figure 5 depicts the 

exchange of water between the gas streams and the phosphoric acid electrolyte. 

The phosphoric acid concentration does not change when the water vapor pres-

sure in the gas phase adjacent to the phosphoric acid electrolyte is equal to the 
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equilibrium water vapor pressure for the current phosphoric acid concentration and 

temperature. When the phosphoric acid concentration is not changing the flow of water 

vapor in the anode supply gas equals the flow of water vapor in the cathode and anode 

exhaust gas streams.  In this case, the net rate of water vapor exchange between the gas 

streams and the phosphoric acid electrolyte is zero. 

 

 

Figure 5:  Water vapor exchange occurs between the gas phase and the phosphoric acid electrolyte. 

The phosphoric acid concentration changes until the chemical potential of water in the phosphoric 

acid solution equals the chemical potential of water in the adjacent gas phase.  Chemical reactions 

between water vapor and phosphoric acid are stated in reactions 2.11 - 2.14. 

 

The phosphoric acid concentration increases when the water vapor pressure in 

the gas adjacent to the phosphoric acid is below the equilibrium water vapor pressure for 

the current phosphoric acid concentration and temperature.  In this scenario, a net flux of 

water vapor is transferred from the phosphoric acid to the gas phase resulting in an 

increase in phosphoric acid concentration.  The net flux of water vapor transferred to the 

gas streams increases the gas vapor pressure of the anode and cathode gas streams. The 

phosphoric acid concentration will continue to increase until the water in solution with 

the phosphoric acid reaches equilibrium with the water vapor in the gas adjacent to the 

phosphoric acid. As the water vapor pressure adjacent to the phosphoric acid approaches 

equilibrium, the net flux of water leaving the phosphoric acid electrolyte decreases.  The 
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decrease in the net flux of water transferred to the anode and cathode gas streams 

reduces the exhaust vapor pressure with time. 

The transfer of water vapor into the cathode gas stream requires a net flux of wa-

ter crossing the PBI-phosphoric acid membrane.  Water transport across similar 

phosphoric acid containing membranes has been observed [32].  The transfer of water 

vapor occurs as the otherwise dry hydrogen evolving from the cathode approaches the 

equilibrium water vapor pressure.  At steady state, the flux of water crossing the PBI-

phosphoric acid membrane equals the flux of water vapor evaporating into the cathode 

gas stream.  

The net flux of water transported from the anode to the cathode requires a driving 

phosphoric acid concentration gradient resulting in a lower equilibrium vapor pressure 

above the cathode acid-gas interface than the anode acid–gas interface.  When the 

phosphoric acid concentration gradient and the flux of water in and out of the phosphoric 

acid stops changing the system has reached steady state and the exhaust vapor pressure 

remains constant.   

The phosphoric acid concentration in the electrodes and the PBI-phosphoric acid 

membrane of an operating hydrogen pump is affected by changing the anode supply gas 

vapor pressure.  An experiment is described in Section 3 in which the effect of phos-

phoric acid concentration on hydrogen pump cell voltage was studied by varying the 

anode supply gas vapor pressure.  The hydrogen pump cell voltage will be shown to be a 

strong function of phosphoric acid concentration.   
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3. Experimental Apparatus and Testing 

3.1 Hydrogen Pump Apparatus  

 

This section describes the methodologies which allow hydrogen pump cells to be 

built and tested, specific cell processes to be differentiated with electrochemical diagnos-

tics, and the phosphoric acid concentration to be affected by changing the gas vapor 

pressure over the electrolyte.  Collectively the procedures allow the sensitivity of hydro-

gen pump cell voltage to phosphoric acid concentration to be studied and the specific 

cell processes which are affected by phosphoric acid concentration to be isolated.  

3.1.1 Cell Assembly 

Hydrogen pump testing was conducted in cell hardware which contains the elec-

trochemically active portions of the cell.  The assembly procedure is divided into two 

subsections.  The first describes the assembly of the electrochemically active membrane 

and electrode assembly (MEA).  The second subsection describes the assembly of the 

cell hardware containing the MEA.   

 

3.1.1.1 Membrane and Electrode Assembly 

 

The MEA consists of three subcomponents including the electrodes, the PBI 

membrane, and the Kapton frame (Figure 6). Each MEA incorporates two electrodes, 

two pieces of Kapton and one PBI membrane per cell.  The anode and cathode elec-

trodes were carbon supported platinum electrodes with a platinum loading of 1 mg/cm2.  

The electrodes were supplied by the Etek division of BASF Fuel Cells.  The Kapton film 

provides the structural support for the assembly. The Kapton film is coated with fluori-

nated ethylene propylene (FEP) which protects the Kapton from phosphoric acid attack.  

The phosphoric acid-PBI gel membranes were fabricated at Rensselaer Polytechnic 

Institute (RPI) by Dr. Brian Benicewicz’s research group.   The electrodes and mem-



17 

 

branes are discussed in more detail in Section 2.3.  The Kapton, electrode and membrane 

thicknesses are 25, 380, 280 m respectively. 

 

Figure 6: Picture of membrane electrode assembly subcomponents. 

The Kapton frames were laser cut from Kapton sheets.  It will be shown below 

that the position of the holes in the Kapton frame relative to square features is important 

for proper electrode alignment during assembly of the MEA and cell hardware.   

The electrodes and PBI membranes were cut by hand with a straight edge razor. 

The pieces of electrode and PBI membrane were cut from a single, large sheet to size by 

trimming around a square, stainless steel template.  

A sequence of hot pressing operations was used to fabricate the MEAs.  The first 

hot pressing operation bonds the Kapton film to the electrode using an alignment fixture 

to center the electrode relative to the holes in the Kapton frame.  This is important to 

obtain proper sealing of the MEA in the cell hardware.  The alignment fixture, the 

components being assembled, and the final Kapton electrode sub-assembly are shown in 

Figure 7. 

The alignment fixture was fabricated from 316 stainless steel. The electrode 

alignment plate is 1.59 mm thick with a 36.2 mm square cut out in the center.  The 

center cut out edge length is 0.2 mm longer than the electrode to account for variation in 

electrode size.  The plunger plate has a 1.4 mm high protrusion that transmits mechani-

Kapton Frame

Electrode Membrane 

32.2 mm

75 mm

38 mm 36 mm
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cal load to the electrode and membrane during the pressing operation.  The base plate 

has two press fit stainless steel alignment pins which line up with the holes in the Kapton 

film, in the electrode alignment plate and in the plunger plate.  A 250 m thick sheet of 

Teflon is placed on top of the base plate to prevent the electrode from sticking to the 

stainless steel base plate during hot pressing.     

 

 

Figure 7: Alignment fixture for kapton and electrode hot pressing. 

The procedure for hot pressing the Kapton frames to the electrodes using the 

alignment fixture is outlined in steps 1 through 5 and shown in Figure 8.  

 

Step 1: Place the Kapton frame over the alignment pins and the electrode with the  

catalyst facing downward onto the Kapton frame and Teflon base plate  

cover.   

Step 2: Place the electrode alignment plate over the alignment pins and adjust the  

         electrode position until it is centered in the square cut out on the alignment  

         plate. 

Step 3: Place the plunger plate over the alignment pins. 



19 

 

 Step 4:  Hot press the alignment plate assembly at 130C and 14 kg/cm2 for 2 

          minutes.   

Step 5: Upon removal from the hot press, place a 2.3 kg metal weight on the  

alignment fixture for 10 minutes to cool the assembly by heat conduction in-

to the weight. Cooling the fixture before removal of the Kapton-electrode 

subassembly improves adhesion of the Kapton to the electrode. 

 

 

Figure 8: Kapton film and electrode alignment fixture stacking procedure. 

 

The second hot pressing operation joins the anode and cathode electrodes to each 

side of the PBI membrane.  The hot pressing operation was conducted on the same 

alignment fixture used to make the Kapton electrode subassemblies.  The anode and 

cathode electrodes are aligned to the alignment pins on the fixture. The bonding process 

is defined below (Figure 9).  

 

Step 1: Place a 250 m Teflon shim over the alignment pins.   

Step 2: Place a Kapton-electrode subassembly over the alignment pins and center a 

 piece of membrane on top of the catalyst layer.  

Step 3: Place a 250 m Teflon shim over the alignment pins.  Note the cut out in the  

        upper left corner which allows the shim to be removed after hot pressing.   

Step 4: Place the second Kapton-electrode subassembly over the alignment pins 

        with the catalyst layer facing the membrane. 

Step 5: Place a 250 m Teflon shim over the alignment pins.  
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Step 6: Place the plunger plate over the alignment pins with the flat side down. 

Step 7: Hot press the assembly at 130C and 1400 kg for 2 minutes. (The MEA is  

        Compressed to the shim thickness)          

 

 

Figure 9: Use of alignment fixture for membrane electrode assembly. 

The degree of compression of the membrane is controlled by the sum of the thicknesses 

of the three 250 m thick Teflon shims and the two 25 m thick Kapton films surround-

ing the membrane which equals 810 m.  Once the PBI gel membrane and electrodes 

compress to the combined thickness of the Kapton and Teflon, mechanical force is 

transmitted through the Teflon and Kapton and little additional compression of the MEA 

occurs.  Prior to compression, the electrodes were 380 m thick and the PBI membrane 

was 250 m thick for a total starting thickness of 1020 m. The nominal percent com-

pression of the MEA during the hot pressing step is approximately 20% of the original 
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thickness.  The measured compression for the two cells listed in Table 2 was 23% of the 

original thickness.   

Table 2: Thickness of the MEA before and after hot pressing. 

Cell 1 Cell 2 Cell 3 
MEA starting thickness 

m 1020 1040 1020 

MEA thickness post hot 
pressing m 790 800 No data 

Percent compression 23% 23% No data 

 

3.1.1.2 Cell Hardware 

The following section describes the cell hardware that provides structural sup-

port, current distribution, a sealed environment, thermal control and gas distribution to 

the MEA (Figure 10).  The cell hardware was purchased from Fuel Cell Technologies, 

Inc. (part number 10SCH).  Gas distribution for the anode and cathode is provided by 

graphitic plates with a single channel serpentine flow field. The copper current collectors 

provide current and voltage connections to the cell.  The copper plates are electrically 

isolated from the stainless steel end plates by a Teflon insulation layer which sits be-

tween each current collector and each end plate.  The end plates provide gas 

connections, integrated cell heaters and structural support.  In the right hand side of 

Figure 10, the Teflon gaskets that provide sealing between the MEA and the graphitic 

gas distribution plates can be seen. The length and width of the square cut out and the 

outer edge of the gasket are 38 mm and 76 mm respectively.  The anode and cathode 

gasket thicknesses are both 250 m.   
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Figure 10: Picture of hydrogen pump cell hardware.  

The stacking sequence to assemble the cell hardware is shown in Figure 11.  The 

entire assembly was compressed by tightening the eight bolts between the endplates to 4 

N-m.  The Teflon gaskets should compress only the Kapton frame and not the elec-

trodes.  Overlap between the electrodes and the gaskets can cause the cell to leak 

hydrogen due to mechanical load concentration at the point of overlap and inadequate 

loading on adjacent areas of the gasket.  The purpose of the alignment fixture used in the 

MEA hot pressing process was to minimize the potential for electrode gasket overlap by 

referencing the electrodes to the same alignment holes used to align the Teflon gaskets 

during cell assembly.     
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Figure 11: Stacking sequence for the cell hardware and MEA. 

 

The total thickness of the Teflon gaskets and Kapton frames controls the percent 

compression of the MEA during cell build.  Teflon gaskets and the Kapton frames are 

assumed to be incompressible. The total thickness of Teflon gaskets and the Kapton 

frames should be 70% of the MEA thickness.  The MEA consisting of a compressible 

gel membrane and carbon fiber cloth will compress 30% when the force applied by the 

bolts is sufficient to bridge the ridged cell hardware across the incompressible Teflon 

gaskets.  Table 3 shows the percent MEA compression for three cell builds.  Teflon 

gaskets measured after cell test decreased in thickness by less than 25 m.  
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Table 3: Measured MEA thickness prior to hot pressing, post hot pressing.  Weight loss during hot 

pressing indicates a loss of acid and water from the MEA.  

  Cell 1 Cell 2 Cell 3 

MEA starting thickness 
(m) 1016 1041 1021 

MEA thickness post hot 
pressing (m) 787 800 

No 
data  

Cell Gasket and Kapton 
thickness (m) 559 559 559 

Compression of MEA 
during cell build 29% 30% 

No 
data  

Compression of MEA 
starting thickness prior to 
hot press to cell build 

45% 46% 45% 

Percent decrease in 
membrane weight during 
hot pressing 

24% 21% 28% 

 

The degree of compression of the membrane during hot pressing of the MEA and 

cell build controls the amount of electrolyte that is absorbed by the electrode. Upon 

compression, liquid phosphoric acid is forced out of the PBI phosphoric acid membrane 

and a portion of it is absorbed into the hydrophilic portions of the electrode.    The liquid 

electrolyte in the catalyst layer provides the proton conduction pathways between the 

membrane and the catalyst sites (Figure 12).  Catalyst sites are not active if they are not 

in contact with electrolyte. As a result, the degree of compression of the membrane 

affects the number of active catalyst sites at the beginning of the test.  The Teflonized 

hydrophobic portions of the electrode remain acid free and form gas diffusion pores [12, 

13].   

Some of the phosphoric acid squeezed from the membrane during hot pressing 

passes through the electrodes and out of the MEA. Liquid phosphoric acid (not gel) was 

observed on the alignment hardware and the back side of the electrodes after hot press-

ing. The MEAs lost weight during the hot pressing operation (Table 3) due to acid loss 

and water evaporation.   
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Figure 12: Phosphoric acid squeezed from the membrane during hot pressing and cell build is 

absorbed by the catalyst layer or passes through the electrode.   

3.1.1.3 Test Station    

The assembled cell is attached to a test station designed to control the gas flow, 

gas humidity, cell temperature, and current while measuring current and voltage (Figure 

13).  Tests were preformed on a station (model number PEM 221) manufactured by 

Precision Flow Technologies (Saugerties, NY 12477).  

 

Figure 13: Hydrogen pump connected to a fuel cell test station. 
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3.1.2 Gas Dew Point Control and Measurement 

 The vapor pressure in the anode gas stream was controlled as a means of varying 

the phosphoric acid concentration in the operating hydrogen pumps.  It is experimentally 

convenient to express the vapor pressure in terms of gas dew point which is easily 

controlled and measured. Tabulated values of the saturated vapor pressure of water as a 

function of temperature are available [33].   

 The anode inlet dew point was controlled by bubbling the anode supply gas 

through water maintained at the dew point temperature to which the gas stream was 

being humidified. A thermoelectric refrigerator was used to cool the water bath for 

temperatures below room temperature. This method could not be used for gas dew points 

below the freezing point of water.  The -12C and -20C gas dew point test levels were 

the results of supplying hydrogen from a cylinder with a dew point below -70C to the 

anode inlet and measuring the anode outlet dew point.  Flexible heat tape was applied to 

the plumbing between the humidifier and the test cell to prevent condensation.  The heat 

tape was heated to 100-120C.  

The dew point sensor (Lutron Model HT-3009) located at the anode outlet was 

installed in a heated isothermal chamber designed to prevent condensate for dew points 

above room temperature (Figure 14). The chamber was constructed of 0.7 inch thick 

aluminum to prevent cold spots on the chamber walls.  The chamber was attached 

directly to the cell endplate to avoid condensate between the cell and the heated cham-

ber.  

 

Figure 14: Dew point sensor apparatus. 
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3.2 Hydrogen Pump Testing 

3.2.1.1 Effect of Phosphoric Acid Concentration on Cell Voltage   

This section describes the experimental methodology used to demonstrate the 

sensitivity of cell voltage to phosphoric acid concentration in an operating hydrogen 

pump. The purpose of this experimentation was to test the hypothesis that variation in 

hydrogen pump cell voltage observed during initial testing was caused by variation in 

phosphoric acid concentration.  The concentration of phosphoric acid in the electrolyte 

will be varied indirectly by varying the anode gas vapor pressure above the electrolyte.  

The gas dew point was used as a proxy for vapor pressure due to experimental conven-

ience of measurement and control.    

The anode supply gas dew point was varied as the independent variable to indi-

rectly affect the phosphoric acid concentration. The cell voltage was the dependant 

variable which was sensitive to phosphoric acid concentration.  Seven gas dew points 

were tested while keeping all the other parameters such as temperature and current 

density constant. Equivalent vapor pressures for each dew point are given in Table 4. 

 Cell Temperature: 160C 

 Supply Gas:  Ultra High Purity Hydrogen  

 Supply Gas Purity: 99.999% pure, H2O < 3 ppm 

 Hydrogen Flow: 1.2 X the requirement for the pump current 

 Current Density: 0.2 A/cm2 

 Table 4: Test levels of hydrogen supply dew point and equivalent gas vapor pressure. 

Dew Point ( C ) Vapor Pressure ( mm Hg ) 

60 149.4 

40 55.3 

28 28.3 

7 7.5 

2.5 5.5 

-12 1.63 

-20 0.77 
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The catalyst layer was exposed to air while the temperature of the cell was in-

creased to 160C to increase wetting of the carbon support with phosphoric acid.  

Exposure of the carbon catalyst support to air at elevated temperature reduces the 

hydrophobicity of the layer, thereby improving the wetting of the catalyst support with 

electrolyte [15]. The enhanced phosphoric acid penetration increases the number of 

catalyst sites in contact with the electrolyte.   

A new cell was built for each dew point level tested to reduce the effect of cell 

degradation from the dew point sensitivity experiment.  The cell voltage was measured 

at the beginning of each test to compare the cell performances (Table 5).  The variation 

in cell voltage was of a similar magnitude to the voltage measurement resolution of the 

test equipment. The resolution of the voltage measurement equipment was ±1.6 mV on 

some of the experimental runs and ± 1 mV on the others.    The current density and cell 

temperature were 0.2 amps/cm2 and 160C, respectively.   

 

Table 5: 10 cm2 initial cell voltages. 

Initial Cell 
Voltage (mv) 

Dew Point 
Tested (C) 

13 60 

13 60 

12 40 

12 40 

13 28 

13 7.5 

15 2.5 

13 -12 

13 -20 

 

3.2.1.2 Isolation of Losses in the Hydrogen Pump Using Impedance Spectroscopy  

Impedance spectroscopy (EIS) was used to separate the portion of the cell volt-

age driving proton conduction from the electrode overpotential of the hydrogen pump 

assemblies.  Cells were measured over a range of frequencies from 0.1 Hz to 3 kHz.  The 
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amplitude of the applied AC current (superimposed on the 0.2 A/cm2 DC operational 

current density) was 8 mA RMS.  The impedance experiments were performed with a 

PAR potentiostat model 2273. 

A discussion of the separation of physical processes in a hydrogen pump using 

impedance spectroscopy is facilitated by first introducing the concepts of electrochemi-

cal capacitance and equivalent electronic circuits.  The dissimilar materials junction at 

the interface between the electrode and the phosphoric acid electrolyte has a capacitance 

referred to as the double layer capacitance.  An equivalent electronic circuit is often used 

to describe the double layer capacitance and the resistive impedances in electrochemical 

cells [34].  A Randles circuit commonly used to describe electrochemical systems is 

shown in Figure 15 superimposed onto a diagram of the electrode electrolyte interface. 

 

Figure 15: Randles equivalent circuit diagram indicating resistive and capacitive contributions to the 

cell impedance.  

The circuit components are attributed to the following physical processes in the 

hydrogen pump: [9, 34].   

R2:  Resistance at the electrode interface that includes oxidation of hydrogen at the 

anode, reduction of hydrogen at the cathode, proton conduction in the anode and cathode 

and hydrogen diffusion in the anode and cathode [35, 36]. 

R1: Proton conduction in the phosphoric acid electrolyte1.  

                                                 
1 It will be shown that the resistance to electron conduction is negligible in this system. 

 

Phosphoric Acid Electrode 
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C: The double layer capacitance at the electrodes and electrolyte interface2.  

 

The separation of the electrode interfacial impedances (R2) and proton conduc-

tion in the phosphoric acid membrane (R1) is possible because of the time lag associated 

with charging and discharging of the double layer capacitance.  When the current 

applied to the hydrogen pump changes the potential difference driving proton conduction 

across the membrane (R1) instantaneously changes.  In contrast, changes in the electrode 

polarization required to overcome the electrode resistance (R2) are delayed by the 

charging and discharging of the electrochemical double layer capacitance (C).  

Impedance spectroscopy utilizes a frequency dependent voltage change across 

R1 and R2 to separate the total impedance into contributions from R1 and R2. With this 

technique, an AC current perturbation is applied across the anode and cathode over a 

range of frequencies and the voltage and current wave forms are recorded (Figure 16). 

From these measurements and the assumption of an equivalent circuit model, the cell 

impedance is calculated and displayed on a Nyquist plot for the range of frequencies 

tested.    

 

Figure 16: Sinusoidal current perturbation and the resulting voltage wave form.  The phase shift 

between the wave forms is required to calculate imaginary components to the impedance. 

On the Nyquist plot, the X axis is the real component of the impedance and the Y 

axis is the imaginary component of the impedance. The frequency at which individual 

                                                 
2 The platinum and the carbon in the electrodes contribute to the capacitance.  
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data points were taken progresses along the curve formed by the data from high to low in 

the positive X direction (Figure 17).   

 

 

Figure 17: Assignment of equivalent circuit elements describing hydrogen pump processes to 

features on an equivalent circuit and the Nyquist plot. 

Impedances at the electrode interface (R2) are bypassed when the frequency of 

the current perturbation is high enough for the double layer capacitance to behave as if it 

were shorted. The current needed to support the high frequency oscillation comes from 

charge stored in the capacitance and does not need to cross the impedances associated 

with R2. With R2 by passed, the real impedance of the circuit element R1 is measured. 

The high frequency intercept or left side of the lobe on the Nyquist plot quantifies R1. 

For the hydrogen pumping cells studied, a frequency of a few thousand Hz was suffi-

cient to short-circuit the capacitance.   

As the frequency of the applied current perturbation is reduced, the capacitance is 

no longer short-circuited and the voltage waveform lags behind the current. At these 

frequencies, the voltage wave form is phase shifted behind the current and the imped-

ance is complex.  The complex impedances are plotted above the real axis. The 

capacitive contribution to total current flowing through the RC circuit decreases as the 

frequency is reduced and the resistive contribution increases.  As the fraction of the 
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current flowing through R2 increases, the fraction of the electrode impedance being 

measured increases.   

As the frequency drops to a few tenths of a Hz, the capacitance is fully dis-

charged and the AC current flows through all of the interfacial resistance (R2). The total 

impedance is equivalent to the DC resistance or slope of the polarization curve at the test 

current density.  The total impedance is the right hand intercept of the lobe on the 

Nyquist plot (RT). 

Nyquist plots allow separation between electrode and membrane impedance.  

The left high frequency intercept of the lobe on the real axis quantifies the proton 

conduction impedance in the PBI-phosphoric acid membrane (R1) and the low frequen-

cy intercept (RT) quantifies the total cell impedance.  The lobe diameter (R2) quantifies 

impedance in both the anode and cathode electrodes. If a lobe is observed, electrode 

impedance is large enough to be measured and electrode overpotential contributes to the 

total cell voltage. If there is no lobe present on the Nyquist plot the impedance appears 

as a single point on the real axis and only proton conduction impedance in the PBI-

phosphoric acid membrane contributes significantly to the cell voltage.   

Although R1 has been described as the resistance to proton conduction in the 

phosphoric acid PBI membrane it also contains a contribution from electron conduction. 

The resistance to electron conduction was measured and contributes less than 6% to the 

total value of R1. A cell was assembled without an electrically insulating PBI membrane 

to allow the anode and cathode electrode to be in electrical contact. In this configuration, 

the electrical resistance of the cell hardware and the electrodes was 0.35 mohm at 160C. 

The electron conduction resistance was 6% and 1.4% of the minimum 6 mOhm and 

maximum 25 mOhm R1 measurements taken during hydrogen pumping testing which 

also contained the proton conduction resistance. The 6% or less contribution of electrical 

resistance to R1 was deemed negligible.   
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3.2.1.3 Measurement of Effective Platinum Catalyst Area Using Cyclic 
Voltammetry  

The effective platinum catalyst active area was measured using cyclic voltamme-

try (CV) to determine if a decline in effective platinum active area contributed to the 

increase in cell voltage at low supply gas dew points. This application of CV quantifies 

the effective active platinum catalyst area by measuring a quantity of charge associated 

with the oxidation of a monolayer of hydrogen adsorbed on the platinum catalyst sites 

[9, 37-39]. The cyclic voltammetry data was acquired using a Princeton Applied Re-

search model 2273 potentiostat.  

CV platinum catalyst area measurements were acquired on the hydrogen pump 

cell assemblies described in Section 3.1.1. Catalyst active area was measured on both the 

electrode serving as the anode and the cathode during operation in hydrogen pump 

mode.  During the CV experiment, the working electrode is the electrode on which the 

area is being measured.  The other electrode serves as both the counter electrode and the 

reference electrode.  Diagrams of the gas and electrode configurations for hydrogen 

pumping, CV for cathode catalyst area measurement and CV for anode catalyst area 

measurement are provided (Figure 18).  

 

 

Figure 18: Gas and electrode configurations for hydrogen pump and CV catalyst area measurement 

of both the anode and cathode. 
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A hydrogen flow rate of 17 SCCM was continuously circulated over the second 

electrode which served as both the counter and reference electrode. The working elec-

trode was purged with a nitrogen flow rate of 50 SCCM for 20 minutes prior to the CV.  

The nitrogen flow was turned off during the CV scan and turned back on after the scan 

was complete.  The nitrogen supply lines were purged for several hours prior to testing 

to drive oxygen from the lines. Valves located at the cell were used to turn on and off the 

nitrogen flow to avoid oxygen introduction into the cell.   

The polarization of the reference electrode caused by the use of a single electrode 

for both the reference electrode and the counter electrode (CE-REF) is a source of 

measurement error. The CE-REF electrode polarizes to a voltage equal to the product of 

the current and the impedance of the electrode. Polarization at the CE-REF electrode can 

not be distinguished from the intended polarization of the working electrode because the 

working electrode potential is measured across the reference and working electrodes.  

The polarization of the CE-REF electrode during CV testing can be estimated 

from electrode impedances and currents measured during the CV tests.  The impedance 

of the CE-REF electrode ranged from less than 1 mohm at the beginning of testing to 

approximately 100 mOhms when covered with an adsorbed species. The CV currents of 

600 mA and 35 mA can be multiplied by the 1 mOhm and 100 mOhms CE-REF imped-

ances to obtain an estimate of CE-REF measurement error.  The values obtained for 

polarization error at the CE-REF by taking the product of current and voltage are 0.6 mV 

and 3.5 mV of polarization error at the CE-REF electrode at beginning of test and in the 

surface covered states.  

The potential difference between the working electrode and the reference elec-

trode was varied between two potentials at a constant rate of 40 mV/s. The term vertex 

potential arises from the triangular shape of the voltage waveform applied to the cell 

during testing. The lower vertex potential was 50 mV and the upper vertex potential was 

either 500 or 1000 mV versus the CE-REF electrode. The current was recorded during 

three cycles of potential variation between the vertex potentials. Figure 19 provides a 

typical CV curve showing the relationship between potential and current for a hydrogen 

pump at the beginning of test. The subplot in the lower right hand corner shows the 

variation of potential with time.   
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Figure 19: Representative CV plot showing the current as a function of the potential difference 

between the working electrode and the reference electrode. Effective platinum catalyst area is 

proportional to the area of the shaded hydrogen oxidation peak. 

 

In Figure 19, the CV scan begins by decreasing the working electrode potential 

from the 500 mV upper vertex potential3.  The direction of potential variation is indicat-

ed by the arrows along side the curve.  As the working electrode potential becomes 

sufficiently cathodic at around 250 mV, the current becomes increasingly negative as 

protons are reduced from the electrolyte to form hydrogen atoms adsorbed on the 

platinum catalysts surface. The platinum surface continues to be covered by adsorbed 

hydrogen until the scan direction is reversed at the lower vertex potential of 50 mV.  

After reversal, the potential at the working electrode becomes increasingly anodic and 

the hydrogen atoms adsorbed on platinum surface sites are oxidized back to protons. The 

platinum catalyst area is proportional to the area under the shaded hydrogen oxidation 

peak associated with the oxidation of adsorbed hydrogen back to protons.   

                                                 
3 The working electrode potential was ramped from open circuit voltage to the upper vertex potential prior 

to the CV to remove the risk of excess current passing through the potentiostat.  If the working electrode is 

not properly purged with nitrogen and hydrogen is present on the cathode, a step change in potential from 

open circuit to .5 Volts could result in a 25-50 amp current flowing through the potentiostat.   
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The number of hydrogen atoms adsorbed on the platinum catalyst sites is propor-

tional to the number of platinum catalyst sites [37, 40, 41]. One hydrogen atom is 

chemisorbed to each electrochemically active platinum site.   As the electrode potential 

becomes more positive, each adsorbed hydrogen atom is oxidized returning one proton 

to the electrolyte and one electron to the electrode that is measured by the potentiostat 

which effectively counts the number of surface sites.  The charge is related to surface 

area using the following constant 210 C/cm2.  This constant is based on an assumption 

of an average number of sites per unit area for polycrystalline platinum particles [42, 

43]. A second assumption is made that each electron that is counted as part of the peak 

was associated with the oxidation of a surface adsorbed hydrogen atom.  Applying these 

assumptions along with the conversion factor relating charge to platinum catalyst area 

allows the charge associated with hydrogen oxidation to be related to platinum catalyst 

area.   

Contributions to the measured current which are not associated with hydrogen 

oxidation must be subtracted from the total current to properly estimate the electrochem-

ically active catalyst area. The current required to change the potential of the double 

layer capacitance is one such current.  The double layer charging current is constant as a 

function of potential at any given scan rate [37].  This contribution is positive in the 

positive scan direction and negative in the negative scan direction. An additional source 

of current not associated with measurement of platinum catalyst area is produced by the 

oxidation of hydrogen which diffuses through the membrane from the counter electrode 

to the working electrode. This source of current contributes a constant positive shift to 

the whole CV curve. A third contribution to the current is electron conduction through 

the PBI membrane.  The electron conduction current varies linearly with potential 

difference between the working electrode and the counter electrode.  

The sum of the capacitive charging current, diffusion current and electron con-

duction currents define the baseline current for the integration of the hydrogen oxidation 

peak (Figure 19).  The exclusion of these currents which are incidental to the quantifica-

tion of charge associated with the oxidation of adsorbed hydrogen is necessary to 

accurately measure the platinum catalyst area. In the 300 to 500 mV potential region of 

the CV curve where hydrogen oxidation and reduction peaks are lacking, the current is 
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comprised entirely of the baseline current (Figure 19).  In practice, the three contribu-

tions to the measured current are subtracted by projecting a linear fit of the CV curve 

from 300 to 500 mV to form the baseline for integration of the hydrogen oxidation peak 

present in Figure 19 from 50 to 300 mV.  

 The CV technique is effective at making relative measurements of catalyst area 

while keeping test conditions constant.  There are a variety of variables leading to the 

uncertainties in quantification of catalyst surface area.  The fraction of each crystal plane 

exposed to the electrolyte is unknown, and the number of hydrogen atoms per unit area 

is different for different crystal planes.  Overlap between the reduction peak and the 

onset of hydrogen pumping current reduces accuracy. The 50 mV lower vertex potential 

is cathodic enough that most of the platinum catalyst sites are covered in a reduced 

monolayer of hydrogen and not low enough to produce a large hydrogen pumping 

current. As the potential drops below 50 mV, reduced hydrogen desorbs to the working 

electrode chamber and additional hydrogen is reduced onto the open catalyst site.  There 

is also uncertainty in the integration procedure, i.e., the selection of the baseline of the 

peak which is used to subtract the capacitive charging, diffusion, and ohmic contribu-

tions to the current. It is possible to discern large changes in surface area on the order of 

10s of percent despite the uncertainties associated with the technique. 

3.3 Half Cell Apparatus  

An electrochemical half cell4 was constructed to study the dependence of plati-

num surface coverage on phosphoric acid concentration and potential (Figure 20).  The 

accuracy of surface coverage measurement and control of concentration and potential in 

the half cell are improved relative to that of a full hydrogen pump cell.  The accuracy of 

surface coverage determination is enhanced by the half cells ability to isolate potential at 

a single electrode interface during diagnostic techniques. The phosphoric acid concentra-

                                                 
4 The term half cell is derived from the ability to isolated half of the over reaction occurring in a 

full electrochemical cell.  In this case, either hydrogen oxidation or reduction can be isolated from the 

overall hydrogen oxidation and reduction process.   
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tion is controlled by filling the cell with known concentration and confirming that it 

doesn’t change.   

 

Figure 20: Electrochemical half cell to measure catalyst surface area and impedance at known 

concentrations and potentials.   

3.3.1 Electrode Isolation and Interfacial Potential Control 

A primary benefit of the half cell relative to a full electrochemical cell is the ca-

pacity to isolate the interfacial potential difference at a single electrode which is term the 

working electrode. A reference electrode provides a means to measure the working 

electrode interfacial potential by providing a predictable reference potential for compari-

son to the working electrode.  The working electrode can be polarized in a cathodic or 

anodic direction to study hydrogen reduction or oxidation.  A third electrode termed the 

counter electrode provides a source or sink for ions involved in the working electrode 

reaction.  A diagram of a half cell is given in Figure 21. 

Measurement and control accuracy of the working electrode potential is im-

proved by dividing the voltage reading functionality and the current supply functionality 

into two different circuits. The 10-9 amp current required to make the voltage measure-

ment is sufficiently low that voltage drop due to ohmic loss in the measurement leads is 

insignificant. As a result, the voltage leads do not add error to the measurement of the 
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voltage between the reference electrode and the working electrode. The current flowing 

between the working electrode and the counter electrode is conducted through a different 

set of wires in which lead polarization is not an issue.     

 

Figure 21: The reference electrode allows the interfacial potential difference at the working elec-

trode to be measured without a contribution from the counter electrode.  Low current in the voltage 

measurement circuit prevents voltage drop in the voltage measurement wire.    

   

To obtain the working electrode interfacial potential difference, the total meas-

ured voltage must be corrected for the potential difference in the electrolyte that 

develops between the reference and the working electrodes.  The correction voltage is 

dependant on Ohms law where I is the current flowing between the counter and the 

working electrodes and R is the electrolyte resistance between the tip of the reference 

electrode and working electrode (Figure 22). Stated differently, the correction voltage is 

the fraction of the linear potential variation associated with proton conduction between 

the counter electrode and the working electrodes that occurs between the tip of the 

reference electrode and working electrode.  The correction voltage is subtracted from the 

measured voltage to obtain the interfacial potential difference at the working electrode. 

The difference between the equilibrium interfacial potential difference and the interfacial 
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potential difference of the polarized cell is the electrode overpotential discussed in 

Section 2.2. 

 

 

Figure 22: Measuring the working electrode interfacial potential difference (VWE) involves subtrac-

tion of the ohmic contribution (VIR) to the total measured voltage between the working and 

reference electrodes (Vm). The interfacial potential difference at the reference electrode (VRef) must 

remain constant to accurately measure VWE.   

IR correction is preformed using electrochemical isolation techniques such as 

impedance spectroscopy and current interruption.  The high frequency intercept on a 

Nyquist plot obtained from impedance spectroscopy isolates electrolyte resistance which 

can be multiplied by the current to obtain the correction voltage.  This method of meas-

uring the electrolyte resistance was discussed in Section 3.2.1.2.  The current interrupt 

method of IR correction briefly switches off the current and measures the voltage as a 

function of time.  The solution resistance discharges instantaneously and the RC interfa-

cial impedance at the working electrode discharges in a capacitive decay. The difference 

in the voltage decay time constants following current interruption are used to distinguish 



41 

 

between the correction voltage and the working electrode interfacial potential. The 

potentiostat automatically performed IR correction during cyclic voltammetry testing 

using the current interrupt method.   

 AC impedance and current interrupt techniques isolate the working electrode 

interfacial potential difference with greater accuracy than in the full hydrogen pump.  In 

the half cell, only the working electrode contributes to the RC component of the imped-

ance which allows interfacial potential to be determined at the working electrode.  In the 

full cell, the anode and cathode contributes an RC component to the impedance causing 

the fraction of the interfacial potential at each electrode to be indeterminate.  

3.3.2 Control of Phosphoric Acid Concentration  

The half cell was filled with known phosphoric acid concentrations. The phos-

phoric acid solutions were titrated to measure the concentration and the results are 

presented in Section 4.2.3. Electrolyte solutions were titrated before and after half cell 

experiments to measure the change in phosphoric acid concentration during testing. 

During testing, the phosphoric acid concentration was monitored by monitoring the 

electrolyte conductivity.  To reduce the possibility of electrolyte concentration change, 

the hydrogen gas flowing over the working electrode was humidified. 

  

3.3.3 Half Cell Design  

In this section, the positions of the half-cell electrodes, the layout of the half-cell, 

and the functions of major components are described. The working electrode is posi-

tioned at the bottom of a 5 cm deep column of electrolyte which is contained in a 1.55 

cm diameter glass tube5 (Figure 23).  The counter electrode is positioned at the top of the 

electrolyte column.  The 6 mm diameter reference electrode tube extends down the 

                                                 
5 The glass tube was obtained from Adams & Chittenden Scientific Glass (Berkeley, California 94710). 

The tube was a modified version of part number NW 16 with the following dimensions; 6.35 cm length 

with precision grinding of the ID to 15.5 mm ± .05mm on the end without the flange to a grinding depth of 

1.27 cm.    
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center of the cell and tapers to a point 1.5 to 3 mm above the surface of the working 

electrode.    

The electrodes and the electrolyte tube are positioned between a gold plated 

stainless steel base plate and a top plate with multiple functions. The gold plating was 

applied to the endplates by Anoplate Corporation (Syracuse, NY 13204).   The base 

plate provides gas supply, heating, electrolyte sealing and gas sealing for the working 

electrode and the top plate provides the same functionality for the counter electrode.  

The end plates also supply current to the electrodes.  The working electrode is in direct 

contact with the base plate and the counter electrode is connected to the top plate with a 

platinum wire.  The bolts between the endplates are insulated with rubber grommets and 

Teflon pipe tape to prevent the end plates from electrically shorting (not shown).  

An inert gas environment was provided in a plastic shroud surrounding the active 

portions of the cell.  The shroud also provides mechanical support for the top plate and 

secondary containment in case of over pressurization of the electrolyte tube.   The clear 

polycarbonate shroud shown in Figure 23 was used for testing below 110C and a Teflon 

shroud was used at higher temperatures. Mechanical drawings of the major components 

are provided in appendix Section 9.3 

 
Figure 23: Half cell diagram shows the configuration of major components of the cell.    
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3.3.3.1 Working Electrode    

The working electrode used in the half cell was the same electrode used for the 

anode and cathode in the full cell testing that was described in Section 2.3. The electrode 

incorporates polycrystalline platinum supported on carbon into a porous composite 

structure with Teflon. This type of electrode is engineered to minimize transport losses 

such as diffusion and ionic conduction which could otherwise obscured the changes in 

faradic impedance associated with species adsorption.  

The position of the working electrode at the bottom of the column of electrolyte 

was selected to ensure that the whole surface of the electrode was wet with phosphoric 

acid.  Positioning the active surface face up eliminates the possibility of trapped gas 

bubbles on the electrode surface. Designs that float the electrode on the surface of the 

electrolyte are vulnerable to trapping bubbles from the initial placement of the electrode, 

purge gases, or that otherwise nucleate from the solution. Bubbles can interrupt ionic 

contact of the electrode with the electrolyte and significantly alter stability of the voltage 

and current.    

3.3.3.2 Counter Electrode 

The counter electrode was a 2 cm2 99.9% pure platinum wire mesh which was 

obtained from Alfa Aesar (Ward Hill, MA 01835). The mesh number was 52 on the 

standard mesh scale and the wire diameter was 0.1 mm.  The platinum wire mesh was 

submerged in the top 5 mm of the electrolyte column and connected to the top end cap 

by a platinum wire.  Platinum does not corrode at the several volt potentials that were 

measured at the counter electrode.   
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3.3.3.3 Reference Electrode 

The reference electrode used in this work was an 

reversible hydrogen reference electrode (RHE)6 consisting 

of a 1 cm2 platinum mesh connected to the potentiostat 

with Teflon coated platinum wire7 (Figure 24). The 

working electrode exhaust hydrogen was supplied to the 

reference to minimize the difference in vapor pressure 

over the reference electrode and the working electrode.   

The platinum mesh and gas supply tube are con-

tained in a 6 mm diameter glass tube tapered to a point on 

the end closest to the working electrode.  The taper was 

1.5 cm long with a 1 mm hole in the end.  The tip of the 

tapered tube was positioned between 1.5 and 3 mm from 

the working electrode interface.  The tapered glass tube 

configuration is referred to as a Luggin capillary [9].   

 

 

3.3.3.4 Half Cell Design to Measure of Electrolyte Conductivity  

The proton conduction path in the half cell was designed to have a regular geom-

etry   to allow impedance measurements to be converted to conductivities.  The 

electrolyte was contained in a cylinder to provide a conduction path with a defined cross 

                                                 
6 A reversible hydrogen reference electrode (RHE) is similar to a standard hydrogen reference (SHE) in 

that the interfacial potential is defined by the hydrogen oxidation and reduction equilibrium on platinum.  

The interfacial potential of the SHE is 0 volts by convention with a hydrogen pressure of 1 atm, a hydro-

gen activity of 1 and a temperature of 25C.  The RHE potential is only defined if the hydrogen ion 

concentration, hydrogen concentration and temperature are defined at the interface.     

 
7 The Teflon coated 99.99% pure platinum wire was obtained from Advent Research Materials (Oxford 

England OX29 4JA).  The bare wire and coated diameters were .125 mm and .175mm respectively. 

 

Figure 24: RHE Diagram. 
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sectional area and length.  The 5.0 cm length and 1.55 cm diameter of the electrolyte 

tube results in a 5-35 ohm resistance between the working and the counter electrodes. 

3.3.3.5 Thermal Control  

Cartridge heaters and control thermal couples were integrated into both end-

plates.  The base plate and top plate heater power outputs were 100 watts and 50 watts, 

respectively. The glass electrolyte tube was wrapped with copper foil to distribute the 

heat produced by a 50 watt rope heater over the surface of the glass tube. The rope 

heater was held in place and insulated with Teflon pipe thread tape. The temperature 

control thermal couple for the rope heater was fixed to the copper foil. The electrolyte 

temperature was monitored inside the electrolyte in the reference tube.  The endplates 

were heated 1-2C warmer than the electrolyte. 

3.3.3.6 Gas and Electrolyte Sealing  

The half cell incorporates five Viton O-ring seals designed to keep hydrogen and 

electrolyte in the cell and air out the cell. If air leaks into the cell it reacts to form water 

which can reduce phosphoric acid concentration. The location of the Viton o-ring seals 

is indicated on Figure 25. The inert gas environment surrounding both the counter and 

working electrode seals provides redundancy.  
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Figure 25: Half cell Viton o-ring seal locations.   

 

 The seal between the base plate and the glass flange incorporates two gaskets to 

prevent gas and electrolyte leakage. A lock ring bolted over the glass flange compressed 

the seals (Figure 26).  The inner o-ring sealed the electrolyte by pressing the working 

electrode against the glass flange. Due to the porous nature of the working electrode on 

which the inner o-ring seals, a second o-ring was needed to provide gas sealing to the 

working electrode chamber.  The second o-ring pressed directly onto the glass flange to 

form a gas tight seal. A third, larger diameter o-ring sealed the inert gas shroud (Figure 

26).   
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Figure 26: Half cell base showing both working electrode gaskets (left), with the electrode placed 

over the inner gasket (center), and with the lock ring and glass tube bolted down to compress the 

gaskets (right).   

The counter electrode gases were sealed by a Viton o-ring between the glass 

electrolyte tube and the top end plate. The inner diameter of the glass tube was ground to 

15.5 mm ± 50 m to control the gasket compression. The Viton o-ring pressed outward 

onto the inner diameter of the glass tube (Figure 27).  The radial seal design allowed the 

vertical position of the top end plate to change without losing seal.   The vertical position 

of the top plate changes with the degree of gas shroud compression and thermal expan-

sion. The gasket was lightly lubricated with phosphoric acid to aid with seating the 

gasket into the inner diameter of the tube.  The design allows the mechanical load of the 

top endplate to be carried through the gas shroud instead of the glass tube Figure 25. 

 

 

Figure 27: Counter electrode gas seal. 

 



48 

 

3.3.4 Half Cell Test Station 

A test station was constructed to provide gas supply, temperature control, and 

power supply for the half cell.  Nitrogen and hydrogen gas could be supplied to the 

working and counter electrodes.   

 

 

Figure 28: Gas and thermal control station for the half cell. 

  

A humidifier was developed to control dew points below 0C to stabilize the 

concentration of phosphoric acid concentrations greater than 105 wt% (Figure 29).  The 

humidifier incorporated a heated water bath separated from the hydrogen supply gas 

stream a length of tubing to limit the vapor flow coming from the water bath.  The 

output hydrogen supply gas dew point as a function of temperature and tube length was 

calculated using Fick’s law and the hydrogen flow rate.  The output dew point was then 

correlated to heater voltage.   



49 

 

 

Figure 29: Humidifier diagram for dew points below 0C.  The length of tubing between the water 

bath and the hydrogen stream was wrapped in flexible heat trace. 

 

The nitrogen was passed over reduced copper wool heated to 450C to remove 

oxygen from the nitrogen stream.  The copper can be periodically reduced with forming 

gas at 450C to regenerate the scrubber.  The copper darkens as it oxides providing 

indication of the need to reduce the copper. 

 

 

Figure 30: Oxygen scrubber based on the oxidation of copper at 450C.  Reduced copper wool was 

contained in a glass tube heated with a rope heater. Gas connection to the glass is made with a strain 

relieved flexible stainless steel tube (left image).   The control thermal couple is inside the tube in 

contact with the copper wool (right image).                   
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3.4 Half Cell Test Protocols 

 Carbon supported platinum electrodes were exposed to 115 wt% and 105 wt% 

phosphoric acid at 160C for 36 and 17 hours respectively to measure the effect of 

phosphoric acid concentration on effective platinum catalyst area.  Effective platinum 

catalyst area was measured using CV at the beginning and the end of the test. Impedance 

spectroscopy measurements were taken periodically to measure the exchange current for 

hydrogen oxidation and reduction.  At the end of test, the working electrode potential 

was increased to 1 volt versus RHE to remove adsorbates from the platinum surface. The 

working electrode was not polarized from the equilibrium interfacial potential between 

the diagnostic tests.    

 

3.4.1 Test Preparation 

3.4.1.1 Solution Preparation 

85 wt% and 115 wt% phosphoric acid solutions were heated and mixed to obtain 

solutions of the desired concentration.  The component solutions segregate at room 

temperature and the polyphosphoric acid species do not immediately reach an equilibri-

um distribution. The mixing temperature and time were selected based on rates of 

polyphosphoric acid chain scission as a function of temperature [18] and the time and 

temperature utilized by Luff for the same task [44]. A lack of equilibrium species 

distribution could alter the rate of platinum surface coverage at any given concentration.   

The 105 wt% phosphoric acid solution was prepared by mixing 85 wt% and 115 

wt% phosphoric acid at 100C for 12 hours. The hydroscopic solutions were mixed in a 

sealed glass flask with a magnetic stirrer to avoid water adsorption. The flask was sealed 

with a Teflon covered rubber stopper.  A pressure relief device was incorporated in the 

stopper.  The 105 wt% solution was 58.660 grams prior to mixing and 58.665 grams 

after mixing confirming a lack of significant water absorption. After mixing, the solution 

appeared uniform in consistency and did not show density segregation between 115 and 

85 wt% solutions.  During mixing, the solution developed a slight red tinge. 
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The 115 wt% solution was taken directly from a new bottle.  The 115 wt% solu-

tion was heated to 60C to reduce the viscosity to facilitate poring the electrolyte into the 

cell. The viscosity of 115 wt % phosphoric acid is 17000 cp at room temperature and 

3000 cp at 60C [19].  

  

3.4.1.2 Half Cell Warm Up and Nitrogen Purge 

The cell was purged with nitrogen in various stages of startup to drive oxygen 

out of the electrolyte and the cell hardware.   Before the electrolyte was pored into the 

cell the dry nitrogen was purged through the working electrode chamber. The 50 SCCM 

nitrogen flow was passed over reduced copper wool at 450C to remove oxygen. After 

poring the electrolyte into the cell, the cell was assembled and the nitrogen purge was re-

circulated from the working electrode exhaust to the counter electrode. The gas was 

passed over the surface of both ends of the electrolyte but not bubbled through the cold 

viscous solution.  The cell was heated from room temp to 160C in 20 minutes.  At 

160C the nitrogen exhaust from the working electrode was bubbled through the warm-

er, lower viscosity electrolyte. The nitrogen purge to the working electrode was 

humidified once the cell temperature reached 160C.  The humidified nitrogen purge 

continued for an additional 90 minutes.  After 90 minutes, hydrogen flow was supplied 

to the reference electrode and re-circulated to the counter electrode.  After 30 more 

minutes of purging in this configuration, the cell is ready for testing.   

 

3.4.2 Half Cell Testing 

3.4.2.1 Initial Effective Platinum Catalyst Area Measurement 

The effective platinum catalyst area was measured at the beginning of test. The 

first set of CV curves polarizes the working electrode to a vertex potential of 1 volt 

versus RHE to clean the catalyst and establish a consistent starting state.  A second set of 

curves was then acquired with an upper vertex potential of 300 mV.  The curves with an 
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upper vertex potential of 300 mV will provide a point of comparison to end of test 

curves with a 300 mV upper vertex potential.   

 The half cell CV curves were acquired using a Gamry series G 750 potentiostat. 

The interfacial potential difference was changed at a constant rate of 20 mV/s between 

the vertex potentials.  The lower vertex potential was 50 mV and the upper vertex was 

either 300 or 1000 mV.  Current interrupt IR correction was used to remove solution 

resistance from the voltage between the reference electrode and the working electrode.  

The nitrogen purge flow on the working electrode was 20 sccm prior to the CV and was 

reduced to 7 sccm during the CV.  

3.4.2.2 Impedance Spectroscopy Measurements Taken as a Function of Time  

The cell was reconfigured to measure the increase in working electrode imped-

ance as a function of time.  The reconfigurations included changing the gas flows. 10 

SCCM of humidified hydrogen was supplied to the working electrode.  The hydrogen 

flow was re-circulated from the working electrode to the reference electrode and from 

the reference to the counter electrode maintaining uniform vapor pressure above the 

electrodes.  This recirculation method reduces phosphoric acid concentration differences 

between the electrodes and in doing so prevents drift in the voltage between the RHE 

and the working electrode.  Recirculation reduces the total hydrogen flow exposed to the 

electrolyte compared with independent gas streams supplied to each electrode which 

minimizes changes in phosphoric acid concentration if the vapor pressure in the gas 

stream is not in equilibrium with that of the electrolyte.   

Impedance spectroscopy curves were taken periodically until the working elec-

trode impedance was at or near equilibrium.  The point in time at which the hydrogen 

flow was started was considered time zero for the adsorption process as it was only 

minutes after the initial 1 volt CV which cleans the interface. The initial time interval of 

20 minutes was increased to 1 hour, 2 hours and then 3 hours as the impedance increased 

at a slower rate.   A 10 mV RMS ac perturbation was applied between the reference and 

working electrodes over a frequency range from 10 KHz to 0.2 Hz to acquire the imped-

ance spectrum.  The open circuit voltage was recorded between each impedance scan.   
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3.4.2.3 Final Effective Catalyst Area Measurement 

CV curves were acquired at the end of the test to measure changes in effective 

platinum catalyst area. Curves were acquired with a 300 mV upper vertex potential 

which was a low enough potential to measure effective catalyst area without measurably 

altering it.  A second set of curves with an upper vertex potential of 1 volt versus RHE 

was conducted to remove adsorbates from the catalyst surface to measure the full 

electrochemically active catalyst area. Following the recovery of effective platinum 

surface area, a set of curves with a 300 mV upper vertex potential was acquired to 

compare to the beginning of test curves and to the end of test curves with adsorbates.  

The working electrode impedance was measured to demonstrate the decrease in elec-

trode impedance associated with the removal of adsorbates.  

 

The test protocol described in the previous three sections is summarized below: 

 

1. Beginning of test (BOT) CV curves with a 1 Volt upper vertex potential to 

measure area while establishing a clean surface 

2. BOT CV curves with a 300 mV upper vertex potential to compare to end of test 

(EOT) curves  

3. Periodic impedance spectroscopy curves to measure declining exchange current  

4. EOT CV to an upper vertex potential of 300 mV to measure effective catalyst 

area without removing adsorbates 

5. EOT CV to an upper vertex potential of 1 volt to remove adsorbates   

6. EOT CV to an upper vertex potential of 300 mV following catalyst cleaning 

7. Final Impedance spectroscopy to confirm the removal of electrode impedance  
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4. Results  

4.1 Hydrogen Pump Testing 

4.1.1 Effect of Phosphoric Acid Concentration on Hydrogen Pump Cell Voltage 

The effect of phosphoric acid concentration on hydrogen pump cell voltage was 

measured by recording the voltage of cells as they operated with different anode supply 

gas water vapor pressures.  The anode supply gas was humidified to seven different 

levels to control the vapor pressure as discussed in Section 3.1.2. The operating tempera-

ture and hydrogen pumping current were constant at 160C and 0.2 A/cm2. 

 Following the start of a test, the phosphoric acid concentration changed as a 

function of time. The phosphoric acid concentration changed until equilibrium was 

reached with the water vapor in the gas adjacent to the phosphoric acid electrolyte as 

discussed in Section 2.6. The exhaust water vapor pressure reached steady state within 

50 hours implying that the phosphoric acid concentration was constant.   

 The water content in the gas streams can be expressed in units of either vapor 

pressure or dew point.  The units of dew point are convenient for experimental meas-

urement and control but less physically intuitive than water vapor pressure when 

thinking about the interaction between phosphoric acid and water vapor.  The anode 

exhaust water content will be reported in this section in terms of dew point.   

 A plot of the anode exhaust dew point as a function of time shows the approach 

to steady state for a hydrogen pump running without anode supply gas humidification in 

Figure 31.  During the approach to steady state, water was transferred from the phos-

phoric acid electrolyte to the anode and cathode gas streams resulting in an increase in 

phosphoric acid concentration in the hydrogen pump. The dew point decays to a steady 

state value of -20C at which point the phosphoric acid concentration stops changing. 

This data was provided as an example of the approach to steady state for the cell with the 

lowest steady state exhaust dew point tested.  The approach to steady state anode exhaust 

dew point occurred within 50 hours for the other cells tested.   
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Figure 31: Anode exhaust dew point approach to steady state for a hydrogen pump operating 

without anode supply gas humidification.  

Seven different levels of humidification were supplied to operating hydrogen 

pumps to vary the phosphoric acid concentration.  The humidification levels are labeled 

by the steady state exhaust dew point for each test.  The cell voltage as a function of time 

for each steady state anode exhaust dew point (humidification level) is plotted in Figure 

32.  Each steady state exhaust dew point corresponds to a different distribution of 

equilibrium water vapor pressures over the surface of the electrolyte and as a result a 

different phosphoric acid concentration.  Key results from the data are summarized 

below: 

1. The cell voltage increased as the phosphoric acid concentration increased in re-

sponse to reduction of anode gas dew point.  

2. At 250 hours, the cell voltage increased from 15 mV to 450 mV when the supply 

gas dew point decreased from 60C to -20C.  This voltage increase corresponds 

to an increase in hydrogen pump power consumption of a factor of 30. 

3. The rate of cell voltage increase was inversely related to the gas dew point. 
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Figure 32: Hydrogen pump cell voltage increase as anode supply gas dew point decreases.  A 

decrease in anode supply gas dew point causes an increase in phosphoric acid concentration. 

Operating conditions: 160C, 0.2 A/cm2, and pure hydrogen anode supply gas. 

The reversibility of the cell voltage increase for hydrogen pumps operating with-

out supply gas humidification was demonstrated when the cell operating with a -20C 

exhaust dew point was shut down and restarted. This cell was shut down and restarted 85 

hours following the initial start of the test. Upon subsequent restart, the cell voltage was 

reduced from 400 mV prior to shut down to its initial value of 14 mV.  The cell voltage 

increased from 14 mV to 450 mV following a similar trend to initial increase in cell 

voltage measured during the first 85 hours of operation.  This data demonstrates the lack 

of permanent changes in cell performance associated with the 400 mV increase in cell 

voltage recorded while operating without humidification of the anode supply gas.  

 The lower 160 mV voltage range in Figure 32 is plotted in the appendix for 1200 

hours of cell testing.  In appendix Figure 50, the effect of dew point on cell voltage can 

be seen with greater clarity for the lower cell voltages and higher anode exhaust dew 

points tested.  
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4.1.2 Electrode Impedance Increases with Phosphoric Acid Concentration 

Impedance spectroscopy measurements were preformed to separate losses within 

the hydrogen pump.  In particular, the portion of the cell voltage driving proton conduc-

tion was separated from the electrode overpotential.  The impedance measurements are 

presented in the next two subsections. The first subsection presents the impedance as a 

function of time for the cell operated with the lowest anode supply gas dew point which 

exhibited the largest changes in impedance.  The second subsection presents the elec-

trode overpotential calculated from impedance measurements as a function of supply gas 

dew point. The data presented in both subsections indicates a rise in electrode impedance 

as phosphoric acid concentration increases with decrease in gas dew point.     

4.1.2.1 Electrode Impedance Increase with Time for a Hydrogen Pump with Dry 
Anode Supply Gas 

This section presents the impedance as a function of time for the hydrogen pump 

which exhibited the largest increase in impedance during the test.  The case with the 

largest changes in impedance was selected to clearly separate the electrode impedance 

from the proton conduction impedance in the PBI phosphoric acid membrane.  During 

the test, the anode supply gas was dry (hydrogen with < 3ppm H2O  -70C dew point) 

and the measured steady state anode exhaust dew point was -20C.  This was the lowest 

dew point level tested which would lead to the highest phosphoric acid concentration in 

the operating hydrogen pump.   

The impedance measurements showing the increase in impedance with time are 

plotted in the Nyquist plot in Figure 33.  The impedance was measured across both the 

anode and cathode and contains contributions from both electrodes.  The exhaust dew 

point and cell voltage were measured continuously during the 47 hour test period and are 

plotted in Figure 31 and in Figure 32 respectively.      
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Figure 33: Nyquist plot showing hydrogen pump impedance curves measured at discrete points in 

time. The electrode impedance accounts for the majority of the voltage rise during the 47 hour test. 

A 0.2 A/cm2 current density was applied to the hydrogen pump during and between the impedance 

measurements.    The anode supply gas was dry and the steady state measured anode exhaust dew 

point was -20C.  

On the Nyquist plot, the diameter of the prominent lobe above the X-axis 

measures the real impedance in both the anode and cathode electrodes.  The assignment 

of the lobe diameter on the Nyquist plot to the electrode impedance and the high fre-

quency intercept denoted as Rmembrane to the PBI-phosphoric acid membrane resistance 

was discussed in Section 3.2.1.2.  The electrode impedance was insignificant at the 

beginning of the test and increased to 87% of the total impedance after 47 hours of 

hydrogen pumping with dry anode supply gas.  The separated contributions to the 

impedance (i.e. the PBI-phosphoric acid membrane impedance and the combined anode 

and cathode electrode impedance) were plotted as a function of time in Figure 34.  



59 

 

 

Figure 34: Cell voltage, PBI-phosphoric acid membrane impedance and electrode impedance plotted 

for the first 47 hours of hydrogen pumping with dry hydrogen anode supply gas. The trend in cell 

voltage was similar to the trend in the electrode impedance. A 0.2 A/cm2 current density was applied 

to the hydrogen pump during and between impedance measurements and the cell temperature was 

160C. 

The change in electrode impedance as a function of time follows the same trend 

as the cell voltage.  The membrane impedance however increases with completely 

different time dependence.  The correspondence between the increase in the electrode 

impedance and the increase in the cell voltage indicates that the increase in electrode 

impedance was the primary factor contributing to the cell voltage increase measured 

while hydrogen pumping with dry hydrogen anode supply gas.  

The trend in the PBI-phosphoric acid membrane impedance in Figure 34  implies 

that the phosphoric acid concentration increased and approached a steady-state value. 

The PBI-phosphoric acid membrane impedance increased for the first 24 hours and 

stabilized until a steady state value was reached. The PBI-phosphoric acid membrane 

impedance is proportional to the resistivity of the phosphoric acid electrolyte multiplied 

by geometric parameters.  If the geometric parameters are assumed to be constant during 

the test then the increase in PBI-phosphoric acid membrane impedance implies an 

increase in phosphoric acid resistivity.  It is well known that the resistivity of phosphoric 
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acid increases with phosphoric acid concentration [24, 45, 46].  Thus the increase in 

PBI-phosphoric acid membrane impedance to a steady state value indicates an increase 

in phosphoric acid concentration to a steady state value.   

An increase of phosphoric acid concentration to a steady state value was also in-

dicated by the decrease in the anode exhaust dew point to a steady-state value (Figure 

31). The steady state anode exhaust dew point is proportional to the equilibrium water 

vapor pressure over the phosphoric acid electrolyte which is dependant on the phosphor-

ic acid concentration.  A decrease in the water vapor pressure over the electrolyte 

reduces the exhaust dew point reading and corresponds to an increase in phosphoric acid 

concentration [24, 30, 31]. Both the trend in the PBI-phosphoric acid membrane imped-

ance and the anode exhaust dew point were consistent with an increase in phosphoric 

acid concentration to a steady state value.    

In appendix Section 8.1, an additional Nyquist plot is presented in Figure 53 for a 

cell tested with a 2.5C anode exhaust gas dew point.  The impedance rises at a slower 

rate and to a lesser extent with the 2.5C anode exhaust gas dew point for which data is 

presented in the appendix than with the -20C anode exhaust gas dew point for which 

data was presented in this section. 

4.1.2.2 Effect of Phosphoric Acid Concentration on Electrode Overpotential 

Impedance spectroscopy measurements were acquired 250 hours after the begin-

ning of hydrogen pump testing.  Measurements were taken at a single point in time to 

determine the effect of phosphoric acid concentration on losses within the hydrogen 

pump.   The measurements were acquired on the hydrogen pump cells operated with a 

range of anode supply gas dew points for which the cell voltage as a function of time 

was plotted in Figure 32. 

The electrode overpotentials were calculated from the impedance measurements. 

The calculation was preformed by subtracting the component of the cell voltage driving 

proton conduction in the PBI-phosphoric acid membrane from the total cell voltage. The 

component of the cell voltage driving proton conduction is calculated by multiplying the 

high frequency impedance by the applied current. Table 6 presents the total cell voltage 
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and electrode overpotential for each of the exhaust gas dew points tested.  The water 

vapor pressure corresponding to each exhaust gas dew point was also tabulated.  

Table 6: Dependence of electrode overpotential on anode exhaust dew point at 250 hours. 

Anode 
Dew 

Point (C)  

Vapor 
Pressure 
(mmHg) 

Total Cell 
Voltage    

(mv) 

Electrode 
Overpotential  

(mv) 
60 149.4 14 0 
40 55.3 16 1 
28 28.3 25 6 
7.5 7.5 51 31 
2.5 5.5 93 68 
-20 0.77 454 400 

  

The electrode overpotential varies inversely with gas dew point which implies di-

rect variation with the phosphoric acid concentration in the hydrogen pump.  The proton 

conduction loss equals the total cell voltage minus the electrode overpotential. The cell 

voltage was dominated by proton conduction at high gas dew points and by the electrode 

overpotential at low gas dew points.   

4.1.3 Effective Platinum Catalyst Area Declines in Concentrated Phosphoric Acid  

A cyclic voltammetry (CV) test protocol was applied to determine if the effective 

platinum catalyst area changed during hydrogen pump operation.  The effective platinum 

catalyst area was measured at the beginning of test and following cell voltage increase. 

Comparison between the catalyst areas at two different points in time allows change in 

catalyst area to be detected.  As described in the Butler-Volmer equation in Section 2.2, 

the cell voltage is predicted to increase if the effective platinum catalyst area declines. 

This section will present CV plots that show such a decline in effective platinum catalyst 

area. 

In Figure 35, a set of cyclic voltammograms for the hydrogen pump operating 

with dry anode supply gas and a -20C anode exhaust dew point is plotted.  The hydro-

gen oxidation peak integrated to measure the effective platinum catalyst area is the peak 

above the X axis between 50 and 150 mV.  CV curves are plotted for the beginning of 
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test and after the hydrogen pumping voltage increased to 425 mV. A third curve was 

plotted to show the effect of polarizing the catalyst interface to 1 volt versus RHE 

following the cell voltage increase. These CV measurements were taken on the electrode 

that served as the cathode during steady state hydrogen pumping.   

 

 

Figure 35:  The hydrogen oxidation peak area which indicates effective platinum catalyst area 

declines from the beginning of test curve to the curve acquired after cell voltage increase from 14 

mv to 425 mV.   The catalyst area declined while the hydrogen pump operated with a 0.2 A/cm2 

current density for 380 hours at 160C with dry hydrogen supply to the anode.  The final curve 

shows the recovery of effective platinum catalyst area following increase of the working electrode 

potential to 1 volt versus RHE.   

In Figure 35, the effective platinum catalyst area declined from 440 mC to an un-

detectable level following hydrogen pump operation with dry anode supply gas for 385 

hours.  Effective platinum catalyst area was recovered by increasing the electrode 

potential to 1 volt versus RHE during a CV scan with an upper vertex potential of 1 volt.    

The increase in effective platinum catalyst area following the electrode polariza-

tion to 1 volt versus RHE decreased the cell voltage from 425 to 50 mV.  The cell 

voltage before and after the 1 volt polarization is plotted in Figure 36.    



63 

 

 

Figure 36: The cell voltage declined from 425 mV to 50 mV following a CV curve with an upper 

vertex potential of 1 volt versus RHE.  The cell voltage increased from 50 mV to 500 mV during 

hydrogen pump operation from 385 to 425 hours. A 0.2 A/cm2 hydrogen pumping current was 

applied prior to and after the 1 volt perturbation.  The cell temperature was 160C and the anode 

supply gas was dry hydrogen.  

    

4.1.4 Effective Platinum Catalyst Area Declines on both the Anode and the 
Cathode Electrodes 

A combination of EIS and CV testing was conducted to determine if the decline 

in catalyst area and increases in electrode impedance discussed in Sections 4.1.2 and 

4.1.3 occurred on the anode and cathode electrodes. Following cell voltage increase, the 

effective platinum catalyst area was recovered on each electrode independently and the 

resulting changes in impedance were measured. The test protocol to independently clean 

the electrodes and measure associated changes in impedance is provided: (use the 

procedure defined in Section 3.2.1.2 for the impedance testing and the procedure defined 

in Section 3.2.1.3 for the CV testing) 
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1. Operate a cell at 160C and 0.2 A/cm2 with a dry anode supply gas (-70 C dew 

point) until the cell voltage is 100 mV or more 

2. Acquire impedance spectroscopy data prior to recovering catalyst area 

3. Acquire a CV curve with an upper vertex potential of 1 volt versus RHE on the 

electrode serving as the cathode during hydrogen pump operation  

4. Acquire impedance spectroscopy data following cathode catalyst area recovery  

5. Acquire a CV curve with an upper vertex potential of 1 volt versus RHE on the 

electrode serving as the anode during hydrogen pump operation  

6. Acquire impedance spectroscopy data following anode catalyst area recovery 

 

The cyclic voltammograms showing the recovery of platinum surface area on 

both the anode and the cathode are plotted in Figure 37.  The effective platinum catalyst 

area is indicated by the area under the hydrogen oxidation peak which is seen on the plot 

between 50 and 150 mV.  This peak area which indicates effective platinum catalyst area 

increased from cycle one to cycle two but does not increase further from cycle two to 

cycle three indicating.  An oxidative current is present on the first cycle between 0.3 and 

1 volts that is not present on the second and third cycles.  This oxidation current may 

indicate the oxidation of a surface species or a desorption process involving the transfer 

of an electron to the electrode.   

A reduction in electrode impedance was measured following the recovery of ef-

fective platinum catalyst area on the cathode and on the anode following the increase of 

the working electrode potential to 1 volt versus RHE.  The increase in effective platinum 

catalyst area on the cathode shown in the upper half of Figure 37 resulted in the reduction 

in lobe diameter from 83 mOhms to 44 mOhms in Figure 38.   The subsequent increase 

in effective platinum catalyst area on the anode shown in the lower half of Figure 37 

resulted in the further reduction in lobe diameter from 44 mOhms to 0 mOhms in Figure 

38.    
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Figure 37: Cathode (Top) and anode (Bottom) CV plots showing the increase in platinum area 

following the 1st cycle of the working electrode to 1 volt versus RHE.  The 2nd and 3rd cycles indicate 

the same area. 
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Figure 38: The lobe diameter of the curve labeled initial state quantifies the anode and cathode 

impedance prior to polarization. The reduced lobe diameter following cathode polarization to 1 volt 

versus RHE quantifies the only anode impedance. Following subsequent polarization of the anode to 

1 volt versus RHE no lobe is detected and the electrode impedance was undetectable on both the 

anode and cathode.  

 

Following the polarization of the cathode to 1 volt versus RHE, the cell voltage 

decreased (Table 7). A similar decline in cell voltage was observed when the anode 

electrode was polarized to the same potential.  The polarization of each electrode to 1 

volt versus RHE causes the recovery of platinum catalyst area in Figure 37 which leads 

to the declines in electrode impedance in Figure 38 and corresponding reduction of cell 

voltage.  The fact that performance improves on both electrodes following polarization 

supports the conclusion that both the anode and cathode electrodes are negatively 

affected by the high phosphoric acid concentrations present when the supply gas dew 

point was below 40C (the threshold at which the electrode impedance increases).    
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Table 7: Changes in cell voltage and impedance following 1 volt polarization of the anode and 

cathode.  

State of Area 

Recovery 

Total 

Impedance 

(Ohms) 

Measured Cell 

Voltage 

(mV) 

before 0.095 180 

post cathode 

polarization 

0.055 95 

post cathode 

and anode 

polarization 

0.013 28 

 

4.1.5 Effect of Current Density on Cell Performance and Implied Significance of 
Losses within the Hydrogen Pump  

The current density applied to a hydrogen pump was varied to study the effect of 

current density on the cell performance.  Prior to varying the current, the current density 

was constant at 0.2 A/cm2. The anode supply gas was not humidified prior to and during 

the test.  The cell operated at this current density until the voltage increased to 500 mv. 

At which point, the cell current density was increased incrementally from 0.2 A/cm2 to 

0.8 A/cm2 and the cell voltage was recorded. The cell voltage increased with each 

incremental increase in current density.   

The dependence of cell voltage on current aids in the determination of which cell 

processes were responsible for the high sensitivity of cell voltage to anode supply gas 

dew point. Dividing the cell voltage by the current simplifies this task. This normalized 

cell voltage provides a measure of the net cell resistance at any given current density.  

The net cell resistance may or may not vary as a function of current density depending 

on which process dominates the cell voltage.  A theoretical plot is provided to clarify the 

concept of the “net cell resistance” in Figure 39.     
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Figure 39: Dividing the cell voltage by the current density obtains the net cell resistance as a meas-

ure of cell performance. The net cell resistance equals the slope of the line intersecting the origin and 

the curve.  This form of cell voltage normalization aids in the determination of which losses are most 

significant (e.g., the net cell resistance is constant as a function of current if ohmic processes 

comprise the majority of the cell voltage).  The net cell resistance differs from the total cell imped-

ance RT measured using impedance spectroscopy which equals the slope of the VI curve at the 

current density of test.   

Consideration of the dependence of components of the cell voltage on current 

density aids in the understanding of the utility of the net cell resistance as a tool for 

process separation. If the voltage driving proton conduction in the PBI-phosphoric acid 

membrane contributed the majority to the cell voltage then the net cell resistance would 

be constant as a function of current density.  The constant net cell resistance associated 

with proton conduction is a result of the linear relationship between the voltage driving 

proton conduction in the PBI-phosphoric acid membrane and the current density [47].   

If the hydrogen oxidation and reduction overpotentials comprised the majority of 

the cell voltage then the net cell resistance will either remain constant or decrease with 

increasing current density. The hydrogen oxidation and reduction overpotentials vary 

linearly with current when the electrode overpotential is less than RT/nBF or 37 milli-

volts at 160C and vary exponentially at higher overpotentials [9].  In the linear low 

overpotential region, the net cell resistance is constant.  In the high overpotential region 
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with an exponential relationship between overpotential and current, the net cell re-

sistance decreases as current density increases in a trend consistent with Figure 39.   

If the transport of hydrogen or protons in the electrodes contributed the majority 

of the rise in cell voltage with low supply gas dew points then the net cell resistance 

would increase as the current density increases [9, 35, 36, 48].  As current increases, a 

higher reactant flux is demanded through the transport resistance further increasing the 

polarization caused by this mechanism.   

The total cell resistance is plotted as a function of time following current pertur-

bation in Figure 40.  The current densities tested are indicated above the data points on 

the plot. The net cell resistance decreased incrementally from 2.5 to 1.2 Ohms/cm2 as the 

current increased from 0.2 to 0.8 A/cm2. This trend of decreasing net cell resistance as a 

function of current was consistent with the Butler-Volmer equation describing the 

oxidation and reduction of hydrogen but inconsistent with transport resistances or ohmic 

resistance to proton conduction in the PBI-phosphoric acid membrane.   

The decline in net cell resistance at 105 seconds when the current density was re-

duced to the beginning of test value requires a mechanism that inherently improves cell 

performance and can not be explained by the normal dependence of a cell process on 

current density. The net cell resistance decreases from 1.2 to 0.75 Ohms/cm2 when the 

current density was reduced from 0.8 A/cm2 back to the original current density of 0.2 

A/cm2.  Over the course of the current perturbations, the net cell resistance decreased 

from 2.5 Ohms/cm2 to 0.75 Ohms/cm2 at the same current density of 0.2 A/cm2.  The 

overpotential associated with one of the cell processes had to change to explain this 

decrease in resistance.  Additional current density changes between 0.2 and 0.8 A/cm2 

did not alter the dependence of the net cell resistance on current.  Between 100 and 200 

seconds, the net cell resistance retains a dependence on current density but the net cell 

resistance at any given current does not continue to decrease upon changing the current 

density.  
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Figure 40: The net cell resistance is plotted as a function of time prior to and after changes in cell 

current density. The current densities indicated on the plot above the data points are in units of 

A/cm2.  The net cell resistance declines with each incremental increase of the current density. The 

net cell resistance is further reduced by decreasing the current density from 0.8 to 0.2 A/cm2.   

The performance of a hydrogen pump operating with dry anode supply gas was 

improved by changing the current density.  The performance improvement was indicated 

by a reduction in the net cell resistance at any given current density caused by increasing 

and decreasing the current.  

 

4.2 Half Cell Testing 

The performance of platinum catalyst for hydrogen oxidation and reduction was 

studied in the electrochemical half cell described in Section 3.3.  Platinum was found to 

be an ineffective catalyst at 105 and 115wt% phosphoric acid concentration.  The half 

cell testing duplicated the reductions in catalyst performance observed during hydrogen 

pump testing at high phosphoric acid concentrations. Unlike the hydrogen pump testing, 

the phosphoric acid concentration in the half cell was defined and a single electrode 

interface was isolated.     
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To study the effectiveness of platinum catalyst in concentrated phosphoric acid, 

EIS and cyclic voltammetry (CV) tests were conducted on platinum supported on carbon 

electrodes exposed to 105 and 115 wt% phosphoric acid solutions. Measurements of the 

effective platinum catalyst area were taken at the beginning and the end of testing to 

allow changes in catalyst area to be detected.  Impedance measurements were taken 

periodically during the tests to measure changes in impedance with time.  

 

4.2.1 Increase in Working Electrode Impedance Following Exposure to 
Concentrated Phosphoric Acid 

 

The impedance for hydrogen oxidation and reduction on platinum electrodes was 

measured periodically in the electrochemical half cell described in Section 3.3. 105 and 

115 wt% phosphoric acid concentrations were tested at a constant cell temperature of 

160C.  The working electrode was not polarized between impedance measurements and 

DC polarization was not applied during the impedance spectroscopy measurements.  The 

working, reference and counter electrodes were supplied humidified hydrogen.  

Nyquist plots from the impedance measurements acquired at discreet times fol-

lowing exposure to the electrolyte are plotted in Figure 41. The working electrode 

impedance which is indicated by the lobe diameter on the Nyquist plot is plotted as a 

function of time in Figure 42.   

For both phosphoric acid concentrations, the working electrode impedance for 

hydrogen oxidation and reduction increases following exposure to the electrolyte.  The 

working electrode impedance increases to 2.1 Ohms and 50 mOhms for phosphoric acid 

concentrations of 115 wt% and 105 wt%, respectively.  The impedance stops increasing 

4 hours after the start of the 105 wt% phosphoric acid test and increases slowly 36 hours 

after the start of the 115 wt% phosphoric acid test (Figure 42). The lack of change in the 

high frequency intercept indicates that the solution conductivity and as a result concen-

tration were stable during the test [24, 34, 46].   The high frequency intercepts shifted 

10-15 mOhms for the last two impedance curves acquired for the 105 wt% phosphoric 

acid test (appendix Figure 57).  
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Figure 41: Impedance for hydrogen oxidation and reduction on platinum supported on carbon 

electrodes following exposure to 115 wt% phosphoric acid (top) for 36 hours and 105 wt%  (bottom) 

for 17 hours. The electrode impedance increased from 0 to 50 mOhms at 105 wt% and 0 to 2250 

mOhms at 115 wt% phosphoric acid concentration.  The testing was conducted at 160C with 

hydrogen supplied to the working electrode and without DC polarization.  A 10 mV RMS AC 

perturbation was applied from 10 kHz to 0.2 Hz between the reference and working electrodes. 
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Figure 42: Working electrode impedance as a function of time for hydrogen oxidation and reduction 

on platinum supported on carbon electrodes.  Testing was conducted at 160C with hydrogen 

supplied to the working electrode and without DC polarization during or between impedance tests.  

A 10 mV RMS AC perturbation with a frequency range of 10 kHz to 0.2 Hz. was applied between 

the reference and working electrodes.  
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4.2.2 Decrease in Effective Platinum Catalyst Area Following Exposure to 
Concentrated Phosphoric Acid   

The effective platinum catalyst area in 105 and 115 wt% phosphoric acid solu-

tions was measured using cyclic voltammetry to study the impact of concentrated 

phosphoric acid on catalyst area.  The catalyst surface area is proportional to the area 

under the hydrogen oxidation peak appearing above the x-axis between 50 and 150 mV.  

The effective platinum catalyst area was measured at the beginning of the test (BOT) 

and at the end of the test (EOT) for platinum supported on carbon electrodes exposed to 

105 and 115 wt% phosphoric acid solutions. Between the BOT and EOT CV curves 

described in this section, the impedance spectroscopy measurements described in 

Section 4.2.1 were obtained as a function of time.   

The upper vertex potential (the highest potential to which the working electrode 

is polarized during a CV test) was dependant on the purpose of the test.  When the intent 

of the test was to measure the effective platinum catalyst area without changing the 

catalyst area during the measurement, a 300 mv versus RHE upper vertex potential was 

used.  However, if the intent was to clean the catalyst area during the CV technique and 

thereby measure the full electrochemically active catalyst area, a 1 volt versus RHE 

upper vertex potential was used. The sequence of CV curves utilizing both upper vertex 

potentials is listed below:  
 

1. 1 Volt upper vertex potential(UVP) to clean the catalyst surface at the BOT 

2. 300 mv (UVP) to measure catalyst area at the BOT 

3. 300 mv (UVP) to measure catalyst area at the EOT without affecting the area 

4. 1 Volt (UVP) to clean the catalyst surface at the EOT 

5. 300 mv (UVP) to measure catalyst area at the EOT following area recovery  
 

The CV curves for the 115 wt% and 105 wt% phosphoric acid tests are plotted in 

Figure 43 and Figure 44.  The CV curves with a 300 mV upper vertex potential are 

shown on the upper half of the figure to compare catalyst area at the beginning of test, at 

the end of test, and following the polarization of the working electrode to 1 volt versus 

RHE.  The end of test CV with a 1 volt UVP is shown in the lower half of the same 

figure. 
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Figure 43: The hydrogen oxidation peak above the x-axis indicates the effective platinum catalyst 

area for platinum supported on carbon electrodes in 115 wt% phosphoric acid electrolyte at 160C.  

The upper plot shows the decline of catalyst area during the 36 hour test and the recovery of catalyst 

area following polarization of the working electrode to 1 volt versus RHE.  The lower plot shows the 

process of polarizing the working electrode to 1 volt which reversed the loss of effective catalyst 

area.   The platinum effective catalyst area increases with each cycle of the working electrode 

potential to 1 volt versus RHE.  
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The difference in the area under the hydrogen oxidation peak between the curves 

acquired at the beginning of the test and those acquired 36 hours later indicates that the 

effective platinum catalyst surface area declines during the test(Figure 43).  Between 

acquisition of the BOT and EOT CV curves, the electrode remains at open circuit 

potential with 10 SCCM of hydrogen circulating over the electrode.  Following the 36 

hour test, the effective platinum catalyst area was to low to detect with the CV tech-

nique.  The lower pane in the figure shows an increase in the effective catalyst area with 

each cycle to 1 volt versus RHE.  Following the 1 volt catalyst cleaning, the effective 

catalyst surface area was nearly equivalent to the beginning of test value as indicated by 

the near overlap of the BOT and post clean up hydrogen oxidation peaks in the upper 

half of Figure 43.   

The behavior of the platinum supported on carbon electrodes immersed in 105 

wt% phosphoric acid showed similarities and differences to the test conducted at 115 

wt% phosphoric acid. Like the 115 wt% phosphoric acid test, the effective platinum 

surface area decreased during testing and recovered following polarization to 1 volt 

versus RHE (Figure 44). The overall behavior was similar to the 115 wt% phosphoric 

acid test. However, the BOT catalyst area was low compared with the EOT catalyst area 

after catalyst cleaning and compared with the BOT area for the 115 wt% phosphoric acid 

test.  The low catalyst area at the BOT for the experiment with a 105 wt% phosphoric 

acid concentration may have been caused by the omission of the initial CV with a 1 volt 

upper vertex potential from the test sequence.  This omitted CV test was intended to 

clean the catalyst surface prior to the initial measurement of the catalyst area.  
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Figure 44: CV curves indicating effective platinum catalyst surface area for platinum supported on 

carbon electrodes in 105wt% phosphoric acid electrolyte at 160C.  The upper plot shows the 

decline of catalyst area during the 17 hour test and the recovery of catalyst area following polariza-

tion of the working electrode to 1 volt versus RHE.  The lower plot shows the recovery of catalyst 

area following each cycle of the working electrode potential to 1 volt versus RHE. 
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The effective platinum catalyst area remaining at the end of test for the electrode 

immersed in 105 wt% phosphoric acid was higher than the effective catalyst area re-

maining for the 115 wt% test (Figure 45). The electrode impedances were nearly 

constant at the end of test for both phosphoric acid concentrations indicating a lack of 

change in catalyst area with time when the ends of test CV curves were acquired (Figure 

42). The impedance and CV data sets both indicate a loss of platinum catalyst activity 

that increases with increasing phosphoric acid concentration.   

 

 

Figure 45: End of test effective platinum catalyst area for 115 wt% and 105 wt% phosphoric acid.  

 

Impedance measurements were acquired before and after the recovery of effec-

tive platinum catalyst area by polarization of the working electrode to 1 volt versus RHE 

at the end of test.  The Nyquist plot in Figure 46 shows the impedance reduction follow-

ing catalyst area recovery for the test conducted with 115 wt% phosphoric acid. 

Electrode impedance was below the detection limit at the beginning of test or after the 1 

volt polarization of the working electrode.     
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Figure 46: Decline in hydrogen oxidation and reduction impedance on a platinum supported on 

carbon electrode following 1 volt versus RHE polarization. The removal of working electrode 

impedance corresponds to the recovery of catalyst area in Figure 43.   

4.2.3 Ex-Situ Measurement and In-Situ Indication of Phosphoric Acid 
Concentration 

A key goal of the half cell testing was to study the effectiveness of platinum cata-

lysts at known phosphoric acid concentrations.  To accomplish this task, the phosphoric 

acid concentration was measured at the beginning and end of the half cell tests.  During 

the test, change in phosphoric acid concentration could be inferred from measurements 

of the electrolyte resistance. 

The concentration of the phosphoric acid solutions for the half cell tests were 

measured by titrating acid samples. The titration protocol is given below: 

 

1. 500 mg samples of phosphoric acid were diluted with 50 ml of DI water  

2. Increments of 1 ml of 0.1N NaOH solution were added to the diluted phosphor-

ic acid solution until the PH began to increase rapidly near the inflection point 

on the titration curve.    

3. The incremental volume of 0.1N NaOH added to the phosphoric acid solution 

was reduced to 0.5 ml near the inflection point. 
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Using this process, phosphoric acid concentration was measured before and after the 

half cell tests.  In addition to the samples of 105 wt% and 115 wt% phosphoric acid 

titrated before and after testing, an 85 wt% phosphoric acid was sample was also titrated.  

The measured phosphoric acid concentrations are given in Table 8.  One of the titration 

curves is provided as an example in the appendix Figure 58. 

 

Table 8:  Half cell phosphoric acid concentrations measured using titration. 

wt % H3PO4 

Nominal 
Level  BOT  EOT 

85   82 

105  106.7  108.9 

115  116.5  117.9 

 

The phosphoric acid concentrations were within a few percent of nominal values 

and did not shift more than 3% over the duration of the test. Analysis of the accuracy of 

the technique is needed to conclude if concentrations were higher than nominal levels as 

the data suggests.   

The electrolyte resistance was measured to quantify changes in phosphoric acid 

concentration during the half cell tests [24, 45, 46]. Measurements of solution resistance 

between the counter electrode and the working electrode were acquired using EIS.  The 

solution resistance is equal to the highest frequency intercept on the real axis of the 

Nyquist plot [34]. The frequency range used during the EIS tests to measure solution 

resistance between the counter and working electrode was 10 kHz to 500 Hz.   

The resistance measurements between the counter electrode and working elec-

trode are provided in Table 9.  Data relating resistance to phosphoric acid concentration 

was not available in the literature for 105 wt% and 115wt% at 160C.  As a result, the 

measured resistances could not be converted to phosphoric acid concentrations to cross 

check the measured concentrations obtained by titration.   
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Although the measured resistance could not be converted to an electrolyte con-

centration, the phosphoric acid concentration can be said to be constant if the resistance 

measurements are constant.  The sensitivity of electrolyte resistance to phosphoric acid 

concentration can be assessed by comparing changes in electrolyte resistance during a 

single test to the difference in electrolyte resistance between the 105 wt% and 115 wt% 

tests.  The 0.5 ohm and 3.3 ohm changes in resistances during the 105 wt% and 115 wt% 

phosphoric acid tests were small compared to the 24 ohm difference in resistance 

between the two concentrations (Table 9).  This implies that changes in phosphoric acid 

concentration during the tests were significantly less than the 10 wt% difference between 

105 wt% and 115 wt%.          

 

Table 9:  Proton conduction resistance in the phosphoric acid electrolyte between the working 

electrode and the counter electrode. 

115 wt% 105 wt% 

Time 

Hours 

Electrolyte Resistance 

Ohms 

Time 

Hours 

Electrolyte Resistance 

Ohms 

0 32.8 0 7.2 

0.5 32.5 13 7.5 

36 29.5 17 7.7 

 

The high frequency intercept with the real axis in the Nyquist plots in Figure 41 

did not change indicating that the electrolyte resistance between the working electrode 

and the reference electrode did not change.  The lack of change in resistance between the 

working and reference electrodes measured by the high frequency intercept in Figure 41 

was consistent with the lack of change in resistance between the counter electrode and 

the working electrode presented in Table 10.   

The exhaust dew points from the half cell were recorded to provide another 

means of assessing the phosphoric acid concentration during testing. An assumption was 

made that the water vapor pressure in the exhaust stream was in equilibrium with the 

water in solution with the phosphoric acid to estimate the phosphoric acid concentration 
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from the exhaust gas dew point [24].  With this assumption, the exhaust dew point was 

expected to be 0C for the half cell test with a phosphoric acid concentration of 105 wt% 

and a cell temperature of 160C. The measured exhaust dew point varied between -1C 

and -6C indicating a higher phosphoric acid concentration than 105 wt%.  No equilibri-

um vapor pressure data was available for concentrations above 105 wt%.  However, 

published data indicates that the equilibrium dew point increases by approximately 8C 

if the concentration decreases from 105 wt% to 104 wt%.  Applying the same sensitivity 

to the next incremental increase in concentration the measured -1C to -6C range of 

dew points would correspond to an estimated 105 wt% to 106 wt% range of phosphoric 

acid concentrations. 

The exhaust dew point was measured for the half cell test with a 115 wt% phos-

phoric acid concentration and an operating temperature of 160C.  At this concentration 

and temperature, publish data was not available to relate dew point to phosphoric acid 

concentration.  The outlet dew point was measured to be -57.2C which was the lowest 

dew point that the sensor (Vaisala HMT 330) could read.   

Although unrelated to efforts to assess the phosphoric acid concentration, a green 

tinge was present in the 105 wt% phosphoric acid solution upon removal from the half 

cell test.  The solution discoloration was hypothesized to be chromium from the stainless 

steel top cap on the half cell. 
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5. Discussion 

5.1 Impedance Measurements Indicate Declining Exchange Current 
as Phosphoric Acid Concentration Increase Above 100 wt%  

This section relates increases in working electrode impedance measured in con-

centrated phosphoric acid to the exchange current which is a measure of electrode 

performance. Increases in working electrode impedance following exposure to concen-

trated phosphoric acid were presented in Section 4.2.1 in Figure 42.  Key results from the 

figure are summarized; The working electrode impedance climbs from 0 to 2.1 Ohms at 

a phosphoric acid concentration of 115 wt% in 36 hours and 0 to 50 mOhms at 105 wt% 

phosphoric acid in 4 hours.  The rate of increase in working electrode impedance was 

slow at the end of the 36 hour exposure to 115 wt% phosphoric acid and stopped in-

creasing 4 hours into the 17 hour test exposing the electrode to 105 wt% phosphoric 

acid.   

The impedance increases can be related to the exchange current which is a meas-

ure of the kinetic component of the electrode performance. The exchange current is the 

parameter in the Butler-Volmer equation that relates the cell current to the electrode 

overpotential driving the reaction (Section 2.2).  At fixed electrode overpotential, an 

electrode with a lower exchange current produces less current. If the cell current is fixed, 

a decrease in exchange current increases the electrode overpotential which increases 

total cell voltage and hydrogen pump power consumption.     

The relationship between electrode impedance and exchange current is developed 

to facilitate the discussion [9].  The electrode impedance (Zelectrode) quantified by the 

diameter of the lobe on the Nyquist plot (Section 3.2.1.2) is equal to the derivative of 

electrode overpotential () with respect to current ( i ). 

 

	  

 

A simplified special case of the Butler-Volmer equation can be applied to the 

half cell impedance data to relate current to overpotential. This linear version of the 

equation is valid provided that the overpotential is less than RT/nBF which is -37 

Eq. 5.1 
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millivolts at a cell temperature of 160C [9]. The AC polarization of 14 mV (10 mV 

RMS) applied to acquire the impedance data was below this threshold and within the 

linear region of the B-V equation.   The linear relationship between current and overpo-

tential for the low overpotential case is given below.   

 

 

Taking the derivative of Equation 5.2 yields the right hand side of equation 5.1. 

       

 

1
 

 

Combining equations 5.1 and 5.3 yields the following relationship between the electrode 

impedance and the exchange current.  

 

 

 

The exchange current is proportional to the product of effective platinum catalyst 

area(A), reactant concentration(C) and the reaction coefficient(k). 

 

 

 

Equations 5.1 through 5.5 are taken from reference [9, 27].  Combining equations 5.4 

and 5.5 yields an inverse relationship between electrode impedance and the product of 

area, reactant concentration and concentration. 

 

 

 Eq. 5.6 

Eq.  5.2 

Eq. 5.3

Eq. 5.4

Eq. 5.5
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In equation 5.6 if the reactant concentration can be assumed to be constant, the 

increases in impedance observed at high phosphoric acid concentrations can be attribut-

ed to decline in the product of effective platinum catalyst area and reaction rate 

constant,. With this simplification, the impedance is inversely proportional to the prod-

uct of the effective platinum catalyst area and the reaction coefficient.  Justification for 

the assumption of constant reactant concentration (i.e., concentration of protons and 

hydrogen molecules) is provided below.  

The proton concentration can be assumed to be constant because the phosphoric 

acid concentration does not change during the testing and the proton concentration is a 

function of phosphoric acid concentration.  During the time period in which the phos-

phoric acid concentration did not change, the working electrode impedance changed 

drastically from a quantity below the detection limit to as much as 2.1 Ohms.  It is 

therefore not reasonable to attribute increase in electrode impedance to proton concentra-

tion when both high and low working electrode impedances were measured without 

change in phosphoric acid concentration.     

The hydrogen concentration at the platinum catalyst sites is affected by the fol-

lowing factors: 

1. The hydrogen concentration above the phosphoric acid electrolyte 

2. The diffusivity of hydrogen in phosphoric acid 

3.  The solubility of hydrogen in phosphoric acid  

4. The cell current which defines the flux of hydrogen diffusing from the gas chan-

nel to the catalyst sites  

5. The geometric elements of diffusion resistance in the electrode and carbon cloth  

6. The degree of filling of the electrode pores with phosphoric acid  

 

These factors affecting the hydrogen concentration did not change during the im-

pedance testing.  The hydrogen flow and concentration were constant throughout the 

test.  At constant temperature and phosphoric acid concentration, there was no reason to 



86 

 

expect the solubility or the diffusion coefficient in phosphoric acid to change.  The cell 

current did not increase during the test and the resulting hydrogen diffusion flux was 

constant.  The diffusion resistance in the phosphoric acid electrolyte could increase if the 

phosphoric acid infiltration in the electrode which was described in Sections 2.3 and 

3.1.1.1 increased resulting in the filling of gas diffusion pores with electrolyte.  Howev-

er, this explanation is inconsistent with the observed reversal of working electrode 

impedance increase upon polarization of the working electrode to 1 volt versus RHE 

(Figure 46).   

The assumption of constant reactant concentration was further supported by the 

lack of DC polarization of the interface during or between the impedance tests conducted 

in the half cell.  The working electrode dwelled at open circuit voltage between imped-

ance tests and as a result did not consume a net flux of reactants.  With no net flux of 

reactants, there was no consumption of soluble hydrogen or ions from the bulk electro-

lyte between the working electrode and the counter electrode.  The AC voltage 

perturbation was the same at the beginning of the test when no working electrode 

impedance was measured as at the end of test when large electrode impedances were 

measured.  As a result, local reactant concentration depletion caused by the AC voltage 

perturbation can not explain the increase in working electrode impedance at high con-

centrations.    

Increases in working electrode impedance following exposure of platinum on 

carbon electrodes to concentrated phosphoric acid were used to estimate decreases in the 

exchange current. In Equation 5.6, changes in working electrode impedance are inverse-

ly proportional to the exchange current.  As a result, the ratio calculated by dividing the 

working electrode impedance at the end of the test by the initial working electrode 

impedance is equal to the ratio of decrease in the exchange current.     

The ratio of decrease in the exchange current is now estimated.  The working 

electrode impedances at the end of test were 50 mOhms for the 105 wt% phosphoric acid 

test and 2.1 Ohms for the 115 wt% phosphoric acid test. The initial working electrode 

impedances below the detection limit for both phosphoric acid concentrations. A 2 

mOhm estimate of the lowest measureable electrode impedance was used in place of a 

measured quantity for the beginning of test working electrode impedance.  Based on the 
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estimated beginning of test electrode impedances the exchange current decreased by a 

factor of 25 for the 105 wt% phosphoric acid test and a factor of 1000 for the 115 wt% 

phosphoric acid test.  The working electrode impedance increased 50 times more follow-

ing exposure to 115 wt% than 105 wt% phosphoric acid. If the reactant concentration is 

assumed to be constant then the estimates of the ratio of decrease in exchange current 

can be said to be estimates of the ratio of decrease in the product of the reaction coeffi-

cient and the catalyst area.  

Methods for measurement of the initial working electrode impedance are de-

scribed in the future work proposed in Section 7.1. The measurement of the initial 

working electrode impedance would allow the decline in exchange current to be calcu-

lated rather than estimated.  The actual initial working electrode impedances were less 

than the 2 mOhm detection limit which means the actual decline in exchange current 

was greater than the estimated decline.  Despite the limitations surrounding the assump-

tion of the initial impedance, a frame work is provided to relate increases in working 

electrode impedance to declines in the product of the catalyst area and the reaction 

coefficient in PBI phosphoric acid hydrogen pumps.   

The effect of phosphoric acid concentration on exchange current was estimated 

in the hydrogen pump full cell assemblies. The development of the relationship between 

phosphoric acid concentration and exchange current is a multistep process.  First, the 

anode exhaust gas dew point levels measured during hydrogen pump testing are related 

to phosphoric acid concentration. Next, the electrode overpotential measured at each 

anode exhaust dew point level is related to exchange current.  In the process, both 

exchange current and phosphoric acid concentration are related to exhaust gas dew point 

allowing the relation of phosphoric acid concentration to exchange current.    

The anode exhaust gas dew point was related to the phosphoric acid concentra-

tion as a step in the process of relating phosphoric acid concentration to exchange 

current.  The relation of anode exhaust gas dew point to phosphoric acid concentration 

relies on the assumption that the water vapor in the exhaust stream was in equilibrium 

with the phosphoric acid (methods to test this assumption are proposed in Section 7.2). 

The interactions between water vapor and phosphoric acid were discussed in Section 2.6.  



88 

 

The estimated phosphoric acid concentration for each measured anode exhaust gas dew 

point is provided in Table 10.   

The combined anode and cathode electrode overpotential is presented in Table 10 

as a function of estimated phosphoric acid concentration and dew point.  The electrode 

overpotential was measured in Section 4.1.2.2.  The total anode and cathode electrode 

overpotential must be divided into contributions from the anode and the cathode in order 

to estimate the exchange current.  The anode and cathode contributions were estimated 

from a series of diagnostic tests presented in Section 4.1.4.  The electrode impedance 

reductions following independent cleaning of each electrode imply that 50% of the total 

electrode impedance occurs on each electrode.  Based on the results in Section 4.1.4, it 

was assumed that half of the electrode impedance occurs on each electrode.  The lack of 

isolation of the anode and cathode electrodes was a weakness of the full cell hardware 

requiring this inexact assumption to be made.  

Table 10:  The electrode overpotential measured using EIS is presented as a function of anode 

exhaust gas dew point along with the estimated phosphoric acid concentration for each dew point. 

The exchange current is calculated for non-zero electrode overpotentials and expressed as a 

percentage of the exchange current at 40C dew point. 

Steady State Anode  

Exhaust Dew Point 

(C)  

Estimated Phosphoric 

Acid  

Concentration in the 

Hydrogen Pump  

(wt%) 

Anode and Cath-

ode Combined 

Electrode  

Overpotential 

(mV) 

Percentage of 

Exchange 

Current at 

40C 

60 96.5  0 N/A 

40 99.4 1 100% 

28 101 6 17% 

2.5 104.5 65 1.3% 

-20 
No publish data,  

> 105 wt% 
400 

0.01% 
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The Butler-Volmer equation presented in Section 2.2 was used to calculate the 

effect of phosphoric acid concentration on exchange current.  The exchange current was 

calculated for each steady state anode exhaust gas dew point below 40C for which 

electrode overpotential was large enough to be measured.  The exchange current for the 

test with a 40C anode exhaust dew point was used as a base case for comparison to the 

exchange currents at lower anode exhaust gas dew points.  The exchange currents were 

expressed as a percentage of the exchange current at 40C and presented in Table 10. 

The table clearly shows the trend of declining exchange current with increasing phos-

phoric acid concentration.  The electrode overpotential increases significantly as the 

estimated phosphoric acid concentration exceeds 100 wt%.  

5.2 Effective Platinum Catalyst Area Decline Contributes to the Loss 
of Exchange Current in Concentrated Phosphoric Acid 

When platinum supported on carbon electrodes were exposed to phosphoric acid 

concentrations above 105 wt%, the effective platinum catalyst area declined contributing 

to the loss of exchange current discussed in the previous section. The effective platinum 

catalyst area was measured using cyclic voltammetry following exposure to phosphoric 

acid in an electrochemical half cell.  After exposure to 115 wt% phosphoric acid concen-

tration, the effective platinum catalyst area declined as measured by the decrease in the 

hydrogen oxidation peak area from 168 mC to a quantity which was to low to measure 

(Figure 43).  When the electrode was exposed to 105 wt% phosphoric acid, the extent of 

the decline was lower and a measureable hydrogen oxidation peak area of 42 mC 

remained at the end of test.  The hydrogen oxidation peaks at the end of test for 105 wt% 

and 115 wt% phosphoric acid tests are compared in Figure 45.   

The reduction of effective platinum catalyst area with increasing phosphoric acid 

concentration in Figure 45 was consistent with the increase in electrode impedance with 

increasing phosphoric acid concentration presented in Figure 42.  Equation 5.6 in which 

the working electrode impedance is proportional to the inverse of the catalyst area 

implies that the impedance increases as the catalyst surface area decreases.  Both the 

impedance and CV test results point toward a trend of declining effective platinum 
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catalyst area with increasing phosphoric acid concentration when the phosphoric acid 

concentration exceeds 105 wt%.  

Part of the decline in exchange current described in the previous section was 

caused by the decline in effective platinum catalyst area discussed in this section.  The 

exchange current is proportional to the catalyst area multiplied by the reaction coeffi-

cient.  The CV data indicates that decline in effective platinum catalyst area contributes 

significantly to the decline in exchange current but does not rule out an additional 

contribution from a decrease in the reaction rate constant.   

5.3 Species Adsorption Causes the Effective Platinum Catalyst Area 
Decline in Concentrated Phosphoric Acid  

The decline in effective platinum catalyst area that occurred following exposure 

to phosphoric acid could be reversed by polarizing the working electrode interface to 1 

volt versus RHE.  During the 115 wt% phosphoric acid test in the half cell, the effective 

platinum catalyst area declined to a value that was too low to measure (Figure 43). When 

the working electrode was polarized to 1 volt versus RHE the loss of effective platinum 

catalyst area was reversed and the effective platinum catalyst area returned to its begin-

ning of test value.  For the 105 wt% phosphoric acid test, the effective platinum catalyst 

area was higher than the beginning of test value following polarization of the interface to 

1 volt versus RHE (Figure 44). For the CV testing conducted on the hydrogen pump 

with dry anode supply gas, polarizing the working electrode increased the catalyst 

surface area from an immeasurable quantity to 86% of the beginning of test area.    In 

both the half cell and the hydrogen pump, the working electrode impedance present 

before the working electrode polarization to 1 volt versus RHE was eliminated by the 

return of effective platinum catalyst area associated with the 1 volt polarization (Figure 

46 and Figure 38). 

The loss and recovery of effective platinum catalyst area observed during CV 

testing could be explained by the adsorption and desorption of a species on to the 

platinum catalyst.  With this hypothesis, the hydrogen adsorption peak area on the CV 

that indicates effective catalyst area would decline as a species adsorbs onto the catalyst 

surface blocking the adsorption of hydrogen. The hydrogen adsorption peak area would 
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return following the polarization of the interface to a potential at which the species 

desorbs or is oxidized.   

As discussed in Section 2.5, a similar reversible loss of effective platinum cata-

lyst area was previously attributed to the adsorption of CO on platinum.  The adsorption 

of CO on platinum blocks hydrogen adsorption resulting in the elimination of the 

hydrogen oxidation peak from CV curves.  The hydrogen oxidation peak area can be 

recovered by increasing the electrode potential to 850 mv at which point the CO is 

oxidized to CO2 and desorbs from the platinum surface [25, 26] and the hydrogen 

oxidation peak reappears on the CV curve.   Platinum coverage with Cl-, I-, and HSO4
- 

has also been demonstrated to be a function of concentration and potential [27].   

In this system, a species from the phosphoric acid electrolyte is hypothesized to 

adsorb on the platinum catalyst due to the dependence of effective platinum catalyst area 

on phosphoric acid concentration.  The species is hypothesized to be polyphosphoric 

acid of an unknown set of chain lengths due to the correspondence between concentra-

tion of polyphosphoric acid species and loss of effective platinum catalyst area.  The 

dependence of polyphosphoric acid concentration on phosphoric acid concentration was 

discussed in Section 2.4.  Polyphosphoric acid species become increasingly concentrated 

above 100 wt% phosphoric acid. Species adsorption was demonstrated in the half cell at 

105 wt% and 115 wt% phosphoric acid concentration.  In the hydrogen pump, species 

adsorption was inferred from impedance measurements when the electrolyte concentra-

tion was estimated to be greater than 101 wt%.  The coverage of the catalyst surface with 

an adsorbate increases as the concentration of polyphosphoric acid increases.     

Orthophosphate, dihydrogen phosphate, and hydrogen phosphate adsorb on plat-

inum in single and double coordination configurations [28].  P-O vibrations observed on 

IR spectra suggest that the bare oxygen atoms in phosphoric acid molecules adsorb on 

platinum sites.  It is possible that a similar bonding mechanism exists for polyphosphoric 

acid species.    
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5.4 Comparison of Degree of Catalyst Coverage with Adsorbates 
Inferred from CV and Impedance Data and Implications 
Regarding the Reaction Rate Coefficient  

The percentage of the beginning of test effective platinum catalyst area covered 

with an adsorbate can be estimated from the impedance data. If the reaction rate coeffi-

cient from Equation 5.6 is assumed to be constant then the factors of increase in the 

exchange current estimated in Section 5.1 are equivalent to factors of decrease in cata-

lyst area.  The assumption of constant reaction coefficient is made to explore the 

implication of the assumption on platinum catalyst area.  With this assumption, the 

factor of decrease in the effective platinum catalyst area was estimated to be 25 for the 

105 wt% test and 1000 for the 115 wt% test.  The inverse of the factor is equal to the 

fraction of the catalyst area free from adsorbates which can be subtracted from and 

converted to a percentage to yield the percentage of the catalyst area covered with an 

adsorbate.   This equates to 96% adsorbate coverage of the catalyst for the 105 wt% 

phosphoric acid test and 99.9% surface coverage for the 115 wt% phosphoric acid test.   

The sensitivity of the impedance technique to catalyst area increases with de-

crease in catalyst area and the sensitivity of the CV technique remains constant.  In 

Figure 47, it can be seen that the sensitivity of the impedance technique (slope of the 

curve) increases as the degree of surface coverage increases due to the inverse relation-

ship between catalyst area and electrode impedance.  The sensitivity of the cyclic 

voltammetry technique to catalyst area is constant as a function of catalyst area due to 

the direct relationship between catalyst area and hydrogen oxidation peak area.  For the 

CV technique, errors become a larger percentage of measurement as the hydrogen 

oxidation peak area decreases.  

The ability to discern differences in catalyst area with impedance spectroscopy is 

highly dependant on the beginning of test impedance.   In this research, the impedance 

technique was ineffective at resolving changes in catalyst area when adsorbate coverage 

was low because the initial impedance was to low to quantify.  If initial electrode 

impedance was 0.5 mohm 75 percent of the catalyst surface area would be covered with 

adsorbates before the impedance reached the 2 mohm estimate for the minimum lobe 

diameter measureable. As a result of the assumed initial electrode impedance, the factor 
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of difference estimates for the exchange current and the surface area should be viewed as 

qualitative in nature.   

 

 

Figure 47: Dependence of working electrode impedance and hydrogen oxidation peak area on 

catalyst surface coverage.  Impedance sensitivity rises at high degrees of surface coverage due to the 

1/A dependence of electrode impedance on catalyst area.  

 The effective platinum catalyst area measurements acquired using the CV 

technique can be used to estimate the coverage of the catalyst with adsorbates.  The 105 

wt% test had sufficient catalyst area remaining at the end of test to estimate the surface 

coverage.  The coverage was estimated by dividing the adsorbate covered surface area 

by the area following the removal of adsorbates by polarizing the working electrode to 1 

volt versus RHE.  The integrated charge under the hydrogen oxidation peak was 42 mC 

when the surface area was covered with adsorbates and 248 mC following polarization 

of the electrode to remove adsorbates.  Assuming the catalyst area following polarization 

represents 100% of the possible catalyst area, 83% of the catalyst area was covered with 

adsorbates.   

 Comparison between the surface coverage estimates obtain using the CV tech-

nique and the surface coverage obtained using the impedance technique provides a 

means to check the assumption that the reaction coefficient was constant as a function of 
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surface coverage used in conjunction with the impedance data.  If the impedance method 

which relies on an assumption of constant reaction coefficient and the CV method which 

has no such assumption indicate the same coverage fraction then the reaction coefficient 

is likely to be constant. The fraction of the catalyst surface that was covered was esti-

mated to be 96% with the impedance data and 82% with the CV data. The higher degree 

of surface coverage estimated with the impedance technique implies that the reaction 

rate constant may be decreasing with the adsorption of species. An increase in coverage 

from 83 to 96% would imply a factor of a three reduction in the catalyst area free from 

adsorbates. The 96% estimate produced with the impedance was a low end estimate of 

surface coverage due to the manner in which the beginning of test impedance was 

assumed in Section 5.1. Additional work would be needed to definitively determine if 

both the reaction rate coefficient and the surface area are both changing as opposed to 

just the effective catalyst area which was demonstrated to change with the CV technique.   

5.5  Effect of Changes in Current Density on Hydrogen Pump 
Performance and Implications Regarding the Significance of 
Transport Losses  

In Section 4.1.5, in was shown that varying the current density improved the per-

formance of a hydrogen pump operating with dry anode supply gas at 160C.  The initial 

net cell resistance was 2.5 Ohms at 0.2 A/cm2 prior to current variation.  The current 

density was increased from 0.2 A/cm2 to 0.8 A/cm2 and then decrease to the initial 

current density of 0.2 A/cm2. The current perturbations resulted in a reduction of net cell 

resistance from to 2.5 Ohms to 0.75 Ohms at a current density of 0.2 A/cm2 (Figure 40).  

All current perturbations and resulting declines in net cell resistance were completed 

within 100 seconds.  Large reductions in impedance were observed within 5 seconds of 

individual changes in current density.  

 The decline in net cell resistance following changes in current density implies a 

physical change to one of the cell processes that reduces the overpotential driving the 

process.  It is hypothesized that the electrode overpotential decreases upon desorption of 

adsorb species when the electrode interfacial potential changes due to changes in the 

applied current density. Adsorbate coverage was demonstrated to be sensitive to poten-
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tial during cyclic voltammetry tests which polarized the interfacial potential to 1 volt. 

The potential variation caused by current variation is proposed to affect adsorbate 

coverage through a similar mechanism.  Reduction of adsorbate coverage would de-

crease electrode overpotential and reduce the net cell resistance in a manner consistent 

with the results in Section 4.1.5.   

The proton conduction loss in the PBI-phosphoric acid membrane was not the 

primary contribution to the measured cell voltage rise with dry hydrogen supply gas.   In 

Section 4.1.5, the observed decrease in net cell resistance with increasing current density 

was inconsistent with the expected dependence of PBI-phosphoric acid membrane 

resistance on current density.  The proton conduction resistance is expected to be con-

stant as the current density changes [47].  The changes in net cell resistance were to large 

to be explained by changes in PBI-phosphoric acid membrane resistance. The decrease 

in net cell resistance following changes in current density of 0.175 Ohms was larger than 

the largest PBI-phosphoric acid membrane resistance measured throughout hydrogen 

pump testing of 0.025 Ohms.  

The EIS test data in Section 4.1.2.1 agrees with the interpretation that the PBI-

phosphoric acid membrane resistance does not contribute to the majority of the increase 

in net cell resistance while hydrogen pumping with dry supply gas.  The high frequency 

intercept on the Nyquist plot which quantifies the PBI-phosphoric acid membrane 

resistance was a small fraction of the total impedance when the supply gas was dry and 

the phosphoric acid concentration was high.   

 The decrease in net cell resistance with increasing current density also eliminates 

reactant transport limitations.  Reactant transport limitations result in an increase in 

transport resistances with increasing current density because of the decline in reactant 

concentration as the cell current increases.  If transport limitations caused the cell 

voltage with dry supply gas and resulting high phosphoric acid concentration the net cell 

resistance would increase with increasing current density rather than decreasing [9, 35, 

36, 48].   

The time dependence of the net cell resistance following increases in current 

density was also inconsistent with the hypothesis that concentration depletion caused the 

majority of the voltage rise.  The net cell resistance decays with time following increases 
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in current density (Figure 40).  If concentration depletion due to a transport limitation 

were the cause of the increase in net cell resistance the net cell resistance would increase 

following an increase in current density as local reactant concentration declined during 

the approach to a lower steady state concentration profile.   

5.6 Causes of Cell Voltage Increase in Operating Hydrogen Pumps 

The effect of phosphoric acid concentration on hydrogen pump cell voltage was 

measured by recording the voltage as cells operated with different anode supply gas 

water vapor pressures.  It was shown that the cell voltage increases as the phosphoric 

acid concentration increases in response to reduction of the anode supply vapor pressure. 

The measurements of the vapor pressure were made on the anode exhaust stream of the 

hydrogen pump and are reported in units of gas dew point.  The results showing the 

effect of gas dew point on cell voltage are presented in Section 4.1.1 in Figure 32.   

Key results from Figure 32 are summarized.  The cell voltage increased as a 

function of time for each of the seven levels of anode exhaust dew point tested. For the 

lowest measured anode exhaust dew point of -20C, the cell voltage increase by 400 mV 

in the first 75 hours. The cell voltage abruptly stopped increasing above 400 mV.  In 

contrast, the highest exhaust gas humidity of 60C increased less than 1 mV in the first 

75 hours.   The hydrogen pumps tested with anode dew point levels between the high 

and low dew point extremes increased at a rate inversely dependant on the anode gas 

dew point for example the hydrogen pump with a 2.5C exhaust dew point increase 40 

mV in the first 75 hours.   

The increase in cell voltage as the anode exhaust gas dew point decreases indi-

cates an increase in cell voltage as the phosphoric acid concentration increases.  The 

estimated phosphoric acid concentrations in the hydrogen pump for 60C and 2.5C 

anode exhaust gas dew points are 96.5 and 104.5 wt% respectively.  The lowest dew 

point for which published data was available to estimate the phosphoric acid concentra-

tion from was 0C with a corresponding concentration of 105 wt%.  Therefore the 

phosphoric acid concentration in the hydrogen pump with an exhaust gas dew point of -

20C was estimated to be greater than 105 wt%.      
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The cell voltage increase at low gas dew points was determined to be associated 

with a rise in electrode impedance using EIS testing.  In Section 5.1, the electrode 

impedance increases measured in both the half cell and the hydrogen pump were argued 

to be caused by decreases in electrode exchange current.  The electrode exchange current 

is a product of reactant concentration, effective platinum catalyst area, and the reaction 

rate coefficient. The concentration term in the exchange current was argued to be 

constant in the half cell based on a lack of significant applied current, a lack of change in 

electrolyte concentration, and a lack of change in any of the factors effecting hydrogen 

concentration.  In Section 5.5, concentration polarization was argued not to cause the 

electrode overpotential in the hydrogen pump due to reduction in net cell resistance as 

the cell current increased.  An increase in net cell resistance with current density increase 

would be expected if concentration polarization caused the increase in electrode imped-

ance at high phosphoric acid concentrations. 

With an assumption of constant reactant concentration, the decreases in exchange 

current associated with increases in electrode impedance at high phosphoric acid concen-

trations were attributed to a decrease in the product of the reaction rate coefficient and 

the effective platinum catalyst area.  In Sections 5.2, declines in effective catalyst area 

were discussed which made a significant contribution to the decline in the exchange 

current.   

A test conducted in the half cell with the electrode immersed in 105 wt% phos-

phoric acid provided an indication that the reaction rate constant may decrease as 

effective platinum catalyst area declines. A larger impedance was measured than ex-

pected for the degree of decline in effective platinum catalyst area measured using cyclic 

voltammetry. The impedance testing measures decline in both the reaction rate coeffi-

cient and the effective platinum catalyst area where as the CV measures only catalyst 

area. Therefore, a larger increase in electrode impedance than expected for a given 

decline in catalyst area may indicate a decrease in reaction rate coefficient. More testing 

would be required to determine if the reaction rate coefficient decrease as the effective 

platinum catalyst area decreases. 

The declines in effective platinum catalyst area measured when phosphoric acid 

concentrations exceeded 100 wt% were reversible as discussed in Section 5.3.  The 
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effective platinum catalyst area could be recovered by polarizing the electrode interface 

to 1 volt versus RHE. The recovery of catalyst area by polarizing the electrode interface 

has been previously attributed to the desorption of species such as CO [25, 26].  The 

similarity in the behavior of previous electrochemical systems with adsorbed species on 

the catalyst to the behavior in this system supports the attribution of effective platinum 

catalyst area decline to species adsorption.   The species adsorbed on the catalyst surface 

may reduce exchange current by simply blocking catalyst sites or by reducing the 

reaction rate coefficient.   

The cell voltage rise in 4.1.1 can be interpreted in light of the finding that species 

adsorption on the platinum catalyst caused a decline in exchange current when the 

phosphoric acid concentration exceeded 100 wt%.  For the cells tested with an anode 

exhaust dew point below 28C, the cell voltage and the electrode overpotential increased 

as the effective platinum catalyst area declined due to adsorption of a species on the 

platinum catalyst that reduces exchange current.  The degree of voltage increase was 

proportional to the rise in cell voltage.    

The rise in cell voltage can be prevented by humidifying the supply gas dew 

point to a least 40C.  The supply gas humidification keeps the estimated phosphoric 

acid concentration in the hydrogen pump below 100 wt% above which declines in 

electrode performance were observed.  The addition of a humidifier to prevent cell 

voltage rise comes at the expense of addition complexity in a system incorporating a 

hydrogen pump. 
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6. Conclusions 

 

1. The catalyst exchange current for hydrogen oxidation and reduction on platinum 

declined sharply in highly concentrated phosphoric acids.  The decline in exchange 

current density increases with increasing concentration.   

 

The exchange current decreased by factors of at least 25 for 105 wt% and 1000 

for 115 wt%  phosphoric acid concentration within 36 hours.  The decline in exchange 

current was estimated from impedance spectroscopy curves taken for platinum elec-

trodes mounted in an electrochemical half cell.  The electrodes were comprised of a 

composite structure of Teflon and platinum crystallites supported on amorphous carbon 

particles.    For the conditions tested, the cell temperature was held constant at 160C, a 

stream of hydrogen at a pressure of 1 atm was passed over the working electrode and the 

working electrode was not polarized between acquisitions of impedance data sets. 

 

2.      The effective platinum catalyst area declined sharply in concentrated phos-

phoric acid.  The fraction of the area covered with an adsorbate increased with 

increasing phosphoric acid concentration.   

 

Cyclic voltammetry was used to measure the platinum area by integration of the 

hydrogen oxidation peak area.  The ratio of the platinum surface area at the end of test to 

the starting area was used to estimate the fraction of the platinum surface covered. The 

Platinum surface coverage was estimated to be nearly8 100% for 115 wt% and 60-87% 

for 105 wt% phosphoric acid concentration.  At 4 hours, the 105 wt% case achieved 

equilibrium coverage. The 115 wt% case had a higher coverage fraction at this time but 

equilibrium coverage was not yet achieved.  At 36 hours the 115 wt% case was nearly in 

equilibrium.  

                                                 
8 At the end of test, the platinum surface area was covered to an extent where the surface area could not be 
measured with the CV technique.   
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An additional estimation of surface coverage was produced from impedance 

spectroscopy data by assuming a constant reaction coefficient and calculating changes in 

surface area from changes in the exchange current.  96% and 99.9% surface coverage 

were estimated for the 105 wt% and 115 wt% test cases respectively.   

 A comparison of estimates of surface coverage based on CV and impedance 

spectroscopy yields similarities and differences in the coverage fraction.  Both methods 

indicate that the majority of the platinum surface area is covered and that the coverage 

fraction increases at higher concentration. However, the 105 wt% phosphoric acid 

surface coverage estimate is higher when estimated from the impedance data than the 

CV data. The CV data with lower estimated coverage fraction is based on measured area 

in contrast with the impedance data which quantifies the product of the area and the 

reaction rate constant.  The fact that the impedance increases by a greater amount than 

the coverage fraction from the CV data would predict may indicate that the reaction rate 

constant is also increasing. More work would be needed to determine if both the reaction 

rate constant and the electrode surface area contribute to impedance rise or if only 

surface coverage causes the impedance rise.   

 

3.      The species adsorbing on the platinum catalyst is hypothesized to be a 

component of the phosphoric acid electrolyte. 

 

It is known that the polyphosphoric acid components of phosphoric acid increase 

in concentration as the concentration exceeds 100 wt%.  The decline in platinum catalyst 

surface area corresponds to the increase in the concentration of polyphosphoric acid 

species.  As a result of the correspondence between surface coverage and polyphosphor-

ic acid concentration, polyphosphoric acid of an unknown chain length is hypothesized 

to adsorb on the platinum surface. It can be said that when polyphosphoric acid is 

present the surface area declines and the extent of decline is greater when polyphosphor-

ic acid concentration is higher.  Further experiments are necessary to definitively 

identify the component on the platinum surface. 

It has been shown that increases in electrode potential can oxidize or desorb an 

adsorbed species. For both the half cell and full cell testing, surface coverage could be 
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removed by increasing the interfacial potential to an anodic potential of 1 volt vs. RHE. 

 The recovery of catalyst surface area following increase of the catalyst layer interfacial 

potential is consistent with the behavior of other adsorbates on platinum and therefore 

supports the hypothesis that surface area decline is caused by species adsorption from 

the electrolyte.  

     

 

4.  Interfacial potential affects the fraction of the catalyst surface coverage with an 

adsorbed species 

 

High electrode impedances were present within a range of electrode interfacial 

potentials between -200 and 200 mV. The -200 to 200 mV range was estimated from 

electrode overpotentials measured with ac impedance on operating hydrogen pumps. 

 CV curves with an upper vertex potential of 1000 mV removed all detectable surface 

coverage.  CV curves with upper vertex potentials of 300 mV and 500 mV did not result 

in visible increase in the hydrogen oxidation peak. At a potential between 500 and 1000 

mV the surface coverage is drastically reduced. The loss of surface coverage at anodic 

potentials could be due to the oxidation of an adsorbed species or the potential depend-

ant desorption of an adsorbed species.  The hydrogen pump efficiency will be increased 

by periodically pulsing the cell voltage to 1V.  Species adsorbing on the electrochemi-

cally active surface would then desorb or be oxidized resulting in a decrease in electrode 

impedance.  After the reduction of electrode impedance the bare platinum surface would, 

after some decay time on the order of 48 hours, re-adsorb the species from the electro-

lyte. 

 

5. In order to operate efficiently, phosphoric acid electrochemical hydrogen pumps 

require the anode gas to be humidified to greater than 40C anode gas dew point 

temperature which corresponds to a water vapor pressure of greater than 55 

mmHg. 
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Impedance spectroscopy measurements were acquired on hydrogen pumps oper-

ated over a range of anode supply gas dew points from 60C to -20C.  The cell 

temperature and current density were held constant at 160C and 0.2 cm2 for 250 hours.     

Zero electrode overpotential was measured when the anode supply gas dew point was 

humidified to 60C.  At 40C, a 0.5 mOhm electrode impedance was measured which is 

near the detection limit.  Further reducing the supply gas dew point to 28C, increased 

the electrode impedance to 3 mOhms.  Below anode gas dew points of 28C the elec-

trode impedance climbs rapidly.  At an anode gas dew point of -20C, the electrode 

impedance increases to 200 mOhms resulting in a 400 mV increase in the cell voltage.  

The addition of supply gas humidification to prevent the cell voltage increase 

adds complexity and therefore cost to a system incorporating a hydrogen pump.  For 

applications of hydrogen pumping technology requiring dry product gas, gas drying 

equipment must be added to remove water vapor from the cathode exhaust.  If a catalyst 

could be developed that retained high exchange current at phosphoric acid concentra-

tions exceeding 100 wt% the humidification could be removed simplifying a hydrogen 

pumping system.   
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7. Future Work  

7.1 The Electrode Impedance at the Beginning of the Test  

In Section 5.1, increases in electrode impedances were found to be related to de-

creases in an electrochemical parameter called the exchange current which provides a 

measure of electrode performance. The determination of the relationship of the increases 

in electrode impedance to decreases in exchange current requires the initial electrode 

impedance.  The electrode impedance at the beginning of the test was too low to quanti-

fy with the current test method.  This section describes methods of measuring the initial 

electrode impedance in order to calculate increase in exchange current without assuming 

a value for the impedance at the being of the test.   

The initial impedance can be increased to facilitate its measurement by decreas-

ing the effective platinum catalyst area or reducing the hydrogen concentration. As 

discussed in Section 5.1, the exchange current is proportional to both the effective 

platinum catalyst area and hydrogen concentration and as a result, decreasing either one 

decreases the exchange current.  The effective platinum catalyst area can be decreased 

by testing a smaller piece of electrode (e.g., a 1 cm2 electrode rather than the 2.5 cm2 half 

cell electrode currently used).  Dilution of the hydrogen supply stream with nitrogen 

provides another means of increasing the electrode impedance. If the hydrogen concen-

tration were diluted by a factor of 10 the working electrode impedance would rise by the 

same factor.   

If hydrogen is diluted to increase the working electrode impedance, an absence of 

diffusion losses must be demonstrated so as to allow increases in electrode impedance to 

be attributed to decreases in exchange current.  As discussed in Section 4.1.5 and 5.5, 

measurement of the net cell resistance as a function of current density can be used to 

screen for diffusion losses.  If diffusion losses are present the net cell resistance would 

rise as a function of current density.  A second method for confirming that diffusion 

losses are absent involves varying the hydrogen concentration and measuring the elec-

trode impedance.  If the electrode impedance was inversely proportional to the hydrogen 

concentration as described in Equation 5.5, then a diffusion loss is not present.  If a 
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diffusion loss was present, the electrode impedance would increase by a greater amount 

than predicted by the Butler-Volmer equation on which equation 5.5 is based.    

The removal of noise and contributions of inductance to the impedance spectra 

would reduce the detection limit improving the ability to detect the initial electrode 

impedance.  The noise could be reduced by placing the electrochemical cell in a Faraday 

cage. A second method of reducing the minimum impedance that could be detected is to 

subtract the measurement lead inductance.  The measurement lead inductance would 

first need to be quantified. The measurement lead inductance can be quantified by 

applying an RL electronic circuit model to the impedance spectra obtained on a calibrat-

ed resistance which will include the lead inductance in the measurement.  Once defined, 

the measurement lead inductance could be subtracted from the impedance spectra 

acquired on hydrogen pumping electrodes.  

7.2 Verify the Assumption that the Phosphoric Acid Electrolyte in the 
Hydrogen Pump is in Equilibrium with the Water Vapor in the 
Anode Exhaust Stream 

In the hydrogen pumping cell assemblies the water vapor pressure of the anode 

supply gas was varied to vary the phosphoric acid concentration in the operating cells.  

The anode exhaust water vapor pressure was measured and the steady state anode 

exhaust water vapor pressure was used to estimate the phosphoric acid concentration in 

the hydrogen pump.  In order to relate the water vapor pressure in the anode exhaust 

stream to the phosphoric acid concentration in the hydrogen pump, an assumption was 

made that the steady state anode exhaust water vapor pressure was equal to the equilibri-

um water vapor pressure over phosphoric acid. As discussed in Section 2.6, a unique 

water vapor pressure exists above each phosphoric acid concentration when the water 

vapor pressure is in equilibrium with the water in solution with the phosphoric acid 

electrolyte.  Published data quantifies the equilibrium water vapor pressure over phos-

phoric acid as a function of temperature and concentration.     

The assumption that the anode exhaust water vapor pressure is in equilibrium 

with the phosphoric acid electrolyte could be supported by measuring a lack of differ-

ence between the water vapor pressures in the anode and cathode exhaust streams.  As 
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discussed in Section 2.6, water vapor enters the hydrogen pump in the anode gas stream 

and diffuses to the cathode at a rate equal to the flux of water vaporizing into the 

pumped hydrogen evolving from the cathode.  A phosphoric acid concentration gradient 

is required to drive the flux of water across the PBI phosphoric acid membrane.  As a 

result, the phosphoric acid concentration is higher on the cathode than the anode and the 

electrolyte concentration is not in equilibrium. The difference in phosphoric acid con-

centration from anode to cathode could be estimated by measuring the anode and 

cathode exhaust water vapor pressure simultaneously.  If the drop in water vapor pres-

sure between the anode and cathode is a small fraction of the total water vapor pressure 

on the anode then the flux of water diffusing from anode to cathode does not significant-

ly shift the concentration of phosphoric acid away from equilibrium.  

The drop in water vapor pressure from anode to cathode should be proportional 

to the current density applied to the hydrogen pump.  The hydrogen flux evolving from 

the cathode increases with current density.  As a result, a greater flux of water must 

diffuse through the PBI phosphoric acid membrane to bring the cathode gas to equilibri-

um water vapor pressure. The increase in the flux of water from anode to cathode 

requires a larger phosphoric acid concentration gradient.  If the gradient in phosphoric 

acid concentration from anode to cathode is small the anode and cathode water vapor 

pressure will depend weakly on current density.  

Water generated by air leakage into the hydrogen pump assembly could reduce 

the accuracy of the assumption that the anode exhaust gas water vapor pressure is in 

equilibrium with the phosphoric acid electrolyte. Conducting a net water balance on the 

system can be used to determine if oxygen is converted to water in the cell.  The water 

vapor flowing into the hydrogen pump in the anode supply gas stream should equal the 

water vapor flowing out of the system in the anode and cathode exhaust gas streams 

once the system reaches steady state.  If the water flow into the system does not equal 

the water flow out of the system either net water transfer with the phosphoric acid 

electrolyte is occurring or water is being generated in the system by the reaction of 

oxygen with hydrogen.  If water generation is occurring in the hydrogen pump there will 

be a higher flow of water vapor in the exhaust streams than the supply stream that 

persists after the exhaust water vapor pressure reaches steady state.   
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The anode supply gas flow rate may influence the accuracy of the assumption of 

the equilibrium between the water vapor pressure in the anode exhaust gas stream and 

the phosphoric acid electrolyte. The impact of the supply gas flow rate on the assump-

tion will be a function of the difference between the exhaust vapor pressure in the 

cathode and anode exhaust gas streams.  If the difference between the anode and cathode 

exhaust gas vapor pressures is low, the supply gas vapor pressure will equal both exhaust 

gas vapor pressures. In this case the anode supply gas flow will not influence the exhaust 

gas vapor pressures.  If there is a significant difference between the anode and cathode 

vapor pressure then the anode flow rate will have a stronger effect on the exhaust gas 

vapor pressure.   

The anode and cathode exhaust vapor pressure should be measured as a function 

of anode supply gas flow, anode supply gas vapor pressure, and current density.  If the 

following conditions are satisfied the assumption that the steady state anode exhaust gas 

vapor pressure is in equilibrium with the phosphoric acid in the hydrogen pump will be 

supported:  

1. Difference between the anode and cathode exhaust gas water vapor pressure 

is a small fraction of the anode supply gas vapor pressure.  

2. If the mass balance of water entering and leaving the hydrogen pump equals 

zero then water is not generated in the system and net water is not gained or 

lost from the phosphoric acid in the hydrogen pump.   

3. The anode and cathode exhaust gas vapor pressures are a weak function of 

the supply gas flow. The exhaust vapor pressure should be a weak function of 

supply gas flow if conditions number 1 and 2 are true.  

   

If the assumption that the anode exhaust gas vapor pressure is equal to the equi-

librium water vapor pressure above the phosphoric acid electrolyte is supported the 

method of using the exhaust gas vapor pressure to estimate the phosphoric acid concen-

tration in the hydrogen pump will be validated.    
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7.3 The Dependence of the Reaction Coefficient on Platinum Catalyst 
Coverage with Adsorbates Studied by Comparison of CV and EIS 
Data  

The current research does not allow for the decline in exchange current caused by 

species adsorption on the catalyst to be separated into contributions from the decline in 

effective platinum catalyst area and the decline in the reaction rate coefficient. In Section 

5.4, a method was described to separate the contributions of effective catalyst area 

decline from the reaction rate constant. In this method, the effective platinum catalyst 

area measured using CV was compared to the effective platinum catalyst area estimated 

from EIS measurements.  It was found that the effective platinum catalyst area remain-

ing after coverage with adsorbates was higher when measured using CV than when 

estimated from the impedance measurements.  The EIS measurements contain contribu-

tions of both the effective catalyst area and the reaction rate coefficient whereas the CV 

measurement is dependant on the effective catalyst area.  The fact that the electrode 

impedance was larger than expected for the decline in effective platinum catalyst area 

may indicate a decrease in the reaction rate coefficient. However, a conclusion can not 

be drawn from a single data point.   

The possibility of decline in the reaction coefficient could be separated from the 

decline in effective catalyst area by obtaining CV and EIS data for comparison over a 

range of degrees of catalyst coverage with adsorbates. If the decline in effective plati-

num catalyst area measured using CV accounts for the entire increase in electrode 

impedance, then the reaction rate coefficient is not changing.  However, if the electrode 

impedance consistently increases more than expected from decreases in effective plati-

num catalyst area, then the reaction rate coefficient decreases with the degree of catalyst 

coverage with adsorbates.   

For this method of separation of reaction rate coefficient from catalyst area de-

cline to work, the CV and EIS techniques require overlapping regions of sensitivity.  

Section 5.4 addresses the dependence of the sensitivity of both techniques to degree of 

surface coverage and Section 7.1 addresses methods of measuring low electrode imped-

ances so as to increase the effectiveness of the impedance technique at low degrees of 

adsorbate coverage on the catalyst.  
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If the increases in electrode impedance could be demonstrated to be caused en-

tirely by effective catalyst area decline, a kinetic adsorption model might be applied to 

the electrode impedance data to predict adsorbate coverage on the catalyst as a function 

of time.  Knowledge of the dependence of the reaction rate coefficient on catalyst 

coverage with adsorbates may provide evidence for a change in reaction mechanism 

with adsorbate coverage.   

 

7.4 Effect of Phosphoric Acid Concentration, Temperature, and 
Interfacial Potential on Platinum Surface Coverage with an 
Adsorbed Species 

 

The effect of the variables such as phosphoric acid concentration, temperature, 

and working electrode potential on platinum catalyst coverage with adsorbates could be 

studied over a range of levels in the half cell.  The current work studied only two levels 

of phosphoric acid concentration at a single temperature.  The 105 wt% and 115 wt% 

phosphoric acid concentrations tested at 160C showed an increase in catalyst coverage 

with adsorbates as the phosphoric acid concentration increased.   

There are several reasons to define the catalyst coverage with adsorbates over a 

wider range of independent variables. It might be possible to fit the data to an adsorption 

isotherm which may allow the estimation of the Gibbs Free Energy of adsorption [9, 27]. 

Increasing the number of phosphoric acid concentrations could support the hypothesis 

that polyphosphoric acid adsorbs on the catalyst surface (by improving the correlation 

between surface coverage and the presence of these species).   

Testing of additional working electrode potentials and temperatures could be jus-

tified from an engineering perspective. Hydrogen pump power consumption at high 

phosphoric acid concentrations could be reduced if there are combinations of tempera-

ture and working electrode potential which increase the exchange current when the 

electrode is exposed to phosphoric acid concentrations above 100 wt%.  If the desorption 

rate of adsorbed species increases with temperature then there may be a higher operating 

temperature at which the species adsorption issue is mitigated. 
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Improvements to the half cell are required so that it can operate with sustained 

currents in the hundreds of mA range to allow species adsorption to be studied while 

polarizing the working electrode (i.e., deviation from equilibrium).  When the half cell 

was polarized to cathodic potentials of -20 to -50 mV resulting in -200 to -400 mA 

currents, the current began to vary unexplainably by hundreds of milliamps following 5-

10 minutes of polarization.   

The half cell operation issue with cathodic currents of a few hundred milliamps 

for greater than five minutes is thought to be caused by a diffusion limitation at the 

counter electrode. During attempts to isolate the problem, high overpotentials were 

observed at the counter electrode when the counter electrode was oxidizing hydrogen.  

The counter electrode overpotential did not drastically increase when the half cell was 

polarized to oxidize hydrogen at the working electrode and reduce hydrogen at the 

counter electrode.  The counter electrode consisted of a platinum wire mesh submerged 

in the phosphoric acid electrolyte.  It was hypothesized that the lack of transport of 

hydrogen to the counter electrode submerged in the phosphoric acid electrolyte resulted 

in high concentration overpotentials once localized soluble hydrogen was consumed.  

The counter electrode may have been limiting the cell current due to lack of hydrogen to 

be oxidized. The lack of free water available to be electrolyze in the highly concentrated 

phosphoric acid solutions prevents electrolysis of water at the counter electrode from 

supplying protons required for the cathodic current at the working electrode. 

The hypothesis that current instabilities result from a lack of available hydrogen 

to oxidize at the counter electrode could be tested with two methods of increasing 

hydrogen supply to the counter electrode. Hydrogen concentration at the counter elec-

trode could be increase by bubbling hydrogen over the platinum wire mesh submerged in 

the phosphoric acid electrolyte.  Alternatively, the hydrogen supply at the counter 

electrode could be increased by switching the counter electrode from a submerged wire 

mesh to a gas diffusion electrode of the same type used at the working electrode. After 

increasing hydrogen supply to the counter electrode the working electrode could be 

polarized and the current measured to see if the current instability problem is resolved.  

The working electrode impedance should be known before polarizing the working 

electrode to fixed potential to avoid excessive currents. 
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7.5 Experiments to Produce Data sets Relevant to this Research that 
are not Published in the Literature 

 

Three data sets which would have aided in the interpretation of test results in this 

research have not been reported in the open literature.  The equilibrium vapor pressure 

over phosphoric acid and the conductivity of phosphoric acid were not available at 

phosphoric acid concentrations and temperatures studied in this research.  Water vapor 

pressure and phosphoric acid conductivity data would allow the phosphoric acid concen-

tration to be inferred from exhaust vapor pressure and conductivity at phosphoric acid 

concentrations where publish data were not available.   

Published data quantifying the equilibrium water vapor pressure over phosphoric 

acid were limited to phosphoric acid concentrations below 105 wt% at 160C [18, 23, 

29].  This research tested concentrations up to 115 wt% at 160C where data were not 

available.  Measuring the equilibrium water vapor pressure over phosphoric acid as a 

function of temperature and phosphoric acid concentration from 100 wt% to 115 wt% 

and from 100C to 200C would fill gaps in published data.   

The vapor pressure could be measured by placing a dew point sensor in a heated 

sealed vessel containing phosphoric acid.  The vessel would be designed to maintain a 1 

atm total pressure without allowing significant vapor flux to leave the vessel. The design 

should incorporate a pressure relief to allow water vapor to vent if water boils off the 

acid in the chamber.  The acid should be maintained at a uniform temperature and 

condensate should be prevented on the chamber walls.  

Existing phosphoric acid ionic conductivity data sets provided the phosphoric ac-

id conductivity at concentrations below 100 wt% phosphoric acid in temperature ranges 

relevant to this research [24, 30, 31, 45, 46]. Measuring the ionic conductivity between 

100 wt% and 115 wt% phosphoric acid in a temperature range between 100 C and 200 

C would augment published data and allow electrolyte resistances measured in the half 

cell to be related to phosphoric acid concentrations.  This would provide a means to 

measure phosphoric acid concentrations during half cell testing.   



111 

 

The phosphoric acid ionic conductivity as a function of temperature and concen-

tration could be measured in the half cell. The conductivity could be measured in the 

half cell by collecting EIS data between the working electrode and the counter electrode.  

This configuration takes advantage of a well defined conduction geometry and long 

conduction path length simplifying conversion of resistance to conductivity.  Accuracy 

of the measurements would be improved if the reference electrode was removed to 

increase the regularity of the conduction geometry.  Modifications to the counter elec-

trode to improve the accuracy of the length of the conduction path would improve the 

accuracy of conversion of measured resistance to conductivity.       

The phosphoric acid conductivity may be dependant on the distribution of com-

ponent species at any given phosphoric acid concentration [46].  This hypothesis could 

be tested by intentionally introducing non-equilibrium species distributions by dilution 

of polyphosphoric acid.  The temperature should be maintain below 50C [18] during the 

measurement to slow the approach of the phosphoric acid species distribution toward 

equilibrium.  

The polyphosphoric acid species distribution as a function of phosphoric acid 

concentration was not reported above room temperature.  Developing a method to 

determine the polyphosphoric acid species distribution as a function of phosphoric acid 

concentration at elevated temperature would augment this research.  Knowledge of the 

concentration of specific species as a function of phosphoric acid concentration would 

aid in the fitting of an adsorption model relating concentration of a given species to the 

degree of catalyst coverage with adsorbates.   

7.6 Identification of the Species Adsorbed on the Platinum Catalyst 

The hypothesis that the electrode catalyst area loss observed by cyclic voltamme-

try was caused by the adsorption of polyphosphoric acid from the electrolyte (Section 

5.3) would be confirmed if the species could be directly identified on the platinum 

surface.  The identification of the adsorbed species is proposed using Surface Enhanced 

Raman Spectroscopy (SERS).  The SERS technique is capable of sub-monolayer detec-

tion of adsorbates in operating electrochemical cells [49].  The phosphoric acid 
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concentration and temperature could be varied and the Raman scattering intensity from 

the surface could be recorded.   

The SERS technique allows sub-monolayer adsorbate coverage on the catalyst to 

be detected through a liquid electrolyte film.  It is necessary to measure adsorbate 

coverage through the film of electrolyte to prevent exposure to oxygen which raises the 

interfacial potential to approximately 1 volt which was shown to remove adsorbed 

species in Section 4.2.2.  Adsorbate coverage has only been demonstrated in a hydrogen 

environment with phosphoric acid covering the electrode.  This necessitates probing the 

interface through the liquid electrolyte surrounded by ambient hydrogen which is a task 

well suited to SERS.  

Several characteristics of SERS allows for the detection of adsorbed species 

through an electrolyte film.  The signal attenuation is low enough in liquid to conduct 

meaningful testing through an electrolyte [50, 51] due to the energy range of the pho-

tons.  Signal attenuation is also low enough in glass to allow testing to be conducted 

through a viewing window.  The use of a viewing window allows testing to be conduct-

ed in a sealed hydrogen ambient environment. A key property of the SERS technique is 

the  enhancement of the scattering cross section for molecules adsorbed of the surface 

relative to the bulk electrolyte.  The surface enhanced scattering allows the differentia-

tion of molecules in the bulk electrolyte from the same adsorbed species. The signal 

strength from surface adsorbed species can be 106 times greater than the same species in 

the surrounding electrolyte with a properly design surface [50]. 

Polyphosphoric acid adsorption on platinum is expected to increase the intensity 

of the P-O-P peak on the Raman spectrum. The P-O-P peak intensity is expected to rise 

following exposure to phosphoric acid concentrations exceeding 100 wt%.    The P-O-P 

bond is not present at low concentrations where orthophosphoric acid dominates the 

species equilibrium and is a unique indicator of the presence of polyphosphoric acid.  P. 

C. H. Mitchell  assigned a frequency of 727 cm-1 [52] and B.C. Cornilsen assigned a 

frequency of 755 cm-1 [53] to the P-O-P bond in phosphate molecules.  The contribu-

tions of the bulk electrolyte to the P-O-P peak intensity can be removed by subtracting 

the Raman spectra without the SERS. 
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A key element of the proposed SERS testing is the development of a surface de-

signed to enhance the scattering of photons from adsorbed species. The enhancement of 

scattering of photons from adsorbed species is termed surface enhancement.  The 

magnitude of surface enhancement is dependant on the material and geometry of the 

SERS surface.  Group 11 metals such as copper, silver and gold exhibit strong surface 

enhancement [50].  Gold SERS surfaces have been demonstrated to be effective in 

electrochemical environments [49, 51, 54].   

The geometry of the SERS surface can be defined using two strategies.  The 

magnitude of surface enhancement and the frequency of maximum surface enhancement 

is dependant on the size and shape of individual scattering centers.  The first strategy 

uses a nano-rod array with a uniform scatter center geometry to produce a high degree of 

enhancement over a narrow range of frequencies.  This strategy is effective at detecting 

adsorbates with Raman vibrational frequencies within a narrow frequency range of 

surface enhancement produced by the regular nano-rod geometry.  The second strategy 

utilizes an amorphous surface with surface irregularities of variable size and shape.  The 

variation in the scattering center geometries results in a lower degree of surface en-

hancement over a wider range of frequencies.  In the second strategy, signal intensity is 

lower due to the smaller number of scattering centers at any given frequency for the 

ability to detect a wider range of adsorbates with a range of vibrational frequencies 

characteristic to the adsorbates.   

The first strategy to produce a SERS surface with high surface enhancement at 

specific frequencies can be achieved by fabricating an ordered array of gold nano-rods.  

The diameter, height and spacing of the nano-rods can be controlled to affect the magni-

tude of surface enhancement and the frequency of maximum surface enhancement.  

Diameters ranging from 20 to 100 nm, heights ranging from 100 to 500 nm and spacings 

ranging from 50 to 400 nm are within ranges tested by previous researchers [55, 56].  

The aspect ratio of the nano-rods affects the magnitude of surface enhancement and 

frequency at which the surface enhancement is maximized. The surface enhancement 

increases and the frequency red shifts as the aspect ratio increases [50, 55].   

The surface enhancement is maximized when the nano-rod geometry dependant 

wavelength of the surface plasmon induced by the laser excitation is half way between 
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the laser wavelength and wavelength for the vibration frequency of the adsorbate [56].    

The electric field of the excitation should be polarized parallel to the long axis of the 

nano-rods to maximize surface enhancement. 

 After fabricating the gold nano-rod array, a platinum film is applied to study 

species adsorption on platinum while utilizing the surface enhancement properties of the 

underlying gold nano-rods.  The SERS signal is attenuated by the platinum film covering 

the nano-rods, however, acceptable levels of signal attenuation have been observed with 

several monolayers of platinum [49, 50, 54].  

 

A process is outline for the fabrication of the gold nano-rods and the coating of 

the platinum film: 

 

1. Electrodeposition of gold in an Alumina or Polycarbonate Template 

with a cylindrical hole array [54, 57] 

2. Template dissolution in a sodium hydroxide solution [54] 

3.  Underpotential deposition(UPD) of platinum film utilizing place ex-

change of a temporary gold wetting Cu film to form a platinum 

monolayer [49, 54, 58] 

 

The polycarbonate and alumina membranes used as a template establish the di-

ameter and spacing of the nano-rods. The height is varied by varying the amount of gold 

electroplated in the holes of the template.  The polycarbonate and alumina membranes 

are commercial filtering products [54, 57]. Alumina membranes with 20, 100, and 200 

nm pore sizes are available.  Polycarbonate membranes are available with pores sizes 

from 10 nm to 20 m with five diameters between 10 and 100 nm.   Should there be a 

need to produce templates with a wider range of rod spacing and superior control over 

spacing consistency, such templates could be fabricated utilizing hard anodization of 

aluminum [59].  
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The second approach seeks to produce a SERS surface with a less order geome-

try that produces surface enhancement over a wider range of frequencies than the 

ordered nano-rod geometry. The property of surface enhancement over a wider range of 

frequencies results from the range of sizes and shapes of the scattering centers present in 

the disordered geometry.  The wider range of frequencies over which surface enhance-

ment occurs allows a wider range of adsorbed molecules to be detected.  The signal 

intensity is reduced relative to the nano-rod array due to the lower number of scattering 

centers active at any given frequency.  Such a surface effectively identified CO coverage 

on platinum [49].  

One approach to fabricating a gold surface with a range of scattering center sizes 

and shapes is to use de-alloyed 12 carat (50/50 Au/Ag) gold leaf.  This substrate has 

been tested as a fuel cell electrode with platinum particles electrodeposited for catalytic 

activity [60]. The resulting foil contains a web of gold fingers with characteristic irregu-

larity dimensions of tens of nanometers which is a size range appropriate for SERS 

testing. A platinum film could be applied to the de-alloyed gold leaf by using UPD as 

described for the gold nano-rod array.  Gold leaf could provide a low cost substrate for 

the development of the UPD process.   

The test fixture in which the SERS surface is exposed to phosphoric acid in a 

sealed hydrogen environment could be incorporated into an electrochemical half cell.  

Cyclic voltammetry (CV) testing could be conducted to correlate CV catalyst area 

measurements to the scattering intensity from the P-O-P peak.  The scattering intensity 

change could be measured before and after cleaning of the electrode surface by polariza-

tion to 1 volt versus RHE to remove adsorbates.  Electrolyte conductivity measurements 

could be conducted periodically to monitor changes in phosphoric acid concentration. 

Another benefit of incorporating the SERS surface into a half cell is that the UPD 

deposited platinum film could be confirmed to cover the gold using CV [49].   

 The incorporation of the SERS surface into a half cell is significantly more 

challenging to implement than conducting Raman tests in  a sealed environment that is 

not incorporated into and electrochemical cell.  Raman testing could be conducted in a 

simple test fixture before attempting to incorporate the SERS into a half cell.  A basic 

Raman test fixture could be built that incorporates the ability to polarize the interface to 
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1 volt versus RHE without the complexity required for a fully functioning half cell.  

  

7.7 Species Adsorption Mitigation Strategies to Improve Tolerance to 
Concentrated Phosphoric Acid 

 

A possible solution to the species adsorption problem on platinum catalysts ex-

posed to phosphoric acid concentrations exceeding 100 wt% would be to coat the 

catalyst with a material that prevents the adsorption.  The material selected to coat the 

catalyst would require sufficient proton conductivity and hydrogen solubility to support 

the hydrogen oxidation and reduction reactions required by the hydrogen pumping 

process.  One such proton conducting material is the PBI phosphoric acid membrane.   

The PBI in the PBI phosphoric acid membrane might shift the formation of poly-

phosphoric acid to higher phosphoric acid concentrations.  If the onset of polyphosphoric 

acid formation could be shifted to higher phosphoric acid concentrations, hydrogen 

pump operation at lower supply gas vapor pressures might be more efficient.  Some 

evidence indicates that PBI may retard the formation of polyphosphoric acid. The 

intensity of an NMR peak indicating the presence of polyphosphoric acid was lower for 

phosphoric acid in a gel structure with PBI than for phosphoric acid without the PBI[22].   

The merit of this concept could be supported without hydrogen pump testing if 

the concentration of polyphosphoric acid could be measured as a function of temperature 

and phosphoric acid concentration with and without integration of phosphoric acid into a 

PBI gel membrane.  The goal would be to demonstrate that polyphosphoric acid forms 

with a lower equilibrium vapor pressure over the electrolyte and higher temperatures in a 

gel structure with PBI present than without PBI present in the phosphoric acid.   

 The implementation of this solution would require the PBI phosphoric acid 

membrane material to be integrated into the electrode structure eliminating the presence 

of free phosphoric acid in the electrode in contact with the platinum catalyst.  A range of 

number of phosphoric acid molecules per repeat unit could be tested.  If the presence of 

PBI retards polyphosphoric acid concentration the number of acids per polymer repeat 

unit may affect the degree of shift in the polyphosphoric acid species distribution. 
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9. Appendix: 

9.1  Additional Data from Hydrogen Pump Testing 

 

Figure 48: Prior to improvements in cell sealing, hydrogen pump cell voltage varied when the 

hydrogen supplied to the cell was not humidified (-70C dew point) and the cell operating tempera-

ture was 160C.   Following sealing improvement, cell voltage increased above 400 mV when the 

hydrogen supply gas was not humidified.  The low cell voltages were thought to be caused by air 

leakage into the cell reacting to form water.   

 

Figure 49: Increase in hydrogen pump cell voltage while operating without humidification 

hydrogen gas supplied to the anode can be repeatedly decreased by varying the current den

increasing electrode potential to 1 volt versus RHE. 
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Figure 50: Effect of anode exhaust dew point on hydrogen pump cell voltage.  Anode exhaust gas 

dew points are indicated above each curve.  The phosphoric acid electrolyte concentration increased 

as the gas dew point decreases.  Cell operated at a constant current density of 0.2 A/cm2 and a 

temperature of 160C.   

Figure 51: Repeatability of hydrogen pump cell voltage with a 40C anode exhausts dew point. Cell 

operated at a constant current density of 0.2 A/cm2 and a temperature of 160C. 
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Figure 52: Effect of operating temperature on hydrogen pump cell voltage without humidification of 

the anode supply gas (-70C dew point).  The water vapor pressure over phosphoric acid is a 

function of temperature.  The steady state phosphoric acid concentration is a function of tempera-

ture at constant supply gas dew point.  Future testing should independently vary the temperature 

and phosphoric concentration.   

 

Figure 53: Hydrogen pump impedance spectroscopy data taken periodically for a cell operating at 

160C with a 2.5C anode exhaust dew point.  The run times at which the impedance curves were 

acquired are labeled above the impedance curves. Electrolyte impedance increases from 1.1 to 18 

hrs followed by increasing combine anode and cathode electrode impedance from 45 to 534 hrs.  

0

0.1

0.2

0.3

0.4

0.5

0 200 400 600 800

V
o

lt
ag

e

Time (hours)

160C

120C

135C

90C

105C



124 

 

 

Figure 54: CV with a -100 mV lower vertex potential to confirm the hydrogen oxidation peak was 

not shifted to more cathodic potentials for a cell with a high degree of platinum surface coverage.   
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9.2 Additional Data from Half Cell Testing 

 

 

Figure 55: Initial CV curves for a platinum on carbon electrode exposed to115 wt% phosphoric acid 

with a 300 mV and a 1000 mV upper vertex potential. The upper vertex potential does not have an 

effect on the hydrogen oxidation peak area when the platinum catalyst was not covered with 

adsorbates prior to performing the CV curves. 
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Figure 56: CV curves showing the effect of polarization to 1 volt versus RHE following 36 hour 

exposure to 115 wt% phosphoric acid in a hydrogen environment.  The 1st scan to 1 volt shows a 

prominent peak between 350 and 1000 mV which is absent from subsequent scans.  The peak 

present on the first scan may be associated with the oxidation or desorption of adsorbed species.   

 

 

Figure 57: All impedance spectroscopy curves following 105 wt% phosphoric acid exposures in the 

half cell.  The last two curves for which the high frequency intercept drifted were omitted from the 

Figure 41 to allow the individual lobes to be clearly identified.   
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Figure 58: Example titration curve for 105wt% phosphoric acid. 

 



128 

 

9.3 Half Cell Design Drawings:

 

Figure 59: Half cell base plate 3D view. 
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Figure 60: Half Cell Base Plate Drawings. 
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Figure 61: Half cell top cap. 
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Figure 62: Half cell top cap and gas shroud. 
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Figure 63: Half cell lock ring. 
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9.4 Combined Calomel and Hydrogen Reference Electrode  

Placement of the working electrode potential on the standard hydrogen reference 

scale for half cell testing was attempted.  The reference electrode in the half cell was a 

reversible hydrogen reference electrode (RHE)9 with a potential that deviated from 

standard hydrogen reference due to difference in the hydrogen concentration and proton 

concentration from standard conditions.  In order to place the RHE potential on the 

standard hydrogen reference scale, either the hydrogen concentration and proton concen-

tration have to be defined or a the interfacial potential has to be measured relative to a 

known secondary electrode potential.   

The soluble hydrogen concentration and proton concentration as a function of 

phosphoric acid concentration and temperature were not available requiring a known 

reference electrode potential to calibrate (place on the hydrogen reference scale) the 

RHE interfacial potential.  It was determined that the combined RHE and secondary 

reference electrode needed to have the following composite properties to function 

properly: 

 

1. An impedance below 5 kOhms if the reference is used as the control point for 

the potentiostat to control working electrode potential. The majority of the im-

pedance was in the electrolyte bridges between electrolytes of differing 

chemistries.   

2. Chemical compatibility with the electrochemical system of study 

3. An interfacial potential that does not drift during a test (Figure 22) 

4. An interfacial potential that is defined on the hydrogen reference scale 

 

                                                 
9 A reversible hydrogen reference electrode (RHE) is similar to a standard hydrogen reference (SHE) in 

that the interfacial potential is defined by the hydrogen oxidation and reduction equilibrium on platinum.  

The interfacial potential of the SHE is 0 volts by convention with a hydrogen pressure of 1 atm, a hydro-

gen activity of 1 and a temperature of 25C.  The RHE potential is only defined if the hydrogen ion 

concentration, hydrogen concentration and temperature are known at the interface.     
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Saturated calomel electrodes were used to attempt to place the RHE on the hy-

drogen reference scale by measuring the potential at the RHE relative to a saturated 

calomel reference electrode. The calomel electrode exhibits stability, accuracy and ease 

of implementation [9] making it an ideal candidate for calibrating the RHE.  Gas supply 

is not required for the calomel electrode reducing the complexity of implementation 

relative to a hydrogen reference. If a saturate KCL solution is used for the reference 

solution, the calomel reference potential is not affected by variation in concentration due 

to water exchange with the ambient atmosphere.   

Saturated calomel electrodes satisfy the entire criterion for effective reference 

electrodes except for the criterion for chemical compatibility with the electrochemical 

cells studied in this research.  Chloride ions from the KCL electrolyte are known to 

adsorb on platinum [27]. Attempts to limit chloride ion contamination by using a SiO2 

wick between the reference electrolyte and the phosphoric acid electrolyte exceeded the 

5 kOhm limit for ion conduction impedance.  The excessive impedance in the electrolyte 

bridge prevented dynamic potential control from the calomel electrode.  

A dual electrode strategy utilizing a hydrogen reference electrode (RHE) as the 

control point and a saturated calomel electrode to calibrate the RHE was implemented.  

The RHE utilizes phosphoric acid electrolyte and as a result does not require a diffusion 

barrier to prevent ion contamination.  The RHE meets the control and stability criterion 

but the potential is not defined on the hydrogen reference scale.  The RHE can be placed 

on the hydrogen reference scale by measuring potential relative to a saturated calomel 

electrode across a high diffusion resistance electrolyte bridge.  The high diffusion 

resistance electrolyte bridge limits the concentration of chloride ions reaching the 

phosphoric acid electrolyte which could contaminate the RHE or the working electrode. 

DC potential measurements are possible across the electrolyte bridge despite ion conduc-

tion impedances exceeding 5 kOhm that interfere with potential control across the 

electrolyte bridge.       

Attempts to calibrate the RHE with the calomel electrode were wrought with dif-

ficulty due to variance in the liquid-liquid junction potential between the potassium 

chloride and phosphoric acid electrolytes [38, 61, 62]. Three types of electrolyte bridge 

designs were tested with varying degrees of stability of the junction potential.   
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The first electrolytic bridge design used to connect the KCL and the phosphoric 

acid electrolytes was silica string wet with phosphoric acid and dipped in each electro-

lyte solution.  The wicks were contained in a 3.17 mm diameter PFA tube to prevent 

water vapor exchange between the wick and the room. The PFA tubes can be sealed to 

various experimental apparatus using standard compression fittings. The potential 

difference measured between the calomel reference electrode and the RHE with the 

silica string wick linking the two electrolytes was measured and found to vary by 

approximately 5-15 millivolts over a 24-48 hour time period. Figure 64 plots the voltage 

between the saturated calomel and RHE and Figure 65 provides a picture of the test 

apparatus. The wicks were presoaked in the opposing electrolytes to minimize variation 

in the junction potential in an apparatus that was design to duplicate the geometry of the 

junction potential test apparatus (Figure 66). 

 

 

Figure 64: SiO2 string wick junction between phosphoric acid and KCL showing characteristic 

variance with a 10 mV range in a given test and nominal differences between tests.  Wicks pre-

soaked for 48 hours to minimize variance.     

A process of elimination was used to determine that the voltage variance ob-

served was caused by the silica string wicks. Switching two string wicks between 

identical test apparatus of the type in shifted the voltages between the calomel reference 

electrode and the RHE approximately 10 mV.  Switching the wicks back to the original 
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positions brought the voltages back to the original values. The wicks were concluded to 

be causing the voltage difference.   

 

Figure 65: Calomel RHE potential difference test apparatus.  The RHE platinum mesh with hydro-

gen supply was in the glass jar on the left.  The calomel electrode was in the Nalgene bottle on the 

right.  The string wick providing the electrolyte bridge was in the PFA tube between the two 

electrolyte jars.  Teflon coated Pt wire was used to connect the RHE Pt wire mesh to the voltage 

terminal. Hydrogen was bubbled through the electrolyte solution.   

 

Figure 66: Two wick presoaking apparatus. H3PO4  soaked wicks were immersed in both jars filled 

with KCL and H3PO4 . The jars were filled to the same levels as the test jars in Figure 65.  
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The second design used to create an electrolyte junction between the H3PO4 and 

the KCL electrolytes used a Vicor10 glass frit placed between a Teflon vessel containing 

H3PO4  and the KCL solution.  The test configuration is shown in Figure 67. The phos-

phoric acid fill height was approximately 4 cm higher than the KCL solution. The 

measured voltage is the sum of the calomel interfacial potential, the junction potential 

and the RHE potential.  The voltage measured between the calomel reference electrode 

and the RHE is plotted in Figure 68.  The stable voltage reading in Figure 68 indicates a 

stable junction potential.     

  

 

Figure 67: Geometry of the Vicor frit that produced a stable junction potential. 

The junction potential between KCL and H3PO4 could be quantified in the future 

by placing two frits at the ends of an electrolyte bridge filled with H3PO4 immersed in 

two KCL solutions containing two calomel electrodes.    The difference in voltages 

between the calomel electrodes would quantify two times the junction potential.  The 

                                                 
10 3 mm diameter 3 mm long Vicor 7930 glass frits were obtained from Advanced Glass & Ceramics 

(Holden, MA  01520) 
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KCL and phosphoric acid concentration could be varied and the resulting junction 

potentials recorded.   

 

Figure 68: Four replicates of the potential difference between a saturated calomel electrode and an 

RHE in 85% phosphoric acid with a Vicor frit joining the two solutions.  The two data sets with an 

exponential approach to steady state did not involve presoaking the frit with electrolyte on both 

sides of the junction.  The presoaked data sets taken on September 14 and 17th lacked the approach 

to steady state.   Vicor frits provide an effective media for producing a repeatable stable junction 

potential between KCL and H3PO4  

A Nafion ion conducting membrane diffusion barrier was also tested.  The mem-

brane barrier showed a low degree of voltage variation with a single test with nominal 

variation between runs which was not explained. The variation may have been caused by 

variation in the electrolyte solution concentrations.  The phosphoric acid contamination 

in the KCL solution was minimized as indicated by periodically measuring the PH in the 

KCL solution with PH tests strip.  

Time constraints prevented implementation of the stable junction potential design 

into the half cell.  The frit and membrane junctions showed promise.  The ceramic wick 

junction never produced a stable junction potential despite attempts to use presoaking to 

reach equilibrium species distribution in the electrolyte bridge prior to measuring 

potential difference between the calomel and RHE electrodes.  
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If 10-15 millivolts of variance in the definition of potential is acceptable, the sili-

ca wicks provide an electrolytic junction which is experimentally convenient to 

implement.  The design consisting of a silica string contained in a PFA tube provides a 

mechanically flexible electrolyte bridge.  Furthermore, the ability of the PFA tubing to 

be sealed with compression fittings allows incorporation of this type of electrolyte 

bridge into a variety of designs of experimental apparatus.  

 The source of the potential variation as a function of time using the silica wick 

electrolyte bridges was not fully understood and may be a topic for future exploration.  It 

was hypothesized that the potential variation might be associated with achieving uniform 

species distributions in the electrolyte bridge, a chemical reaction between electrolytes, 

or and effect of the voltage measurement current on the species distribution in the frit. 

9.5 10 cm2 Cell Testing with a Reference Electrode 

A reference electrode was integrated with the 10 CM2 cell hardware discussed in 

Section 2.  This testing was design to quantify the potential at a single electrode interface 

in the full hydrogen pumping cell in a manner similar to the half cell.  Unlike the half 

cell, the electrolyte concentration would still need to be inferred from the exhaust dew 

point.  This parallel testing was not fully implemented but could be developed in the 

future.  Similar apparatus has been fabricated by previous researchers [63]. 

A diagram of the reference electrodes integrated with the 10 CM2 cell hardware 

was provided in Figure 69.  A low impedance RHE external reference was used as the 

control point for the potentiostat and a calomel external reference calibrated the potential 

of the RHE.  This test configuration was not fully implemented due to junction potential 

issues and an issue with the mechanical and thermal integrity of the contact point 

between the PBI phosphoric acid membrane in the hydrogen pump and the electrolytic 

bridge.  A conceptual diagram showing the reference electrode scheme with the relevant 

junction potentials is given in Figure 69. 
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Figure 69: External reference electrode diagram showing junction potentials. 

 

If the junction potentials labeled JP on the diagram were quantified then the in-

terfacial potential in the cell could be determined. Subtracting the junction potential from 

the saturated calomel potential would determine the RHE potential. If the wick mem-

brane junction potential were known then the electrode potential would be known.   

The KCL | H3PO4 junction potential might be inferred from indirect voltage 

measurements. In Figure 69, it can be seen that V1 + V2 ≠V3 and that V1 + V2 -V3= 

VRHE.  With VRHE determined, only the junction potential that is a component of V2 

would be unknown.   

Wick PBI  
Connection Failed 
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A single test was preformed with this configuration and it functioned for about 

12 hours before the wick impedance increased drastically. Cell disassembly located an 

issue with the mechanical integrity of the junction between the silica (SiO2) wick and the 

PBI membrane.  Although engineering changes would likely solve the problem, time 

constraint mandated that this reference electrode concept be dropped in favor of simpli-

fied internal platinum RHE.   

The internal RHE design consisted of a platinum wire impinging on the mem-

brane.  The design can be thought of as the same as in Figure 69 with the electrolytic 

wick replaced with a platinum wire and no external electrodes.  This design can not be 

related to the standard hydrogen reference potential scale but provides a functional 

control point to control interfacial potential at each electrode.   

The internal platinum RHE test methodology expanded test capacity and was 

found to be functional for studying species adsorption.  Impedance spectroscopy and 

cyclic voltammetry curves were conducted while controlling the potential at a single 

electrode interface.  This is an improvement over the testing presented in Chapter 4 in 

which measurement and control was conducted across the anode and cathode electrodes.    

The interfacial potential of the internal platinum reference electrode may shift 

with degree of platinum surface coverage with adsorbates. This question could be 

addressed by allowing surface coverage to build up on the reference electrode, the 

anode, and cathode.  The difference in potential between the electrodes could be quanti-

fied in the covered state.  Following the measurement, the surface of the reference can be 

cleaned by elevating the potential at the reference interface to 1 volt versus RHE.  

Following the surface cleaning, the potential can be re-measured between the reference 

electrode and the other electrodes. If the potential difference between the reference and 

the other electrodes does not change follow the cleaning of the reference then the 

reference potential is not changing with degree of coverage with adsorbates.    

 

 
 
 
 


