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Abstract 

Reducing the cost of hydrogen transport is an important priority for proliferation of clean 

hydrogen to decarbonize various sectors of industry and heavy-duty vehicle transportation. 

Pipeline transport of gases is the lowest cost delivery method for gases over long distances, but 

there are only a few pipeline networks dedicated to hydrogen. It is possible to alleviate clean 

hydrogen transportation costs by delivering it via existing natural gas pipeline infrastructures. This 

strategy, however, necessitates dilution of hydrogen by blending it with natural gas as the hydrogen 

can embrittle existing pipeline materials. An electrochemical hydrogen pump (EHP) is a separation 

platform capable of de-blending hydrogen from natural gas mixtures at end use locations because 

many applications require purified hydrogen. In this work, we deploy high-temperature polymer 

electrolyte membrane (HT-PEM) EHPs to purify hydrogen from dilute hydrogen-natural gas 

mixtures (i.e., 5 to 20 vol% hydrogen). The HT-PEM EHP uses an ion-pair HT-PEM with 

perfluorosulfonic acid-phosphonic acid ionomer blends as electrode binders. Interestingly, we 

observe that activation overpotentials govern HT-PEM EHP polarization when feeding dilute 

hydrogen mixtures. We ascribe this observation to interfacial mass transfer resistance of hydrogen 

through the ionomer binder to the electrocatalyst surface resulting in a lower surface concentration 
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of hydrogen and a lower exchange current density. Pressurizing the anode to 1.76 barabs 

ameliorates the interfacial mass transfer resistance and enabled us to achieve an EHP limiting 

current of 1.4 A cm-2 with a 10 vol% of hydrogen in natural gas feed. This configuration also 

pressurized the hydrogen at the cathode to 2.51 barabs. The HT-PEM EHP showed a small 

degradation rate, 44 µV h-1, during a 100-hour durability test purifying 10 vol% hydrogen-natural 

gas feed mixtures to 99.3 vol% hydrogen.   

 

Introduction 

 Hydrogen usage is anticipated to grow at a rapid pace as it is an important chemical for 

decarbonizing industry, assisting with seasonal energy storage, and powering fuel cell engines 

used in heavy-duty vehicle transportation.1 The first EarthshotTM announced by the U.S. 

Department of Energy aims to reduce costs for producing clean hydrogen to $1 per kg within a 

decade.2 However, green hydrogen production costs in 2023 hover around $4 per kg.3 

One overlooked consideration in the adoption of clean hydrogen is the costs associated 

with hydrogen storage and distribution – which are on par with today’s green hydrogen production 

cost.4 Alleviating hydrogen distribution costs can be achieved via pipeline transport, but building 

out new pipeline is a large upfront investment and a timely endeavor – especially since permitting 

is required to build pipeline over large distances. It has been proposed to use the existing natural 

gas pipeline infrastructure for transporting hydrogen because there is about 3 million miles of 

natural gas distribution pipelines in the United States5 carrying 27.6 trillion cubic feet (Tcf)6 of 

natural gas. Other common methods to store hydrogen include storage using sorbents7, metal 

hydrides8, and liquid organic hydrogen carriers (LOHCs)9. However, storage of hydrogen using 

these technologies is limited by either large-scale use (material saturation) or converting hydrogen 
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to another form, such as ammonia, methanol, or methylcyclohexane, which requires additional 

processing.10 

There are several challenges in storing and transporting hydrogen in the natural gas 

pipeline. The biggest concerns are hydrogen leakage from the pipeline and embrittlement of 

natural gas pipeline materials.111 Coating the pipeline with polyethylene has been proposed to 

ameliorate the embrittlement problem12, however, the effect of hydrogen on polyethylene is not 

fully understood at high pressures and exposure over long time.13 Diluting the hydrogen can 

mitigate embrittlement, but end users of the transported hydrogen require high purity for their 

operations. It has been proposed to purify hydrogen from dilute hydrogen-natural gas mixtures at 

end point uses using an electrochemical hydrogen pump (EHP). This technology is electrified and 

contains no moving parts and can co-currently pressurize the purified hydrogen at the cathode14. 

The latter step reduces the energy burden on a downstream compressor. EHPs were first developed 

by General Electric15 and their variant used perfluorosulfonic acid (PFSA) proton exchange 

membranes. However, PFSA membranes require humidification for proton transfer; and the 

natural gas pipeline does not control humidity in the gas mixture. There have only been a few 

demonstrations of separating hydrogen from methane or natural gas mixtures with EHPs – many 

of of which use low temperature proton exchange membrane (LT-PEM).16-19 Nonetheless, the 

previous works neither purified hydrogen from a dilute hydrogen-natural gas mixtures (less than 

10% as needed in natural gas pipeline) while also achieving a current density value of 1 A cm-2. 

The latter attribute is necessary to reduce the EHP system size and captial cost. Alternative 

separation units for purifying hydrogen include pressure swing and temperature swing adsorption20 

units and palladium membranes21, but these unit operations place a bigger burden on downstream 

compressors because they cannot perform simultaneous separation and compression like an EHP. 
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Figure 1a shows a conceptual design for storing and distributing hydrogen in natural gas 

pipeline and purifying it via an EHP. Figure 1b illustrates the experimental high-temperature 

polymer electrolyte membrane (HT-PEM) EHP setup used in this work to purify hydrogen from 

diluted hydrogen-natural gas mixtures. This Figure shows the mass flow controllers to mix 

hydrogen and natural gas to generate feed compositions for the anode and it also shows the on-line 

micro gas chromatography (GC) system used to measure the cathode effluent composition.  Figure 

1c conveys the ion-pair HT-PEM and electrode binder material chemistries used in the EHP.  

 

 

 

a

. 
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Figure 1. (a) An illustrated concept conveying distribution of hydrogen in the natural gas 

pipeline by blending it with natural gas and purifying it at end use points using an 

electrochemical hydrogen pump (EHP). (b) A high-temperature polymer electrolyte membrane 

(HT-PEM) EHP experimental setup with hydrogen mixed with natural gas to feed into the anode 

of the EHP. The on-line micro GC measures the cathode’s effluent composition. (c) The 

chemical structures of the ion-pair HT PEM and electrode binders used in the EHP for this work. 

 

The emergence of ion-pair HT-PEMs22, 23 with electrode binders consisting of phosphonic 

acid ionomer24 and perfluorosulfonic ionomer blends25 has led to remarkable achievements in HT-

PEM fuel cells and EHP performance. HT-PEM systems with these materials can operate over a 

wide temperature range, such as room temperature to 200 C26, without external humidification to 

facilitate proton conduction. Because the hydrogen-natural gas mixtures will not contain water, or 

will have small amounts of water vapor present, it is important to leverage a separation platform 

that does not require humidification of the feed gas stream. In our previous work27, we 

demonsrated an EHP that achieved 5.1 A cm-2 at 0.4 V when using a pure hydrogen feed and 

electrode binders consisting of poly(pentafluorostyrene-co-tetrafluorostyrene phosphonic acid) 

(i.e., PTFSPA) blended with Aquivion® (a short-side chain perfluorosulfonic acid (PFSA) 

ionomer). This study also used an ion-pair HT-PEM. Furthermore, this work showed that electrode 

binder ionomers consisting of PTFSPA blended with Aquivion® gave the best EHP performance 

and proton conductivity when compared to other phosphonic acid ionomers (such as poly(vinyl 

phosphonic acid) and poly(vinyl benzyl phosphonic acid) blended with Aquivion® or PTFSPA 

blended with NafionTM. The addition of PFSA to phosphonic acid ionomers in electrode layers not 

only promoted proton conductivity, but also enhanced electrode kinetics and hydrogen gas 

diffusivity.  

In this work, we purified hydrogen from dilute hydrogen (5, 10, and 20 vol%)-natural gas 

feed mixtures to 99.3 vol% using an EHP containing an ion-pair HT-PEM and phosphonic acid 
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ionomer-PFSA ionomer blends as electrode binders. We chose this hydrogen concentration in 

natural gas range because it represents that values that will be acceptable for storing and 

distributing hydrogen in the natural gas pipeline. Table S1 lists the volume composition of natural 

gas components before blending with hydrogen. The methane content in the natural gas used in 

this work is typical of the natural gas found in the field - which ranges from 87% to 97%.19, 28 

Using electrochemical impedance spectroscopy (EIS), we unexpectedly observe that charge-

transfer kinetics with different hydrogen feed concentrations has the biggest impact on cell 

polarization. It was initially posited that diluting the hydrogen content further would cause large 

increases in the electrode diffusion resistance; however, the changes in charge-transfer kinetic 

resistances were much greater than the changes in diffusion resistances. We ascribe these 

observations to interfacial hydrogen transport resistances from the gas phase through the ionomer 

to the electrocatalyst surface. The interfacial mass transfer resistances were reduced by 

pressurizing the anode to 1.76 barabs allowing the EHP to operate at 1.4 A cm-2 (limiting current) 

with a 10 vol% hydrogen-natural gas mixtures while purifying the hydrogen to > 99.2 vol%. We 

also show that the EHP is stable for 100 hours at 200 C for purifying hydrogen from 10 vol% 

hydrogen-natural gas mixtures with no performance loss.  
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Figure 2. (a) EHP polarization curves for the different H2-NG mixtures and pure H2 at 200 °C; (b) 

EIS with DC bias of 0.05V at T = 200 °C with H2-NG mixtures and pure H2; (c) EIS with DC bias 

of 0.55V at T = 200 °C with H2-NG mixtures and pure H2; (d) Warburg plot showing the diffusion 

resistance (σ) calculated from the Nyquist plots in (c). 

 

Figure 2a presents the polarization curves of the EHP at 200 °C with an ion-pair HT-PEM 

and phosphonic acid ionomer-PFSA ionomer blend electrode binders with different dilute 

hydrogen-natural gas (H2-NG) feed mixtures to the anode and a control case of pure hydrogen to 

the anode. No back pressure was applied to the anode or the cathode in these experiments. The 

pure hydrogen polarization curve data was reported in our previous work.27 The polarization 

curves at different cell temperatures, 120 °C and 160 °C, are provided in Figures S2a and S3a. 

The polarization data in Figures 2a, S3a, and S4a demonstrate that the cell polarization increases 

when feeding more dilute hydrogen-natural gas mixtures. We anticipated this effect for two 
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reasons: i) the Nernst equation predicts that the minimum cell voltage needed for purifying the 

hydrogen increases when starting with a more dilute feed on the anode side while maintaining 

approximately the same purity and partial pressure of hydrogen on the cathode side and ii) we 

anticipated greater diffusion resistance within the porous anode when feeding more dilute 

hydrogen. The purity of the hydrogen exiting the cathode of the EHP was analyzed using micro-

GC and the results of the cathode gas effluent composition is shown in Table 1. The purity was 

analyzed at two different current densities: one at a lower current density and other near the 

limiting current. The purity of the hydrogen emanating from the cathode was > 99.3vol% at 160 

and 200 °C. At 120 °C, the purity of the hydrogen from the cathode was 99.039 to 99.096 vol%.   

Table 1. Cathode effluent composition from EHP experiments with a 5 vol% H2 and 95 vol% NG 

EHP condition 200°C 160°C 120°C 

Current Density 0.25 A cm-2 0.48 A cm-2 0.1 A cm-2 0.4 A cm-2 0.1 A cm-2 0.3 A cm-2 

H2 99.371 99.356 99.742 99.669 99.096 99.039 

CH4 0.578 0.539 0.112 0.179 0.872 0.81 

N2 0.019 0.02 0.111 0.118 0.008 0.117 

CO2 0.003 0.023 0.022 0.024 0.016 0.024 

C2H6 - 0.006 0.01 0.008 0.005 0.008 

 

EIS was deployed to determine the ohmic, electrode kinetics, and electrode diffusion 

resistances within the HT-PEM EHP when using different hydrogen-natural gas feed mixtures. 

These experiments were performed with different background cell voltages to examine a 

kinetically controlled case and a mass-transfer controlled case. Figure 2b presents the Nyquist 

plot with a 0.05 V cell voltage in the background. Figures S3b and S4b give the Nyquist plots for 

measurements performed at 120 and 160 C, respectively, at the same cell voltage. The Nyquist 

plots in Figures 2b, S3b, and S4b feature semi-circles with no tails in the low-frequency regime 

further supporting the cell is not mass transfer limited. When changing the background voltage to 
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0.55 V, the Nyquist plots (Figures 2c, S3c and S4b) do not show a distinct semi-circle. Rather, 

they display a large tail indicating a diffusion-controlled process. To determine the diffusion 

related resistances with the different feed gases to the anode, Warburg plots (Figures 2d, S3d, and 

S4d) were constructed by plotting Zreal versus the inverse square root of the angular frequency in 

the low frequency regime from the data in Figures 2c, S3c, and S4c. The slope of the lines in the 

traces of Figures 2d, S3d, and S4d correspond to the diffusion related resistances. 

 

Figure 3. Extracted resistance values from the cell using EIS as a function of temperature and H2 

feed concertation: (a) ohmic (RΩ), (b) charge-transfer (Rct), and (c) diffusion related resistances; 

(d) Electrode structure showing the effect of using H2-NG gas mixtures on H2 concentration at Pt 

catalyst surface along with various interfacial resistances for H2 transport. 
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Figures 3a, 3b, and 3c present the ohmic resistance (RΩ), charge-transfer resistance (Rct), 

and diffusion resistance (σ) values determined from EIS for each feed gas mixture concentration 

and cell temperature evaluated. Increasing the cell temperature reduced each of the said resistances 

resulting in the reduced polarization (Figs 2a, S3a, and S4a). Notably, the diffusion resistance for 

the extreme case of comparing pure hydrogen to 5 vol% hydrogen in natural gas went up by 1.5x 

to 2x at 200 C and 160 C, respectively, while the charge-transfer resistance went up 3x at 200 

C and about 5x at temperatures 120 C and 160 C. The ohmic resistance showed the least change 

when switching from pure hydrogen to dilute hydrogen feed mixtures: 1.2x to 1.4x across the 

temperature range.  

We originally posited that the largest changes in cell resistance would hail from diffusion 

related resistance when reducing the hydrogen concentration in the anode feed. Concentration 

polarization is largely governed by the concentration of the reactant. However, Figure 3 clearly 

demonstrates that charge-transfer resistance values increased the most when lowering the 

hydrogen concentration in the feed. Charge-transfer resistances are largely ascribed to reaction 

kinetics and are inversely commensurate to the exchange current density of the electrodes29 when 

the cell or working electrode is at low overpotentials. The exchange current density evaluated from 

the charge transfer resistance are shown in Figure S4 in the SI. Because > 99% hydrogen is being 

produced at the cathode, the anode will have the largest contributor to the charge-transfer 

resistance. The exchange current density is often described as a proxy for the reaction rate 

coefficient, but the derivation of the Butler-Volmer equation clearly shows that the exchange 

current density is commensurate to the reaction rate coefficient multiplied by the surface 

concentration of the reactant. We surmise that the large increases in charge-transfer resistance with 
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lower concentrations of hydrogen in the natural gas mixture hails from interfacial mass transfer 

resistances from the gas phase in the porous electrode through the ionomer to the electrocatalyst 

surface (Figure 3d). The lower concentration of hydrogen in the gas phase gives a smaller 

concentration gradient between gas in the porous electrode to the electrocatalyst surface. This leads 

to a smaller surface concentration of hydrogen at the ionomer-electrocatalyst interface as shown 

in Figure 3d and a lower exchange current density value and an increase in charge-transfer 

kinetics.   

Finally, it is worth pointing out that the ohmic resistance (RΩ) underwent a slight increase 

(in all cases but one) when diluting the hydrogen concentration in the feed gas. We originally 

anticipated no changes in the ohmic resistance of the cell when changing the composition of the 

feed gas. We surmise that the hydrogen concentration in the gas feed will alter the proton activity 

in the anode affecting the anode proton conductivity and ohmic resistance. This motivates future 

work to examine these ionomer material’s proton conductivity as a function of hydrogen content 

in the gas feed.   
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Figure 4. (a) EHP polarization curves of 10 vol% H2-NG mixture with no back pressure applied, 

back pressure applied to the cathode only, and back pressure applied to the anode and cathode 

(1.76 barabs and 2.51 barabs, respectively); (b) EIS with a back ground voltage of 0.05 V for the 

said experiments with different back pressures; (c) EIS with a background voltage of 0.55V for 

the said experiments; (d) Warburg plot showing the diffusion resistances (σ) when applying 

backpressure and no back pressure on the cell.  

 

Because we hypothesized that interfacial mass transfer resistance values affect charge-

transfer kinetics in the anode, we performed EHP experiments with back pressure on the anode 

and compared it against control experiments with no back pressure on the cell and back pressure 

on the cathode only. The feed gas and cell temperature remained constant in these experiments: 10 

vol% hydrogen-natural gas and T = 200 C. Many EHP demonstrations pressurize the cathode as 

downstream use of the purified or recovered hydrogen needs to be pressurized; otherwise, the 

energy use on the downstream mechanical compressor is very high (i.e., the energy use on the 

downstream mechanical pressure can be reduced by partially pressurizing the purified hydrogen 
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emanating from the cathode). Our current hardware prevents us from applying back pressure 

greater than 2.51 barabs. Furthermore, a partial compression of the hydrogen emanating from the 

cathode reduces the energy burden on the downstream compressor. Figure 4a shows the EHP 

polarization for the control cases of no back pressure applied on the anode and cathode and 2.51 

barabs on the cathode only (conventional use of EHP). This Figure also presents the polarization 

data when applying 1.761 barabs on the anode and 2.51 barabs on the cathode. Comparison of the 

two control cases shows that increasing cathode back pressure with no back pressure on the anode 

increases cell polarization. Pressuring the anode while also pressurizing the cathode to a higher 

value (which was done to avoid a Galvanic cell30) reduced cell polarization and increased the 

limiting current density.  

EIS was performed with two different voltages in the background to assess changes in the 

cell resistance values when changing the back pressure on the anode and/or cathode. Figure 4b 

shows that pressurizing the anode reduces the charge-transfer resistance by 40% when compared 

to the two cases. Interestingly, the imaginary values for the control case of no back pressure on 

both electrodes were 2x to 3x larger near the apex than back pressure on the cathode. However, 

the real part of the traces where it almost crosses the x-axis a second time is the same (i.e., similar 

charge-transfer resistances values). The origins the change in the imaginary part of the semi-circles 

for the two control cases will be part of a future study looking at the impedance spectra more 

rigorously. The imaginary values can be related to the capacitive behavior of the cell.    

Figure 4c presents the Nyquist plots for the EHP with different back pressure values on 

the cell with a background voltage of 0.55 V. This voltage was selected because it is at the limiting 

current of the cell – signaling that the anode is mass transfer limited. The Warburg plots given in 

Figure 4d were constructed from the data in Figure 4c to assess diffusion resistances in the 
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electrode. Diffusion resistance values were reduced 13 to 18% when applying back pressure on 

the anode when compared against the two control cases. The results from Figure 4 demonstrates 

that applying anode back pressure has a profound impact on reducing charge-transfer resistances 

(40% reduction) while a smaller effect on diffusion resistances in the anode (13 to 18% reduction). 

This provides evidence that interfacial mass transfer resistance of hydrogen through the ionomer 

binder governs EHP polarization when purifying hydrogen from dilute natural gas mixtures.  

The interfacial mass transfer resistance arises from poor permeability of hydrogen across 

the high-temperature ionomers used in this study. This large interfacial resistance does not occur 

with hydrogen in PFSA ionomers used in low-temperature systems that are well-hydrated. 

Permeability is the product of the gas solubility in the material multiplied by its diffusion 

coefficient (assuming the solution-diffusion model). Hydrogen diffusivity and solubility values 

become larger in PFSA ionomers when increasing hydration31. The HT-PEM EHP and feed gases 

do not contain water. Hence, we posit that the non-hydrated ionomer blend used in this work may 

have poor hydrogen solubility and diffusivity. This motivates future work to study the said 

properties in high-temperature ionomers. Another potential reason for the large interfacial 

resistances observed could hail from phosphoric acid in the electrode layers. In HT-PEM fuel cells, 

phosphoric acid migrates from the membrane host to the porous electrodes32. Ion-pair HT-PEMs 

significantly curb the amount of acid leaching when compared to the conventional PBI variant. 

However, it is worth pointing out that a fuel cell generates water at the cathode and that water 

within the cathode can supplant acid from the membrane host to the electrode. The EHP is not 

generating water and has no water in the gas feed. Therefore, there could be less phosphoric acid 

redistribution in EHPs.  
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Figure 5. (a) HT-PEM EHP stability test at 200 °C and a constant current density of 1A cm–2 with 

10% H2-90%NG mixture feed to the anode. (b) HT-PEM EHP polarization at 200 °C with 10% 

H2-90% NG mixture before and after the 100-hour stability test. 

 

 

The final experiments examined the durability of the EHP for purifying hydrogen from 10 

vol%-natural gas feeds. The durability occurred at 200 °C at a constant current density of 1A cm–

2 for 100 hours. Figure 5a shows the cell voltage versus time, while Figure 5b gives the 

polarization curve before and after the test. The cell voltage degradation rate was 44 µV h-1. The 

changes in polarization curve from beginning of life to after the durability test was about 3.5% 

reduction in current density for a given cell voltage. The hydrogen purity emanating from the 

cathode was >99.5 vol% at the 64 hour and > 99.4 vol% at 99 hour time points during the durability 

test. Future experiments will explore thicker membranes or a multistage EHP setup to generate 

ultra-pure hydrogen (>99.99%). Overall, an HT-PEM EHP with an ion-pair membrane and 

PTFSPA-Aquivion® as electrode binders is effective for purifying dilute hydrogen from natural 

gas mixtures over a long period of time.  
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In summary, a HT-PEM EHP was used to purify hydrogen from dilute hydrogen-natural 

gas mixtures at 5 vol%, 10 vol%, and 20 vol% in the feed mixtures. This platform is envisioned to 

provide end users purified hydrogen when delivered as a dilute gas in the natural gas pipeline. For 

the three different feed mixtures, the EHP purified the hydrogen from the gas mixtures to > 99.09 

vol%. By comparing the cell polarization and various resistances extracted from EIS, we 

unexpectedly observed that reducing the hydrogen concentration in the feed substantially increases 

the charge-transfer resistance. This effect was attributed to interfacial mass transfer resistance of 

the hydrogen across the ionomer binder to the electrocatalyst surface. The interfacial mass transfer 

resistance was curbed by applying back pressure to the anode, and this led to an EHP with a large 

limiting current of 1.4 A cm-2 when feeding 10 vol% hydrogen in natural gas. The EHP showed a 

small degradation rate (44 µV h-1) over a 100 hour durability test at T = 200 C when purifying a 

10 vol% hydrogen-natural gas mixture to greater 99.4 vol% hydrogen.   
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