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ABSTRACT: Conventional hydrogen separations from reformed
hydrocarbons often deploy a water gas shift (WGS) reactor to convert
CO to CO,, followed by adsorption processes to achieve pure hydrogen.
The purified hydrogen is then fed to a compressor to deliver hydrogen 15% CO.. 15%
at high pressures. Electrochemical hydrogen pumps (EHPs) featuring CH,, andz’S%NZ/\
proton-selective polymer electrolyte membranes (PEMs) represent an

alternative separation platform with fewer unit operations because they (o, co,, CH,,
can simultaneously separate and compress hydrogen continuously. In  and/orN, R_)
this work, a high-temperature PEM (HT-PEM) EHP purified hydrogen
to 99.3%, with greater than 85% hydrogen recovery for feed mixtures N
containing 25—40% CO. The ion-pair HT-PEM and phosphonic acid :
ionomer binder enabled the EHP to be operated in the temperature

range from 160 to 220 °C. The ability to operate the EHP at an elevated temperature allowed the EHP to purify hydrogen
from gas feeds with large CO contents at 1 A cm ™. Finally, the EHP with the said materials displayed a small performance loss
of 12 uV h™" for purifying hydrogen from syngas for 100 h at 200 °C.
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atural gas prices over the past 15 years have and some carbon dioxide (CO,). It is important to note that

| \ | experienced a precipitous drop due to innovations numerous chemical processes’ use hydrogen from SMR, e.g,

made in fracking technology and the extraction of ammonia production for fertilizers by the Haber—Bosch

this resource from shale layers." The 32% reduction in CO, process, desulfurization in petrochemical processes, metal

emissions from the electric power sector in the United States refining, chemical hydrogenation, and semiconductor manu-

since 2005 is largely attributed to natural gas supplanting coal facturing. The hydrogen used in these processes often requires
for burning in thermal electric plants, as it is cheaper and a separation from syngas.

cleaner fuel.” However, natural gas combustion still yields CO,, Conventional hydrogen separations encompass several

a greenhouse gas (GHG) and a large contributor to climate different methods® such as cryogenic cooling,” thermal metal

disruption. Meeting the ambitious goal of a 50% reduction in 1

GHG emissions by 2030, as outlined by the Biden
Administration,® or the 2016 Paris Agreement4 to limit global
temperature increases below 2 °C requires the continued
adoption of renewable energy sources, such as solar, nuclear,
and wind; the proliferation of energy storage technologies,
such as batteries; and the implementation of blue, green, and
pink hydrogen as energy vectors and chemical feedstocks in the
global economy. As renewables displace natural gas as an
energy source, there is still significant value in harnessing
natural gas as a source of carbon and hydrogen for chemical

hydride adsorption,'’ pressure swing adsorption,'' and
palladium membranes.'” Electrochemical hydrogen pumps
(EHPs)"® featuring proton-selective polymer electrolyte
membranes (PEMs) represent an alternative separation
platform that can simultaneously separate and compress
hydrogen continuously. Adsorption processes do not operate
continuously because they saturate and require regeneration.
Palladium membranes require temperatures over 350 °C for
hydrogen separation, and they cannot be used for compression.

manufacturing (e.g., surfactants and plastics) and the Received: January 4, 2022
production of fuels.® Accepted: March 4, 2022
Over 90% of hydrogen used in the United States is derived Published: March 11, 2022

from steam methane reforming (SMR).6 The SMR process
uses natural gas as a feedstock and generates syngas, a mixture
that primarily consists of hydrogen, carbon monoxide (CO),
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Figure 1. (a) HT-PEM EHP experimental setup that can purify hydrogen from several types of hydrogen mixtures containing CO, CO,, CH,,
and N,. (b) The chemical structures of the ion-pair HT-PEM and electrode ionomer binder. PTFSPA = poly(tetrafluorostyrene phosphonic

acid-co-pentafluorstyrene), a random copolymer.

EHPs were originally developed by General Electric'* with
the emergence of perfluorosulfonic acid (PFSA) membranes,
such as Nafion, and have been used for hydrogen compression
and reuse in various industrial settings.'> PESA membranes do
not function over 100 °C because they need condensed water
within the membrane to mediate proton conduction.'’
Platinum electrocatalysts are the choice materials for the
hydrogen oxidation reaction (HOR) and the hydrogen
evolution reaction (HER) in EHPs that operate under acidic
conditions. Reformed natural gas and other fossil fuels,
however, contain CO that strongly adsorbs to platinum at
low temperatures, making low-temperature PEM EHPs
ineftective for hydrogen separations of gas mixtures containing
CO. Concentrations of CO at 100 ppm or less are known to
incur significant overpotentials that hamper the performance of
EHPs.'***

High-temperature polymer electrolyte membranes (HT-
PEMs) based on phosphoric acid (H;PO,) imbibed
polybenzimidazole (PBI) enable EHP operation at elevated
temperatures (e.g, 180 °C) for hydrogen separations of
mixtures containing CO.'""*® However, there have been limited
demonstrations of EHPs using PBI-H,PO, separators for
hydrogen separations. To date, these HT-PEM EHP studies
have only processed hydrogen up to 3% CO at 1.6% RH and
160—200 °C. Operating the EHP at high temperatures (200—
250 °C) significantly improves the Pt catalyst’s tolerance to
CO and other impurities in the inlet gas stream, eventuating in
the better utilization of the Pt catalyst for carrying out the
hydrogen separation. Commercial PBI from Fumatech is
unstable at temperatures above 180 °C for extended periods of
time because H;PO, evaporates from PBL'®*’ Additionally,
PBI membranes have low stabilities under high inlet
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stoichiometric flow rates, hence reducing the tolerance to
higher CO concentrations in the inlet anode feed.

Ion-pair HT-PEMs based on H;PO,-imbibed polycations
(or polycation—PBI blends) have shown superior performance
compared to PBI-H;PO, as they are stable in the presence of
water vapor (e.g.,, 40% RH at 80 °C) and at temperatures high
as 240 °C while also providing excellent proton conductivities
(2025 S cm™!, ASR < 15 mQ cm?).”*° The remarkable
performance of the ion-pair HT-PEMs is attributed to cation
moieties in the polymer host that anchor phosphate anions,
mitigate the loss of H;PO, from the polymer under challenging
conditions, and spur greater hydrogen bonding frustration of
the imbibed H;PO,, which fosters proton conduction. Pairing
the ion-pair HT-PEMs with electrodes that featured poly-
(tetrafluorostyrene phosphonic acid-co-pentafluorostyrene)
(PTFSPA) ionomer binders resulted in remarkable fuel cell
performance,”’ e.g., a power density up to 1.7 W cm™2. Mixing
the PTFSPA with Nafion as the electrode binder resulted in a
fuel cell peak power density of 2 W cm™ at 200 °C with
hydrogen and oxygen.””

In our previous work,”® we showcased the advancement of
hydrogen reaction kinetics and gas permeability using
phosphonic acid-functionalized polymer electrolytes, PTFSPA,
compared to conventional those of H;PO,-doped polycation
electrolytes using a nanostructured electrocatalyst. The use of
phosphonic acid ionomer binders over H;PO,-doped polycat-
ion electrolytes not only facilitated a better fuel cell power
density”' but also showed a EHP with a very low polarization
(1 A cm™ at 55 mV)*>® when pure hydrogen was used. The
PTESPA binders enable better performance because they
promote hydrogen gas permeability and contain less
phosphate-type anions, which are known to interfere with
the platinum electrocatalyst.

https://doi.org/10.1021/acsenergylett.1c02853
ACS Energy Lett. 2022, 7, 1322—-1329
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This work demonstrates an EHP for purifying hydrogen to
>99.3% from reformed hydrocarbon mixtures (e.g., gases that
contain 3%, 25%, and 40% CO) and water gas shift (WGS)
reactor effluent mixtures (20 ppm CO). The EHP used an ion-
pair HT-PEM and PTFSA electrode binders. The polarization
behaviors of the HT-EHPs were tested at high temperatures
from 160 to 220 °C with 0% RH. The work is motivated by the
fact that 90% of hydrogen today is attained from steam
reforming methane found in natural gas, leading to a sizable
CO concentration (often over 20 mol %). With the advent of
ion-pair HT-PEMs and PTESPA ionomer electrode binders
that are thermally stable at temperatures up to 250 °C, it was
posited that a HT-PEM EHP could be operated at temper-
atures greater than 200 °C for the first time by curtailing CO
adsorption on the platinum electrocatalyst, which hinders the
performance of the EHP. At 220 °C, the impact of CO on
EHP cell polarization was minimized and the polarization of
the EHP cell was governed by the hydrogen concentration in
the anode feed. Furthermore, the hydrogen purity (HP),
hydrogen recovery rate (HRR), power consumption, and
power efficiency of syngas mixtures and WGS effluents were
tested. The EHP featuring the ion-pair HT-PEM and PTFSA
electrode binders had a HP greater than 99.3%, with a HRR
greater than 93% in separating syngas and WGS effluents at
200 °C. The ion-pair HT-PEM and PTFSPA electrode binders
were stable for 100 h at 200 °C for purifying hydrogen from
syngas at 0.25 A cm™?, with a cell voltage loss of 12 uV h™".

Figure la depicts the experimental setup of several gas
mixtures containing hydrogen plumbed to a single-cell HT-
PEM EHP unit. The four gas mixtures were (i) syngas (25%
H,, 40% CO, 15% CO,, 15% CH,, and 5% N,), (ii) reformate
1 (75% H, and 25% CO), (iii) reformate 2 (30% H, and 3%
CO with a N, balance), and (iv) a WGS effluent (76% H,, 20%
CO,, 5% CH,, and 20 ppm CO). The EHP’s performance with
the various gas mixtures was benchmarked against pure
hydrogen data from our previous work.”> Model reformate
mixture compositions, namely, reformate 1 and reformate 2,
were selected based on literature precedent.'®** These
mixtures represent compositions from reformed methanol or
other hydrocarbons. The syngas mixture used in this work is a
challenging mixture for hydrogen separations via an EHP
because of the large CO content (in this case 40%). However,
most of the global hydrogen demand is satisfied from SMR and
thus the separation platform for purifying hydrogen needs to
tolerate sizable CO concentrations. To deal with the CO, a
WGS reactor is often employed to oxidize the CO to CO,, a
species that interferes less with platinum electrocatalysts and is
less toxic. In this work, we show that the HT-PEM EHP can
purify hydrogen from each of these gas mixtures to >99.3% and
with a HRR over 93%. Adopting materials that enable higher
temperature operation (e.g, 200—220 °C) substantially
reduces the polarization for separation and enables higher
current density operation (ie, a greater flux of purified
hydrogen).

The chemical structures of the ion-pair HT-PEM and the
ionomer electrode binder used in the EHP are shown in Figure
1b. The HT-PEM is quaternary benzylpyridinium poly(arylene
ether sulfone) blended with PBI imbibed with H;PO, (QPPSf-
PBI H,PO,). In our previous work,”’ ion-pair HT-PEM
displayed a high proton conductivity (>250 mS cm™) and
stability at 220 °C. The PTFSPA binder does not contain any
liquid acid and demonstrates a proton conductivity of 2 mS
cm™! without activation.”” Activating PTESPA with a small

1324

amount of Hy;PO, enhances its conductivity to 60 mS cm™.

The gas diffusion electrodes (GDEs) used in the EHP feature
platinum nanoparticles decorated on high-surface-area graph-
itic carbon with a PTFSPA binder. The platinum loading in the
anode and cathode was 1 mgp, cm™ This platinum loading is
identical to other HT-PEM EHP reports that used BASF
electrodes.'”"®

Figure Sla—e corresponds to the steady-state EHP polar-
ization curves with different hydrogen gas mixtures (or pure
hydrogen) at 160, 180, 200, and 220 °C. In each of these
panels, the polarization was reduced when the cell temperature
moved from 160 to 220 °C. The reduction in polarization was
more prominent for the gas mixtures that contained 25—40%
CO (e.g, reformate 1 and syngas). For the syngas feed that
contained 40% CO, the EHP with the ion-pair HT-PEM and
GDEs with PTFSPA binders operated at 1 A cm > and 0.4 V
when the cell temperature was 220 °C. Temperature had a
large impact on EHP performance, especially with syngas feds.
The cell voltage was reduced by 0.97 V when the cell
temperature moved from 160 to 220 °C when the cell was
fixed at 0.3 A cm™ The same increase in cell temperature for
purifying hydrogen from reformate 1 at 0.5 A cm ™ resulted in
a cell voltage drop of 0.2 V. The reduction in polarization for
syngas at temperatures greater than 200 °C could be attributed
to (i) the higher proton conductivity of the PTFSPPA and
HT-PEM materials, (ii) greater hydrogen diffusivity across the
PTESPA electrode ionomer binder that covers the electro-
catalyst, and (iii) the reduced CO adsorption on Pt leading to
improved HOR and HER kinetics.

The concentration of hydrogen in the gas mixture fed to the
anode also had a profound impact on polarization. Panels a
and b in Figure 2 compare the polarization curves for the
various gas mixtures at 220 and 200 °C, respectively.
Interestingly, the syngas and reformate 2 curves in Figure 2a
almost overlap at 220 °C despite the syngas having 13X more
CO (40% versus 3% in reformate 2). Similarly, the traces in
Figure 2a for reformate 1 and the WGS effluent also practically
overlapped even though reformate 1 had significantly more
CO (25% versus 0.02%, respectively). It is important to note
that the hydrogen concentrations of syngas and reformate 2
range from 25% to 30% and their polarization curves are close
to each other. Similarly, the hydrogen concentrations for
reformate 1 and the WGS effluent range from 75% to 76% and
their polarization curves are about the same. Figure 2a conveys
that the polarization behavior is a stronger function of the
hydrogen content in the gas mixture and that CO has a small
impact on polarization. For the data sets at the next-lowest
temperature (i.e,, 200 °C), there is greater separation between
syngas and reformate 2 and between the WGS effluent and
reformate 1 because there is more CO in syngas than
reformate 2 and more CO in reformate 1 than the WGS
effluent. The salient observations from Figure 2a and b signal
the following: (i) operating the HT-PEM EHP at 220 °C
minimizes the impact CO has on the EHP’s performance and
(ii) the polarization of the EHP is a strong function of the
hydrogen content in the mixture. With respect to point ii,
Nguyen™ observed a relationship between low-temperature
PEM EHP polarization and the hydrogen content in the anode
feed (balanced by argon gas). The greater EHP polarization
with a lower hydrogen content in the anode is attributed to
increase in the Nernstian potential in addition to larger
concentration overpotential and activation overpotential
values. Furthermore, the lower partial pressure of hydrogen

https://doi.org/10.1021/acsenergylett.1c02853
ACS Energy Lett. 2022, 7, 1322—-1329
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Figure 2. EHP polarization curves for the different gas mixtures
and pure H, at (a) 200 and (b) 220 °C. The traces in panel a
demonstrate that the polarization is governed by the H,
concentration in the anode, as syngas and reformate 2 contain
25% to 30% H, respectively, and WGS effluent, and reformate 1
contain 75—76% H,. At 200 °C, a slightly lower temperature, the
polarization behavior is also a function of the H, content in the gas
feed, but gas streams for almost the same H, contents show greater
polarization if they contain more CO. (c) Cell voltage at 0.5 A
cm™2 vs the CO content in the H, gas mixture. The gas mixture
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Figure 2. continued

with 40% CO is syngas. The gas mixture with 25% CO is reformate
1. The gas mixture with 3% CO is reformate 2. The gas mixture
with 20 ppm is the WGS effluent. At 220 °C, the cell polarization
behavior is only affected by 90 mV or less when the CO content is
varied from 40% to 0%. Conversely, there is an over 1 V difference
between the 40% and 0% CO concentrations at 160 °C.

in the anode causes greater mass transfer resistance and leads
to a lower hydrogen permeability across the ionomer binder.
The exchange current density is a function of the
concentration of the reactant at the electrocatalyst surface;
thus, a lower hydrogen content in the bulk will lower the
exchange current density and increase the activation over-
potential.

To reinforce the observations from Figure 2a and b, Figure
2¢ plots the cell voltage at 0.5 A cm™ versus the CO
concentration in the mixture for different cell temperatures.
Driving the cell temperature from 160 to 220 °C flattens the
cell voltage values across the different CO concentration
values. Increasing the cell temperature reduces the propensity
of CO to adsorb on the PGM surface in the anode and block
catalyst sites for the HOR. Panels a—c in Figure 2 convey that
increasing the cell temperature from 160 to 220 °C minimized
the impact CO had on the EHP polarization.

Table 1 demonstrates that over 99.3% hydrogen gas was
generated at the cathode for each gas mixture. For the
challenging syngas separation, only 0.3% CO showed up in the
cathode effluent despite 40% CO being present in the anode
gas stream. The composition of the cathode effluent was
examined at two different steady-state current density values
(025 and 1 A cm™2). The current density had a negligible
effect on the cathode composition. Overall, the HT-PEM was a
good barrier to contaminants and fostered over 99% purity at
the cathode. Table 2 presents the hydrogen recovery rate
(HRR), power efficiency, and power consumption from HT-
PEM EHP experiments with different hydrogen gas mixtures at
200 °C and at two different steady-state current density values
(025 Aand 1 A cm™2). These data were analyzed at T = 200
°C for comparison against other EHP data in the literature.'”'®
The large power efficiency (%) of the HT-PEM EHP is
attributed to the reduction in CO adsorption and the improved
HOR and HER kinetics at 200 °C. The HRR, power efficiency,
and power consumption were calculated using eqs S1-S3.
Most literature data for HRR and HP are for purifying
hydrogen from WGS effluents and the use of pressure swing
adsorption (PSA) and EHP units. Figure S2 compares the
HRR and HP data from this work against other peer-reviewed
data from the literature.'”>~** The ion-pair HT-PEM EHP in
this work represents the largest HRR value to date (98.84%). It
is important to note that the data analyses were performed at
200 °C because the QPPS{-PBI H,PO, ion-pair HT-PEM
experiences a mechanical failure under compression at 220 °C
within 30 h,”° and other data in the literature for
benchmarking are only available at 200 °C. The ion-pair
HT-PEM was previously shown to be stable in the temperature
range for 180 to 200 °C for over 80 h in a fuel cell device.”’

Figure S3 compares the EHP polarization data attained from
this work against literature data obtained using a PBI-type
separator when hydrogen was purified from reformate 2 and a
WGS reactor effluent. These gas streams contain 3% CO and
20 ppm of CO, respectively. The EHP with the ion-pair HT-

https://doi.org/10.1021/acsenergylett.1c02853
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Table 1. Cathode Effluent Gas Composition at 200 °C from EHP Experiments

gas mixtures syngas reformate 1 WGS reformate 2
current density (A cm™2) 0.25 1 0.25 1 0.25 1 0.25 1
cathode outlet composition
H, (%) 99.36 99.65 99.75 99.84 99.40 99.80 99.78 99.85
CO (%) 0.300 0.205 0.25 0.16 0.0002 0.0025 0.006 0.003
CO, (%) 0.288 0.145 0.339 0.199
N, (%) 0.007 0.005 0.008 0.003 0.378 0.108
CH, (%) 0.051 0.032 0.09 0.07

Table 2. Hydrogen Recovery Rate (HRR), Power Efficiency, and Power Consumption for Purifying Hydrogen from Various

Gas Mixtures Using the HT-PEM EHP at T = 200 °C

gas mixtures syngas reformate 1 WGS reformate 2

current density (A cm™2) 0.25 1 025 1 0.25 1 025 1
hydrogen recovery rate (%) 85.49 93.80 89.66 95.43 93.74 98.84 93.16 96.73
power efficiency (%) 85.63 95.14 89.82 96.41 93.81 99.13 93.24 97.33
power consumption (mW cm™2) 15.5 543 17.4 387 6.73 115 9.16 237

PEM and GDEs with PTESPA binders matched the polar- a) 030 r . . .

ization with state-of-the-art data with a WGS reactor effluent.
Because there are no other HT-PEM EHP studies with ion- 0.25 iy:'g;(‘)so o

pair HT-PEM separators for purifying hydrogen from gas . » .

mixtures containing CO amounts over 3%, Figure S4a and b - i=025A cm

compares the HT-PEM EHP polarization data from this work 2 0201

with syngas against polarization data with a Celazole PBI HT- 2 i

PEM separators at 200 °C. Fumatech PBI separators are no £ 015 12 uV bt

longer commercially available. The Celazole PBI separator was S "

prepared from a dispersion that was attained from PBI = 0.10 _M 1

Performance Products. Compared to the ion-pair HT-PEM, o

greater cell polarization was observed with the PBI HT-PEM, i

highlighting the superiority of the ion-pair HT-PEM for EHPs. 0.05

At 0.5 A cm™? and 220 °C, the cell voltage with the ion-pair

HT-PEM was 600 mV lower when compared to that of the 0.00 . : . : .

PBI HT-PEM. The electrodes were identical for these 0 20 40 60 80 100

experiments. The greater polarization with the PBI separator Time (h)

was attributed to its higher area specific resistance (ASR)

compared to that of the ion-pair HT-PEM (0.23 Q cm? versus b) ) ' ' '

0.02 Q cm?). 061 Syngas 4
Figure 3a reports the change in cell voltage at 200 °C over ® Oh o ]

100 h with a steady-state current hold of 0.25 A cm™ and 031 ® 100h n

syngas feed to the anode. The HT-PEM EHP with an ion-pair S . .' .

HT-PEM and PTFSA electrode binders only displayed an b -

increase of 12 yV h™". During the stability test, simultaneous =3 °"

compression and separation for hydrogen was attempted. The S 1 ° "

cathode back pressure was 207 kPa higher than that of the ; ° " -

anode. However, the low gas flow rate on the cathode made it &} 0.2 °-

difficult to sustain a differential pressure and thus the back e-

pressure was lost at the 42 h time point. Future work will focus 014 e .

on modifying the hardware and setup for simultaneous o=

separation and compression without the addition of a carrier i

gas at the cathode, which would dilute the hydrogen. Figure o o2 o oo o 0

S4c compares the HT-PEM EHP stability using an ion-pair
HT-PEM separator and PBI HT-PEM separator at 200 °C.
The MEA with the PBI HT-PEM initially had a 3X higher cell
voltage at 0.25 A cm ™2, and the cell voltage increased by 3 mV
h™" over 24 h. The EHP with the ion-pair HT-PEM separator
was more stable than the EHP with the Celazole PBI HT-PEM
separator.

The purity of the hydrogen emanating from the cathode
during the 100 h stability test with the ion-pair HT-PEM was
monitored at the 40 h time point and the 100 h time point.

1326

Current density (A cm?)

Figure 3. (a) HT-PEM EHP stability test at 200 °C and a constant
current of 0.25 A cm™> with a syngas feed to the anode. (b) HT-
PEM EHP polarization at 200 °C with syngas before and after the
100 h stability test.

The purity values were 99.5% and 99.4% hydrogen,
respectively, and the CO content in the cathode was under
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0.27%. Table S1 provides the gas composition values collected
at the different time points during the stability test. Figure 3b
compares the polarization curves obtained before the stability
test and those obtained after the 100 h stability test. There is
some performance loss after the stability test, but the average
current density difference for a given cell voltage value is 0.045
A cm™?, a relatively small value given that up 1 A cm™ can be
extracted from the cell.

In summary, Figure 3a and b demonstrates that the EHP
featuring the ion-pair HT-PEM and PTFESPA electrode binders
is stable at 200 °C for 100 h, with a minimal performance loss
of 12 uV h™! for purifying hydrogen from syngas. Additional
investigations will be performed in future work to understand
HOR and HER kinetics and the hydrogen diffusivity as a
function of temperature in porous electrodes with various
binder loadings using systematically controlled dilute hydrogen
gas mixtures balanced with nitrogen. Other practical
investigations will include engineering the membrane electrode
assemblies to achieve higher current density values, greater
hydrogen purity, and large differential pressures.

An EHP with an ion-pair HT-PEM separator and PTFSA
binders in the gas diffusion electrodes purified hydrogen to
99.3% purity from syngas (25% H, and 40% CO) at 1 A cm™>
with a cell voltage of 400 mV. The high current density
operation of the EHP with the challenging gas feed was made
possible by operating the EHP at 220 °C. This is the first
demonstration showing that electrochemical pumping can be
used to purify hydrogen from gas mixtures containing large CO
concentrations at intermediate temperatures and high current
density values. The only other report’> on an EHP for
purifying hydrogen from syngas (64% H,, 32% CO, and 4%
N,) required an operation temperature of 800 °C because it
used an inorganic solid electrolyte that had poor conductivity.
Additionally, the HRR for purifying hydrogen to 99.3% purity
from syngas was 85%, making the EHP a competitive platform
for hydrogen separations from gas mixtures containing large
CO concentrations. Finally, the HT-PEM was stable at 100 h
for purifying syngas at 200 °C and only experienced a minor
loss in performance (e.g., a 12 uV h™" increase under constant
current operation). The ability of the HT-PEM EHP to carry
out challenging hydrogen separations with syngas and
reformates opens future opportunities to convert methane in
natural gas to pure hydrogen without using a WGS reactor for
various downstream processes, such as powering fuel cells,
manufacturing chemicals, and refining metals. Additionally, the
HT-PEM EHP demonstrated here can be useful for purifying
hydrogen from gasified biomass.
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