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ABSTRACT: The possibility of using a nonfluorinated
proton exchange membrane for H2/CO2 separation in an
electrochemical hydrogen pump has been evaluated for the
purpose of reducing cost. A sulfonated poly(ether ether
ketone) (SPEEK)/cross-linked poly(styrene sulfonic acid)
(CrPSSA) semi-interpenetrating polymer network membrane
exhibits a much higher proton conductivity (0.09 S cm−1 at 80
°C) and humidity sensitivity as compared with the pristine
SPEEK membrane. Performance of the hydrogen pump with
the sIPN membrane is investigated in different CO2 contents.
The limiting currents are around 0.5−0.6 A and decrease with
an increase in CO2 content, which indicates the transition of
the dominant resistance from ohmic resistance to mass transport resistance. Energy efficiency of the SPEEK/CrPSSA-based
hydrogen pump is around 30%, which is only slightly lower than that of the Nafion-based hydrogen pump (around 40%)
reported in the literature. The results presented here suggest that a nonfluorinated membrane-based hydrogen pump could be
promising for hydrogen purification.
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■ INTRODUCTION

H2/CO2 separation is an important process to produce
hydrogen, which is one of the clean and sustainable energy
sources. There are several technologies used in industry, such as
amine scrubbing, pressure swing adsorption, cryogenic
separation, and membrane separation.1 Nevertheless, electro-
chemical hydrogen pump is receiving more attention because it
produces pure hydrogen (99.7% and more) in an environ-
mentally friendly way.2 With an external potential applied,
hydrogen in the mixture is oxidized to protons at the anode,
which are transported across the polymer electrolyte membrane
and reduced to hydrogen again at the cathode. Many
investigations reported hydrogen recovery from hydrogen-rich
fuels (H2/N2, H2/CO2/CO, H2/CH2) or hydrogen of low
concentration.3−6 Other advantages for hydrogen pump
separation are related to the ability of compressing hydrogen
up to 50 bar at the cathode and the capture of concentrated
CO2 effluent at the anode without further regeneration.7,8

The significant challenges for hydrogen pump separation are
CO poisoning and cost. Merely trace CO may cause serious
poisoning of the Pt catalyst. Periodic pulsing of the applied
potential and the polybenzimidazole high temperature
membrane (∼160 °C) were proposed to improve tolerance
to CO.9,10 The total cost of the hydrogen pump is mainly the
cost of the catalyst (Pt) and proton exchange membrane
(Nafion). In our previous work, we chose the more abundant

metal Pd as the catalyst for reformate separation and
investigated the electrochemical activity.11 However, to our
knowledge, there are few investigations focusing on the
alternative membranes to Nafion to reduce the cost of
hydrogen pumps.
Nonflourinated proton exchange membranes (PEMs) are

cost-effective membranes. During fuel cells operations, many
nonfluorinated PEMs exhibit high water uptake and com-
parable electrochemical properties as compared with Na-
fion.12−14 Being different from fuel cells, there is no water
produced in the operation of the hydrogen pump. The
hydration of the membranes completely depends on the
external humidification. Therefore, it is necessary to investigate
the performance of nonfluorinated PEMs in hydrogen pump
applications.
In the present study, sulfonated poly(ether ether ketone)

(SPEEK) is used as the polymer matrix. Highly acidic cross-
linked poly(styrene sulfonic acid) (CrPSSA) is incorporated
into SPEEK to improve proton conductivity by the method of
semi-interpenetrating polymer works (SPEEK/CrPSSA
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sIPN).15 The obtained sIPN membranes exhibit good
compatibility because of the entanglement between polymer
chains.16−19 A catalyst-coated sIPN membrane is prepared to
assemble the hydrogen pump. The steady-state current−
potential relationship and potential losses, as well as energy
efficiency, are investigated in detail.

■ EXPERIMENTAL SECTION
Materials. PEEK resin is VESTAKEEVR 4000G. Sodium 4-

styrenesulfonate (NaSS), divinyl benzene (DVB), benzoyl peroxide
(BPO), N-methyl-2-pyrrolidone (NMP), and other chemicals were
analytical grade and used as received. Twenty wt% Pt/C catalyst was
purchased from Premetek Co. Nafion in methanol is from Ion Power.
The gas diffusion layer (GDL) is from SGL Tech. German, GDL
35BC.
Preparation of SPEEK/CrPSSA sIPN membrane. Preparation of

the SPEEK/CrPSSA sIPN membrane is according to a procedure in
our previous work.15,20 PEEK is sulfonated homogeneously in 95%
concentrated sulfuric acid at 60 °C for 50 min. Semi-interpenetrating
polymer networks are prepared by in situ polymerization of NaSS in
the solution of SPEEK in a 95 °C oven for 24 h, using BPO as the
initiator and DVB as the cross-linker. The weight ratio of NaSS to
SPPESK is 1:2. The resulting solution was cast on a glass plate and
kept in 40 °C oven for 3 days to evaporate the solvent. The membrane
is further protonated and purified by boiling in 0.5 M sulfuric acid/
deionized water sequentially for 1 h each. Ion exchange capacities
(IECs) of the SPEEK and sIPN membranes are 1.80 and 2.39 mmol
g−1, respectively. Thicknesses of the dry membranes are around 100
μm. As shown in Figure 1, the cross-linked CrPSSA chains

interpenetrate with the linear SPEEK chains. In our previous studies,
one single glass transition temperature (Tg) of the sIPN was measured
by differential scanning calorimetric measurement and suggested good
miscibility of the CrPSSA and SPEEK in the sIPN.15

Hydrogen Pump Test. The catalyst-coated membrane (CCM)
was prepared by air-brushing the catalysts ink (20 wt % Pt/C catalyst
suspended in solubilized Nafion in methanol) onto the sIPN
membrane. Catalyst loading is about 0.5 mg cm2. The obtained
CCM is sandwiched in two pieces of GDL to prepare the membrane
electrode assembly (MEA). The hydrogen pump used in this study is
based on the one-dimensional stirred tank reactor (STR) design
developed by Benziger and co-workers.2,21 MEA in the STR had a
nominal electrode/electrolyte area of 1.9 cm2.
The flowchart of the hydrogen pump is similar to that in our

previous work and shown in Figure 2.11 Hydrogen and carbon dioxide
are mixed, humidified, and fed into the anode compartment. The
electrochemical reactions on the electrodes are shown in Figure 2. By
the electrode catalyst, hydrogen can be oxidized to protons at the

anode and reduced to hydrogen again at the cathode. Carbon dioxide
is inert and is concentrated in the anode effluent. The operating
temperature of the hydrogen pump is 80 °C. Temperature of the
bubbler is 10 °C higher than that of the hydrogen pump in order to
get fully humidification of the feed gas. The inlet of the cathode is
sealed to keep high partial pressure of hydrogen in the cathode
compartment. The flow rate of the dry H2 and CO2 mixture is kept as
16 mL min−1, so that flow control dynamics is decoupled from reactor
dynamics. CO2 molar contents in the mixture are similar to that in
reformate, e.g., 20% and 25%, respectively.

An Arbin potentiostat/galvanostat data acquisition system is used to
provide programmed applied potential (Vapplied) and record the
corresponding current (I) and internal resistance (Rint). Current−
voltage polarization curves are recorded for Tafel analysis, using the
current ramp schedule from 0 to 0.1 A at a rate of 5 mA s−1. The
steady-state currents are obtained by programming an increase in the
applied potential from 0.04 to 0.32 V at an interval of 0.04 V, followed
by 0.4, 0.5, and 0.55 V, equilibrated for 0.5 h at each applied potential.
The internal resistance of the hydrogen pump is measured by current
interruptions in 30 min time intervals. The ohmic resistance, including
both the membrane resistance and the ohmic resistance of the
ionomer in the catalyst layer, are measured by current interrupt
method.

■ RESULTS AND DISCUSSION
Proton Conductivity of sIPN Membrane. In the sIPN

membrane, cross-linked PSSA is incorporated into SPEEK for
the purpose of conductivity improving. Figure 3 shows the
water uptake and proton conductivity as a function of relative
humidity (RH) at 80 °C. Both SPEEK/CrPSSA sIPN and
SPEEK membranes exhibit much higher water uptake as
compared with that of Nafion (about 34% in water),14 which is
a typical feature of the nonfluorinated PEMs. As compared with

Figure 1. Structure of the SPEEK/CrPSSA sIPN membrane.

Figure 2. Setup of the electrochemical hydrogen pump for hydrogen
purification.

Figure 3. Proton conductivity and water uptake as a function of RH at
80 °C.
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the SPEEK membrane, the sIPN membrane exhibits lower
water uptake but higher proton conductivity. The possible
reason is discussed in our previous work15 and is briefly
summarized as follows. The lower water uptake in the sIPN
membrane is due to the entanglements between SPEEK and
cross-linked PSSA polymer chains. The higher proton
conductivity in the sIPN membrane is related to the well
connection of the proton pathways. Because the benzyl sulfonic
acid side chain of PSSA has very high density and close packing
(see Figure 1 for the structure of the sIPN), it is likely to form
an elongated ionic cluster in the sIPN membrane and make a
continuous pathway for proton transport. As a result, proton
conductivity of the sIPN membrane is more sensitive to RH
than that of the SPEEK membrane and begins to increase
exponentially from RH about 50%. At high RH, proton
conductivity of the sIPN membrane is about 3 times that of the
SPEEK membrane and is comparable to that of Nafion (0.08−
0.1 S cm−1).13,22

Steady-State Current of the Hydrogen Pump. A
programmed schedule of the applied potential is used to
drive the electrochemical reactions on the electrodes. The
obtained current and internal resistance are recorded and are
shown in Figure 4. The 0.5 h hold at each applied potential

guarantees the achievement of the steady state. Moles of
hydrogen pumped to the cathode can be calculated by the
current produced, according to Faraday’s law. Figure 4 shows
that with an increase in the applied potential, the current
increases fast until the limiting current is reached. At the same
time, internal resistance gradually increases from 0.3 to 0.5 Ω
with an increase in the applied potential, indicating the
gradually dehydration of the sIPN membrane at high current.
The internal resistance is greater than that of the Nafion-based
MEA (0.1−0.2 Ω),2,15,23 although the sIPN membrane shows
comparable proton conductivity to that of Nafion at high RH.
This might be related to the incompatible nature between the
SPEEK/CrPSSA membrane and the Nafion adhesive in the
catalyst ink. It causes higher interfacial resistance. MEA based
on SPEEK/PSSA binder instead of Nafion is developing in our
group to reduce the interfacial resistance.
In the experiment, flow rate of the H2/CO2 at the anode is

fixed to 16 mL min−1 to investigate the influence of CO2
content on the current. Figure 5 shows the average current of
each 0.5 h hold as a function of the applied potential. With an

increase in the applied potential, the current increases fast until
the limiting current is reached. The limiting currents are much
lower than the stoichiometric values (1.2 A) and decrease with
an increase in CO2 content from 0.6 A (pure hydrogen) to 0.5
A (25% CO2). The current is higher than that reported in some
literature, for example, about 0.3 A for 20% CO2 with a 37.5 mL
min−1 flow rate at the anode.9 The dashed lines are ohmic
currents calculated according to the applied potential divided
by the corresponding internal resistance. It is shown that the
measured current and ohmic current are comparable at low
applied potential, which indicates that ohmic loss is the major
resistance in the hydrogen pump. With an increase in applied
potential, the difference between the measured current and
ohmic current increases gradually, which indicates that other
losses such as mass transport resistance contribute more to the
difference.

Dominant Resistance Analysis. It is essential to analyze
the contributions of different potential losses to the total
applied potential in order to determine the dominant resistance
and further improve the performance of the hydrogen pump.
The applied potential of the hydrogen pump is consumed by
the equilibrium loss, activation loss, ohmic loss, and mass
transport loss. Equilibrium loss VNerst of the hydrogen pump is
given by Nernst equation (eq 1). V0 is zero for the hydrogen
pump at standard state. The partial pressures of hydrogen at
both anode pH2

and cathode pH2,cathode
can be calculated according

to Benziger’s model for the stir tank reactor.2 Activation loss
Vactivation is related to the sluggish of electrochemical reaction. It
can be estimated from eq 2 by assuming that the Tafel slope
obtained at low current densities can be extrapolated to the
high desired current regime. It is shown in Figure 6 that Tafel
slope, b, increases with an increase in CO2 content, but the
values are quite small. The results indicate a slight poisoning of
the Pt catalyst by CO2. Mass transport loss can then be
calculated by subtracting the other potential losses from the
applied potential, as given by eq 4.

= +V V
RT

F

p

p2
lnNerst 0

H ,cathode

H ,anode

2

2 (1)

Figure 4. Applied potential, current, and internal resistance measured
as a function of testing time.

Figure 5. Current as a function of applied potential with different CO2
content at 80 °C, 16 mL inlet.
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Figure 7 shows the contributions of different potential losses
to the applied potential in a hydrogen pump operating with a

SPEEK/CrPSSA sIPN membrane. It is shown that the sum of
the equilibrium and activation losses are at least 1 order of
magnitude smaller than that of the ohmic and mass transport
losses, and thus they can be ignored. The dominant potential
loss at low current is ohmic loss. It increases linearly with an
increase in current. The rapid increase in ohmic loss at high
current is related to the redistribution of water in the
membrane due to high electro-osmotic drag,24 while mass
transport loss increases exponentially with an increase in
current and becomes dominant at high current. The crossover
point indicates the transition of the dominant potential loss
from ohmic loss to mass transport loss and coincides with the
limiting current appearing at high current regime as shown in
Figure 5. With an increase in CO2 content, the transition
current shifted to lower value, which indicates the higher mass

transport resistance caused by CO2. As CO2 in the feed gas
cannot be pumped across the membrane, it accumulates in the
porous media (especially in the catalyst layer) and blocks
hydrogen diffusion and convection, as we discussed in our
previous work.11 Concentration polarization of the anode feed
can be ignored because with the stir tank reactor design of the
hydrogen pump, the anode behaves as a perfectly mixed
unit;2,21 therefore, the composition in the anode flow channel is
uniform and the same as the effluent.
The results indicate that there are two dominant resistances:

first, ohmic resistance, and then mass transport resistance in the
hydrogen pump. Even in the mass transport loss regime, ohmic
loss still plays an important role in the limiting current of the
hydrogen pump. With the improvement in the proton
conductivity of the sIPN membrane, the limiting current can
be improved. The relationship between sIPN structure and the
limiting current is interesting and needs to be investigated
further.

Efficiency of the Hydrogen Pump. Hydrogen recovery
and energy efficiency of the hydrogen pump with the sIPN
membrane are calculated according to eqs 5 and 62 and plotted
in Figure 8. Hydrogen recovery is the fraction of hydrogen

released at the cathode in the anode feed (qn,feed,H2
). Energy

efficiency is defined as the net energy recovered (energy
contained in the product hydrogen minus the energy consumed
by the potential applied) divided by the total energy contained
in the hydrogen feed in the anode. ΔHcombusion is the heat of
combustion of hydrogen. It is shown in Figure 8 that all data
points fall on the same line and are independent of CO2
content when energy efficiency are less than 20%. This
indicates that energy efficiency in this regime is dominated by
ohmic resistance. The maximum energy efficiency suggests the
transition of dominant resistance. After that, the mass transport
limiting current leads to a decrease in energy efficiency. The
maximum energy efficiency is also related to the total hydrogen
feed in the anode. The lowest energy efficiency is observed for
pure hydrogen, which is due to the highest total energy
contained in the anode feed, despite the highest hydrogen
concentration of pure hydrogen, while the 25% CO2 feed has
the highest mass transport resistance, resulting in the lower
energy efficiency as compared with the 20% CO2 feed.

Figure 6. Polarization curve and IR-corrected Tafel plots.

Figure 7. Potential losses in hydrogen pump operating with Pt/C-
SPEEK/CrPSSA-Pt/C MEA.

Figure 8. Energy efficiency as a function of hydrogen recovery.
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As shown in Figure 8, operating with a SPEEK/CrPSSA
sIPN membrane leads to a maximum energy efficiency of about
30%, which is slightly lower than the reported 40% with the
Nafion membrane in the literature.2 Taking the low cost into
account, the SPEEK/CrPSSA membrane could be promising
for hydrogen pump purification. Because energy efficiency is
controlled by resistances both in the membranes and in the gas
diffusion media, progress in these areas would helpful to
improve performance of hydrogen pumps.

■ CONCLUSIONS

Hydrogen purification from a CO2/H2 mixture is performed on
an electrochemical hydrogen pump with a SPEEK/CrPSSA
semi-interpenetrating polymer network membrane. Proton
conductivity of the sIPN membrane is about 3 times that of
the pristine SPEEK membrane due of the interpenetration of
the highly acidic cross-linked PSSA into the SPEEK backbone.
With an increase in the applied potential, current increases
linearly until the limiting current is reached. Energy efficiency
of the hydrogen pump reaches a maximum with an increase in
hydrogen recovery. The results indicate that there are two
dominant resistances in the hydrogen pump, e.g., ohmic
resistance and mass transport resistance. The limiting currents
decrease with an increase in CO2 content, from 0.6 A (pure
hydrogen) to 0.5 A (25% CO2), which suggests a greater mass
transport resistance caused by CO2 accumulation in the porous
media. Energy efficiency of the SPEEK/CrPSSA-based hydro-
gen pump is around 30%, which is only slightly lower than that
of the Nafion-based hydrogen pump reported in the literature.
Because the sIPN nonfluorinated membrane is much cheaper
than Nafion, it could be promising for hydrogen pump
purification.
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