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Hydrogen is considered an attractive energy vector and an indispensable base chemical for a wide
variety of chemical products. As more hydrogen is produced via electrolysis, finding ways to store the
H, will become increasingly important due to the low volumetric energy density at ambient pressure.
While high pressure storage is favoured for many applications, compressing hydrogen poses distinct
challenges due to its low density and high diffusivity. Electrochemical hydrogen pumps (EHP) present a
solution to this challenge by efficiently compressing hydrogen. Hydrogen compression is more efficient
using electrochemical hydrogen pumps than conventional mechanical compressors because they
operate through isothermal rather than adiabatic compression. Additionally, they can be used to
separate hydrogen from gas mixtures, for example from natural gas pipelines supplemented with
hydrogen, creating the possibility of integrating them with existing energy transport infrastructure. This
paper summarizes recent progress in electrochemical hydrogen pump research and presents a case
Received 31st March 2025, study on an EHP test cell, test rig and a measurement guide to advance research in this field. Although
Accepted 12th June 2025 electrochemical hydrogen pumps offer many advantages, shortcomings remain, including the lack of
DOI: 10.1039/d5cc01815¢ standardized measurement conditions and procedures, as well as a limited understanding of degradation
mechanisms. This review aims to provide insights into these issues and discuss future directions for
rsc.li/chemcomm electrochemical hydrogen pump research.

“ Helmholtz Young Investigator Group Electrocatalysis: Synthesis to Devices, Helmholtz-Zentrum Berlin fiir Materialien und Energie, 12489 Berlin, Germany.
E-mail: rory.bagacki@helmholtz-berlin.de, michelle.browne@helmholtz-berlin.de

b Institut Kompetenz-Zentrum Photovoltaik Berlin (PVcomB), Helmholtz-Zentrum Berlin fiir Materialien und Energie, 12489 Berlin, Germany

“ Wolfson School of Mechanical, Electrical and Manufacturing Engineering, Loughborough University, LE11 3TU Loughborough, UK

9 Institute for Solar Fuels, Helmholtz-Zentrum Berlin fiir Materialien und Energie, 14109 Berlin, Germany

¢ Hochschule fiir Technik und Wirtschaft Berlin, 12459 Berlin, Germany

I Technische Universitit Berlin, Institute of Chemistry, 10623 Berlin, Germany

Maximilian Reinhardt holds an
MSc in Physical Engineering
from TU Berlin. He joined Sonya
Calnan’s group at HZB in 2022 as
an engineer specializing in electro-
lysis and hydrogen compression.
Since 2024, he has been conti-
nuing this work in Michelle
Browne’s group.

Rory Bagacki holds an MASc
in Mechanical Engineering from
Queen’s University and is curr-
ently a doctoral researcher at
the Helmholtz-Zentrum Berlin in
Michelle Browne’s Electrocata-
lysis: Synthesis to Devices group,
pursuing a doctorate at TU Berlin.
His research interests include the
development of electrocatalyst
materials, electrolysis and hydro-
gen compression using electro-
chemical hydrogen pumps.

Maximilian Reinhardt

Rory Bagacki

10210 | Chem. Commun., 2025, 61, 10210-10227 This journal is © The Royal Society of Chemistry 2025


https://orcid.org/0009-0001-0240-3853
https://orcid.org/0000-0002-5951-9435
https://orcid.org/0000-0002-8286-7075
https://orcid.org/0000-0003-4399-399X
https://orcid.org/0000-0002-3574-9113
http://crossmark.crossref.org/dialog/?doi=10.1039/d5cc01815c&domain=pdf&date_stamp=2025-06-19
https://rsc.li/chemcomm
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cc01815c
https://pubs.rsc.org/en/journals/journal/CC
https://pubs.rsc.org/en/journals/journal/CC?issueid=CC061056

Open Access Article. Published on 19 iyun 2025. Downloaded on 01.11.2025 10:52:07.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Highlight

1. Introduction

Hydrogen is an essential reactant in various manufacturing
processes. For example, hydrogen is utilized in the manufactur-
ing of steel and in the Haber Bosch processes to make
ammonia.' In order to decarbonize these hard to abate manu-
facturing sectors, the grey/blue H, currently used in these
processes, made by reforming natural gas, is targeted to be
replaced by green hydrogen. Furthermore, green hydrogen has
been pinpointed as a key current and future energy carrier by
the European Union (EU) to help reduce the amount of fossil
fuel-based resources utilised to produce electricity for trans-
port, building infrastructure and manufacturing processes.”
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Green H, is produced by water electrolysis where water (acid
or alkaline) is split into H, on the cathode and O, on the anode.
This process is powered by a renewable energy technology such
as photovoltaics or wind turbines and thus is an environmen-
tally friendly route to make H,. On the other hand, the synth-
esis of grey H, by steam methane reforming (SMR) utilizes
fossil fuels and is a multi-step process. To produce H, by SMR,
first syngas is formed which contains H,, CO and small
quantities of CO,.> This is followed by the water-gas shift
reaction, in which CO reacts with water to produce CO, and
an additional hydrogen molecule. Then the H, is purified and
separated by a variety of techniques, including pressure or
temperature swing adsorption and cooling steps. However,
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these syngas separation techniques have several key disadvan-
tages associated with them which include not being able to be
utilized continuously in the case of the adsorption-based
separation methods.?

Regardless of the method by which H, is produced, one
important factor that must be considered to reduce the cost of
H, - yet remains unaccounted for in current market prices - is
its transportation to end-use locations. Hydrogen can be trans-
ported as compressed gas, liquified H,, liquid organic hydro-
gen carriers, or ammonia. Various transportation methods
exist, including trucks, ships/barges, and pipelines with costs
differing significantly, with pipelines being the more economic
option.»” Current gas pipeline infrastructure can be utilised
now to transport blended H, with the goal of having dedicated
H, pipelines in Europe by 2040.° Recently, Gascade Gastran-
sport GmbH have started to already repurpose German gas
pipelines and transport H, from the north of Germany, where
the H, is produced off-shore, to the south of the country.” The
need for H,-only pipelines is essential for the transportation of
highly concentrated H, because H, can damage the steel
used to make conventional gas pipelines through hydrogen
embrittlement.

For the transportation of blended H, in current gas pipelines,
the H, must be de-blended from the natural gas, purified, and
then compressed at the end-use location before being fed into
downstream processes. The de-blending and purification must be
economically viable to not increase the overall cost of the H, being
transported. Currently, pressure swing adsorption (PSA) is one
route used in industry to purify H,. However, as reported by
Jackson and co-workers, PSA would cost about one-third of the
price of the transported H,.® Hence, other less expensive ways of
purifying H, must be taken into consideration. Another process
which is essential for H, is its storage. Currently, mechanical
pumps are utilised to compress H, at the point of use however,
mechanical pumps can result in the significant loss of H, and
thus, reduce the overall efficiency of H, compression.®

One electrochemical-based technology that is growing in
interest to de-blend, purify and/or compress H, are electroche-
mical hydrogen pumps (EHP). EHP technology offers a one-stop
solution for the deblending, purification, and compression of
H, at the end-use location. EHPs were first developed by
Electric Motors in the 1960s and mostly utilize perfluorosulfo-
nic acid (PFSA), e.g. Nafion™, based membranes developed by
Dupont.’ The PFSA membrane is a proton conductor hence,
other ions will not pass through the membrane, and the
protons will be selectively separated from mixed blends. In
recent years, research into developing other membranes for
EHP has been ongoing as the Nafion™ membrane is not stable
over approximately 80 °C. Moreover, the Pt catalysts used on the
cathode and anode adsorb the CO from the syngas, which
ultimately de-actives the active catalyst and decreases the
efficiency of the EHP.

Though green hydrogen is a promising alternative to fossil
fuel derived hydrogen for decarbonizing industrial, chemical
and transport sectors, its adoption requires cost effective
methods for deblending, purification and compression.
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Electrochemical hydrogen pumps offer a solution to these
challenges, though limitations in membrane and catalyst sta-
bility and tolerance to impurities must be addressed for large-
scale deployment of the technology.

1.1. Fundamental electrochemistry

In an EHP, the hydrogen oxidation reaction (HOR) occurs on
the anode while the hydrogen evolution reaction (HER) pro-
ceeds on the cathode. The EHP process is initiated by H, gas,
along with the other gases in the pipeline, flowing to the anode
and being oxidized into protons and electrons. The protons will
travel through the membrane and the electrons will travel
through the external circuit. At the cathode, through the
HER, the protons will be reduced and molecular H, will be
formed. As both the HER and HOR in an EHP occur under
PEM-compatible (acidic) conditions, the state-of-the-art catalyst
used for both reactions is platinum.
In acidic conditions, the HOR proceeds as

H,"”® —» 2H" +2e”, E°=0.0Vvs. SHE )
While the HER follows

2H" + 2¢~ < H,"™, E°=0.0 Vvs. SHE (2)

Leading to the overall electrochemical reaction of an EHP is
as follows

H2LP g HZHP (3)

HOR/HER on Pt may proceed via Heyrovsky-Volmer mecha-
nism and the rate limiting step is believed to be either the
Volmer or Heyrovsky step, although other mechanisms seem
possible."® This uncertainty is caused by the difficulty in
accurately pinpointing the rate limiting step, by experiment,
because of the inherently high speed of these reactions.'
Nevertheless, the symmetry of HOR and HER on Pt suggest
that they have the same reaction mechanisms and are thus fully
reversible."* The equations for the different steps are

Tafel: H, + 2* < H,gs + Hags (4)
Heyrovsky: H, + * + H,O < Hygs + H;0" +e~  (5)
Volmer: Hpgs + H,O < * + H;O" +e” (6)

The ideal EHP can be considered to operate under the following
assumptions

e Hydrogen behaves as an ideal gas

e Isothermal compression such that the temperature T [K] of
the hydrogen gas does not change after compression and AT=0

e The EHP is a thermodynamically open system through
which hydrogen flows, see Fig. 1. Additionally, the volume V
[cm®] of the EHP remains constant with time, i.e., AV =0

The EHP operates when a high enough voltage, Eggp, is
applied to its terminals driving the transfer of protons across
the PEM, leading to a net current, Izyp. The total charge
transferred per mole of hydrogen oxidized during operation
of the EHP is given by

Q = Zej\]AVg (7)

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Representation of an electrochemical pump as an open thermodynamic system operating at steady state under isothermal conditions. The
changes in volume, AV, temperature, AT, and internal energy, AU, are all zero, whereas the changes in entropy, AS, enthalpy, AH, and pressure, Ap, are
non-zero. The work W performed on the system compresses hydrogen from low pressure (LP), p; to a high-pressure (HP), p, and heats the system by dQ.

where z is the number of electrons transferred per mole of
hydrogen, where z = 2, e is the electronic charge = 1.602 x 10 ~*°
C and N, is Avogadro’s number, which is the number of
molecules per mole of a gas (6.022 x 10** molecules mol ).

Note that eNy,, = 96485 C mol ', also known as Faraday’s
constant, F. Thus, the maximum work available to compress n
moles of gas within a time, ¢ (s), is provided by the electrical
power input, W, given as

Wel = Egnp Igup = 2nFEgyp/t

(8)

From thermodynamics, the reaction’s Gibb’s free energy G, is
defined as the energy used to change the system state from
equilibrium and is given by

G, = H, — TS,

9

Then the Gibbs energy of formation or dissociation of hydrogen
under isothermal conditions is

AG; = AH, — TAS, (10)

where the enthalpy of reaction H, is the chemical energy
involved in 2H'/H, reactions and S, is the entropy that
describes the irreversible loss of energy during the reaction.
Under reversible conditions, all the electrical energy supplied to
the EHP is used for compression, so that the isothermal
compression work, Wigo,rev, is defined by

Welsrev = (11)

Wiso;rev

This reversible isothermal compression work is also equiva-
lent to the Gibbs energy of formation (and dissociation) of
hydrogen. In this situation, the second term of the right-hand
side of eqn (10) is zero and the EHP voltage is referred to as the
reversible voltage E,,, then

AGrev = —2F Erev (12)

Re-writing, the reversible voltage is

This journal is © The Royal Society of Chemistry 2025

Erey = AGyrev/2F (13)

Also, the thermodynamics definition of mechanical work done
to compress the hydrogen, AUy is

AUpec = A(pV) = VAp (14)
For isothermal conditions,
AG, = VAp (15)
From the ideal gas law,
AG, = nRTAp (16)

For an infinitesimal change in pressure, the temperature can be
considered constant, such that the changes can be expressed by
the respective differentials (A — d) giving

dG, = dp (nRT/p) (17)

Integrating G, and p over the span of the initial and final states.
denoted “i” and “f”, gives

(Grg — Gyji) = (RT/n) (In(pg) — In(py)) (18)

Rearranging and assuming compression from standard condi-
tions, i.e. E; = E°, p; = p°, n = 1, and Gibbs energy at standard

conditions G,°
G.¢ = G + RT/nIn(ps/p°) (19)

Re-writing eqn (20) using the relation in eqn (13), e and re-
arranging yields the reversible cell voltage E.e, [V]

Erev = E° + (RT/2F)In[(pyp/p°) (pro/p°)] (20)
But for 2H'/H,, E° = 0, thus
Erey = (RT/2F)IN[(prp/p°) (pre/p”)] (21)

The thermoneutral voltage E., is defined as the potential at
which the EHP can be operated without any heat loss or gain

Chem. Commun., 2025, 61,10210-10227 | 10213
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from the environment. It can be determined using a procedure
reported by Godshall under consideration of isothermal
conditions.'” Invoking the first law of thermodynamics

AU=TAS — VAp =0 (22)
thus
TAS = VAp (23)
Recalling eqn (15), and replacing eqn (23) in eqn (10)
AG; = AH, — AG; 1oy (24)
Then re-arranging and using eqn (13) in eqn (24)
AG, = AHy + nFE,., = —nFEgy (25)

Thus the enthalpy change of the reaction can be expressed in
terms of voltage as

(AHR)/HF = —Egup — Erev (26)

then the thermoneutral potential E, can be defined as the
potential at which the EHP can be operated without any heat
loss or gain from the environment

Ey = (AHR)/nF (27)

If the hydrogen consumption is n7y ;, then the maximum
current I, [A] resulting from the charge transfer during the
oxidation of hydrogen flowing into the EHP is

Imax = 2Fm/1-{27in/MH2 (28)
where My is the molar mass of hydrogen, 2.01568 g mol ™.
Also, the amount of hydrogen transferred across the membrane
M, outl€ s~!] is given by the net current Igyp [A] flowing through
the EHP

In/l—lz,out = IenpMu, /2F (29)
The hydrogen yield or 1y, gives a measure of the efficiency of
hydrogen recovery which is useful when the EHP is used to
purify H, fed from a gas mixture and is often referred to as the
separation efficiency. It can be expressed as

’7H2 = rn;—lz,out/’n;-b,in (30)

The current efficiency, #; is a measure of how much of the
supplied hydrogen contributes to the net current and is
determined as

Nt = Terp/Imax (31)

The current efficiency is also equivalent to the faradaic effi-
ciency nr defined as the ratio of net current drawn over the
actual maximum current expected from the oxidation of a given
amount of hydrogen oxidised over a specific time interval. The
net current is the difference between the maximum attainable

current and the current i, [A] lost
ng=1-— (Iloss/lmax) (32)

where o5 is the sum of current representing hydrogen losses
via back diffusion across the membrane from the cathode to
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View Article Online

Highlight

the anode and leakage out of the EHP via seals at the edges of
the electrodes. For a well-designed EHP, the bulk of leakage
losses comes from back diffusion across the membrane. Thus,
I,ss can be estimated from the molar flux of hydrogen permeat-
ing through a polymeric membrane, n| ., which is determined

as™?

nioss = PHzAmemAp/5 (33)

where Py [cm® cm em™? Pa™' s7'] is the permeability of H,
through the membrane material, Ay, [cm?] is the geometric
area of the membrane, and J [m] is the thickness of the
membrane. Using Faraday’s law,
M = 1= [ (P, ABD/) /iy ] (34)

As shown in eqn (26), the voltage Egyp required to run a real
EHP is higher than the E,., because of voltage drops caused by
irreversible losses. These losses can be attributed to

e Activation polarisation E,. of the catalysts

e Ohmic losses E,.; caused by internal resistance of the EHP

e Concentration losses E.on. caused by suboptimal mass
transfer of H, or H' to the surface of the anodic and cathodic
catalysts, respectively.

Thus

Egpp = Erey + Eact + Eohmic T Econc [35)

The activation polarisation E,. is negligible because of the very
fast kinetics of HOR and HER on platinum except for exceed-
ingly low loadings around 0.003 mg pt cm > at relatively high
current densities, ca. 3 A ecm™2.* The ohmic losses Eqpmic are
caused by the resistance of the membrane electrolyte, Ryem [Q],
the supporting electrodes Rejectrode [€2], and the catalyst layers
Rer, [,

thmic = Igup X (Relectrode + Rmem + RCL) (36)
and Rejectrode Can be determined as
Relectrode = (2 X (Selectrode)/o—electrode [37)

where Gejectrode 1S the conductivity [S m™'] of the electrode and
Oelectrode 18 the thickness of the electrode [m]. For optimised
platinum catalysts, the resistive losses are small compared to
those of the membrane and are thus also negligible."* Con-
versely, Rmem can be represented by

(38)

where ppem is the resistivity of the membrane [Q m] and dmem
is the thickness of the membrane [m].

The concentration losses occur if gas mixtures are used on
the anode side, such that the catalyst is poisoned and/or on the
cathode, if evolved hydrogen is not rapidly removed from the
catalyst surface. The concentration polarisation can be approxi-
mated by a Tafel-like behaviour of the reaction similar to when
the removal of reaction product is the rate determining step

asls

Rmem = pmem X 5mem/Amem

Econe = (RT/2F) In{1 + (Igprp/ILmn)} (39)

This journal is © The Royal Society of Chemistry 2025
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From eqn (12), the theoretical work required for isothermal
compression work is

Wiso,rev = IEHP Erev (40)

Thus, the maximum theoretical efficiency of an EHP is related
to the electrical power input to the EHP from eqn (9) as

= Wiso/ Wact = Erev/Exnp (41)

”max

This is also termed as the voltage efficiency #g. Then the overall
EHP efficiency ngyp is

Neae = e X e = (Teap X Erev)/(Imax X Epmp) (42)

If heat must be supplied to the EHP, the thermal efficiency
Htherm 1S given by

Ntherm = Igap Epnp/AH (43)

Lastly, the specific electrical energy required for compression is
the electrical energy supplied over a given time interval ¢
divided by the hydrogen flux at the cathode (outlet)

Cele = (Epnp X 1EHP)/<mh2,oul) (44)

2. Literature review

2.1. Current challenges

A key advantage of EHP over mechanical compressors is the
ability to separate hydrogen from gas mixtures. During opera-
tion, only protons from the HER pass through the electrolyte
membrane, while other gasses remain on the anode side. These
gasses can only reach the cathode side through diffusion,
resulting in reported hydrogen purities of up to 99.99% at the
EHP outlet.'® For this reason, many studies include H, gas
mixtures as the input to the anode to simulate hydrogen
separation, for example from methane pipelines.'” H, concen-
trations as low as 10% have been successfully separated using
an EHP with the remaining 90% as N,'® or methane/natural gas
blends."

The second branch of studies are focused on compressing
high purity hydrogen as the feed to the anode. EHPs have an
advantage over mechanical compressors because they are gov-
erned by isothermal as opposed to adiabatic compression,
leading to higher theoretical efficiencies.”’’>> Multiple studies
have successfully compressed hydrogen to over 100 bar,>* >
with the highest recorded EHP pressure of 1300 bar reported
from HyET Hydrogen.>®

Water management has been identified as a key area of
study of EHPs. Although not required for the HOR or HER, the
membrane must be sufficiently hydrated, as ionic conductivity
through the membrane is greatly hindered with an improperly
hydrated membrane.?” Water must therefore be supplied to the
EHP, as it is neither produced in an EHP as it is in a PEM fuel
cell (PEMFC), nor delivered as a reactant as in a PEM electro-
lyser (PEMEC)."7>>?8

Back diffusion is another drawback of EHP technologies.
Back diffusion is the permeation of molecular hydrogen from

This journal is © The Royal Society of Chemistry 2025
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the high-pressure cathode to low pressure anode through the
PEM. Pressure differential, membrane thickness, temperature,
and water content are all factors affecting the rate of back
diffusion through of the membrane. Back diffusion increases
linearly with the pressure difference across the PEM.'®?”
At high cathode pressures, back diffusion becomes problematic
for EHP operation as the rate of hydrogen diffusing through the
membrane increases. Strobel and Chouhan concluded that the
theoretical maximum achievable cathode pressure is dictated
by the rate of back diffusion through the membrane.”?°
Grigoriev was successful in reducing the back diffusion rate
of a Nafion™ 117 membrane through zirconyl phosphate
impregnation, but at the expense of a higher membrane
resistance.>® Hence, further research and novel membrane
designs are needed to reduce the rate of back diffusion in EHPs.

Gas feed impurities, particularly CO and CO, are known to
poison platinum catalysts at low temperatures.”'**> Wainright
et al. demonstrated that phosphoric acid-doped polybenzimi-
dazole (PBI) membranes exhibit high proton conductivities at
elevated temperatures.®® EHPs utilizing phosphoric acid-doped
PBI membranes have been shown to operate at elevated tem-
peratures up to 200 °C, offering enhanced tolerance of the
platinum catalyst to impurities in the hydrogen feed, including
CO, CO,, and N,.***77 Increased phosphoric doping levels
tend to enhance proton conductivity, but reduce the mechan-
ical strength of the membrane, thereby limiting its application
in current devices.*®**° Innovative proton conducting membrane
materials such as copper based metal organic frameworks (MOFs)
could provide alternative high proton conductivity PEM with the
flexibility to incorporate various functional groups for enhanced
stability and proton conduction.*®

Kim et al. studied the effect of reduced platinum loading on a
high temperature PBI based EHP using varied platinum loadings
of 1.1 mg em 2 and 0.2 mg cm ™ > for hydrogen separation from a
1:1 ratio of hydrogen-carbon dioxide mixture at atmospheric
pressure.”’ All four combinations of platinum loadings were
measured at 160 °C at atmospheric pressure. The reduced anode
catalyst loading increased the voltage by 72% at 0.8 A cm™ >, while
the reduced cathode catalyst loading had a negligible effect on the
voltage. Beyond further exploration of platinum catalyst loading
for compression of hydrogen, novel non-platinum group metal
(PGM) HOR and HER catalysts are highly interesting for EHPs.
A bismuth based MOF has also been demonstrated as a stable
catalyst in acidic environment for use in CO, reduction reaction in
a PEM electrolyser.””> Cobalt oxide based catalysts mixed with
Vulcan have been shown to outperformed platinum as an HER
catalysts in a PEM electrolyser at voltages above 2.3 V.**
A molybdenum carbide aerogel HER catalyst is currently the only
reported non-PGM catalyst tested in an EHP. The catalyst exhib-
ited a fully recoverable voltage loss after a 180 hour stability test at
current densities up to 3 A cm ™ * in a PBI-based EHP for hydrogen
separation.** Such novel non-PGM catalysts should be further
explored in EHPs to reduce dependence on platinum-based
catalysts.

In literature, only a few studies have investigated long term
operation degradation of EHPs and their mechanistic pathways.

Chem. Commun., 2025, 61,10210-10227 | 10215
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Possible degradation mechanisms include loss of active catalyst
surface area due to absorbed species in the anode inflow,
mechanical damage of the membrane during operation, and
carbon corrosion of electrodes.”® A 1000-hour durability test was
conducted by Sustainable Innovations LLC, to demonstrate that
the EHP could operate under dynamic voltage cycling; however, at
present standardized durability procedures do not exist for
EHPs.*

The MEMPHYS project also reported durability measure-
ments of a 5-cell stack over three month testing period using a
combination of steady-state operation and an accelerated stress
test adapted from PEMFC testing.”” No significant EHP com-
ponent degradation was observed. In fact, variations in the
operating conditions were found to have a larger impact on
performance than degradation. They also concluded that for
optimal durability the humidification should be adapted for
each specific operating point depending on operation condi-
tions. The development of accelerated stress testing procedures
is needed to better understand degradation mechanisms and
long-term durability of EHPs.

2.2. Experimental setups and testing

The experimental setup used for studying EHP varies depend-
ing on the intended application; compression and separation
of hydrogen are the focus of most EHP experiments. For
example, EHPs have been used with pure hydrogen feeds for
recirculation of H, for fuel cell stacks.*®*° They have also been
used in more niche applications, such as in combination with
liquid organic hydrogen carriers to increase the rate of dehy-
drogenation and produce compressed pure hydrogen,*® and
have modelled for driving a metal hydride based heat pump.®*
Typical EHP test cells have a zero-gap form factor. A 3D printed
tubular EHP constructed by Zingler et al. which operated at
60 mA cm ? at a differential pressure of 2 bar was the only
exception found in literature.” The purpose of the study was to
offer proof of concept for better surface to volume ratios for
EHP designs.

Nordio developed a test setup using a 50 cm®> EHP manu-
factured by HyET Hydrogen."” Both pure hydrogen and mix-
tures containing methane, nitrogen, hydrogen, helium and
carbon dioxide contaminants were measured. Gas flows were
controlled by electronic valves connected to mass flow control-
lers. The gas flows were fed into a humidification bottle
containing de-ionized (DI) water to humidify the gas feed to
the anode. The gas temperatures are heated with tracing lines
before humidifying the gas flows by bubbling through distilled
water heated with a magnetic hotplate stirrer. On the cathode
side, the outlet gas was sent through a condenser containing ice
before passing through a flow meter. The cathode pressure was
controlled with a manual back pressure regulator. The study
found that 100% H, could be collected at the cathode when
using nitrogen and methane as a contaminant and a purity of
98% was achieved using helium.

Separation of the HOR and HER losses in an EHP can be
challenging because both reactions proceed rapidly in the
presence of a platinum catalyst in a PEM based system.
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Hao et al. found that the HOR followed the Tafel-Volmer route
while the HER followed the Volmer-Heyrovsky route by separ-
ating the HER and HOR in an EHP using a platinum reference
electrode integrated into an EHP. HER losses were found to be
larger than for HOR, while the HER losses decreased with
increasing cathode pressure from 1 barg to 10 barg and were
attributed to an increase in the coverage of absorbed hydrogen
on the catalyst surface.>® Stiihmier et al. studied the pressure
dependence of HOR/HER reactions in an EHP by using a
relatively high Pt catalyst loading (0.4 mg cm™?) on the counter
electrode, which also serves as the reference electrode, and a
very low Pt catalyst loading (1.2-1.6 ug cm™*) on the working
electrode.”® They found that both HOR and HER follow a Tafel-
Volmer mechanism at pressures up to 450 kPa and tempera-
tures to 90 °C. They also observed that the HOR approaches a
limiting current proportional to the hydrogen pressure at high
current densities. However, it could not be determined whether
this was due to a rate limiting Tafel reaction or mass transport
of H, through the ionomer layer.

A setup to study water transport along the length of a 30 cm®
EHP electrically segmented into 20 sections for studying H,
compression to 32 bar was developed by Sdanghi.”® The EHP
was heated using circulated hot water which flowed in separate
channels in the EHP. H, passed through a flow controller
before being bubbled through DI water to humidify the inflow
to the anode. Unreacted H, was collected at the anode outlet
and its humidity measured. The cathode inlet was closed and
the flow from the outlet passed through a condenser then
through a pressure regulator. All gas lines were heated to
75 °C to prevent condensation and a separate heating line
was used to control the cell temperature. The study showed
that membrane dehydration decreased from 90% relative
humidity (RH) to 55% RH along the anode and emphasized
the importance of proper membrane hydration for optimal EHP
performance.

Grigoriev developed a 25 cm® EHP utilizing a gas humidifier
and a gravity-fed liquid water humidifier, which was tested at
stable pressures up to 48 bar between 35 °C and 75 °C.>* The
EHP consisted of 316L stainless steel flanges used to compress
end plates, fluorine rubber gaskets, porous carbon anode gas
diffusion layer (GDL), porous titanium anode GDL, and a
titanium mesh. The MEAs consisted of a Nafion™ 117 mem-
brane with carbon supported platinum catalysts, with equal
loadings on anode and cathode of 0.4 mg cm™> Pt and 0.8 mg
cm 2 Pt. Sigracet 10bb carbon paper with a microporous layer
(MPL) was used as the anode GDL, porous titanium was used as
the cathode GDL, and titanium meshes were used to support
both GDLs. Using the setup, H, was compressed from 1 bar to
48 bar at a current density of 0.2 A cm™> and 140 mV at 75 °C. It
was found that using a single EHP stable operation could be
achieved up to 48 bar, however over 50 bar, the use of two or
more compressors is recommended to prevent gas excessive
leaks. Hao et al. also used a setup employing an internal liquid
humidifier on the cathode, but used a dry dead-end anode
configuration.”® The study utilized a 5.3 ¢cm® EHP cell to
compress hydrogen from atmospheric pressure at varying

This journal is © The Royal Society of Chemistry 2025
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Table 1 Notable experimental setups reported in the literature, including efficiencies and performance metrics measured at specific operating points

and under defined conditions

GDE geometric

Author area [cm?] Membrane Voltage efficiency [%] Voltage at 0.5 A cm™> [mV]
Grigoriev*? 25 Nafion™ 117 (183 pm) — ~175 (75 °C, 0 barg)
Pineda Delgado®®” 5 Nafion™ 115 (127 pm) — 212 (30 °C, 10 barg, 100% RH)
— 278 (80 °C, 10 barg, 100% RH)
Sdanghi*’ 30 Nafion™ XL (28 pum) — ~95 (60 °C, 32 barg)
Nafion™ 117 (183 um) — ~240 (60 °C, 32 barg)
Hao®® 5.3 Nafion™ 117 (183 pm) 17 (60 °C, 20 barg, 0.5 A cm™?) ~365 (30 °C, 20 barg)

EHP temperature setpoints to 2 MPag. The EHP contained a
Nafion™ 117 membrane with 0.2 mg cm™> Pt catalyst loadings
for both anode and cathode. Sintered stainless steel and carbon
cloth (EC-CC1-060T) were used as double GDLs on the anode
with the same sintered stainless-steel sheet with a carbon paper
(24AA) used on the cathode. The flow field plates were con-
structed from 316L stainless steel. The high frequency resis-
tance was measured at 10 kHz at each measurement setpoint to
estimate the series resistance of the cell. The setup operated at
0.5 A cm™ > at 123 mV with a hydrogen flow rate at the anode of
40 ml min~' with 0.5 MPag cathode pressure at 333 K.
A summary of notable experimental setups outlined in the
literature including performance metrics is provided in Table 1.

Despite recent progress, several key challenges remain for
EHPs. Maintaining optimal membrane humidification - parti-
cularly at high current densities - is critical for ensuring high
proton conductivity in low-temperature PFSA-based mem-
branes, while improving the balance between of mechanical
strength and proton conductivity remains a key challenge for
high-temperature PBI-based membranes. Further research is
needed to identify membranes that offer high proton conduc-
tivity while supressing hydrogen back diffusion through the
membrane, which limits overall efficiency for compression.
In addition, there is a significant lack of long-term studies
addressing catalyst degradation mechanisms and stability.
Studies in literature use platinum-based catalysts for both the
HER and HOR, underscoring the need to explore alternative
non-PGM catalysts that can deliver similar performance and
durability at a lower cost, thereby reducing reliance on expen-
sive rare earth metals. Additionally, the absence of standar-
dized testing procedures and operating conditions hinders the
comparability of EHP studies. Establishing standard testing
procedures is essential for meaningful comparisons across
the field.

3. Development of an electrochemical
hydrogen pump and test rig for
academic labs

This section aims to provide details of our EHP test rig devel-
oped and used at Helmholtz-Zentrum Berlin, so others entering
or working in the field can use the information to develop their

own EHP testing stations. We will discuss key requirements
for an EHP test station and provide information on the

This journal is © The Royal Society of Chemistry 2025

10 (30 °C, 20 barg, 0.5 A cm ™ ?) ~200 (60 °C, 20 barg)
components of our rig including materials used and vendors.
The experimental testing procedure and an example of key
performance data are included as a guide for establishing an
EHP test setup. A troubleshooting guide and a description of
best practices, both provide insights for safe, reliable and
consistent operation.

Despite EHPs generally having the same zero-gap form
factor as a PEMFC or PEMEC, the objective of using an EHP
to compress hydrogen at the cathode inevitably leads to varied
test setup requirements. These differences in the requirements
for the EHP setup are summarized as follows:

1. Mechanically strong materials for the EHP test cell are
required to manage high cathode pressures.

2. The absence of oxygen reactions allows the use of
oxidation-prone materials (i.e. titanium and gold coatings are
not necessary), and low platinum loadings are sufficient as
neither oxygen reduction reaction (ORR) nor the oxygen evolu-
tion reaction (OER) are present in EHPs.

3. Water required for membrane hydration but is neither a
product or reactant as it is for PEM fuel cell or electrolyser,
respectively.

4. EHP operating voltage (approximately 0.05-0.5 V) is gener-
ally lower than that of a PEMFC or PEMEC, reducing the like-
lihood of oxidation of carbon gas diffusion electrodes (GDE).

3.1. Description of test rig

3.1.1. Flow control and measurement. To the best our
knowledge, there are no commercial EHP test rigs currently
available. The following description shall thus serve as a guide
to any laboratory wishing to establish EHP testing capabilities.
The test rig described in this study was designed for hydrogen
compression studies. It could, however, be easily adapted for
H, separation measurements by adding an additional gas
source and flow controller to the anode inflow. Fig. 2 presents
a photograph of the EHP test rig, highlighting the general
layout of the instrumentation and the location of the EHP.
More detailed information on the test rig’s electronics specifi-
cations and individual test cell components can be found in the
NOMAD database.

Fig. 3 shows schematic diagrams illustrating (a) the loca-
tions of key fluid flow and temperature control/measurement
components within the system, and (b) the fluid flow paths
during normal EHP operation. The only fluid inflow to the EHP
is a humidified hydrogen steam to the anode inlet. Hydrogen
was humidified to 100% RH using a controlled evaporator

Chem. Commun., 2025, 61, 10210-10227 | 10217
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Fig. 2 Overview of the test rig used for EHP experiments. Key components including the EHP (thermally insulated), flow measurement and control
systems, temperature control units, and supporting electronics are highlighted.

mixer (CEM) (Bronkhorst® CEM Evaporator). A hydrogen gen-
erator (LNI Swissgas H, Basic) supplies H, pressurized to 2.0
barg to the gas inlet of the CEM and a pressurized water vessel
(MilliporeSigma™ XX6700P01) filled with 18.2 MQ ultrapure
water (Barnstead™ Smart2Pure™ Pro) is pressurized to 1.5 barg
using a nitrogen gas blanket. Water flow is controlled using a
Coriolis flow meter (Bronkhorst® mini CORI-FLOW™) and gas
is controlled using a thermal mass flow controller (Bron-
khorst™ EL-Flow™). Stainless steel piping with an outer dia-
meter of 6 mm was primarily used for fluid connections.
Flexible stainless steel braided PTFE lined hose (Swagelok®
SS-4MBHT-24) was used to make connections to the EHP anode
inlet and outlet easier when connecting the EHP to the test rig.
Transparent PTFE tubing on the anode line connecting the
pressurized water vessel to the Coriolis flow meter was used to
view any bubbles in the water flow for diagnostics. Humidity is
not a directly controllable parameter. The flow rates for H, and
water at the setpoint measurement conditions were determined
using Bronkhorst®™ Fluidat®™ software. A humidity sensor (Galltec
Mess - und Regeltechnik GmbH + Mela Sensortechnik GmbH -
CVR2.D/5) was installed upstream of the EHP to verify the RH of
the inlet flow to the EHP anode. The humidity sensor was placed
in an in-house manufactured stainless steel block adaptor to allow
for inline RH monitoring. Two 20 W heating pads were attached
to the humidity sensor block, which was wrapped in thermal
insulation tape and connected to its own PID temperature con-
troller to ensure that the sensor temperature remains near the
setpoint for accurate RH measurements. Heating cuffs (Scribner
LLC) were attached to the anode inlet and outlet fittings in the gap
between the end of the line heating element and the EHP.

10218 | Chem. Commun., 2025, 61, 10210-10227

The high-pressure cathode side is of particular importance
since H, at the cathode will be pumped at relatively low flow
rates. To accurately characterize the EHP performance during
pressurization, the test rig incorporates a dome-loaded pres-
sure regulator at the cathode. The dome-loaded pressure reg-
ulator is a critical part of the test rig that ensures that the
pressure of the cathode can be increased without losses
through the regulator, allowing for the accurate determination
of the faradaic efficiency, a key performance indicator of the
EHP. The dome-loaded pressure regulator has a diaphragm
made of a ridged sealing material, in this case polyether-
etherketone (PEEK). Above the diaphragm, a pilot pressure is
supplied using nitrogen, which pushes on the top of the
diaphragm to act as a seal until the cathode pressure exceeds
the pilot pressure, at which point the diaphragm bends to allow
flow to pass. Downstream of the pressure regulator is a coales-
cence filter (Swagelok® Coalescing Filter - SS_FCE) used to
remove bulk H,O and then a desiccant column (W.A. Ham-
mond Drierite Co., Ltd - Indicating Drierite™) removes any
remaining water vapour in the H,. This is crucial to ensure
accurate mass flow meter measurements since the measure-
ment relies on the density of the gas for accurate measurement.

3.1.2. Software and electronics. The test rig is controlled
and monitored by two programs, one a self-made LabVIEW-
based software and the other one EC-Lab®, which is the official
BioLogic software. The former controls all other devices includ-
ing humidity sensor, temperature sensors, mass flow sensors
and controllers as well as pressure sensors and controllers. The
latter one controls the potentiostat and the electrochemical
testing.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Schematic diagrams of the EHP test rig. (a) Fluid connections and locations of flow and temperature control/measurement components.
(b) Illustration of the fluid flow paths during standard EHP operation, showing the routing of hydrogen, nitrogen, water and humidified hydrogen streams

through the system.

The LabVIEW-based software handles most of the test rig’s
devices and an overview of its functionalities is given in Fig. 4.
It collects their data and logs it to the PC. The data is presented
in multiple graphs and as a raw data table to the user. This way
the performance of the electrochemical cells can be analysed in
real time. The settings of all devices are done with a csv. file
listing all necessary parameters to connect to the correct
devices. This allows for the use of the same software on multi-
ple test rigs without changing the actual software, but just by
loading different settings files. One Virtual Interface (VI),
equivalent to a subroutine in text-based programming lan-
guages, checks all data against limits set by the user and warns
via the interface if any value exceeds its respective limit. This
can automatically result in the change to a safe state for some
instruments, like setting certain gas flows to zero.

Hardware fuses are integrated into the test rig to power
down critical devices in case of unsanctioned operating points

This journal is © The Royal Society of Chemistry 2025

or in case of an emergency. Those devices are the BioLogic
potentiostat, as the main power source for the EHP operation,
as well as the heating units that set the pump cell to the wanted
temperature. For fluid safety, pressure relief valves are
installed. The hydrogen generator that provides the low-
pressure inlet H, to the test rig is coupled to an H, safety
sensor located above the rig and is shut down by that sensor in
case of a gas leak.

3.2. Construction of electrochemical hydrogen pump

3.2.1. Material selection. In most studies of low tempera-
ture electrochemical hydrogen compression, unmodified com-
mercial perfluoro sulfonic acid (PFSA) membranes are used as a
solid electrolyte. Nafion™ is most commonly used in EHP
studies.® Other PFSA membranes are however suitable
for EHP compression and separation, including Fumasep®,
Aquivion®, and Gore-Select®. The main consideration for

Chem. Commun., 2025, 61,10210-10227 | 10219
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Fig. 4 Flow diagram of the software used for the test rig, providing an overview of the key functionalities and its interactions with the computer,

peripheral devices, and the rig's sensor hardware.

membrane selection for hydrogen compression is the thick-
ness. A thicker membrane will be more robust and have a lower
rate of back diffusion but will have lower proton conductivity.

In this case study, a commercial 5-layer membrane electrode
assembly (MEA) with carbon supported platinum (30 wt%)
catalyst with a geometric area of 25 cm” was purchased from
The Fuel Cell Store. The MEA is composed of a Nafion™
115 membrane (127 pm) with a 410 pm carbon cloth containing
a microporous layer (CT W1S1011) with Pt loadings of
0.25 mg cm > for each electrode. One side of the GDL is
hydrophobic (5 wt% PTFE) to minimize flooding, while the
other has a microporous layer (MPL) to reduce contact resis-
tance between the catalyst layer and GDL, and to enhance
membrane hydration. 316L stainless steel was selected for the
FFP and end plates because it provides high mechanical
strength, is cost effective, and chemically resistant to corrosion.
Stainless steel has also been selected by others studying elec-
trochemical compression of hydrogen.>**>°*® Some studies
have also investigated the use of materials with increased
corrosion resistance, namely titanium and molybdenum,>*°
but these materials significantly increase EHP costs. Table 2
provides an overview of the components of the EHP test cell
along with their corresponding materials.

3.2.2. EHP test cell. An in-house designed and manufac-
tured EHP was constructed for this case study, with a detailed

Table 2 Materials used for EHP test cell components

Component Material

Flow field plate 316L Stainless steel

End plate 316L Stainless steel

M8 Hex socket cap bolts 304 Stainless steel

Washers 316 Stainless steel

Spring washers Carbon steel

Gaskets 0.5 mm silicone

O-rings Viton™

M10 x 6 mm tube fittings 316 Stainless steel

MEA 0.25 mg cm 2 30 wt% Pt on Vulcan/
electrode, Nafion™ 115 membrane

10220 | Chem. Commun., 2025, 61, 10210-10227

view of all its components shown in Fig. 5(a). The drawing files
including all dimensions for the EHP is provided in the
NOMAD database. The EHP has a zero-gap configuration
commonly employed for PEM fuel cells and electrolysers. Flow
fields were milled into the plates to uniformly distribute the
product and reactant hydrogen over the 25 cm” geometric area
where the reactions occur. The EHP test cell employed a double
serpentine flow field with 2 mm-wide channels, as shown in
Fig. 5(b), with the assembled cell shown in Fig. 5(c). Silicone
gaskets with a thickness of 0.5 mm (Reichelt Chemietechnik
GmbH + Co - Thomaplast® Silicone Plate) were used to seal the
MEA, to prevent leaks between the flow field plates and end
plates, and to electrically insulate the end plates from the rest
of the test rig. The gaskets were laser cut to size using a Keyence
UV Laser Marker (MD-U1020C). Other typical sealing materials
found in PEMFCs, namely EPDM and PTFE, have also been
successfully tested in the EHP.®' Porous 316L stainless steel
supports (Bekaert Bekipor 10AL3) provided mechanical reinfor-
cement to the MEA. They were cut to 56 mm x 56 mm and
53 mm x 53 mm and placed on the anode and cathode,
respectively. Different sizes of stainless-steel supports prevent
pinching of the membrane, particularly at the corners of the
supports. The EHP was designed with separate end plates and
FFPs allowing testing of different FFP designs and sizes. The
cell assembly was performed using a three-step method to
gradually increase the torque from 1 Nm to 5 Nm and finally
to 10 Nm, using eight M8 bolts. Fluid connections were placed
on the outside faces of the end plates and sealed with Viton™
O-rings. 1.2 mm holes were drilled in the top of the FFPs to
allow for a 1.0 mm PT100 sensor (CCPI Europe Ltd.) to extend
5 cm into the FFP to measure the temperature near the middle
of the FFP. Custom 50 W heating pads were manufactured by
TFP Technology with holes for the fluid fittings and placed on
the outside of the end plates using a temperature resistant
adhesive. The heating pads are the same size as the FFPs to
provide even heating and reduce the likelihood of hot spots. A
temperature controller (Juchheim GmbH & Co. KG - LTR 2500-
S) controls the EHP temperature using a PT100 sensor while the

This journal is © The Royal Society of Chemistry 2025
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M8 bolt
(2) SSwasher

(3) 6 mm tube to M10x1.0 fitting
(4) End plate

(5) Silicone gasket

(6) Flow field plate

(7) SSfelt support

(8) MEA

Fig. 5 (a) Detailed view of the EHP showing all components of the test cell; (b) and (c) photographs of the 25 cm? double serpentine flow field plate

design and the fully assembled EHP, respectively.

anode and cathode temperatures are recorded with separate
PT100 sensors placed in the FFPs. Each heating pad contains a
PT100 sensor attached to the heating pad which is used for the
safety shutoff for the temperature controller. The cell was then
wrapped in a thermal insulation tape (Horst BCTEX™ Fabric
Tape). The FFPs also act as current collectors for the EHP, with
a section extruding vertically out of the cell that includes two
holes for sense and power electrical connections using 4 mm
banana sockets. Temperatures at the EHP inlet and outlets are
measured inline using PT100 sensors (ES Electronic Sensor
GmbH - SW Pressure Resistance Thermometer) integrated into
the 6 mm stainless steel pipe using T-fittings.

3.3. Break-in and measurement procedure

As with PEM based fuel cells and electrolysers, the EHP
requires a break-in procedure before measurements can be
performed. The purpose of this step is to remove impurities
on the catalyst surface, improve the utilization of the catalyst
and to hydrate the membrane.®>®® Break-in procedures are not
commonly reported in the literature for EHP. Pineda-Delgado

This journal is © The Royal Society of Chemistry 2025

reported break-in by operating the cell as a PEM fuel cell at 30 °C
and 80 °C and RH of 50% and 100% before switching to EHP
operation.”® Zou reported using a break-in procedure borrowed
from fuel cell procedures where the voltage was increased from
0.05 V to 0.6 V in steps of 0.05 V held for 2 minutes.®*

The experimental procedure in our case study has been
adapted from PEMFC break-in procedures and collective experi-
ence in EHP testing.®®>®® The experimental procedure for
conducting EHP experiments is summarized in Table 3. This
procedure is intended to serve as an initial standardized approach
to benchmarking EHP performance. Break-in was conducted at
75 °C and the EHP characterization was conducted at 60 °C.
Humidified hydrogen with an RH of 100% was supplied to the
anode during both steps. The gas supply line carrying humidified
hydrogen to the EHP was heated to 2.5 °C above the EHP setpoint
temperature to prevent condensation in the piping.

Following cell assembly, the EHP was connected to the test
setup and purged with N, for 10-15 minutes to clean the lines
and remove air from the lines. The plug valve on the cathode
line was opened to allow gas to flow through the cathode side of

Chem. Commun., 2025, 61,10210-10227 | 10221
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Table 3 Experimental procedure for EHP testing using a BioLogic SP-300 potentiostat

Step Purpose Description/Technique
1 Purge Clear lines of any residual air after EHP instal- 10-15 minutes of purging with N,
lation in the test rig ¢ 100 mIn min~" anode
¢ 100 mln min~" cathode
2 Warm up Allow EHP to come to temperature and apply 200 mln min~! H, at 100% RH
humidified inflow until stable EHP temperature 75 °C
50 mln min~' H, at cathode for 10-15 minutes
prior to break in
3 Pressurization Operate EHP to bring cathode to set pressure CP at 0.1 A cm™? for 30 minutes
(5.0 barg)
4 Break in Voltage cycling to prepare EHP for character- (1) CP at 0.2 A for 60 minutes
ization measurement at 75 °C (2) Stepped CA looped 5 times
¢ 130 seconds at 0.05 V
e 130 minutes 0.2 V
(3) Sequence repeated 20 times
5 Performance Collect data for a polarization plot using CP EHP temperature 60 °C
characterization measurements held for five minutes followed by (1) CP at 8 mA cm ™2, 10 mA cm 2,12 mA cm 2,
a quick GEIS scan to determine HFR 20 mA cm ™2, 50 mA cm 2, 100 mA cm 2,
200 mA cm™?, 300 mA cm ™2 and 400 mA cm ™2
(2) Frequency range: 1000 Hz to 1 Hz
Voltage amplitude: 10 mV
e 8 data points per decade
e 6 data points per frequency
6 Diagnostics EIS scan over larger frequency range to obtain GEIS at 50 mA cm ™2, 100 mA cm 2,

EIS spectra

200 mA cm™?, 300 mA cm™?

e Hold at setpoint: 5 minutes

e Frequency range: 1000 Hz to 20 mHz
e Voltage amplitude: 10 mV

e 8 measurement points per decade

e 6 measures per frequency

CP: chronopotentiometry, CA: chronoamperometry, GEIS: galvanostatic electrochemical impedance spectroscopy

the EHP through the FFP to the surface of the MEA. The EHP
was then heated to 75 °C while humidified H, flowed to the
anode side to humidify the membrane. When the EHP reached
the setpoint temperature, H, was run through the cathode line
to remove N, from the cathode line. The break-in procedure
was conducted at a cathode pressure of 5.0 barg. Thereafter, the
H, supply to the cathode was shut off and the plug valve on
the cathode line was then closed. The EHP was operated at
0.1 A cm™? for 30 minutes to allow the cell to pressurize. The
break-in procedure for the EHP was then conducted by operat-
ing at 0.2 A cm~? for 60 minutes, then cycling between voltages
of 0.05 V and 0.20 V held for 130 seconds and repeated five
times. This entire sequence was then repeated a total of
20 times to break in the MEA.

The operating conditions used in this sample experimental
measurement are summarized in Table 4. The performance of
the EHP was measured using a stepped chronopotentiometry
(CP) to produce a polarization plot. The EHP current was held
for 5 minutes at each step. Short galvanostatic electrochemical
impedance spectroscopy (GEIS) measurements were taken from
1000 Hz to 1 Hz after each step to determine the high frequency
resistance (HFR) during operation. Additional GEIS measure-
ments, ranging from 1000 Hz to 20 mHz, were also conducted
at 50 mA cm ™2, 100 mA cm ™2, 200 mA cm™? and 300 mA cm ™2
to measure a complete Nyquist plot, which can be compared
for diagnostic purposes. Reproducible EIS results provide a
reliable diagnostic metric for healthy system operation, how-
ever limited EIS data has been reported in literature for
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Table 4 Operating conditions set during measurement of the example
results presented in the case study

Parameter Set value

1

Anode H, flow 200 mln min~

Anode line temperature 62.5 °C
Anode H,O flow 1.166 gh™'
CEM temperature 62.5 °C
Cathode pressure 5.07 barg
Anode pressure Atmospheric

EHPs.'®>*%% Fig. 6(a) shows a plot of the transient EHP data
collected during the stepped CP measurement. The electro-
chemical performance of the EHP is shown in the polarization
plot in Fig. 6(b). The current efficiency in Fig. 6(c), was
calculated using the measured H, flow at the cathode and
EHP current using eqn (31). A small reduction in the measured
cathode pressure was observed with decreasing current and
corresponding cathode flow. This is inherent to the back
pressure regulator’s operation and the differences diminish
with increasing flow rate at the cathode. The EHP setup exhibits
high current efficiency at a pressure of 5 barg indicating good
sealing and a low rate of back diffusion though the membrane.
Operating the EHP initially at a low pressure minimizes the
back diffusion effects and provides a good starting point for
determining if leaks are present in the system. This measure-
ment guide, along with the example data set obtained under
the operating conditions listed in Table 4 is intended to serve
as a reference for EHP measurements. The accompanying

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 (a) Transients of EHP data (Tenp EHP cell temperature, Pean, pressure at the cathode, Vep cell voltage and Qcan, hydrogen volumetric flow rate at

the cathode) measured during the performance characterization step of

the measurement procedure, in which CP measurements of 5 minutes are

performed. The resulting polarization plot produced from the CP measurements is plotted in (b). The current or faradaic efficiency relating the measured

hydrogen gas flow from the cathode is plotted in (c).

troubleshooting guide is provided to help identify and resolve
issues encountered during measurements.

3.4. Troubleshooting: challenges and solutions

The difficulties in operating the EHP typically come from the
elevated pressure at the cathode. We found that having no
supports on the MEA caused the membrane to be pushed into
the flow field, causing it to puncture. The addition of stainless-
steel supports on both anode and cathode can solve this issue,
but having the same sizes caused pressure points at the corners
which also caused the membrane to puncture. Supports that
are too close in size to the flow field are also prone to being
pushed into the flow field if there are any small misalignments
when the EHP is pressurized as shown in Fig. 7. The effect of
cell compression is of particular importance for EHP operation
because as the cathode pressure increases the pressure tends to
push the MEA components towards the anode. At unpressur-
ized or low-pressure conditions (<5 barg) this will materialize
as a slightly higher ohmic resistance, but at higher pressures
excessive stretching of the membrane can lead to a membrane
puncture.

Separating the losses associated with the HOR and HER
during EHP operation is challenging. In a PEM fuel cell, the
contribution of HOR related losses using a platinum catalyst
has been reported to be less than 10 mV when the catalyst
loading is reduced from 0.4 to 0.05 mg cm > at a current
density of 1.0 A cm 2% A better understanding of catalyst

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Stainless steel support that was pushed into the anode FFP, causing
the membrane to puncture.

behaviour is important, particularly as studies on long term
catalyst stability are scarce in the literature.

EHP performance is highly sensitive to the level of humidi-
fication. Since water is neither a product nor reactant for HER

Chem. Commun., 2025, 61,10210-10227 | 10223
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and HOR, it must be supplied to the membrane. Insufficient
humidification can cause instability and increases in the EHP
voltage, mainly via increased membrane resistance.””>® Water
management is typically accomplished through humidifying
the anode inflow to the EHP, although Hao et al. also reported
the use of a liquid water humidifier on the cathode.>® Zou et al.
have also reported membrane failure through H, starvation
which caused the EHP voltage to increase rapidly, burning the
surface of the MEA.** We recommend monitoring RH using an
in-line humidity sensor to ensure the EHP is properly humidi-
fied during measurements. Applying safety limits to the poten-
tiostat can also prevent EHP operation above specified voltage
limits, preventing rapid heating caused from voltage spikes
if hydrogen starvation occurs, preventing damage such as
delamination to the MEA. Understanding long term causes
and severity of membrane degradation remains a challenge for
the long-term operation of EHPs. In particular, insights on the
combination of mechanical stress and chemical aging during
high pressure operation and the effect of impurities in the inflow,
particularly for hydrogen separation, remain elusive. Long-term
studies investigating the rate of hydrogen back-diffusion and
ionic conductivity through the membrane are also needed
to understand operational lifetime under different operating
conditions. Degradation studies are essential to characterize
the mechanisms affecting the catalyst and catalyst support,
and to assess their impact on proton and electron transport
over time.

4. Conclusions and perspectives

In this work, we reviewed the emerging field of electrochemical
hydrogen pumps, which enable efficient hydrogen compression
and separation from mixed gas streams. An overview of experi-
mental setups from the literature and a case study detailing
an electrochemical hydrogen pump test setup are presented.
A testing procedure and an example of the data that can be
recorded with this setup are used as a baseline for EHP testing.
We offer a basic troubleshooting guide to assist in establishing
an operable testing setup. The establishment of a universal
testing procedure for EHPs is critical for proper comparison
between studies and is currently lacking in literature. Addition-
ally, very few tests on the long-term durability tests of EHPs
have been conducted. Since EHPs are used for a variety of
applications, it is preferable to establish testing procedures
without the use of specialized equipment or need for excessive
capabilities, such as operating at high cathode pressures or
handling multiple gas inflows. Ideally, pure hydrogen should
be used as a benchmark, also when evaluating EHPs for the
purpose of hydrogen separation.

We have also identified areas requiring further development
to enable the widespread deployment of EHPs. Firstly, the use
of novel catalysts based on non-critical materials, as well as
alternative membrane materials, remains largely understudied.
While most existing studies focus on the effect of operating
conditions on EHP performance, there is significant untapped
potential in exploring new materials within EHP technology.
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Although electrochemical hydrogen pumps have the potential
to achieve higher operating pressures, exceeding the current state-
of-the-art is not an immediate priority; instead, research should
focus on improving long-term stability and understanding
performance changes over extended operation to ensure reliable
operation. Current studies on EHPs lack long term testing and
accelerated stress testing, leaving the present maximum opera-
tional lifetimes and the effect of degradation of the membrane
and catalysts is widely unknown. Long term degradation studies
of an EHP require further study to better understand these
degradation mechanisms.

In relation to the chemical degradation of catalysts and
membrane components during operation or post-mortem,
various techniques/methods can be implemented from
the electrolyser or fuel cell fields already used in academic
laboratories.

For post-mortem analysis of catalysts on the GDLs, X-ray
photoelectron spectroscopy can be utilized to detect the oxida-
tion of the Pt catalysts by fitting the spectrum in the Pt core
level regions and detecting shifts in the binding energies.®®
Currently the field of electrochemical H, pumps is dominated
by using Pt based catalysts, as it is the state of the art for HER
and HOR, however if catalyst development to more inexpensive
earth abundant catalyst (Ni, Mo, Mn, Co, etc., with or without
Pt) would be foreseen within the electrochemical H, pump
community, XPS would be an extremely valuable technique as it
is routine in the electrolyser field to detect changes in these
earth abundant elements to help in catalysts development.®®
Furthermore, post-mortem X-ray absorption spectroscopy can
be utilised on the catalysts before and after operation to
monitor changes in the oxidation state by developing a calibra-
tion curve of known materials during the same beamline
session.”’ Raman spectroscopy is another excellent technique
for the chemical investigations into changes of the catalysts
and Nafion™ membrane.”’ Nafion has a distinctive Raman
profile in the 0-1000 cm™? Raman shift range therefore any
degradation of this material could be potentially monitored by
Raman spectroscopy which was previously shown by Krasnova
and co-workers for PEM fuel cells.”

Physical degradation (e.g. diagnoses of microcracks) of the
catalyst layers could be conducted by Helium Ion Microscopy
(HIM) or Computed Tomography (CT).”> The information
gained from these techniques could also be used to improve
catalyst ink formulations. Sub-optimal ink composition could
result in a catalyst layer that is not homogeneous, ie. that
contains cracks, or is brittle. This would affect the electrolyser
measurements; more precisely, the electronic pathway from the
catalyst to current collector will be disturbed. The CT studies
will allow us to gain further information about the inner layers
of the catalyst layer and into the ink formulations/layer deposi-
tion and will determine if adjustments need to be made to the
ink formulations.

Electrochemical hydrogen pumps hold significant promise
for advancing hydrogen compression and separation techno-
logies. Continued progress will depend on the integration
of novel materials, the development of standardized testing

This journal is © The Royal Society of Chemistry 2025
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procedures, and comprehensive long-term degradation studies.
This review provides a practical guide for setting up an experi-
mental EHP system to help address current knowledge gaps.
With further research and development, EHPs have the
potential to play a crucial role in enabling efficient hydrogen
handling across a range of emerging technologies.
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