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A B S T R A C T

Electrochemical hydrogen compression is a promising alternative to conventional mechanical compression
due to low maintenance costs and high one-stage compression ratios. The typically employed planar systems,
however, are intrinsically difficult to operate in high differential pressure environments. Tubular systems are
inherently advantageous for high differential pressure systems but require innovative membrane electrode
assembly development. This study unveils the first tubular EHC featuring a membrane electrode assembly
supported by a stainless steel 3D-printed porous anode. The membrane electrode assembly for gas-phase
electrochemistry is produced by spray coating the porous anode with Pt/C as the catalyst and joining the anode
with a tubular catalyst-coated membrane. Electrochemical characterization demonstrates the functionality of
the tubular EHC at current densities up to 60 mAcm−2 with a cell potential of 200 mV under non-pressurized
conditions. Moreover, a pressure difference of 2 bar is achieved at 60 mAcm−2 within the first 60 min in
continuous mode. By demonstrating the proof-of-principle for the first tubular EHC, this work paves the way
for new research avenues in electrochemical process engineering, offering a broad spectrum of applications,
from enhancing EHC technologies to advancing electrochemical CO2 reduction.
1. Introduction

Hydrogen is envisioned as the central energy vector in a defossilized
economy [1,2]. By increasing the contribution of renewable energies,
the role of hydrogen as chemical energy storage becomes increasingly
important. Nevertheless, due to the low volumetric energy density
of hydrogen, compression is of paramount importance in hydrogen
processing [3–7]. Currently, mechanical compressors are used for hy-
drogen compression. These are usually positive replacement devices,
e.g., membrane and piston compressors [5]. Mechanical compression
is a mature technology which offers single-stage compression ratios up
to seven. However, it entails limitations such as vibration, moderate
efficiency (45% [5]) due to the isentropic compression principle, and
high maintenance costs due to mechanical wear [8–10].

Alternatively, electrochemical hydrogen compression (EHC) is an
emerging technology to overcome the challenges of its mechanical
counterpart because no moving parts are incorporated in the device.
Additionally, theoretically unlimited compression ratios and efficient
compression in small systems can be achieved, offering enhanced flex-
ibility [6,11,12]. In addition, less theoretical compression work is
required due to the isothermal compression [13].

In EHC, low-pressure hydrogen is supplied to the anode of an elec-
trochemical cell, where it oxidizes to protons and electrons (Eq. (1)).
The applied electrical driving force causes the protons to migrate
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through a proton exchange membrane (PEM) toward the cathode while
the electrons flow through an external electrical circuit. At the cathode,
the protons are reduced to hydrogen (Eq. (2)).

H2, low p ⟶ 2H+ + 2e− (1)

2H+ + 2e− ⟶ H2, high p (2)

Through the applied electrical driving force, the pressure of hydro-
gen is increased towards the cathode side. The potential compression
relationship is governed by the Nernst equation (Eq. (3)) [14,15]:

𝐸 = 𝑅𝑇
2𝐹

ln
𝑝𝑐
𝑝𝑎

(3)

with R the ideal gas constant, 𝑇 the process temperature, F the Faraday
constant, and 𝑝𝑐 , 𝑝𝑎 the cathode and anode hydrogen partial pressure.

Planar EHC stacks are comprised of membrane electrode assemblies:
Either the anode and cathode catalyst layers (mainly platinum and
its alloys) are deposited on gas diffusion layers (including a micro-
porous layer, mainly carbon materials), which are pressed onto a
proton exchange membrane (PEM, mainly per-/polyflourosulfonic acid
(PFSA)-based). Alternatively, catalyst-coated membranes, where the
catalyst is directly applied onto the PEM, can be sandwiched between
gas diffusion layers. Additionally, bipolar plates containing gas flow
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fields, gaskets, and end plates with bolts to tighten the cell or cell stack
are needed to assemble an EHC [11,16,17].

The main challenges in EHC are membrane and catalyst mate-
rials, water mass transport to humidify the PEM, sealing, and cost
[16,18–20]. State-of-the-art catalysts in EHC are platinum group met-
als, which are costly and are susceptible to catalyst poisoning in media
containing impurities, e.g., by CO [21]. Most ion exchange mem-
brane materials used in EHC must be sufficiently humidified to ensure
ion conductivity, which is challenging to maintain in a process with
a gaseous reactant and product such as EHC [19]. Moreover, the
back-permeation of hydrogen through the ion exchange membrane is
limiting the process efficiency of EHC. Additionally, sealing concepts
for high-pressure applications are challenging [22].

While there have been some studies on catalyst [23,24] and mem-
brane [25–27] development for EHC, research on process aspects
e.g. cell geometry, flow field, and gas diffusion layer design, sealings,
and reactor designs has been limited [28,29].

Tubular cell designs offer advantages in sealing length, surface-
to-volume ratio, and mass transport [30–33]. Additionally, tubular
systems are intrinsically well-suited for differential pressure applica-
tions such as EHC. Additionally, uniform pressure distribution on the
cell compared to planar ones can lead to lower ohmic losses and,
consequently, less stress on the membrane and mechanical support for
the PEM in tubular cells [18,34].

Despite these advantages, tubular cell concepts, especially including
membrane electrode assemblies, have been sparsely realized
[30,35,36]. Laube et al. [30] developed a tubular membrane electrode
assembly for PEM-electrolyzers, which can be fabricated through cost-
effective and in-line co-extrusion. Recently, they achieved 450mAcm−2

t 2V in their tubular PEM water-electrolyzer [37]. Dong et al. [36]
eveloped a solid electrolyte tubular cell for CO2 electroreduction using
SN-Cu hollow fiber electrode, reporting a cell potential of −1.4V at
.11mAcm−2 for acetaldehyde and acetone production.

However, in both studies, liquid electrolytes were employed. To
ate, no tubular concepts for all gas phase electrochemistry, e.g., EHC,
ave been presented. These pose specific challenges as mass transport
o and from the catalytic site.

This work introduces the first all-tubular EHC with a membrane
lectrode assembly comprising a 3D-printed anode and a catalyst-
oated membrane. The EHC’s electrochemical performance was exam-
ned in a tubular module via linear sweep, multi-chronopotentiometry,
nd electrochemical impedance spectroscopy. The compression perfor-
ance was tested in short-term stability experiments.

. Material and methods

.1. Materials

Pt/C nanoparticles 40% Pt on carbon black and Fumion 1005, 5%
uspension in n-propanol were purchased from Quintech. NAFION®
ubes with 2.18 mm inner diameter and 305 μm membrane thickness
ere supplied by Permapure.

.2. Anode fabrication

The porous tubular anodes of 8 cm length, 3.3mm outer diameter,
nd 1mm wall thickness were produced by metal selective laser melting
SLM) using a selective laser fusion printer (Sisma MySint100 PM),
nabling tunable pore size and porosity. Stainless steel powder 1.4404
AISI 316L, particle size <60 μm) was employed as substrate. The anode
as produced with a radial pore pattern, which was achieved by scan

ine patterning developed by Limper et al. [38]. The SEM image in
ig. 1 shows the radial pore pattern of the shell side and cross section
f the tubular porous support. The pore size distribution of the herein
sed anode is presented in Figure S1. The pore size distribution and
orphology of the anode were measured via gas–liquid porosimetry

POROLOX 1000, Porometer NV) and scanning electron microscopy
49

SEM) (TM3030plus, Hitachi), respectively. o
.3. Catalyst-coated membrane fabrication and MEA assembly

The catalyst ink was prepared by sonicating a mixture of 14mg Pt/C
anoparticles, 2.3mL isopropanol, 100 μL Fumion 1005 suspension for
0 min (amounts for one 8 cm tube). First, the ink was airbrushed
n the tubular anode via manual spray coating (Harder & Steinbeck,
volution Infinity). The theoretical catalyst loading of the anode and
athode is 0.7mg cm−2. The catalyst layer was dried for two hours
t a vacuum of 50mbar and a temperature 80 °C. Subsequently, the
AFION® tube was soaked in 80% methanol in DI-water for at least

welve hours, then slid on the tubular anode and dried at ambient
onditions for 24 h, which led to a firm shrinkage of the membrane
n the anode. Afterward, the cathode catalyst layer was sprayed on the
uter surface of the membrane using the same parameters as for the
node.

.4. Tubular EHC assembly

The tubular anode was contacted via a silver-coated copper wire
s the current collector by ultrasonic soldering (MBR electronics). The
athode of the tubular membrane electrode assembly was contacted by
itanium felt (Bekaert, 20 μm fiber diameter, 400 gm−2 weight, nominal
orosity of 50%, shown in Figure S2) and a stainless steel clamp (3D-
rinted), as shown in Fig. 1. Three bolts ensure the tightness of the
lamp for electrical contacting.

The membrane electrode assembly was potted into polyethylene
ubing using two component epoxy resin (UHU Plus Epoxy Ultra Quick)
nd then installed into the reactor. All experiments were conducted in
n in-house fabricated tubular reactor, depicted in Fig. 2.

.5. Electrochemical experiments and analytics

All experiments were executed in a two electrode set-up and at
oom temperature. Mass flow controllers (Series 358, Analyt MTC)
ere used to control the gas supply to the cell. The relative humidity
as monitored by a humidity sensor (UFT75-ST1, MELTEC). The back
ressure on the cathode side was regulated by a check valve (Spring
oaded back pressure regulator, Swagelok), if required, and monitored
A-10, WIKA).

Before supplying hydrogen, the anode and cathode compartments
f the reactor were flushed with nitrogen for safety reasons. For pre-
onditioning, humidified hydrogen (100% RH) with a flow rate of
0NmLmin−1 was fed to the anode, starting 20 min in advance of each
xperiment to ensure saturation of the compartment with hydrogen.

Electrochemical experiments were conducted by a biologic VSP
otentiostat with a booster (VMP3B-20) and impedance module. Po-
arization curves were obtained by multi-chronopotentiometry exper-
ments with a step duration of 40 min. The mean value of the last
ive minutes of the current step is displayed in the polarization curve.
ll electrochemical impedance measurements were performed at OCV
ith 10mV perturbation and six points per decade. Electrochemical

mpedance spectra were measured from 10 kHz to 1 kHz before an
xperimental series and from 10 kHz to 10Hz for all other impedance
easurements. Linear sweep voltammetry (LSV) measurements were
erformed with 500 mV s−1 scan rate. The ohmic resistance for the LSV
as determined at 5 kHz, and 85% iR-compensation was considered.
nless otherwise mentioned, all data is presented as the mean value of
uplicate experiments, with the standard deviation as the error bar.

. Results and discussion

esign concept
Electrical contacting is a significant challenge for small, tubular

esigns. For adequate contact, sufficient pressure must be applied on
he membrane electrode assembly, requiring high mechanical stability

f the centered anode as it bears the applied force. The herein employed
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Fig. 1. Assembly of tubular electrochemical hydrogen compressors. Porous support prepared by 3D-printing. SEM image of porous support shell side and cross section. Anode
and cathode catalyst layers are prepared by manual spray coating Pt/C catalyst ink. Anode and cathode catalysts are separated by a commercial NAFION® tube. The cathode is
contacted via a stainless steel clamp.
Fig. 2. Reactor for the operation of tubular EHC.
3D-printed metal anode with tunable porosity provides sufficient me-
chanical stability. The tailor-made clamping device also ensures a
uniform pressure distribution from the cathode to the membrane and
anode. Additionally, the design facilitates self-reinforcement, as the
pressurized side of the cell is the cathode side. A pressure gradient be-
tween the cathode and anode develops upon electrochemical hydrogen
compression, pressing the MEA onto the rigid anode support.

Electrochemical characterization
The tubular EHC was characterized electrochemically by linear

sweep voltammetry, multi-chronopotentiometry, and electrochemical
impedance spectroscopy. Fig. 3(a) shows the iR-corrected and non-
corrected polarization curve of the tubular EHC as well as the results
50
from the multi-chronopotentiometry. Linear behavior of the polariza-
tion curves is observed until 60mAcm−2, followed by an exponential
increase at higher current densities. The current–voltage behavior is
validated by the results from the multi-chronopotentiometry (square
symbols). The limiting current density under non-pressurized operation
conditions reached approximately 90mAcm−2. Fig. 3(b) presents the
Nyquist plot of electrochemical impedance spectra recorded between
multi-chronopotentiometry experiments. The current and voltage re-
sponse of the consecutive runs between the impedance spectra is pre-
sented in Figure S3. The high frequency resistance of the cell ranged
between 2 to 2.75Ω cm2 in electrochemical impedance measurements
(Fig. 3(b)).
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Fig. 3. (a) Steady-state current–voltage behavior of tubular EHC recorded by current steps (40 min, circles) and polarization behavior recorded by linear sweep voltammetry (solid
ines) and iR corrected linear sweep (dashed line), 50 ml/min H2, 100% relative humidity in the feed gas; (b) Nyquist plot of impedance spectra consecutively recorded between
ulti-chronopotentiometry experiments, 1: after preconditioning of the cell, 2: after 2.5 h at 10mAcm−2, 3: after 2.5 h at 40mAcm−2, 4: after 2.5 h at 60mAcm−2; (c) zoom in on
igh frequencies of (b) all spectra shifted to zero ohmic resistance; (d) Bode diagram of measurement 3 and 4.
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In comparison, studies on planar EHCs have reported limiting cur-
ent densities ranging from 0.5 to 3.5A cm−2 at room temperature,
hich is significantly higher than achieved in this work [17,39]. For

nstance, Zou et al. achieved 3.5A cm−2 with similar catalyst loading as
n this study but with a significantly thinner ion exchange membrane
f 15 μm compared to 300 μm in this work. The iR-corrected linear
weep (Fig. 3(a)) demonstrates cell potentials comparable to those in
he literature and emphasizes major ohmic loss contributions to overall
ell performance. For example, at a current density of 50mAcm−2, the
otential declines from 150mV to 50mV after iR correction. However,

it should be noted that this work introduces the first tubular EHC, and
the potential for optimization is thus not yet tapped.

Possible reasons for the limited electrochemical performance of the
tubular EHC, especially at current densities above 60mAcm−2, might
e drying out of the proton exchange membrane, condensation of
ater in the porous support or on the electrodes, and corrosion of the

tainless steel anode support. At higher current densities, more water is
eeded to maintain a sufficient wetting degree of the proton exchange
embrane. Thus, non-ideal humidification of the proton exchange
embrane, due to mass-transport limitations in the porous transport

ayer of the anode, could lead to an increase of the cell potential at
igher current densities [10,40].

This hypothesis can be underlined by the impedance data
Fig. 3(b)). After preconditioning (Fig. 3(b), plot 1), the ohmic re-
istance of the cell is 2.75Ω cm2. After 2.5 h chronopotentiometry at
0mAcm−2, the ohmic resistance drops to 2.18Ω cm2 (plot 2), but the
yquist plot qualitatively remains similar to the initial spectrum. After
51

d

.5 h chronopotentiometry at 40mAcm−2 (plot 3), the first semicircle in
he Nyquist plot is significantly smaller. The spectrum’s shape changes
ver the whole frequency range indicating rehumidification of the
embrane [41]. After operation at 60mAcm−2, the magnitude of the

mpedance increases (Fig. 3(d)) (plot 4), and the spectrum is shifted to
igher resistances (Fig. 3(c)) indicating again the dehumidification of
he membrane, also correlating with the increase of potential observed
n the linear sweep at current densities above 60mAcm−2 (Fig. 3(a)).
fter running the cell at 80mAcm−2 (Fig. S3, 5) for 4 min, the spectrum
hifts to the initial high-frequency intercept and additionally changes
ualitatively, indicating a fundamental change in the electrochemical
ystem such as dehydration of the membrane.

Additionally, water might condense in the hydrophilic porous an-
de and on the catalyst surface, leading to flooding and resulting in
iffusion-limited hydrogen and water vapor transport toward the cath-
de [42]. In electrochemical impedance analysis, the effect of flooding
an be observed in the low-frequency regime. As membrane drying
eems to occur simultaneously, changing the impedance spectrum over
he whole frequency range, it is difficult to separate the two effects
Fig. 3(b, c)) [41]. Consequently, optimizing the water transport to
he EHC membrane is crucial to improve the performance of the
erein presented prototype. Moreover, corrosion might occur on the
tainless steel anode support structure, leading to increased contact
esistance between the anode gas diffusion and anode catalyst layers
nd, consequently, higher cell potentials [43]. The leaching of iron ions
rom the stainless steel anode could additionally lead to contamination
nd severe degradation of the proton exchange membrane, leading to

ecreased cell performance [44,45].
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Fig. 4. Cathode pressure (gray) and cell potential (black) of tubular EHC over electrolysis time, 50mLmin−1 H2 feed flow rate equals lambda of 10, 100% relative humidity of
the feed gas, (a) 60mAcm−2 constant current, (b) 50mAcm−2 constant current, the three-hours and six-hours experiments were not conducted consecutively.
Hydrogen compression in tubular reactor
The hydrogen compression capability of the tubular EHC was ex-

amined at a cathode pressure of 2 bar at a constant current density
of 60 mA cm−2 for three and at a constant current density of 50
mA cm−2 for six hours. It should be noted that the three-hour and six-
hour experiments were not conducted consecutively. Fig. 4(a) shows
the pressure build-up on the cathode side of the EHC in the initial
electrolysis phase. The targeted 2 bar cathode pressure was achieved
after 60 min electrolysis. The set pressure was maintained for 100min at
a mean cell potential of 180mV. In a six-hour experiment, presented in
4(b), the pressure on the cathode side was set to 1.8 bar at the beginning
of the experiment. The cell potential decreases from 230mV to 190mV
during the first 150 min of the experiment. As the cell potential is
elevated compared to the 60 min experiment, we hypothesize that the
system’s preconditioning was insufficient. Thus, in the first 150 min of
the experiment, the membrane is hydrated further, and the resistance
decreases [40].

This hypothesis is also underlined by the impedance spectra mea-
sured before and after the experiment — the high frequency ohmic
cell resistance decreases from 3.75Ω cm2 to 2.75Ω cm2 over the course
of the experiment. The cell potential of both pressurized experiments
is not significantly different from the non-pressurized experiments, as
expected from Eq. (3).

4. Conclusion

This manuscript introduces the first tubular electrochemical hydro-
gen compressor (EHC) featuring a 3D-printed, stainless-steel porous
tubular anode. With this work, an innovative concept is introduced
to fabricate tubular membrane electrode assemblies for high differ-
ential pressure applications comprising a rigid, 3D-printed anode and
a catalyst-coated tubular membrane. Electrochemical testing revealed
the tubular MEA’s efficacy for gas-phase electrochemistry at current
densities up to 60 mA cm−2 in continuous mode, reaching a differ-
ential pressure of 2 bar across the anode and cathode compartments.
Additionally, electrochemical impedance spectroscopy analysis before
and after EHC experiments demonstrate the change in electrochemical
properties of the EHC, which could be attributed to the membrane
drying, flooding caused by water condensation in the porous network
of the anode, and contamination due to the undesired leaching of iron
ions from the stainless-steel anode. This work spotlights the proof-of-
concept for the first tubular EHC, expanding the horizons in the field
of EHC, transitioning from planar to tubular modules that promise
greater surface-to-volume ratios, superior packing densities and facile
high differential pressure operation. The presented module has po-
52

tential for improvement by considering thinner tubular membranes,
inert electrode materials, e.g., titanium, and depositing noble met-
als for enhanced stability and electrical conductivity, which is under
investigation in our group.
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