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The Electrochemical Acetone/Isopropanol Hydrogenation
Cycle — An Alternative to Current Hydrogen Storage

Solutions

Dominik Venus,* Axel Marth,* Sebastian Riess, Anna T.S. Freiberg, Matthew Brodt,
Michael Wensing, Peter Wasserscheid, and Simon Thiele*

Liquid organic hydrogen carrier (LOHC) systems offer a promising way to
store hydrogen using the existing infrastructure for liquid fuels. While LOHC
hydrogenation and dehydrogenation processes have so far mainly been
investigated using thermocatalytic processes, this work explores the concept
of a low-temperature (<80 °C) electrochemical acetone/isopropanol LOHC
cycle and indicates its potential benefits for a future hydrogen economy. This
electrochemical liquid organic hydrogen carrier (EC-LOHC) system builds on
low-cost chemicals with low ecotoxicology. In this study, the influence of
temperature and fuel concentrations on the polarization curves of the
electrochemical hydrogenation and dehydrogenation units in a small,
single-cell set-up is investigated using proton exchange membrane fuel cell
components. Based on the experimental results, efficiencies are determined
for a power-to-power cycle that can be competitive to mature hydrogen
storage technologies, such as liquid and compressed hydrogen storage.
Finally, material-related challenges are discussed, encouraging future research

in this new field of hydrogen storage.
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1. Introduction

Green hydrogen from renewable energy-
based water electrolysis is widely consid-
ered to become a key factor in decar-
bonizing the energy and chemical indus-
tries. The conversion of electric energy
into chemical energy stored in a hydro-
gen carrier opens an enormous poten-
tial for storing fluctuating excess wind
and solar energy for later use on de-
mand. Storing hydrogen, however, is an
arduous process. While hydrogen has
an excellent gravimetric energy density
(33.33 kWh kg, ! based on the lower
heating value (LHV)), it is also charac-
terized by a low volumetric energy den-
sity at ambient conditions (3 Wh L),
which requires technical measures to
increase its volumetric energy density
for storage.['l The most commonly used
commercial hydrogen storage methods
are compressed hydrogen (CH, at 350 or 700 bar) and liquefied
hydrogen (LH, at —253 °C and ambient pressure).’*l Both
approaches store hydrogen in its molecular state. Additionally,
hydrogen storage in liquid organic hydrogen carriers (LOHC)
has drawn significant attention over the past decade.’~1
LOHC systems consist of a hydrogen-lean compound
(LOHC-) and a hydrogen-rich compound (LOHC+) that can
be reversibly converted into each other by thermocatalytic hy-
drogenation/dehydrogenation cycles that can store and release
hydrogen on demand.l”l As shown in Figure 1, the different op-
tions for hydrogen storage vary considerably in their respective
storage efficiencies and conceptual advantages.

The outstanding advantages of liquid hydrogen carriers are
high volumetric energy densities, facile handling, and storage
without losses within existing fuel infrastructures. Methanol
(5.47 kWh kg™ / 4.33 kWh L' based on LHV,;.o) and liquid
ammonia (4.81 kWh kg=! / 3.28 kWh L' based on LHV ;) are
among the best-known liquid hydrogen carriers.['1-14]

However, methanol and ammonia are chemicals with high
acute toxicity obtained in strongly equilibrium-restricted, high-
pressure hydrogenation processes that require expensive process
equipment and are difficult to operate economically in decen-
tralized scenarios.*!*] Moreover, green industrial-scale CO,
reduction to methanol would require carbon capture, another
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Figure 1. Hydrogen economy with production, storage and consumption including hydrogen and energy fluxes. Different existing storage technologies
and their efficiencies are compared to the novel concept of an electrochemical hydrogen storage investigated in this work. The corresponding storage
efficiencies are calculated according to Equation (2) and are also depicted in Table 1 and Figure 9.

expensive process that is still in its development stage.!'®! Con-
sequently, liquid, reversible, CO,-free, and safe energy storage
systems are highly desired.

Thermocatalytic LOHC-based hydrogen storage tech-
nologies that are already commercially available use
toluene/methylcyclohexane (TOL/MCH), H,-DBT/H,4-DBT,
or Hy-BT/H,,-BT as their corresponding LOHC- and LOHC+
compounds. However, hydrogen release from MCH, H,4-DBT,
and H,,-BT at hydrogen partial pressures above 1 bar requires
temperatures exceeding 250 °C.*l Among these LOHC sys-
tems, only for TOL/MCH, an electrochemical hydrogenation
at low temperatures has been described.'”] However, there is
great interest in electrochemical addressable LOHC systems as
electrochemical processes are advantageous regarding flexible
operation, device size, scalability, and system simplicity.[*®] These
are essential process advantages when storing fluctuating wind
and solar energy.

In search of suitable electrochemical, liquid organic hydro-
gen carriers (EC-LOHC), the following properties are highly
beneficial: a) Water solubility of the EC-LOHC- and EC-
LOHC+ compounds to access established aqueous electrochem-
istry; b) At least one functional group of the EC-LOHC-/EC-
LOHC+ compounds should be accessible to reversible hydro-
genation/dehydrogenation without breaking C-C bonds to avoid
CO, formation.

Under these selection criteria, ketones/secondary alcohols
are promising EC-LOHC systems as they can be selec-
tively reduced and oxidized in closed-loop storage cycles.[!]
In contrast to primary alcohols, secondary alcohol function-
alities can be dehydrogenated without breaking any C-C
bond.[2021]

Adv. Energy Mater. 2025, 15, 2403824 2403824 (2 of 15)

The simplest ketone/secondary alcohol pair is acetone (ACE)
and isopropanol (2-propanol, IPA). Acetone and isopropanol are
biodegradable, low-toxic, liquid at ambient conditions, readily
available in large volumes at low cost, and can be easily stored in
existing low-cost tank equipment.?23] Acetone can be reduced
to isopropanol in a system that we denote as an electrochemical
hydrogenation unit (EHU) (Figure 2a). The two half-cell reac-
tions are the anodic hydrogen oxidation reaction (HOR) and

a)
Cathode ARR O OH

E%=11gmv M+ 2H* +2e7—= I

Anode HOR

E’=0mV H, — 2Ht+2¢
0 OH
Cell EHU )j\ + H, )\
4 OH o)
Anode IOR
E°n=°1‘(le8mV )\ —>/U\ + 2HT +2¢°
Cathode HER
E°=0mV 2HY + 2 — H,
OH O
Cell EDU )\ — )I\ + H,

Figure 2. Reaction equations in acidic environments and standard reac-
tion potentials (E®) for a) the electrochemical hydrogenation of acetone
and b) the electrochemical dehydrogenation of isopropanol.
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the cathodic acetone reduction reaction (ARR). Subsequently,
the electrochemical dehydrogenation unit (EDU) oxidizes iso-
propanol, forming acetone and hydrogen as the only detectable
reaction products (Figure 2b).[2% The two half-cell reactions are
the anodic isopropanol oxidation reaction (IOR) and the cathodic
hydrogen evolution reaction (HER).

The EC-LOHC acetone/isopropanol couple has a gravimetri-
cal hydrogen capacity of 3.4 wt.% corresponding to 0.87 kWh L~!
(based on the hydrogen storage capacity, LHVy;, at 20 °C and
1 bar). Although this is lower than for the thermocatalytic LOHC
systems, we show that the electrochemical advantageous accessi-
bility of the acetone/isopropanol couple still has impressive po-
tential for stationary energy storage applications.

The state-of-the-art research on the electrochemical hydro-
genation of acetone to isopropanol is limited to just a few pub-
lications, some of which are relevant to this work.

Liang et al. and Bondue et al.?*?’] performed fundamental
research at single-crystal electrodes investigating the ARR reac-
tion mechanism and the catalyst’s selectivity. Their results show
a crystal-plane-dependent selectivity of the acetone reduction re-
action. They observed a decreasing surface coverage with increas-
ing overpotential and claimed competitive adsorption of acetone
and hydrogen on the catalyst surface. Early works on the ARR
in membrane electrode assemblies (MEA) were performed in
a “thermally regenerative fuel cell design”.?®3% These studies
aimed to use thermal energy for a thermal dehydrogenation of
isopropanol and energy production through the exergonic ARR.
Furthermore, they investigated the influence of acid addition to
the electrolyte. The addition of acid leads to an improvement
in cell performance. Whether this improvement was connected
to the pre-protonation of acetone before adsorption, as Bondue
et al.l?’] mentioned, or solely an ionic conductivity-increase cor-
relation, is unclear. Green et al.l®!] already recognized the high
prospects of the electrochemical hydrogenation of acetone, dis-
covering high mass activity of the used platinum catalyst. They
compared the reaction rates of an electrochemical system to a
Parr reactor and showed a higher reaction rate per used catalyst
for the electrochemical system than for the thermocatalytic one.
Perry et al.®?] investigated the concept of a rechargeable liquid
fuel cell with the acetone/isopropanol couple. The concept con-
sisted of a hydrogenation reactor with acetone and hydrogen and
a direct isopropanol fuel cell (DIFC) generating power. Generally,
the parameters vary strongly among the electrochemical acetone
hydrogenation MEA studies, ranging from pure acetone in the
gaseous phase to a mixture of isopropanol, acetone, and sulfuric
acid in water.[29-3%

The thermal LOHC terminology has inspired the term elec-
trochemical dehydrogenation of isopropanol.l'”) However, in the
literature, electrochemical dehydrogenation is also known as
electrochemical reforming or electrooxidation of alcohols.[353¢]
Despite its potential as EC-LOHC, the electrochemical de-
hydrogenation of isopropanol has been a somewhat over-
looked system. In contrast, the electrochemical dehydrogena-
tion of methanol and ethanol have drawn significant atten-
tion in recent years.’>*I Considering the necessity of a
CO,-free energy infrastructure, the selective oxidation of iso-
propanol to acetone and hydrogen has a clear advantage over
these primary alcohols, which form CO, as dehydrogenation
product.
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For the isopropanol oxidation reaction (IOR) on a bimetallic
PtRu electrode, two separated oxidation peaks are the most dis-
tinctive feature.[222145-47] The two peaks are roughly at 0.18 V ver-
sus the reversible hydrogen electrode (RHE) and 0.75 V versus
RHE.[2% This two-peak phenomenon is also known for the DIFC
with PtRu catalysts.[*®0 The DIFC shares the same anodic re-
action, the IOR, but differs in its cathodic reaction (EDU: HER
vs DIFC: Oxygen reduction reaction (ORR)). In the DIFC liter-
ature, this two-peak phenomenon has been correlated to an in-
stability associated with a slow desorption of acetone from the
catalyst surface.[*>**5153] Khanipour et al.?%! explained this be-
havior with different active catalyst sites. They showed that plat-
inum exhibits only one IOR peak at 0.75 V versus RHE. Bimetal-
lic PtRu, however, reveals an additional early IOR peak at 0.18 V
versus RHE. They also confirmed by Electrochemical Real-Time
Mass Spectrometry that the early IOR at PtRu forms no CO,.[20>4]
Mangoufis-Giasin et al.?!l confirmed this early oxidation peak
on PtRu and demonstrated similar behavior for other longer sec-
ondary alcohols. They also showed that primary alcohols are oxi-
dized to CO,, including C—C bond breakage at roughly 700 mV
versus RHE and, therewith, preventing a reversible system de-
sign. The highly active and selective oxidation of isopropanol to
acetone at low voltages (<0.35 V vs RHE) confirms the outstand-
ing role of the acetone/isopropanol couple as an EC-LOHC. Con-
sequently, the electrochemical dehydrogenation experiments in
this study focused on the IOR on bimetallic PtRu at low voltages
of <0.35 V versus RHE.

The scope of this work is to show the concept of a new hydro-
gen storage technology using the acetone/isopropanol EC-LOHC
couple and to discuss how such a system could compete with
state-of-the-art hydrogen storage technologies concerning energy
efficiency (Figure 1). Based on the experimental results of the
EC-LOHC system, this work compares different hydrogen stor-
age technologies to the EC-LOHC, demonstrating the technical
potential of the latter. Furthermore, we propose to use this EC-
LOHC as a novel technology for stationary, seasonal, and off-grid
energy storage applications.

2. Theoretical Background

2.1. Thermodynamic Boundaries of the EHU and EDU

The thermodynamic correlations of the acetone hydrogenation
and isopropanol dehydrogenation reactions are illustrated in
Figure 3, whereby all thermodynamic data were retrieved from
N.I.S.T.’>58 The ARR of the EHU (Figure 3a) is an exothermic
and exergonic reaction in the herein investigated temperature
ranges. The resulting fuel cell provides a standard reversible cell
voltage (E° ) of 0.118 V based on the Gibbs free energy and addi-
tional heat of —44.87 k] mol~'. Thus, for E < E,,,, the EHU is a
galvanic- or fuel cell that can provide electric work and heat upon
polarization. Accordingly, a galvanic cell should generate a volt-
age as high as possible at a given reaction rate.

The endothermic and endergonic IOR of the EDU (Figure 3b)
needs heat and electric work of at least 44.87 k] mol™' and
0.118 V at standard conditions. Thus, for E > E,,, the resulting
electrochemical system is an electrolytic or electrolysis cell pro-
ducing hydrogen and acetone upon polarization. Accordingly,
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Figure 3. Relationship between voltage, enthalpy, Gibbs free energy, and consumed or produced heat during reaction for a) EHU and b) EDU. Due to
the special form of the EDU, voltages above 0.2 V currents are decreasing again (see discussion of EDU cell process).

an electrolysis cell should maintain a voltage as low as possible
at a given reaction rate.

That means the EHU and EDU are a reversible system sharing
the identical E,,,. Altering the cell potential drives the reaction to
the one or the other side. Therefore, the EHU and EDU can be
operated in one electrochemical set-up, whereby the cell potential
controls the direction of the reaction.

2.2. Integrating the EC-LOHC with Established Hydrogen
Applications to Close a CO2 Emission-Free Power-To-Power
Storage Cycle

The advantages of the electrochemical accessibility of the EC-
LOHC are particularly evident for coupling the EHU/EDU to
existing components of the hydrogen economy, e.g., water elec-
trolysis and hydrogen fuel cells. The EHU produces electric en-
ergy and heat during hydrogenation, while the EDU consumes
electric energy and heat during dehydrogenation. In contrast,
existing thermal LOHC systems solely produce and consume
heat upon hydrogenation and dehydrogenation. However, imple-
menting electricity into a plant is more manageable than heat
integration. For example, the electrical power generated by the
EHU could lower the electricity cost of water electrolysis.

Furthermore, the EDU could be connected to a hydrogen fuel
cell that consumes the produced hydrogen and provides electric-
ity and exhaust heat for the EDU process. This integration con-
cept seems worthwhile, considering a hydrogen fuel cell stack
must be cooled during operation.>?! In fact, the exhaust heat of a
hydrogen fuel cell (49 k] mol,;, ) exceeds the heat necessary for
the EDU (44.87 k] mol~!). Moreover, the waste heat of a commer-
cial polymer exchange membrane fuel cell (PEMFC) is typically
at ~80 °C, which is above the herein investigated EDU temper-
ature range (30-70 °C) but distinctly lower than thermal LOHC
dehydrogenation (>250 °C).[46:60]

Consequently, we see the technical potential of the EC-LOHC
system to be best utilized in a power-to-power (PtP) cycle based
on renewable energy, water electrolysis, EC-LOHC hydrogen stor-
age, and hydrogen fuel cells. The freedom to couple a reversible
EC-LOHC system with any existing water electrolysis or fuel cell
technology could also shorten development time and reduce cost.
Additionally, the hydrogen produced by the EDU could be cou-
pled with industrial hydrogen applications, e.g., steel or chemi-
cal industries, to enable green heat provision and reduction pro-
cesses (Figure 1).
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2.3. Power-To-Power Efficiency Calculation

In order to fully evaluate the EC-LOHC in terms of its applicabil-
ity, the experimental results must be seen in the context of exist-
ing hydrogen storage methods. Therefore, we calculated the PtP
cycle efficiency and the specific storage efficiency for the different
hydrogen storage systems, including the acetone/isopropanol hy-
drogen carrier. An ideal efficiency for the hydrogen storage pro-
cess can be calculated to enable benchmarking of different stor-
age technologies.

This ideal efficiency is the quotient of the work
provided(w,,,) /| work needed(w,,) represented by a fuel cell
(wgc) and a water electrolyzer (wyg):

| | 2166 ;:W

out FC Hy

PtP, ideal |Win| |WWE| 51 ;:gWh (4 ( )
Hy

For the calculation of #p 4., the specific work of a PEMFC
(21.66 kWh kg,;, ! at 65 % electrical fuel cell efficiency) and the
specific work of a polymer electrolyte membrane water electrol-
ysis (PEMWE) (51 kWh kgy;, ") were chosen.[®%2] The storage
efficiency (#,,4g.) Of €ach technology is calculated by comparing

nPtP, real to ”PtP, idml:

r]PtP, real
nStumge = (2)
Mptp, ideal

This real efficiency is calculated by inserting a hydrogen stor-
age system, whereby CH, and LH, increase w,,. In contrast, for
LOHC and the acetone/isopropanol EC-LOHC, the hydrogena-
tion of LOHC- and EC-LOHC- are exergonic reactions and, thus,
can generate work. Therefore, the general term comprising all
hydrogen storage technologies can be given as:

|W ‘WFC ~ Wrelease H,

uutl
nPtP, real — |

G)

w.
m| ‘WWE + wstomge H,

where Wy, , is the work provided by LOHC- or EC-LOHC-
hydrogenation or the work needed for CH, and LH, storage.
W,elease 11,» O the other hand, is the work needed by LOHC+ or EC-
LOHC+ dehydrogenation. For CH, and LH, this value is zero.
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For thermocatalytic LOHC+ dehydrogenation, a share of hy-
drogen has to be burned to provide heat for the endothermic de-
hydrogenation reaction.[*®]

Accordingly, the energetic cost for H,BT or H,DBT dehydro-
genation is paid based on the LHV;, and does not have to be
paid by the fuel cell’s electrical work:!%4]

LHV, —11.82 2%

8H,

TV, =646 % (4))

This means a share of 35.4 % of the hydrogen produced by
water electrolysis must be burned to provide heat for H,BT or
H,DBT dehydrogenation.[®]

At 100% thermal efficiency of hydrogen combustion for
LOHC+ dehydrogenation, [W,,, 1 pr o u_ppr| can therefore be
calculated by: 4

Wout, H,BT or H,DBT — WFC ~ Wrelease H,

LHV, —1182 2%

kg,
= LHVHZ Hpe THV
H,
kWh
=Wpe — (Npc - 11.82 ?) (5)
H,

For the EC-LOHC, the specific work produced (EHU) or re-
quired (EDU), respectively, can be calculated as:

+Q - |E|  =|El-F-zy
Wstumge H, (EHU)| release H,(EDU) = - M (6)
H.

mHz 2

where Wy, e 11, (EHU))| release 1, Epy) 1S the specific electrical work
provided/needed per kg of hydrogen given as kWh kg;{i. Q
and E are the charge and the operational voltage during the
EHU/EDU, respectively. Using Faraday’s law, the specific work
provided/needed can be calculated using the Faraday constant
F (96 485 C mol ™), the electrochemical equivalent number (z;, =
2) and the molar mass of hydrogen M, .

The work is defined with a negative sign for the EHU (work
provided) and a positive sign for the EDU (work needed). By
this means, we correlate the current as our targeted reaction rate
(Lneasurea = Iy1,), assuming a Faradaic efficiency of 100 %. In con-
trast to the early selective IOR at PtRu, there are still no com-
prehensive studies of the ARR that quantify liquid and gaseous
products.[2221%] Therefore, the Faradaic efficiency for the EHU
and EDU is a favorable assumption.

Representative and detailed #p,p ,y and #1g,,, calculations
with the corresponding formula and numerical values for each
of the storage technologies are given in Section S3 (Supporting
Information).

In principle, the detour via the PEMFC and PEMWE refer-
ence is not necessary to evaluate a storage technology efficiency.
However, in a PtP chain consisting of thermally and electrically
coupled water electrolysis and fuel cell systems (WE/EHU and
EDU/EC), it is required to be considered. For the EC-LOHC sys-
tem, we simplified the efficiency calculation by only consider-
ing the electric work because the exhaust heat of a coupled fuel
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cell exceeds the necessary heat for the EDU. Implicitly, we as-
sumed a perfect heat integration. The provided exhaust heat of
the exergonic EHU system is likewise neglected in this work.
Within these premises, the low-temperature (<80 °C) EC-LOHC
system particularly benefits from the coupling compared to the
other hydrogen storage systems. Neither a thermocatalytic LOHC
(>250 °C), CH,, nor LH, could utilize the PEMFC exhaust heat
to a similar extent. Nevertheless, we feel this is a legitimate com-
parison for a PtP case revealing the advantages of this EC-LOHC
system.

Due to complicated comparability, time-dependent storage
losses such as the so-called LH, “boil-off” are not considered.[>¢]
The efficiency data for LH, storage must be regarded as best-case
assumptions that neglect any boil-off losses. No relevant storage
losses are expected for the aqueous < 2 M acetone/isopropanol
solutions, as the boiling points of both 2 M acetone and 2 M iso-
propanol are above 80 °C.[¢7-%] Therefore, the ACE/IPA system
is considered liquid during operation (30-70 °C) and storage.

2.4. Stable Hydrogen Reference Potential for the
Dehydrogenation

The E° of the HOR/HER (Figure 2) at pH 0is 0 V. However, this is
only valid for standard conditions, including a hydrogen partial
pressure of unity. Therefore, a stable hydrogen partial pressure
is mandatory for a stable hydrogen electrode potential to inves-
tigate the reaction rate-determining ARR or IOR. However, dur-
ing the EDU operation, at low current densities and without an
active hydrogen supply, the cathodic HER would be insufficient
to generate a steady cathodic hydrogen partial pressure.l’] Con-
sequently, the cathodic potential would shift during operation,
making the experimental polarization curves meaningless. This
problem can be solved by constantly flushing the cathode with
hydrogen, ensuring a stable cathode potential. To minimize the
possible impact of hydrogen crossover, we refrained from using
a pure hydrogen supply for the EDU but instead fed a diluted
5 vol% H, reforming gas.[”%! This causes a Nernstian shift of the
cathodic potential:

RT. a(ox) RT, 1
E =F+ =1 = — In—
EDU, cathode + 7F n a (red) o0vV+ 7F n pHZ (7)

E° is the standard potential for the HER, R is the gas constant
(8.314 ] molK™"), Tis the temperature in Kelvin, and p;, is the
partial pressure of hydrogen.

Because the HER increases the p;; during the experiment, the
5vol% H, flow rate was chosen to be as high as 1 L min~" to limit
the maximum potential offset caused by the HER to A6 mV ac-
cording to the obtained current densities. Consequently, the cath-
ode potential can be considered a stable reference electrode dur-
ing the open circuit voltage (OCV) and electrochemical dehydro-
genation (detailed calculations are in the Section S4, Supporting
Information).

For an easier comparison of the EDU to the EHU, the potential
in the following EDU graphs is corrected by this Nernstian shift
(Egpu, cathode: 40 mV at 30 °C, 41 mV at 40 °C, 44 mV at 50 °C,
46 mV at 60 °C, 50 mV at 70 °C) and given as E_, for calcu-
lated potential based on Equation (7) (experimental 5 vol% H,
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data in Figures S8-S11, Supporting Information) So far in the
literature, dry or water-flushed cathodes have been investigated
for methanol and ethanol electrochemical dehydrogenation.[”*74)

3. Results and Discussion

3.1. Technical Feasibility of Separated ACE Hydrogenation and
IPA Dehydrogenation in Electrochemical Cells

The results of the separated EHU and EDU experiments are dis-
cussed in the following section. Both cells share an electrode at
which the organic compound reaction takes place and an elec-
trode at which the hydrogen reaction takes place (Figure 2).

The HOR and the HER at platinum are among the fastest-
known electrochemical reactions in acidic environments.[”>7°]
Thus, the required overpotentials to drive these reactions are neg-
ligibly small. Therefore, the EHU (cell) is limited by the ARR (re-
action), whereas the IOR (reaction) limits the EDU (cell).

All experiments used the same cell fixture configuration and
materials to support the concept of a reversible system, except
for the metal loading of the ARR/IOR side. 2 mgpz, cm™2 was
chosen for the endergonic EDU experiments, whereas 1 mgpg,
cm~2 was sufficient for the exergonic EHU experiments. This
was done to achieve similar current densities for both setups.
Despite this slight difference, the system’s similarity supports
the option of having a future hydrogenation and dehydrogena-
tion system within one stack. Because the investigated parame-
ters impact the EHU and EDU similarly and often have the same
explanations, the following section is divided into the three exam-
ined parameter sets and explains how they affect the EHU and
EDU.

3.2. Temperature Variation

Figure 4 depicts the influence of varying temperatures on the
EHU and EDU of a 1 M feed solution. The EHU polarization
curves (Figure 4a) show a low current density region with a steep
potential drop, a middle current density region with a flattened
potential drop, and a fast voltage drop region around the peak
current density. These characteristics could be similar to an ac-
tivation, an ohmic, and a mass transport limiting region, which
are typical for fuel cells.l'!l However, the characteristics of estab-
lished fuel cell systems are more distinct and have already been
examined in more detail. An exact determination or evaluation
of the different regions of the ARR has not been performed in
literature.

The shape of the EDU polarization curves (Figure 4b) is dom-
inated by the early isopropanol oxidation peak at PtRu.12%2!] Volt-
ages higher than this oxidation peak lead to lower current den-
sities, which cause unfavorable higher electric costs for dehydro-
genation.

Rising temperatures are expected to cause lower E,,, improved
reaction kinetics, and increased ionic conductivity for both gal-
vanic and electrolysis cells.!"””) In fact, the onset potential (poten-
tial at 1 mA cm=2) for both systems decreases as the temperature
rises. While the onset potentials of the EHU drop by 20 mV from
135 mV at 30 °C to 115 mV at 70 °C, the onset potentials of the

Adv. Energy Mater. 2025, 15, 2403824 2403824 (6 of 15)

www.advenergymat.de

0.150

0.125

0.100

Voltage E/ V
o
o
\l
(&)

0.050

0.025

0.000[, " j I 1 \ !
0 50 100 150 200 250 300
Current Density j / mA cm™2

T/°C
30 ¢ 60

Voltage Eczc /' V

1
ooof, __, ., . .9 . W0
0 50 100 150 200 250 300

Current Density j / mA cm~2

Figure 4. Polarization curves at varying temperatures of a) EHU for 1 M
acetone and b) EDU for 1 M isopropanol. For an easier comparison of
the data, the voltage of b) is corrected by the Nernstian shift caused by
the 5 % H, feed according to Equation (7). The uncorrected experimental
data of b) is given in the supporting information Figure S7 (Supporting
Information). The shaded lines represent the standard deviation of three
independently measured MEAs.

EDU drop by 37 mV from 65 mV at 30 °C to 28 mV at 70 °C.
This different temperature-dependent voltage drop could stem
from different hydrogen crossover rates (H, crossover data given
in Figure S2, Supporting Information). While the EHU is pro-
vided with humidified hydrogen, the EDU counter electrode is
fed by humidified reforming gas (5 vol% H,). Furthermore, ace-
tone and isopropanol can cause distinct and different ionomer
swelling, causing different crossover rates. This mechanism is
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Figure 5. HFR of the EHU at varying temperatures for 1 M acetone. The
EIS spectra were recorded potentiostatically. Nevertheless, the polariza-
tion curves are depicted with the current density on the X-axis due to con-
vention. The current density represents the average system response for
the potentiostatic measurement, whereby the current density error bars
are omitted for clarity (EHU & EDU experimental data with current den-
sity error bars are given in Figures S4 and S7, Supporting Information).
The shaded lines represent the standard deviation of three independently
measured MEAs.

well-known from direct alcohol fuel cell (DAFC) systems and can
be considered likely.!”®]

Higher temperatures also lead to faster reaction kinetics and
rapid reactant diffusion. The peak current density of the EHU
doubles between 30 °C and 70 °C, from 116 to 253 mA cm™?,
while the peak current density of the EDU almost quadruples
from 62 to 233 mA cm~2. The endergonic IOR particularly ben-
efits from rising temperatures, which explains the pronounced
peak current density increase for the EDU system. Nonethe-
less, it becomes evident that the IOR is the more arduous re-
action, especially when taking into account the different elec-
trocatalyst loadings for these experiments (ARR: 1 mgpg, cm™2,
IOR: 2 mgp, cm~2). This discrepancy could be attributed to
a slow desorption of acetone from the PtRu catalyst, which
is also indicated for the direct isopropanol fuel cell at PtRu
electrodes.[*40:49:51]

One additional reason for improved performance at elevated
temperatures is that the conductivity of the ionomer massively
benefits from an increase in temperature, as seen in the EHU
high-frequency resistance (HFR) data (Figure 5). The HFR trends
apply to the EHU and EDU to the same extent and, therefore, are
depicted as an example (EDU HFR data are portrayed in Figures
S8-S10, Supporting Information). Considering the high impact
of rising temperatures on the achieved reaction rates makes the
temperature a crucial parameter for designing an EHU/EDU
system.

3.3. Reactant Concentration Variation

Figure 6 depicts the influence of varying feed concentrations at
50 °C of acetone on the EHU and isopropanol on the EDU. At
50 °C, the EHU and EDU exhibit considerable reaction rates
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Figure 6. Polarization curves at varying feed concentration at 50 °C of a)
EHU and b) EDU. For an easier comparison of the data, the voltage of b)
is corrected by the Nernstian shift caused by the 5 % H, feed according
to (7). The uncorrected experimental data of b) is given in Figure S8 (Sup-
porting Information). The shaded lines represent the standard deviation
of three independently measured MEAs.

and low HFRs, so the influence of concentration is clearly dis-
tinguishable. Furthermore, 50 °C is a practically relevant temper-
ature considering a coupling to low-temperature WE and FC.

As for DAFC systems, we fed diluted aqueous acetone/ iso-
propanol solutions to mitigate fuel crossover, in order to mit-
igate unfavorable mixed potentials.[®] Moreover, the proton
exchange electrolytes require water to ensure sufficient ionic
conductivity.””! Further information on the hydrogen capacity of
the aqueous solutions is given in Section S10 (Supporting Infor-
mation).
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Figure 7. HFR of the EHU for varying acetone concentrations at 50 °C.
The EIS spectra were recorded potentiostatically. Nevertheless, the polar-
ization curves are depicted with the current density on the X-axis due to
convention. The current density represents the average system response
for the potentiostatic measurement, whereby the current density error bars
are omitted for clarity (EHU & EDU experimental data with current den-
sity error bars are given in Figures S5 and S8, Supporting Information).
The shaded lines represent the standard deviation of three independently
measured MEAs.

According to the Nernst equation, E,, increases with in-
creasing activity of the oxidized species (acetone), whereas E,,,
decreases with increasing activity of the reduced species (iso-
propanol). Although it is impossible to calculate a theoretical E,,,
without both species present, the trends can be observed: While
the onset potential of the EHU increases with increasing ace-
tone concentration from 117 mV at 0.1 m ACE to 124 mV at2 M
ACE, the onset potential of the EDU decreases with increasing
isopropanol concentration from 69 mV at 0.1 m IPA to 33 mV at
2 M IPA.

Presumably, different fuel crossover rates caused by distinct
acetone or isopropanol membrane swelling and different hy-
drogen feeds can explain the different changes in onset poten-
tials between EHU and EDU. The peak current density of the
EHU rises from 28 mA cm™ at 0.1 m ACE to 250 mA cm™ at
2 M ACE. Furthermore, the corresponding maximum power den-
sity of 7.4 mW cm~2 for the 2 M ACE solution is the highest re-
ported power density for an acetone hydrogenation cell (Figure
S6, Supporting Information).

The peak current density of the EDU rises from 22 mA cm™
at 0.1 M IPA to 192 mA cm~ at 2 M IPA. The increasing current
densities could be explained by an increased reactant catalyst sur-
face coverage, faster desorption, and enhanced mass transport.

On the other hand, higher organic concentrations slightly
increase the membrane resistance (HFR) (Figure 7), possibly
through the decrease of water fraction inside the membrane, thus
decreasing the proton conductivity inside the membrane.!*®! Sim-
ilar findings have been shown by Perry et al.*?] for the DIFC. The
current densities obtained for both directions of the EC-LOHC
with a 2 M solution at 50 °C are similar to those of commercial
alkaline water electrolyzers.[#®81] Although this system is differ-

2
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ent, it shows that the current densities for this non-optimized
electrochemical concept are already of relevant magnitude.

3.4. Mixed Acetone and Isopropanol Solution Variation

In applied systems, as the EC-LOHC system continuously pro-
duces acetone or isopropanol, the EHU/EDU will not be oper-
ated with pure solutions but with mixed acetone/isopropanol so-
lutions. Therefore, a mixed feed variation with a total of 2 M or-
ganic solution at 50 °C was conducted (Figure 8).

As the oxidized species (acetone) and the reduced species (iso-
propanol) are both present in low molarity, E,,, can be calcu-
lated according to the Nernst equation. Subsequently, the OCV is
compared to the theoretical E,,, in Figure 8d. The OCV observed
for the different solutions decreases with increasing isopropanol
concentrations, following the thermodynamically predicted trend
yetrevealing a slight offset to lower voltages. The OCV reflects E,,,
impaired by internal currents caused by fuel crossover, fuel impu-
rities, and catalyst surface oxides.[®283] Furthermore, neither plat-
inum nor ruthenium oxidation is thermodynamically expected
within the examined voltage range.[®*

For cell operation, the EHU/EDU can be driven by applying
a corresponding overpotential to the ACE/IPA-dependent E,,,.
Hence, the EC-LOHC-/EC-LOHC+ reaction equilibrium limits
the possible overpotential at a given absolute potential. (The over-
potential » = E — E,, is the potential that must be paid to
drive a reaction at a given reaction rate.) This results in decreas-
ing current densities at increasing isopropanol concentrations
for the EHU, whereas increasing current densities at increasing
isopropanol concentrations for the EDU (Figure 8a,b). For the
thermocatalytic LOHC terminology, this LOHC-/LOHC+ reac-
tion equilibrium is also described as the degree of hydrogenation
(DoH) and given in percent.[®! Shifting the reaction equilibrium
to the product direction can also promote mass transport limi-
tations due to lower fuel availability and partial product surface
coverage of the catalyst.

The peak current densities of the EHU are less dependent on
the DoH than the EDU. For example, the pure 0.1 M ACE so-
lution has a peak current density of 28 mA cm™2, whereas the
0.1 M ACE|1.9 M IPA solution has a peak current density of
17 mA cm™ (Figures 6a and 8a) for the EHU. In contrast, the
pure 1 M IPA solution has a peak current density of 138 mA cm~2,
whereas the 1 M ACE|1 M IPA solution has a peak current den-
sity of only 39 mA ¢cm~? (Figures 6b and 8b) for the EDU. Nev-
ertheless, substantial dehydrogenation reaction rates were ob-
tained at 0.15 V for a 1:1 ratio of ACE/IPA, representing a DoH
of 50 %. The different dependency of the EHU/EDU on the DoH
allows the assumption that the EHU can achieve an almost com-
plete conversion to isopropanol. At the same time, the EDU may
only be operated up to 50 % DoH. In this case, higher system
efficiency can be achieved at the expense of hydrogen storage
capacity.

The results so far have shown that the EDU is the limiting
process of the EC-LOHC concept. Overall, the corresponding re-
action rates are lower than for the EHU and are hampered to a
greater extent by a product-shifted EC-LOHC-/EC-LOHC+ reac-
tion equilibrium. The likely reason for this observation is the slow
desorption of acetone from the PtRu catalyst.[*464951]
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Figure 8. Polarization curves at varying acetone/isopropanol rations with a total organic concentration of 2 m at 50 °C of a) EHU and b) EDU. For an easier
comparison of the data, the voltage of b) is corrected by the Nernstian shift caused by the 5 % H, feed according to (7). The uncorrected experimental
data of b) is given in Figure S9 (Supporting Information). c) HFR of the EHU for varying acetone/isopropanol rations with a total organic molarity of two
at 50 °C. The EIS spectra were recorded potentiostatically. Nevertheless, the polarization curves are depicted with the current density on the X-axis due
to convention. The current density represents the average system response for the potentiostatic measurement, whereby the current density error bars
are omitted for clarity. (EHU & EDU experimental HFR data with current density error bars are given in Figures S6 and S9, Supporting Information). The
shaded lines represent the standard deviation of three independently measured MEAs. d) OCV versus E,,, for the measured acetone/isopropanol ratios.

To demonstrate the prospects of the EDU, temperature, iso-
propanol concentration, and an increased flow rate were put to
optimum conditions, achieving up to 375 mA cm=? at 0.19 V
(Figure S11, Supporting Information). The EDU optimization
can be seen as a relevant outlook on how the EDU can be fur-
ther optimized, as given in Section S9 (Supporting Information).

Applying a potential between OCV and 342 mV in the EDU
set-up for a 2 M ACE solution without isopropanol results in
a peak current density of 1.21 mA cm~?, indicating no further
oxidation of acetone in the studied potential range.?") The neg-
ligible current densities probably result from the membrane’s
lack of a perfect electrical insulator and hydrogen crossover. The
concept of the acetone/isopropanol EC-LOHC couple crucially
depends upon the reversibility of the hydrogenation and dehy-
drogenation. Therefore, no further oxidation of acetone within
the investigated potential range is essential to the EC-LOHC
concept.

Adv. Energy Mater. 2025, 15, 2403824 2403824 (9 of 15)

Figure 8c displays no considerable differences between the
different ACE/IPA ratios on the proton conductivity inside the
membrane. Hence, the amount of acetone and isopropanol is
more relevant to the HFR than their ratio.

3.5. Energy Efficiencies for the ACE/IPA Electrochemical LOHC
Cycle

The following section compares the ACE/IPA EC-LOHC results
to other hydrogen storage technologies in the context of a PtP
chain. The different options for hydrogen storage vary consider-
ably in their respective storage efficiencies and conceptual advan-
tages:

Hydrogen compression to 700 bar corresponds to an energy
cost of 5 kWh kgy;, !, resulting in a volumetric energy density of
1.27 kWh L;;,7! (based on LHV,,, at ambient temperature).[867]
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Table 1. Efficiencies of different hydrogen storage technologies in a PtP chain elucidated by the calculations based on Equation (3) and (4). #sorage

is calculated inserting npp in Equation (2). H,-BT or H,-DBT efficiencies are given without (w/o) heat integration. The EHU / EDU voltages for this
depiction are chosen based on the experimental results of this work. The red and blue star correspond to the markers in Figure 9.

Storage technology Weelease, H, KWh kg, ™'] Wstorage, Hy [KWh kgip™'] Npep (%] Nstorage 7] Refs.

CH, @ 350 bar 0 403 39.4 92.7 [86]

CH, @ 700 bar 0 38.7 91.1 (36]

LH, @ 20K, 1 bar 0 35.5 83.5 0N

Thermocatalytic LOHC w/o heat 11.82 27.4 64.5 [+,
integration (H,-BT or H -DBT)

EC-LOHC: EHU @ 0.075 V, EDU @ 2.01 —2.01 40.1 94.4 This work
0.075V ¥

EC-LOHC: EHU @ 0.00 V, EDU @ 4.02 346 81.4 This work
0.15V ¢

This value lies between the two boundaries of isothermal and
adiabatic hydrogen compression and represents a technically re-
alistic value. CH, is the most mature hydrogen storage tech-
nology but requires expensive storage tanks.[3889 The energetic
costs for hydrogen liquefication are at 10 kWh kg, 7!, result-
ing in a volumetric energy density of 2.34 kWh L;;,~! (based on
LHV,,, at -253 °C and 1 bar).’*% This value is derived from
a state-of-the-art five-ton-per-day hydrogen liquefier with liquid
nitrogen precooling.l””! Due to the lack of cooling during trans-
port, the LH, storage efficiency gets further reduced significantly
by hydrogen evaporation, the so-called “boil-off”.[2%! For ther-
mocatalytic LOHC-based storage processes, a share of hydrogen
has to be burned to provide heat for the endothermic dehydro-
genation reaction if heat integration with the energetic utiliza-
tion of the released hydrogen or an external heat source is not
possible.*®) According to the literature, the dehydrogenation
for benzyl toluene (H,-BT) / perhydro-benzyl toluene (H,,-BT)
and dibenzyl toluene (H,-DBT) / perhydro-dibenzyl toluene (H -
DBT), result in energetic cost of 11.8 kWh kg,;,! reaching hy-
drogen capacities of 6.2 wt% and volumetric energy densities of
1.85 kWh L~! (H,,-BT) and 1.91 kWh L-! (H,5-DBT), respectively
(based on the hydrogen storage capacity, LHV,;, at 20 °C and
1 bar).[46393]

The corresponding PtP efficiencies for these different hydro-
gen storage technologies, including the EC-LOHC, are calculated
using Equations (3), (5), and (6). Subsequently, #p,, is inserted
into Equation (2) to calculate 7, The efficiencies of the cor-
responding hydrogen storage technologies are summarized in
Table 1.

State-of-the-art compressed hydrogen technologies show stor-
age efficiencies of 92.7 % (350 bar) and 91.1 % (700 bar), outper-
forming most other technologies. LH, can achieve storage effi-
ciencies of 83.5 % when neglecting time-dependent “boil-off”[2:6]
losses. EC-LOHC (94.4 % when EHU @0.075 V, EDU @0.075V,
81.4 % when EHU @0.00 V, EDU @0.15 V) exceeds thermocat-
alytic LOHCs (64.5 %) significantly and performs slightly better
than CH, if the EDU can function at low voltages. This com-
parison to thermocatalytic LOHC sets out the benefits of a low-
temperature EC-LOHC system in numbers.

The main reasons for the high EC-LOHC efficiency are a)
the possibility of a heat integration with a PEMFC due to
the low-temperature operation of the EDU (T = 30 -

operation
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70 °C) in comparison to current thermochemical LOHC systems
(Toperation = 250 =300 °C), b) the low energy costs for hydrogen
release in the EDU step, and c) the electric energy generation
during EHU operation.

One noticeable difference between the EC-LOHC, CH,, and
LH, is shown in Figure 9. As the experimental results sec-
tion explains, shifting EC-LOHC- and EC-LOHC+ ratios leads
to a Nernst shift that causes varying storage efficiencies: The
higher the DoH (isopropanol concentration), the lower the poten-
tial provided by hydrogenating acetone. In contrast, the higher
the DoH, the lower the potential needed to dehydrogenate iso-
propanol, leading to decreased efficiency throughout dehydro-
genation/hydrogen release. For the EHU, the upper and lower
voltage limits are set to 0.075 V and 0 V, respectively. This is a
range where the EHU generates electric energy. For the EDU,
voltages between 0.075 V and 0.15 V are considered. This range
enables the reversible isopropanol oxidation to acetone for the
PtRu catalyst employed in this study.?!! It is important to note
that a DoH of 50 % can be achieved when running the system
between these voltages.

Due to the high energy costs of water electrolysis
(51 kWh kg™',;,),[0062] the impact of the EHU on cost re-
duction is relatively small. For example, at 0.075 V, the EHU
produces 2.01 kWh kg1,,,, which leads to a 3.9 % cost reduction
when directly coupling water electrolysis and EHU. On the other
hand, the EDU considerably reduces the power yield of a PEMFC
(21.66 kWh kg=1,,,),[0%] e.g., at 0.075 V, the EDU consumes
2.01 kWh kg',;,, which correlates to a reduction of 9.3 %. It
can be deduced that the EDU influences PtP efficiency more
than the EHU. This result is also depicted in Figure 9, where
the EC-LOHC efficiency varies to a greater extent when varying
the EDU voltage (Figure 9b) compared to the EHU voltage
variation (Figure 9a). Accordingly, the EDU should be operated
at the lowest possible voltages to achieve the highest possible
PtP efficiency. On the other hand, the EHU can also be operated
at low voltages associated with low electricity generation, as the
EHU only makes a minor efficiency contribution. As low EHU
voltages are related to high current densities / high reaction
rates, such operation points can be meaningful to store hydrogen
at high rates.

Overall, it becomes apparent that the EC-LOHC concept can
compete with the more established hydrogen storage systems in
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Figure 9. Graphical efficiency classification of the EC-LOHC to CH,, LH, and thermal LOHCs (H,-BT or H,-DBT) for a) four fixed EDU operation voltages
and b) four fixed EHU operation voltages. The slope of the EC-LOHC represents the shifting EC-LOHC-/EC-LOHC+ reaction equilibrium (DoH). Dashed
lines represent voltage-independent storage efficiencies of CH,, LH, and thermal LOHCs. The blue star marker in a) represents entry 6 of Table 1
(EHU @ 0.00 V, EDU @ 0.15 V). The red star marker represents entry 5 of Table 1 (EHU @ 0.075 V, EDU @ 0.075 V).

a PtP cycle, making it a potential candidate for a new class of
stationary, long-term hydrogen storage.

In particular, the comparison with thermocatalytic LOHC sys-
tems shows that the EC-LOHC concept can have considerably
higher efficiencies while still having the advantage of cheap lig-
uid fuel storage. Yet the volumetric storage capacity is lower than
that of thermocatalytic LOHC systems due to the lower hydrogen
capacity of the acetone/isopropanol and the need to operate this
EC-LOHC in the form of aqueous solutions.

3.6. Material-Related Challenges and Outlook

Our experimental results are a fair representation of the EHU
and EDU within an overall testing time of several hours. How-
ever, the results do not represent the system in long-term opera-
tion. Degradation effects would have to be investigated in depth
to make statements about long-term stability; for example, degra-
dation was investigated for many decades for PEMFC. Thus,
long-term degradation is beyond the scope of this concept study.
Nevertheless, we can use our data as a function of time to identify
material-related challenges and provide possible solutions.

Figure 10 depicts representative EHU and EDU raw data of a
2 min hold as a function of time and a corresponding decay rate
between 31-120 s. The chosen potentiostatic holding points of 1
and 90 mV for the EHU and 125 and 50 mV for the EDU repre-
sent a relatively high current density and a relatively low current
density for each mode, respectively. Higher current densities are
accompanied by higher decay rates, while lower reaction rates are
much more stable. One possible reason may be mass transport
limitations of the reactants and products.

In contrast to many other electrocatalytic systems using MEA
architectures, the ACE/IPA EC-LOHC reactant and product are
both liquids. Accordingly, both the reactant and the product lig-
uids flow are diffusion-limited. While reactant depletion leads to
lower reaction rates, product accumulation causes an unfavor-
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able Nernst shift, leading to lower overpotentials within a given
voltage hold. Both phenomena would manifest themselves in the
form of a current decay.

The GDL materials used here are optimized for operating hy-
drogen fuel cells only. Therefore, GDL materials optimized for
EC-LOHC operation could improve stability and yield higher cur-
rent densities.

Furthermore, the decay rate at high current densities is notice-
ably lower for the EHU than for the EDU. This could reflect the
aforementioned slow acetone (product) desorption. Because the
EHU reduces acetone to isopropanol, an acetone affinity to the

400
Voltage E/ V

 350F = EHU@ 1 mV
L e EHU @ 90 mV
G 300f, s EDU@ 125 mV
< EDU @ 50 mV
E 250}, e
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Figure 10. Representative raw data of a 2 min hold at varying voltages for
the EHU using 1 m acetone and EDU using 1 m isopropanol at 50 °C. The
given decay rates correspond to a linear fit slope between 31-120 s within
2 min hold. The bold line is the linear fit, comprising the used data points.
The chosen holding points represent a point of relatively high current den-
sity and relatively low current density.
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catalyst would not be harmful to the EHU but to the EDU. Op-
timized catalyst material could balance this acetone adsorption,
yielding higher EDU stability.

Additionally, new membrane materials exhibiting low fuel
crossover are vital to further increase the ACE/IPA concentration
to improve the reaction rates or to lower the catalyst loadings.

Based on the results presented here and precisely because of
the still-existing optimization potential, we see great prospects
for this new hydrogen storage concept. We see the advantages
of the EC-LOHC cycle in an application best utilized as station-
ary, seasonal energy storage for fluctuating renewable energies. A
comparison of the EC-LOHC to existing energy storage technolo-
gies with economic advantages and disadvantages can be found
in the Section S10 (Supporting Information).

In conclusion, it must be emphasized that this work aims to
present a new hydrogen storage concept that can compete with
established technologies. However, because no long-term dura-
bility tests of this new concept have been carried out, the results
must be seen as revealing the EC-LOHC’s prospect and do not
yet represent a life cycle analysis.

Nevertheless, we anticipate that the EC-LOHC concept can
find substantial interest in various sustainable energy applica-
tions, exemplary for decentralized stationary seasonal storage of
renewable energies for farms or in rural communities.

4, Conclusion

This work demonstrates the concept of a low-temperature ace-
tone/isopropanol EC-LOHC for CO, emission-free hydrogen
storage applications. The EC-LOHC consists of two processes
that can be implemented by the EHU and the EDU, which can
be operated in one PEM-MEA set-up, whereby the cell potential
controls its direction. For E < E,,, the cell is in the galvanic EHU
mode, while for E > E,,, the cell is in the electrolytic (electrolysis)
EDU mode.

By investigating the influence of temperature, fuel concen-
trations, and different DoH on the polarization curves, consid-
erable current densities in the range of 200 mA cm™ were
achieved for both directions. Most observations for the po-
larization curves can be correlated to Nernst equation-related
voltage dependencies, temperature-dependent reaction kinetics,
and concentration-dependent fuel availability. Furthermore, the
ionomer conductivity massively benefits from increased temper-
atures, while it decreases slightly with increasing organics con-
centrations. The results prove the endergonic dehydrogenation
to be the EC-LOHC concept’s limiting process. Overall, the cor-
responding reaction rates of the EDU are lower than for the EHU
and are hampered to a greater extent by a product-shifted EC-
LOHC-/EC-LOHCH+ reaction equilibrium. The possible reason is
a slow acetone desorption from the PtRu catalyst.

Based on the experimental results, we calculated efficien-
cies for PtP chains consisting of coupled water electrolysis and
fuel cell systems. The storage efficiencies (#7,,,,.) for the ace-
tone/isopropanol couple depend on the DoH reaction equilib-
rium and vary from 75 — 94 % for a DoH > 50 %, which is in
the range of CH, and LH, and substantially better than thermo-
catalytic LOHC.

Possible material-related challenges currently lead to relatively
high decay rates. However, further targeted research on corre-

Adv. Energy Mater. 2025, 15, 2403824 2403824 (12 of 15)

www.advenergymat.de

sponding optimized materials for this new concept can improve
stability.

We encourage more research on this topic to improve this at-
tractive EC-LOHC system presented here in an early yet already
competitive state of development that appears highly attractive
for stationary renewable energy storage.

5. Experimental Section

Membrane Electrode Assembly Manufacturing: PtRu/C (40/20 wt%,
HISPEC 10 000, Alfa Aesar, USA) or Pt/C (40 wt.%, HiSPEC4000, Alfa
Aesar, USA), and Nafion D2021 (Chemours, USA) were dispersed in iso-
propanol (> 99.9 %, Merck KGaA, Germany) and water (18.2 MQ, Merck-
MilliPore, Germany) mixture (20/80) for 25 min at 40 W using an ultra-
sonic horn (UP200ST, Hielscher, Germany). The resulting catalyst inks had
solid contents of 3 wt.% for PtRu/C and 1 wt.% for Pt/C, with 30 wt.%
of the solid fraction being the ionomer. Subsequently, the catalyst ink was
spray-coated on a gas diffusion layer (GDL) using an ExactaCoat (Sono-Tek
Corporation, USA). PtRu/C inks were sprayed on an H23C2 GDL (Freuden-
berg & Co. KG, Germany), yielding a gas diffusion electrode (GDE) with
a loading of 1 mgpg,, cm™2 for the electrochemical hydrogenation of ace-
tone and a loading of 2 mgpg, cm™2 for the electrochemical dehydrogena-
tion of isopropanol. Pt/C inks were sprayed on an H23C8 GDL (Freuden-
berg & Co. KG, Germany), yielding a GDE with a loading of 0.3 mgp,
cm~2. After that, the corresponding PtRu/C GDE and a Pt/C GDE were
hotpressed on a NafionXL membrane (27.5 um thick e-PTFE reinforced
Nafion membrane with incorporated chemical stabilizers[®*l by Chemours,
USA) for 6 min at 155 °C and 120 N cm~2 using a Labline P200S hotpress
(COLLIN Lab & Pilot Solutions GmbH, Germany).

Cell Hardware and Test Set-Up:  The electrochemical cell tests were per-
formed using a Scribner (Scribner Associates Inc, USA) 850e testbench and
Scribner cell fixture, including 5 cm? single serpentine graphite flow fields.
The cell fixtures were tightened with a 5 Nm torque and the compression
of the GDLs were adjusted with glass fiber reinforced PTFE gaskets (High-
tech-flon, Germany) to 20-25 %. A Masterflex L/S peristaltic pump (Cole-
Parmer, USA) fed the cell with the preheated organic reactant solutions.
A VSP300 potentiostat (Biologic, France) was used to control the electro-
chemical measurements. (A depiction of the cell fixture, including a de-
tailed description, is given in the Section S5, Supporting Information).

Electrochemical Measurements:  The cell was heated to the desired tem-
perature and fed with 5 mL min~" of the preheated reactant mixtures at
the working electrode (organics side). The counter electrode (hydrogen
side) was kept at 97 % relative humidity and ambient pressure and pro-
vided with 50 mL min~" hydrogen (5.0, Air Liquide, France) for the EHU or
1L min~' 5% H, in N, for the EDU. The 5 % H, gas was made by diluting
50 mL min~" H, and 950 ml min~" N, (5.0, Air Liquide, France).

In order to ensure pristine MEA states before each new set of exper-
iments, the organic solvent side was flushed with DI water for at least
20 min with 5 mL min~' before each new experiment to clean leftover
reactants and organics. The exact parameters for each experiment are
in the Tables S2 and S3 (Supporting Information). Hydrogen crossover
and ohmic short measurements were performed in a deoxygenated wa-
ter/hydrogen (5 % H, for EDU experiments) environment to monitor pos-
sible cell degradation throughout the experiment. The hydrogen crossover
measurements were performed via voltage stepping (0.2 t0 0.7 Vin 0.1V
steps, hold time 2:30 min, and averaging the last 30 s). Linear regression
was performed to obtain the electric short and the H, crossover (Figure
S2, Supporting Information; highest H, crossover EHU: 1.07 mA cm™2,
EDU: 0.19 mA cm™2; lowest electrical resistance EHU: 1.1 kQ cm?, EDU:
3.6 kQ cm?).[%]

ARR and IOR polarization characteristics were obtained using a mixed
galvanostatic and potentiostatic protocol. The low current density regime
of 1—10 mA cm~2 was recorded galvanostatically. Because the catalyst's
activity was potential dependent and to avoid unwanted side reactions,
higher current densities were recorded potentiostatically.?221] The poten-
tiostatic polarization curve points for the ARR were at 1, 5, 10, 20, 30, 40,
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50, 60, 70, 80, 90, and 100 mV. The potentiostatic polarization curve points
for the IOR were at 25, 50, 75, 100, 125, 150, 175, 200, 225, 250, 275, and
300 mV. Each point was held for 2 min, while the last 30 s of each point
were averaged for the data evaluation.

Electrochemical impedance spectroscopy (EIS) was measured for each
polarization point from 100 kHz to 10 Hz with 10-30 % perturbation to de-
termine the high-frequency resistances (HFR) using an equivalent circuit
(inductor + resistor) with either a blocking-condition transmission line
modell®®] or charge transfer transmission line model.I>’] All impedance
spectra were fitted using the impedance.py library.[®®] Representative EIS
raw data for the EHU and EDU is given in Figures S3 and S4 (Supporting
Information).

Scope of the EHU and EDU Experiments:  This study investigated the in-
fluence of temperature and fuel concentrations on the polarization curves
and HFR of the electrochemical hydrogenation of acetone and the electro-
chemical dehydrogenation of isopropanol using a proton exchange mem-
brane based membrane electrode assembly (PEM-MEA) set-up. All mea-
surements were repeated three times each with an in-house produced
MEA. The investigated temperature ranged from 30 — 70 °C, the ace-
tone/isopropanol solutions varied from 0.1 — 2 ™M, and the mixed ace-
tone/isopropanol solutions had a total organic concentration of 2 M. The
complete data set, including HFR-free polarization curves and experimen-
tal parameters, is given in Figures S5-S11 (Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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