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ARTICLE INFO ABSTRACT

Keywords: In the future energy system, hydrogen is expected to play an important role as a large-scale energy storage

LOHC option. The liquid organic hydrogen carrier (LOHC) technology enables safe and long-term hydrogen storage

gehﬁdr_"geilaﬁon using the existing tank infrastructure available from the current fossil fuel products. On-demand hydrogen
B:;i;’lt::lseif reactor release from LOHC systems followed by its use in fuel cells or combined cycle power plants (CCP) can provide

green electricity to the grid in a load flexible manner. However, to serve fast load changes in the grid, highly
dynamic LOHC dehydrogenation reactors with fast response times are required. In this study, we demonstrate a
catalytic plate reactor (CPR) derived from the design of conventional plate heat exchangers for the continuous
and dynamic dehydrogenation of perhydro benzyltoluene. The surface of corrugated heat exchanger plates in the
size of 15 x 15 cm has been catalytically activated by spray-coating and laser texturing techniques. These
activated plates have been investigated in continuous operation under different stationary reaction conditions
(290-340 °C; 2.5-5 bar, and 1-3 gyio.BT min™ ) achieving technical relevant degrees of dehydrogenation
(DoDHs) above 80 %, activities up to 0.27 mgys cm 2 min~' and stable hydrogen release for several hundred
hours of operation. Furthermore, the new CPR exhibited short hysteresis times when feed flow or reaction
temperature were dynamically changed demonstrating impressively its suitability for on-demand hydrogen
provision. Finally, the CPR was successfully operated following the dynamic load profile of a technical relevant
CCP scenario.

Dynamic operation

1. Introduction

The share of renewable energies in the electricity mix is increasing
worldwide [1,2]. In Europe, renewables, mainly photovoltaics and wind
power, now account for 38 % of the electricity production and it is
projected to reach over 70 % by 2030 [3]. While this shift is essential for
the targeted defossilization, it introduces new challenges to power grid
stability and market dynamics [4]. The generation of renewable energy
is volatile due to daily sunlight cycles, seasonal wind patterns, and
changing weather conditions. When these renewable technologies make
up a larger share of electricity production, the need for load flexible
technologies grows to quickly balance electricity demands [5-7]. In
today’s energy grid, fast-reacting combined cycle power (CCP) plants
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provide this flexible backup power by natural gas combustion. But these
power plants emit several million tons of CO, every year [8,9]. In
addition, methane emissions to the atmosphere during natural gas
production and transport contribute significantly to climate change.
Therefore, fossil-free and climate friendly alternative solutions for
flexible and on-demand electricity production are of high interest.
Hydrogen technologies can offer attractive options in this context
[10-14]. Water electrolysis converts renewable electricity into green
hydrogen in times and at locations of abundant green electricity [15,16].
Fuel cells or CCP plants retrofitted for the use of green hydrogen can
re-electrify hydrogen to compensate mismatches between power supply
and demand [16-19]. In-between hydrogen has to be stored or even
transported safely and with high energy density. Liquid organic
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hydrogen carrier (LOHC) systems are an excellent option for this pur-
pose, as they can store hydrogen as a liquid at ambient temperature and
pressure using existing fuel infrastructure [20,21]. LOHC systems are
based on reversibly binding hydrogen to organic carrier molecules.
Catalytic hydrogenation of the LOHC species results in hydrogen-loaded
carrier molecules. The hydrogen can be released on demand via catalytic
dehydrogenation and the so-obtained hydrogen-lean LOHC compound
can be used for another storage cycle [20,22].

The pair benzyltoluene (HO-BT)/perhydro benzyltoluene (H12-BT) is
a particularly promising LOHC system [23], that is characterized by a
high storage capacity of 6.2 wt%, good thermal stability, a liquid state
over a wide temperature range and the availability in technical quan-
tities at a moderate price [23,24]. The dehydrogenation of H12-BT (see
Scheme 1) is operated in presence of a heterogeneous catalyst, typically
platinum on a porous alumina support [25-27] and at low pressures
between 1 and 5 bar [16]. Due to the endothermic character (63.5 +
1.05 kJ molﬁ% [28]) of the reaction, temperatures beyond 260 °C are
usually applied for thermodynamic reasons. The main side product of
the reaction is methylfluorene (MF) which is formed consecutively
through dehydrocyclization of the aromatic HO-BT species (see Scheme
1) [29]. However, doping the platinum catalyst system with a certain
amount of strongly Pt-bound sulfur reduces this path of side product
formation [30].

The continuous dehydrogenation of H12-BT has mostly been studied
in fixed-bed reactors [21,31-34], although efficient heat supply to the
catalyst has been found a major challenge. The limited heat transfer by
the point-to-point contact of spherical catalyst pellets in combination
with the strongly endothermal dehydrogenation reaction and feed
evaporation typically results in a radial temperature profile in the
reactor tube with significantly lower temperatures in the center of the
catalyst bed compared to the reactor wall [35]. This inhomogeneous
temperature profile limits the space-time yield in fixed-bed LOHC
dehydrogenation reactors and complicates its dynamic operation [36].

To address the goal of load-flexible power production using carrier-
released hydrogen the dynamic operation of dehydrogenation reactors is
necessary. In contrast to fixed-bed reactors, catalytic plate reactors
(CPR) can achieve efficient heat provision to the reaction system facil-
itating dynamic operation [21,36,37]. The CPR concept consists of
metal plates, which are coated with a heterogeneous catalyst layer and
are directly heated from the backside. This design fundamentally en-
hances heat transfer compared to conventional fixed-bed reactors by
leveraging large-area metallic heat conduction rather than relying on
limited point contacts between particles and heat transfer via fluid
convection. Consequently, the formation of significant temperature
gradients across the catalytically active area of the CPR can be avoided,
even in highly endothermic or exothermic reactions under dynamic load
changes [36-38]. By using corrugated metal plates, e.g. with a chevron
pattern, more turbulent flow regimes can be realized, further enhancing
the heat and mass transfer capabilities of the CPR [38,39]. Moreover, the
CPR is characterized by a compact and modular design, enabling a
flexible scale-up to the desired power output [36,40]. Notably, the small
dimensions and adaptable scalability of the CPR are not only favorable
for large-scale applications but also for mobile and decentral units.

The performance of the CPR module is greatly affected by the nature

H12-BT
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of the catalyst layer and its preparation [41]. Typically, a porous
alumina support is generated by coating a metallic plate (e. g. a heat
exchanger plate) with a sol-gel composite dispersion consisting of
v-Al;03 and boehmite. Various coating techniques can be used to obtain
the desired porous support layer on the plate [42,43]. Spray-coating is
well-established, fast, and scalable process for the preparation of sup-
port layers on open sight geometries [44,45]. The active metal can then
be introduced by wet impregnation. For this purpose, the support layer
is impregnated with a solution containing the platinum precursor.
Subsequent reduction in hydrogen atmosphere forms the catalytically
active surface, e.g. for the dehydrogenation of H12-BT [36,46].

An interesting alternative to spray coating is ultrashort-pulse laser
texturing. This technique is based on the modification of a metallic plate
surface by laser pulses with a usual duration of pico- to femtoseconds
[47,48]. The precise ablation of surface material leads to
three-dimensional micro- and nanostructures on the plate surface [49].
Additionally, performing laser texturing in ambient air or oxygen results
in the formation of porous metal oxide structures. These laser induced
nano foam (LINF) structures provide high surface areas and have a
thickness of up to several hundred micrometers [50-53]. In our previous
work, we could demonstrate the successful application of LINF to pro-
duce aluminum oxide coatings that served as catalysts supports in
small-scale LOHC dehydrogenation applications [54].

In this publication, we report on the continuous operation of a CPR
for the dynamic hydrogen release from H12-BT under technically rele-
vant conditions (>290 °C, >2.5 bar,). The CPR under investigation
contains two opposite plates (plate size 15 x 15 cm) with a total cata-
lytically active area of 426.4 cm?. Our study compares two techniques,
spray-coating and laser texturing, to produce the aluminum oxide sup-
port layer on the corrugated metal plates. The spray-coated and wet-
impregnated plates are intensively tested in H12-BT dehydrogenation
in long-term operation. As a major aim of our study is to test the CPR in
dynamic operation, its response time to flexible load changes is deter-
mined. Finally, we apply the relative flexible load changes of a technical
CCP plant to our CPR in order to evaluate whether the CPR technology
can provide hydrogen on demand for such a real-life dynamic
application.

2. Methods
2.1. Preparation of spray-coated catalyst plates

First, primer layers of the alumina support were applied on the
sandblasted and cleaned stainless steel plates (15 x 15 cm, material
1.4404, Kelvion PHE GmbH). The preparation of the primer dispersion
was carried out by mixing 1.44 g of the boehmite component Dispersal®
(Sasol Germany), 43.89 g of deionized water, and 1.79 g of nitric acid
(69 %, VWR Chemicals). After dispersing 2.88 g of the aluminum oxide
powder Catalox® (Sasol Germany) into the mixture, the sol was aged for
4 h with stirring at 1000 rpm. Two layers of the primer dispersion were
manually spray-coated onto the corrugated stainless steel plates. The
solvent was removed with unheated air flow, followed by drying in an
oven at 60 °C over night.

Afterwards, a sol-gel composite dispersion for the alumina support

Scheme 1. Dehydrogenation reaction of perhydro benzyltoluene (H12-BT) to benzyltoluene (HO-BT) and consecutive formation of the by-product methylfluorene

(MF) by deep dehydrogenation.
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layer was prepared following the procedure reported in our previous
publication [46]. An automated spray-coating system, consisting of an
automatic sprayer connected to a motorized linear guiding system, was
used to produce homogeneous coatings. The metal plate, combined with
an octahedral template, was placed centric in the spray-coating setup
and heated constantly to 80 °C from the backside. During spray-coating,
the sprayer followed linear and horizontal trajectories at a constant
velocity of 250 mm s~!. The procedure was repeated until the desired
amount of dispersion was applied, with approximately 4 min of drying
time between each spray-coating cycle. The coated plates were calcined
at 550 °C in air for 6 h, using a heating ramp of 2 K min~'. Platinum was
applied via wet impregnation using a 14.8 wt% aqueous platinum sulfite
acid solution (Strem) in 600 mL of deionized water. After 16 h of
impregnation, the catalyst plates were dried and then reduced at 440 °C
in a 5 % Hy in Ny atmosphere for 4 h. ICP-AES (Ciros CCD, SPECTRO
Analytical Instruments GmbH) was used to analyze the actual Pt loading
on the catalyst plates by measuring the remaining platinum content in
the precursor solution.

2.2. Preparation of laser-structured catalyst plates

Non-planar aluminum plates (square shaped approx. 150 x 150 x 6
mm, 1 mm plate thickness, AIMg3 EN AW-5754) with an embossed flow
profile were pretreated with an ytterbium pulsed fiber laser (YLPN-1-
1x350-100, IPG Laser GmbH & Co. KG, Burbach, Germany). The
detailed procedure can be found in the ESI E.1. Afterwards, femtosecond
laser structuring was applied. The general setup for this procedure has
been published previously [55-57]. The settings of the AMPHOS 400 Yb:
YAG high power laser system are coherent with those of our previous
publication [54]. Due to the rather long focus depth of 8 mm of the
beam, a height correction for laser processing the chevron shaped flow
profile was not necessary (see Figure ESI 2 (a)). The focus point was set
to the middle of the height profile. Using single beam operation, these
laser settings would result in a surface processing rate of 16.8 min cm 2.
To speed up the process, a diffractive optical element (DOE) was applied
(sep. angle 1.37°, DS-238-J-Y-A, HOLO/OR) to split the primary laser
beam, reducing the processing rate to 8.4 min cm™2. All experiments
were conducted in a stainless steel processing chamber under ambient
conditions (20 °C, relative humidity RH = 40 %) with ablation products
being removed from a constant air flow of 12 m s™!. The plates were
clamped seamlessly onto a matching chevron shaped steel base to ensure
sufficient cooling (see Figure ESI 1). All samples were cleaned by
ultrasonication in deionized water and isopropanol for 0.5 min each.
After cleaning, the samples were dried in a stream of nitrogen and stored
under ambient conditions.

The active metal platinum is introduced onto the laser induced nano
foam (LINF) structure via a two-step wet impregnation process with
platinum sulfite acid solution. The subsequent reduction was identical to
the procedure of the spray-coated catalyst plates. The Pt loading on the
laser-structured plates was determined by ICP-AES analysis of a small
fraction of the catalyst layer.

2.3. Characterization of the plate catalysts

The number and strength of acidic sites on the support material of the
plate catalyst was investigated by temperature programmed desorption
of ammonia (NH3-TPD) in a Thermo Scientific TPDRO 1100. For the
measurement, 300 mg of the sample is pretreated at 440 °C in He, cooled
to 100 °C and exposed to a stream of 10 % NHs/He until saturation.
Excess NHjs is flushed with He before the samples are cooled to 30 °C.
The sample is heated to 850 °C in 10 K min~! steps under He and the
thermal conductivity of the offgas is monitored.

High-angle annular dark field scanning transmission electron mi-
croscopy (HAADF-STEM) is utilized (TalosF200i, Thermo Fisher Scien-
tific) to evaluate the platinum nanoparticle distribution. Projected areas
of at least 500 visible particles per sample were analyzed and converted
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to a circle equivalent diameter to calculate the volume-area-mean par-
ticle size dya (eq. (1)) [58].

_rnd
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Thermo-gravimetric analysis with mass spectrometry coupling
(TGA-MS) was used to determine the proportion of coke precursors and
carbon deposits on the catalyst after H12-BT dehydrogenation. Revers-
ibly adsorbed organic components were removed prior to analysis in a
soxhlet setup with cyclohexane (reflux conditions for min. 2 h, after-
wards drying over night at 60 °C). The measurements were carried out
with a TA Instruments SDT 2960 coupled with a Pfeiffer Vacuum
Thermostar (GSD 300 T1) mass spectrometer. TGA measurements were
conducted by heating the sample to 800 °C (5 K min™!) in synthetic air
and the weight of the sample as well as the gas phase composition was
continuously monitored.

X-ray diffraction (XRD) patterns of the samples have been recorded
on a PANalytical X’Pert Pro MPD (Philips) equipped with a Cu Ka ra-
diation source and are displayed in the ESI.

2.4. Stationary dehydrogenation experiments

A CAD cross section view of the CPR used in this work is shown in
Fig. 1 (a). Two catalyst plates with a combined macroscopic catalytic
area of 426.4 cm? were installed in the CPR. Table 1 summarizes the
properties, respective support mass, platinum mass, and loading of the
tested plate sets.

One plate is fixed in the bottom part of the CPR as illustrated in Fig. 1
(b) and the second plate on top with both catalytically activated sides
facing each other. The two parts of the CPR are sealed with a graphite
gasket and heated by four heating cartridges each. Additional pictures of
the CPR in opened and closed state can be found in the ESI (Figure ESI
3). During all experiments the CPR was fixed in a vertical position,
resulting in an up-flow reaction configuration. The reaction temperature
was monitored and controlled by a thermocouple in each reactor part
just below the milled negative of the plates.

The applied dehydrogenation unit (simplified flow scheme and
photograph shown in the ESI, see Figure ESI 4) was inertized with argon
and heated to the target reaction temperatures (290-340 °C) under
continuous hydrogen flow. After setting the reaction pressure to 2.5-5
bar, using a pressure regulator (Equilibar), the plant was flooded with
perhydro benzyltoluene (H12-BT, degree of hydrogenation >99 %).
Subsequently, the feed flow was set to 1 gy12.8T min~!or3 8H12-BT min~!
by adjusting the feedstock pump. As soon as a steady feed flow was
established, continuous H12-BT dehydrogenation was performed in the
CPR for 25 h. The product hydrogen was separated from the liquid,
cooled in a condenser and purified by an active carbon filter to remove
traces of LOHC vapor. The hydrogen flow was determined by a mass-
flow meter (MFM) (Bronkhorst, El-Flow Prestige). The productivity P
was calculated by Equation (2), considering the mean hydrogen flow
Vi, over 20 h time on stream, the density of hydrogen at standard
conditions pgyp 1, , and the total platinum mass mp,. The catalytic activity
A, based on the macroscopic catalytic area S., was derived from
Equation. (3). Furthermore, the power density ¢ of the CPR can be
calculated from the lower heating value (LHV) of the released Hy and the
reaction volume Vy (see Equation (4)).

p— VHz *PsTp.H, o)
mp;

A— VHz *PsTP.H, 3)
SCat

b= VHz Psrpp, -LHVH, @

Vr
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Fig. 1. CAD cross section view of the employed CPR (a) and close-up photo of the opened CPR (b).

Table 1
Properties of the tested plate sets (SC - spray-coated, LT — laser-textured), their
platinum mass and loading measured via ICP-OES.

Plate set Support mass Platinum mass Platinum loading
Spray-coated (SC) 13.54 g 0.498 g 1.17 mg cm ™2
Laser-textured (LT) - 0.512 ¢ 1.20 mg cm ™2

Liquid samples were taken after the first hour and then in 3-h in-
tervals afterwards. The last three liquid samples were used to determine
the average degree of dehydrogenation (DoDH) by refractometry (Kriiss
DR6300-T). The DoDH, which represents the ratio of hydrogen actually
released from a given LOHC material related to its maximum releasable
hydrogen, was calculated from the refractive index with the correlation
reported by M. Geipelbrecht [59]. Additionally, the DoDH and methyl-
fluorene (MF) content of the last sample were measured by GC-FID
(Shimadzu, GC-2010 Plus).

2.5. Dynamic dehydrogenation experiments

For the dehydrogenation studies with spray-coated plates in dynamic
operation, the reactor temperatures and feed flows were adjusted at
different levels between 310 and 320 °C and 1-3 gui28T min~! and a
fixed pressure of 4 bar,. To assess the response time of the hydrogen
output, the reaction was first started with a fixed heating ramp of 2.6 K
min~! till 310 °C. After reaching a stable operation, the temperature was
rapidly increased to 320 °C. Then, the temperature was decreased back
to the starting level of 310 °C. The feed flow was kept constant at 1 gy15.
sy min~! over the whole period. In a second experiment, the procedure
was carried out with the feed flow starting at 1 gyi2sT min_l, then
elevated to 3 guio2BT min~?, and subsequently decreased back to the
starting level at a fixed temperature of 310 °C. In a third experiment,
both parameter adjustments were carried out simultaneously (starting
level: 310 °C, 1 gui2.BT min’l; raised level: 320 °C, 3 gu12-BT min ).
Between each of the three experiments, the reactor was cooled to room
temperature and the catalysts were dried to maintain equal starting
conditions. The stability of the catalysts and the hydrogen release under
dynamic conditions were evaluated by feed flow, and heating ramp
variations.

2.6. Dynamic tests following a realistic application scenario

The load profile of a CCP plant has been chosen as comparative
system to demonstrate the feasibility of our CPR under dynamic oper-
ation conditions. CCP plants (typically burning natural gas) represent
the state-of-the-art power generation method to cover peak loads of
electricity in Germany. The tested load profile was derived from a
dataset of the CCP plant “Miinchen Siid GuD2 DT 60” from July 18,
2023, published by Fraunhofer Institute for Solar Energy Systems (ISE)

(see Figure ESI 11) [60]. To ensure continuous monitoring of the labo-
ratory plant, the dataset was simplified and shortened to a 5 h load
profile. Furthermore, we applied a maximum heating ramp of 5.3 K
min ! reflecting the technical capabilities of our experimental setup.

3. Results

3.1. Fabrication of heat exchanger plates with catalytically active
surfaces

For the successful implementation of the CPR technology, high me-
chanical stability and catalytic activity of the catalyst-coated heat
exchanger plates are required. Therefore, our first set of experiments
aimed at the proper selection of a suitable fabrication technique for the
Pt-S/Al,03 coatings on the plates. For this purpose, we compared plates
fabricated by spray coating and by laser texturing in the dehydrogena-
tion of H12-BT at three different sets of operation parameters and a feed
flow of 1 guio-BT min~!. Please note, that several analytical data on
similar plates produced via the two fabrication methods can be found in
our previous publications [46,54]. With 0.498 g (SC) and 0.512 g (LT),
both plate catalyst systems possess an equivalent amount of platinum on
the same macroscopic plate area (see Table 1). The results follow a
similar qualitative trend for both systems. In terms of DoDH and activity
(see Fig. 2 (a) and 2 (b)) notable differences in the achieved values for
the two plate catalyst systems can be observed. The degrees of dehy-
drogenation under equilibrium conditions (DoDHeq, black horizontal
lines in Fig. 2 (a)) have been calculated according to Riide et al. [29].

Under reference conditions (300 °C, 2.5 bar, and 1 gyi2.8T min™h),
the LT plates achieved a DoDH of 39.9 %, while the SC plates reached
56.9 %. Consequently, as illustrated in Fig. 2 (b), the activity is
approximately 25 % higher for the SC plates compared to the LT plates.
With reaction conditions that allow the DoDHs to approach equilibrium
(DoDHgy), the differences between the two types of plate fabrications
decrease, as expected. The maximum DoDHs are observed for both plate
reactors at 340 °C, 5 bar,, and a feed rate of 1 gy12.5T min~'. Here, the LT
plates reach a DoDH of 83.8 %, which is only a bit lower than the 86.6 %
achieved with the SC plates. Based on the LHV of Hy and the reaction
volume of the CPR (105 mL (LT) and 107 mL (SC), respectively), these
activities translate into power densities of 1.07 MW m~2 (SC) and 1.01
MW m~3 (LT), respectively.

In general, the results shown in Fig. 2 suggest slower reaction ki-
netics for the laser-textured system compared to the spray-coated sys-
tem. One potential reason for this discrepancy may be in the different
pore structures obtained with the different fabrication techniques. As
shown in our previous work, the LT support material exhibits a surface
area of approximately 30 m? g~! and mainly small mesopores in the
range of 3-4 nm diameter [54]. The spray-coated plates, in contrast,
have a substantially higher surface area of approximately 150 m? g~!
and wider mesopores with diameters of 11-12 nm [46]. The wider pores
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parameters and a feed flow rate of 1 gyjo.pr min~'.

in the spray-coated plate catalysts improve the diffusional transfer of
H12-BT to the active sites, bubble nucleation, and bubble oscillation, as
suggested by previous studies [61,62]. In addition, the lower internal
surface of the LT-plate coatings results in larger Pt particles during the
wet impregnation process (lower Pt dispersion), as known from

Counts

200

literature [63,64]. This is confirmed by our HAADF-TEM images (shown
in Fig. 3) that reveal a significantly increased average Pt particle size in
the case of the laser-textured catalyst plates. While a mean Pt particle
diameter dyp of 2.73 nm was found on the LT-plate, the dy on the SC
plates was only 1.95 nm. The larger platinum particles in the case of the
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Fig. 3. HAADF-TEM image and Pt particle size distribution of the spray-coated (SC) catalyst plate (a)/(b) and laser-textured (LT) plate catalyst (c)/(d).
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LT plates result in a lower active metal surface compared to the SC plates
at even overall platinum mass on both coatings.

Interestingly, the dehydrogenation reaction promoted by the LT
plates forms significantly less MF even at similar DoDH levels (see Fig. 2
(c)). For example, at 340 °C, 5 bar, and 1 gyi2.8T min~?, the SC-plates
produced 0.72 % MF at a DoDH of 86.6 %, while the MF content with
the LT-plates was only one third (0.24 %) at a very similar DoDH of 83.8
%. One possible explanation for this behavior is the higher share of Pt
particles with diameters above 2 nm in the LT plate catalyst. Such bigger
particles exhibit a lower proportion of low-coordinated platinum sites
(edge or corner atoms of the particle), which are known to strongly
adsorb aromatic products and thus facilitate oxidative cyclization re-
actions [30,65]. However, as the majority of such centers are selectively
blocked by the sulfur doping of the catalyst, this alone might not explain
the remarkably lower MF formation of the LT-plates.

Another factor influencing the formation of by-products, such as MF,
can be the surface acidity of the support material [30,66,67]. Although
both systems predominantly contain y-alumina (see Figure ESI 12), the
smaller surface area of the LT plate leads to a considerably lower con-
centration of acidic surface centers, as demonstrated by the NH3-TPD
measurements shown in Fig. 4.

By mathematical integration of the NH3 desorbing from the catalyst
material, the amount of acidic centers can be calculated. As a result,
375.7 pmol g~ acidic centers were found for the LT support material,
while the amount of acidic sites was three times higher in the case of the
spray-coated material (1008.9 pmol g~ 1). The combination of a smaller
number of acidic sites along with the reduction of the share of corner
and edge atoms due to the larger platinum particle size explains,
therefore, the remarkably lower MF-formation of the laser-textured
plate catalysts. The higher acidity of the SC support furthermore re-
sults in more and stronger anchoring points for the Pt precursor
contributing to the better Pt dispersion on the SC catalyst.

For all further studies, the SC plate catalysts have been selected due
to their superior dehydrogenation activity and the excellent scalability
of the fabrication process. While laser texturing excels with high preci-
sion and control over surface patterns, scaling of the technology is
currently limited by long processing times per plate (approx. 28 h).
Nevertheless, it remains noteworthy that the use of LT plates represents
anovel approach in catalysis, which was applied in this work for the first
time on this scale (213.2 cm ™2 per plate) and with such high platinum
loadings (approx. 1.20 mg cm ™).

3.2. Detailed parameter variation with spray-coated plates

In the following, the dehydrogenation of H12-BT is studied in our
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Fig. 4. NH3-TPD experiments of the spray-coated (SC) and the laser-textured
(LT) coatings.
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CPR module using SC catalytic plates under steady-state conditions. Our
goal was to explore how reaction temperature and reactant flows in-
fluence the observed hydrogen release rate, DoDH and MF formation.
The experiments were performed at 4 bar,, to operate above the vapor
pressure of H12-BT even at highest adjusted temperature. The results are
shown in Fig. 5 (a)-(d).

With an increase of the reaction temperature from 290 to 340 °C, the
DoDH increases from 32.5 to 91.3 % at a flow rate of 1 gg12.8T min ! and
from 26.9 to 64.2 % at 3 gyi2.BT min~! (see Fig. 5 (a)). The increase in
H12-BT feed flow reduces the liquid residence time. As a result, the
activity and productivity of the plate catalysts increases at the expense of
lower DoDHs (compare Fig. 5(c) and (d)). In fact, the triple feed rate
approximately doubles the activity and productivity achieved with the
SC plates. The maximum hydrogen release is achieved at 340 °C and 3
8H12-BT min~! reaching activities of 0.27 mgyy min~! em™2. This
translates into a power density of the GPR of 2.16 MW m™>. In case of the
dehydrogenation parameters leading to the highest DoDH of 91.3 %
(340 °C and 1 gyio-BT min~1) the power density is still as high as 1.11
MW m~>,

The high dehydrogenation activity at 340 °C causes a greatly reduced
LOHC vapor pressure in the reactor and, consequently, serious LOHC
evaporation under these conditions. To counteract this effect, the reac-
tion pressure was increased to 5 bar, for the operation at 340 °C in the
following experiments. A comparison of the dehydrogenation results at
340 °C and the two pressure levels can be found in the supporting in-
formation (Figure ESI 6). According to Le Chatelier’s principle, the in-
crease in total pressure reduces the equilibrium conversion of the
dehydrogenation reaction. However, at 5 bar, only a minor effect on
DoDH and activity is found. We conclude that the negative effect of the
pressure increase on the reaction equilibrium (and thus the driving force
of the reaction) is at least partially compensated by a reduction of H12-
BT evaporation. This results in a higher share of LOHC in the liquid
phase in the reactor which is linked to better heat transfer and a longer
residence time of the LOHC-molecules in the reactor.

In Fig. 5 (b), the amount of MF side product formation is shown for
each operation point. Operation points at higher temperatures show
higher DoDHs and also higher MF formation. This can be explained by
the fact that MF forms in a consecutive reaction from HO-BT. Interest-
ingly, there is a clear influence of H12-BT flow rate on the MF formation
even at the same DoDH levels (see Fig. 6).

A similar behavior of MF formation was observed by Ellert et al.
using a finned-tube reactor with Pt-S/Al;O3 catalyst [68]. We hypoth-
esize that the higher liquid flow and the higher liquid content leads to
more turbulence in the reactor. This increases mass and heat transfer
and reduces the contact time of the HO-BT product within the catalyst
coating preventing consecutive reactions. Improved catalyst wetting
may also play a role. It has been found in previous studies that wetting
problems can occur in particular with vertical reactor orientations and
high gas loads as present in the H12-BT dehydrogenation [69]. We
expect that the corrugation angle of the plates could serve as an
important parameter to optimize catalyst wetting in the CPR under high
gas load conditions.

3.3. Stability in long-term dehydrogenation experiments

To evaluate operational long-term stability of our SC catalyst plates,
we first plotted a particular reference operation point that was
frequently adjusted in our parameter variation studies (as shown in
Figs. 2 and 5, Figure ESI 5 and Figure ESI 6) over time-on-stream (TOS).
Multiple adjustment of this reference operation point (300 °C, 2.5 bar,
and 1 gyi2-BT min~1) served during our parameter studies to check
whether the catalyst is undergoing deactivation over the course of the
study. The results are shown in Fig. 7.

Noteworthily, the dehydrogenation performance remained stable for
more than 530 h TOS which included several reactor start-up and cool-
down events. In the last reference experiment, between 805 and 825 h



P. Nathrath et al.

100

80

60 -

40-

DoDH/ %

I 1 g min”' [ 3 g min" — DoDH,,
290 300 310 320 330 340
Temperature / °C

I 1 g min”
[ 3 g min”’

S
w
.

0.23

2

=
[N)
!

Productivity / g, gp,' min™
o

290 300 310 320 330

Temperature / °C

340

International Journal of Hydrogen Energy 202 (2026) 153072

1.2
1 g min™
52 1.0+ 3 g min™ -
@
o
]
-
c
3
c
o
?
T
=

Temperature / °C

Bl 1 g min”
[ 3 g min™

290

300 310 320 330
Temperature / °C

340

Fig. 5. Achieved DoDH (a), formed MF-content (b), productivities (c), and activities (d) for the temperature and H12-BT flow variation at 4 bar, using spray-coated

plates (SC) in the CPR.

1.2
m 1gmin’
2 1.04| 4 3gmin’ =
@ 5
2o.81 L7
(4] m
o ‘A
< 0.6 4
o 7
2 04 A
9 ’ n //-
L. Ze
= 0.2 BT aM
LT ¥ il
0.0+=="""% : : :
0 20 40 60 80 100
DoDH / %

Fig. 6. MF formation with spray-coated plates (SC) in the CPR over achieved
DoDH values at different feed flow rates.

TOS, the DoDH values of the product LOHC were approximately 11 %
lower. We account this to the experiments under harsh conditions (at
340 °C and 4 or 5 bar,) between 530 h and 800 h TOS and hypothesize
that the slightly lower dehydrogenation performance is a result of coke
formation on the catalyst. Especially at high temperatures and high gas

phase hold-ups in the reactor, coke precursors that would normally be
washed away by fresh LOHC-material, can remain on the catalyst sur-
face and this can lead to the formation of carbonaceous deposits [30,70,
71]. To evaluate the presence of carbonaceous deposits on the catalyst
surface further, TGA-MS measurements were conducted (see Figure ESI
7). In comparison to a fresh catalyst the used SC-plate showed note-
worthy weight loss and CO; formation in the temperature range
200-500 °C supporting the presence of carbonaceous deposits after
long-term reaction.

Furthermore, the used SC plates were visually examined after the
dehydrogenation experiments. In Fig. 8 a comparison of an SC plate
before and after the continuous dehydrogenation experiments is shown.
Overall, no significant defects or delamination of the coating, apart from
minor indentations at the contact points of overlaying plates, were
found. These indentations originate from the direct contact of the two
plates caused by the compression of the graphite sealing due to the
mounting pressure of the reactor parts.

To complement our catalyst stability studies, also the catalytic LT
plates were subjected to a simplified stability test in a stationary long-
term dehydrogenation experiment at 330 °C, 4 bar, and 1 guizsT
min~! (for results, see Figure ESI 8). Despite the relatively harsh con-
ditions, no significant deactivation was found within the operation time
of 120 h. Therefore, the LT plates can also be considered as stable
catalyst systems under the here applied reaction conditions.

3.4. Dynamic dehydrogenation for flexible Hz-supply

Apart from stationary hydrogen release, the dynamic operation of a
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Fig. 8. Spray-coated plates before (1) and after (2) application in continuous
H12-BT dehydrogenation experiments.

LOHC dehydrogenation reactor is of particular relevance to accomplish
a demand oriented supply of Hj for subsequent re-electrification. Fig. 9
shows the response in H release for our SC plate setup after temperature
increase (I), after an increase of the H12-BT flow (II), and after a
simultaneous adjustment of both parameters (III). Between each of these
dynamic response experiments, the CPR was transferred into a standby
state (ambient temperature, pressure approx. 2 bar,) and restarted
again, using an identical start-up protocol. This protocol includes step-
wise heating of the reactor with a rate of 2.6 K min™"! to the reaction
temperature of 310 °C. The reaction temperature was reached within
about 2 h. The product Hy volume stream was around 440 mLn min~!
under the applied reference conditions (310 °C; 1 gui2.8T min™ 1.

In the temperature variation period (see I) in Fig. 9), an increase in
temperature led to an immediate short overshoot of the Hy flow rate to a
maximum of 615 mLn min . During the following 30 min the system
levelled down to a stable release of 540 mLn min~! which represents a

20 % increase in hydrogen production compared to the reaction at
310 °C. The DoDH at 320 °C increased to 70 % compared to 57 % DoDH
at 310 °C. After 1.5 h at this stable operation point (overall experimental
time of 4.8 h in the graph), the temperature was reduced again to 310 °C
and the system came back to its initial productivity at this conditions
within 17 min TOS. The observed fast response to lower hydrogen
productivity reflects the endothermic nature of the reaction.

In the flow variation period (see II) in Fig. 9), the H12-BT flow was
increased from 1 to 3 guia2.BT min~!. This led to an increase of the
hydrogen release rate to a stable value of 760 mLn min~' within 10 min.
Because the higher H12-BT flow leads to a reduced residence time of
H12-BT in the reactor, the DoDH dropped from initial 57 % (1 gy12-8T
min~) to approx. 39 % (3 gui2-BT min~!) within this variation. Finally,
both parameter changes were executed in combination (variation period
IID) in Fig. 9). In this case, the Hj release increased to approximately 900
mLn min~! (with a DoDH of 48 %). The entire variation experiment
showed that our CPR can be operated quite flexibly despite its high
thermal inertia and relatively low catalyst mass. In the ESI (see
Figure ESI 10), we show another long-term experiment with flow and
temperature variations that further confirms the excellent stability of
our SC plate equipped CPR over a total of 26 h TOS.

3.5. Mimicking the load change of a combined cycle power plant

In the future, hydrogen released from LOHC might be used for load-
flexible power generation to buffer the volatility of renewable energy
sources. Fig. 10 illustrates such a scenario, in which the main electricity
supply is covered by renewables. In times of overproduction, Hj is
produced and stored in LOHC. In times of low wind and sun, the stored
Hj can be released in a CPR and subsequently re-electrified.

With the following experiments, we want to show that our new CPR
reactor can cope with the dynamic load change requirements of such an
application case. As benchmark for the load profile we have chosen the
CCP plant ,Miinchen Siid GuD2 60 [60]. The selected data points and
shortened profile are shown in the ESI (see Figure ESI 11). The output
power was normalized to allow a comparison with our laboratory scale
investigations (see Figure ESI 11 (b)). The modular design of the CPR
facilitates up-scaling of the hydrogen output by simple up-numbering of
the parallel plate slits. Assuming uniform behavior across all plate slits,
the dynamics observed in the single-slit CPR can be used as indication
for the dynamics of the stack of plate reactors. Fig. 11 shows the
normalized power output of the CPR at 320 °C, 4 bar, and varying feed
flow to achieve the required Hy release dynamics, as well as the
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simplified load profile of the CCP.

The maximum heating rate in our experimental setup was 5.3 K
min~!. With this value, the start-up time in our device could be short-
ened to approximately 70 min. 60 min of this time can be accounted to
the heating to reach the reaction temperature and another 10 min to
flood the reactor with H12-BT. The CCP plant, in contrast, starts within
15 min from a standby-state of the plant. From a time-on-stream of 1.5h
we found good conformity of the normalized power output of our CPR
and the technical data for the CCP plant (the deviation between 3.8 h
and 4.5 h TOS was introduced purposedly to the CPR to check the unit’s
behavior on lower load levels). To catch-up with the CCP plant load
profile again, a short time of 7 min proved sufficient. Subsequently, the
subtle load changes of the technical CCP plant could be very well fol-
lowed in our CPR unit as depicted in the enlarged section on the right
side of Fig. 11. To validate the shut-down rate of the CPR, a 10 min delay
was added holding the last operation point at the end of the experiment.

Still, the CPR managed a faster decrease in power output compared to
the CCP plant profile. The better power decrease rate can be attributed
to the endothermic dehydrogenation in combination with the good heat
conductivity of the metal plates. Therefore, the catalyst temperature can
be reduced very quickly below the temperature level at which the
dehydrogenation stops for thermodynamic and kinetic reasons.

In general, we can deduct from this experiment, that the CPR can
follow technical relevant load changes of a real-life CCP plant. Thus,
hydrogen release from H12-BT using our CPR-concept proves suffi-
ciently dynamic to serve an on-demand power provision scenario with a
CCP unit as re-electrification technology.

4. Conclusion

In this study, we tested a novel CPR with spray-coated and laser-
textured catalytic plates for the load-flexible provision of hydrogen
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from the LOHC system HO-BT/H12-BT. We demonstrate that high DoDH
above 80 % can be effectively achieved using such CPR systems with
catalyst coated corrugated plates. Under comparable conditions of
340 °C, 5 bar, and 1 gyi28T min’l, the laser-textured catalyst plates
reached a DoDH of 83.8 %, while 86.6 % was achieved using the spray-
coated plates. By increasing the feed flow rate to 3 ggi2.8T min~}, a peak
activity 0.27 mgys min~! em™2 could be realized with the spray-coated
plates. We attribute the superior catalytic activity of the spray-coated
plates to a better platinum dispersion in the porous support layer of
the catalyst. Interestingly, the larger Pt-nanoparticles obtained on the
laser-textured samples resulted in a reduced MF side product formation
at comparable DoDHs.

The long-term stability of our CPR module was verified in H12-BT
dehydrogenation experiments over several hundred hours operation
time. No significant decrease in hydrogen production rate was observed
over an extended test period of 530 h (including varying operation
conditions) when the reaction temperature was kept at 330 °C or lower.
At 340 °C reaction temperature, however, a slow catalyst deactivation
was found, which can be attributed to the formation of carbonaceous
deposits under these conditions where total evaporation of the LOHC
material and catalyst dewetting is likely.

Our dynamic experiments revealed a fast response of the hydrogen
release in the CPR. The system adapted quickly to variations in tem-
perature and H12-BT feed and proved its capability for flexible hydrogen
supply. To assess the technical relevance of the achieved dynamics, we
applied reported data from a flexible CCP plant to our CPR system and
found that the dynamic hydrogen demand of such a plant could be
covered very well by our LOHC dehydrogenation system operating on
H12-BT.
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