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Highly durable spray-coated plate catalyst for the
dehydrogenation of perhydro benzyltoluenet
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Peter Wasserscheid®? and Patrick Schiihle &*2

In this study, we introduce a new spray coating technique to produce porous catalytic layers for the
dehydrogenation of hydrogen carriers. The composition of the sol-gel composite dispersion is adjusted by
a design of experiments (DoE) approach in order to reach excellent spraying processability, high coating
stability, and a high coating load. In this way, coatings with remarkably high thicknesses of up to 500 um,
good durability, and decent adherence on stainless steel substrates were achieved. Furthermore, the
precise adjustment of the coating loads and thicknesses of the highly porous y-alumina catalyst support
coating is demonstrated using the developed approach. Coating of different line-of-sight geometries, e.g.,
corrugated plates, is also shown. The coated plates have been impregnated with platinum and tested in the
highly endothermic dehydrogenation of perhydro benzyltoluene. Scanning electron microscopy with
energy dispersive X-ray spectroscopy (SEM-EDX) revealed an increasing penetration depth of platinum into
the coating layer with higher platinum loadings. For the dehydrogenation reaction, high surface related
productivities of 0.8 mgy, min~t cm™2 using a platinum loading of 3.7 wt% were reached, and the coatings

rsc.li/catalysis

Introduction

Hydrogen from water electrolysis is a versatile green energy
carrier. Storage and transport of hydrogen, however, is
problematic, due to the low volumetric energy density of gaseous
elemental hydrogen. The liquid organic hydrogen carrier
(LOHC) technology has recently gained attention as a versatile
storage and transportation option for green hydrogen.'”?
Applying the LOHC technology, hydrogen is bound to an organic
carrier molecule, for example, benzyltoluene, in an exothermic,
catalytic hydrogenation reaction. Transport of the LOHCs can be
carried out in the existing fuel infrastructure, e.g. using tank
ships and tank farms. Hydrogen is released from the organic
carrier molecule at times and locations of energy or hydrogen
need by an endothermic, catalytic dehydrogenation reaction.
This step is usually carried out in fixed bed reactors, suffering
from bad radial heat transfer and a high pressure drop, thus
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proved completely mechanically stable under these hydrogen release conditions.

hampering the dynamics and economic prospects of the
hydrogen release step from LOHC systems.> Therefore, new
reactor concepts are pivotal to both improve heat transfer and to
reduce the pressure drop while maintaining high volumetric
power density of the release unit. This publication marks the
first step towards the use of catalytic plate reactors (CPRs) for
achieving more efficient hydrogen release from LOHC systems.
In a CPR, the heat is directly introduced through heat
conduction of a metal substrate to a catalyst coating layer rather
than by heat convection of a fluid like in the fixed-bed reactor
concept (see ESIT E.1). Consequently, the CPR concept offers a
near gradient-free temperature profile over the whole reactor
length®® and the absence of flow disturbing components results
in a low pressure drop.’ In addition, the plate geometry of the
dehydrogenation reactor offers very interesting options for the
integration with fuel cell stack production and operation
strategies. Therefore it could largely profit from the economy of
scale-based cost drop anticipated for the fuel cell
technology.">"*

The main challenge for building a CPR-type LOHC
dehydrogenation unit is the stable ceramic coating on the
metallic heat conducting plate that supports the precious metal
nanoparticle dehydrogenation catalyst. This coating must
provide high surface area and porosity for good active metal
dispersion and must at the same time withstand the turbulent
flow regime resulting from the high gas evolution under
dehydrogenation conditions. Note, that due to the compact

This journal is © The Royal Society of Chemistry 2024
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design of a CPR, its coatable area is limited. To compensate for
this, the coating must be thick enough to reach sufficient
catalyst mass per plate area for high volumetric productivity.

The state-of-the-art catalyst for the dehydrogenation of the
LOHC-molecule perhydro benzyltoluene is a pelletized
aluminum oxide support carrying platinum nanoparticles with
selective sulfur poisoning to increase the selectivity of the
dehydrogenation reaction.'>™® The sulphur actively suppresses
the formation of by-products like methylfluorenes, which are
formed from adsorbed benzyltoluene species as a subsequent
reaction after the dehydrogenation.'”” For the catalyst
preparation, support impregnation with platinum sulphite acid
(PSA) offers the advantage of Pt and sulphur impregnation in a
single process step compared to the also literature-known
preparation using hexachloroplatinic acid."®"’

In this work, we describe a methodology to produce
mechanically stable and thick y-alumina coatings on stainless
steel plates. For this purpose, a sol-gel composite approach is
used, that uses sol-gel as an inorganic binder together with a
filler component (here alumina powder). This approach helps
to avoid crack formation by reducing the shrinkage of the
coating during the calcination step, allowing higher coating
thicknesses while maintaining good mechanical stability and
high porosity of the coating.>*>* Solymosi et al. proved the
suitability of this sol-gel-composite approach for dip coating
and doctor-blading of stainless steel plates with alumina
coatings.'® Compared to dip coating processes, spray coating
offers the possibility for a faster and more flexible one-sided
coating of large surfaces.”® The cheap and mostly inorganic
materials with good availability used in the dispersions add to
the scaling potential of the coating technology.

In this work we implement a spray coating process
utilizing sol-gel composite dispersions to enable the coating
of planar and even non-planar metal substrates for CPR-
modules. A design of experiments (DoE) is carried out to
adjust the properties of the sol-gel-composite dispersion to
the spray coating process in order to produce homogeneous,
thick, and durable alumina coatings. The addition of
glycerine is evaluated to reduce the capillary forces generated
in the drying process and further reduce crack formation in
the aluminum-based gels.>*>*

The performance of the coated metal plates is compared
with reference dip-coated plates prepared according to
Solymosi et al'® Durability tests are carried out using
ultrasonication.  Furthermore, batch  dehydrogenation
experiments of perhydro benzyltoluene are performed for
parameter optimization and for comparison. Moreover, the
platinum penetration depth of the different coated plate
catalysts is examined using Scanning electron microscopy
with energy dispersive X-ray spectroscopy (SEM-EDX).

Experimental
Preparation of the coated plate catalysts

To prepare the dispersion for the coatings, first, a sol is
prepared by dispersing the sol-precursor AIOOH/boehmite
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(Disperal, Sasol Germany) in a mixture of deionized water,
nitric acid (69%, VWR Chemicals), and glycerine (K.D.
Unipress). The detailed weight composition of the sol is
summarized in Table 1. After vigorous stirring, the filler
component (aluminium oxide powder) in the form of Puralox
SCFa 140 (Sasol Germany, BET surface area 136 m> g ', ds, =
30 um) or Catalox HTFa 150 (Sasol USA, BET surface area 160
m?® g™', dso = 7 um) is added to the sol. The resulting mixture
is aged for 4 to 16 h while stirred at 1000 rpm (Heidolph MR
3001 K stirrer, 25 x 8 mm stirrer bar). After an appropriate
aging time, the viscosity of the dispersion is measured with a
Brookfield DV-II+ Extra viscometer using a LV-4 or SC-27
spindle, depending on the viscosity range. The shear stress
was increased by adjusting the spindle rotation speed in a
range from 10 to 100 rpm.

Dip coating. The sol-gel composite dispersion was filled
in three 30 mL cylinders for dip-coating of the plates. Three
sandblasted and degreased stainless-steel plates (thickness 1
mm, material 1.4404) are attached to a linear guidance with
a step motor. The dip coating process takes place according
to the protocol shown in ESIf E.2 and is repeated up to five
times to achieve the desired coating thickness. Between the
dipping cycles, the plates are dried with a heat gun. To
obtain a one-sided coating, the backside of the plate is
covered with masking tape before dip coating, and the tape
is removed before the next processing step.

Spray coating. The spray coated plates are prepared with a
Krautzberger Mignon 4S spray gun (Fig. 1(a)) using a 0.5 mm
nozzle and an air pressure of 1.5 bar,. Here also, sandblasted
and degreased stainless-steel plates (thickness 1 mm,
material 1.4404) are used as substrate. The plates are leaned
to the plate rest (Fig. 1(b)) spray coated up to 20 times to
reach the desired coating thickness. After each layer, the
plates are dried with a heat gun at 30 °C (Fig. 1(c)).

Post-treatment. After the dip-coating or spray-coating
process, the plates are calcined with air for 6 h at 550 °C
(heating ramp 2 K min™'). Then the coated plates are
impregnated with a 15.3 wt% platinum sulphite acid solution
(abcr GmbH) diluted in 30 mL deionized water in a wet
impregnation step for 16 h. Subsequently, the catalyst plates
are reduced under hydrogen atmosphere at 440 °C for 2 h.

DoE. The statistical design of experiments (DoE) is a
powerful tool improve in a systematic approach all kinds
of processes influenced by a complex interplay of several
process parameters.”®?” The approach allows a drastic
minimization of the number of experiments necessary for
the optimization by simultaneously combining all the
factors involved in the process. In this work, we combined
the factors binder to filler ratio, acid-, solid-, glycerine
content, aging time, and filler particle size in order to
manufacture a structurally viscous dispersion with a
defined spraying performance. Furthermore, the resulting
dispersions are evaluated according to their ability to
result in robust and mechanically stable support layers
with high coating thickness for catalyst plates with high
volumetric productivities.
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Table 1 Dispersion recipe adjusted for spray coating and dispersion recipe for dip coating developed by Solymosi et al.*®

Binder : filler ratio Solid-content HNOj; content Glycerine content Aging time Particle size filler
Dispersion — wt% wt% wt% h um
Spray coating 0.100 26.40 2.58 0.6 6-16 7
Dip coating 0.125 18.24 3.58 0 4 30

The DOE literature suggests a number of possible
strategies to combine the above mentioned factors, whereby
the D-optimal plan proved to be the most suitable design for
the optimization of the support layer.>**® The D-optimal
design offers the flexibility to exclude unrealistic
combinations, e.g., non-sprayable dispersions. Furthermore,
future experiments can be added to the design, and more
than two-stage quantitative and qualitative factors can be
combined simultaneously.*® This possibility drastically
reduces the time and amount of experiments compared to
optimizing one factor at a time. The full D-optimal
experienced plan can be found in the ESI} E.5.

Test of mechanical coating stability

Ultrasonic treatment is a suitable way to characterize and
compare the mechanical stability of alumina coatings and
their adhesion to the metal substrate.>”?°7*? In our case, the
coated samples were submerged in petroleum (anhydrous,
technical grade, VWR Chemicals) and loaded into an
ultrasonic bath (USC-THD/HF, VWR Germany). Then, the
plates were exposed to a frequency of 112 kHz at a power of
179 W at room temperature for up to 75 min. After different
exposure times, the ultrasonication was stopped and the
plates were dried with hot air to evaporate the petroleum
solvent. The difference in plate weight before and after
ultrasonication gives information about the amount of
coating lost during the ultrasonication and, thus, about the
coating durability and adhesion strength.

Fig. 1 Setup and tools of the spray coating unit (a) spray gun (b) plate
rest (c) heating gun.
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Determination of textural properties

Nitrogen physisorption at 77 K was used to determine the
textural properties of the alumina support with and without
platinum/sulphur loading. A Quantachrome Quadrasorb SI
instrument was employed for these measurements. The
samples were pre-treated for 12 h at 523 K under vacuum to
expel all adsorbed substances. To calculate the BET-surface
area the relative pressure (ratio of measured pressure to
saturation pressure) from 0.05-0.2 was used.

Batch dehydrogenation of H12-BT

After impregnation and reduction, the plates were tested in a
batch setup to determine their dehydrogenation performance.
The detailed experimental setup is described in the ESIT (see
ESI E.4). All dehydrogenation experiments took place at 250
°C and ambient pressure with a fixed feed weight of 15 g
perhydro benzyltoluene (H12-BT, degree of hydrogenation
98%, Hydrogenious LOHC Technologies, Erlangen, Germany).
The dehydrogenation reaction is illustrated in Scheme 1.

To measure the reaction progress, liquid samples were
taken and characterized with a refractometer (Kriiss DR6300-T)
and by gas chromatograph with flame ionization detector (GC-
FID). The reaction progress is represented as the degree of
dehydrogenation (DoDH) defined as the ratio of
dehydrogenated BT-species present in the sample to the
theoretical maximum amount of dehydrogenated BT. The used
correlation for DoDH and refractometric index is found in the
work of M. Geiflelbrecht.’> The activity A related to the
macroscopic area of the catalyst plates @coqteq i calculated with
eqn (1), and the mean DoDH is calculated with eqn (2).
Whereby ¢, and ¢, are representing two different sampling
times (sample x before sample y) and #y.pr,, is the molar
amount of benzyltoluene species in the reactor at time ¢,.
Furthermore, ADoDH is defined as the difference between the
measured DoDH of the sample DoDH and of the feedstock
LOHC, see eqn (3). The productivity P based on the platinum
mass present in the system can be derived from eqn (4).

IO —

H12-BT

HO-BT

Scheme 1 Dehydrogenation
(H12-BT).

reaction of perhydro benzyltoluene

This journal is © The Royal Society of Chemistry 2024
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Determination of the active platinum surface

The active platinum surface of the catalyst plates was measured
after the reaction via CO-pulse-chemisorption (Autochem II,
micromeritics). Prior to the sorption measurement, the
samples were treated at 250 °C in a helium atmosphere (5 K
min~', 30 min). Afterwards, a temperature programmed
reduction in hydrogen at 440 °C was performed to ensure a
complete reduction of the catalyst (5 K min~*, 60 min). The CO
pulse chemisorption was then carried out at 40 °C.

SEM-EDX sample preparation and measurements

Cross sections of the coated plates have been prepared by
embedding the samples in a two-component epoxy resin
(Epoclear, Schmitz Metallographie GmbH). Before curing the
resin, the samples were exposed to three vacuum cycles to
enable the porous coating layer to be penetrated. After 24 h
curing time, the samples were ground and polished with SiC-
polishing paper up to 2000 grid. Imaging and elemental
analysis of the embedded samples were conducted with a Zeiss
Crossbeam 540 focused ion beam scanning electron
microscope (Gemini II column, Carl Zeiss AG) equipped with
an EDX-detector (X-Max 150 silicon drift detector, Oxford
Instruments; Software: Aztec Version 4.2, Oxford Instruments).
The embedded samples were attached to aluminium SEM
specimen stubs with double-sided adhesive copper tape. The
conductivity of the samples was enhanced by sputter coating
with palladium (108 Manual Sputter Coater, Cressington) and a
conductive silver tape. The thickness of the porous layer was
determined by taking images at three different locations in
each sample with a four-quadrant backscattering detector in
compositional mode. The imaging conditions were an
acceleration voltage of 20 kV at 1 x 10~ A. Energy-dispersive
X-ray spectroscopy (EDX) measurements revealed the
penetration depth of the platinum coating. Three EDX line
scans with a step width of 0.5 um for each sample were
performed. Afterwards, the line scans were evaluated with a
Matlab script (for further information see ESIt E.3).

Results and discussion
Dispersion adjustment for spray coating operation

The applied design of experiment resulted in 33 different
dispersions. These dispersions originated from different
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combinations of the factors binder to filler ratio, acid-, solid-,
glycerine content, aging time, and filler particle size. The
objective of the optimization was to reach a dispersion viscosity
suitable for the intended spray coating process. Furthermore,
the coated support mass and the mechanical stability of the
obtained coating were objectives of the optimization.

For the data evaluation of the DoE, the measured values
for the viscosity at a shear rate of 50 s™*, the average support
mass and the weight-loss values of the stability test were
considered. The optimization calculations were conducted
for each response parameter separately.

The viscosity of the dispersion was the first response to be
evaluated. The detailed evaluation of the support mass and
mechanical stability can be found in the ESIf E.6. The
adjusted coefficient of determination Radj2 for the
optimization of the viscosity was found to be 0.953, which
means that the presented data fit the regression model
well. The relative error of the evaluated data was between
3.7-22.3%. The values of Radj2 for the improvement of the
support mass and mechanical stability were 0.776 (relative
error 9.7-32.1%) and 0.816 (relative error 12.4-40%),
which made the evaluation of the data rather unreliable.
Fig. 2 shows the effect of the different factors on the
viscosity of the dispersion. The largest effects are those of the
solid content (range 18.2 to 38.4 wt%), binder:filler ratio
(range 1:3 to 1:9), and acid content (range 1.79 to 3.58
wt%). The particle size (7 and 30 um) and the aging time
(range 4 to 16 h) both had a negative effect on the viscosity.

The solid content includes boehmite (Disperal) and
aluminium oxide powder (Puralox SCFa 140 or Catalox HTFa
150). The DoE experiments showed a clear correlation
between the amount of solid added and the viscosity with
higher solid content in the dispersion leading to an increased
viscosity. This observation is in-line with the literature.>* The
binder:filler ratio influences the dispersion through the
change in the amount of boehmite. Since boehmite is the
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Fig. 2 Effects of different factors of the DoE on the dispersion
viscosity (standard deviation as error bars; relative error given on top).
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binder material, it is responsible for the gel formation in the
sol-gel-composite dispersion. A higher amount of the binder
leads to the formation of a pronounced gel-network, which
increases the viscosity of the dispersion.

The acid, here HNOj;, is responsible for the peptization
of the boehmite particles to form a sol and is enhancing
the condensation reaction converting the binder particles in
the dispersion into a stable gel-network that can be packed
more densely and subsequently increases the viscosity. Also,
HNO; increases the repulsive forces between the submerged
particles and therefore stabilizes the dispersion. An
insufficient amount of acid could lead to sedimentation of
solid particles, hence affecting the viscosity negatively. The
particle size shows a negative effect on the viscosity. The
use of larger filler particles (Puralox SCFa 140, ds, = 30 um)
in this DoE in combination with other factors often led to
sedimentation of the dispersion. By decreasing the size of
the filler particles a higher surface-to-volume ratio is
achieved favouring gel crosslinking of particles and thus
increasing viscosity.

The addition of glycerine did not have a major positive
effect on the viscosity of the dispersion. The increasing aging
time, contrary to expectations, had a slightly negative effect
on the viscosity. We hypothesize that there is an optimal
aging time where the gel network would be completely
formed, giving a viscosity profile with higher, more desired
values. When this optimal duration is exceeded, the gel
network collapses, and the particles entrapped within begin
to sediment. On the other hand, if the aging time is shorter
than the optimal duration, a certain amount of free water
molecules would be present in the dispersion, leading to
viscosity differences. This idea is supported by research
reported by Cristiani et al.*

The evaluation of the DoE data resulted in an sol-gel
dispersion recipe specifically tailored for the spray coating
process, which is shown in Table 1 in comparison to the dip
coating recipe, reported previously by Solymosi et al.*®

Fig. 3 shows the viscosity as a function of the shear rate of
the dip coating recipe and the spray coating recipe based on
our DoE approach. All dispersions showed a shear thinning
rheology, as expected from a boehmite sol-gel-composite.*®

5000
v m  Spray coating recipe 6 h
® Spray coating recipe 16 h
4000 A Dip coating recipe 4h
4
o
£ 3000
2 [
£ H
§ 2000+
S A J
1000 | N ' 5 .
A ® 9 5 5
0 A 4 A 4 4 a4 a
0 20 40 60 80 100

Shear rate / s™

Fig. 3 Comparison of the viscosity of improved (6 and 16 h aging) and
base sol-gel composite dispersions (4 h aging) at different shear rates.
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Since only a minor influence of aging time on the viscosity
compared to other factors such as the binder: filler ratio and
solid content can be derived from the DoE results (see Fig. 2)
the aging times of the samples prepared according to the
spray coating recipe were altered between 6 h and 16 h (see
Fig. 3). Thus, a certain flexibility in the manufacturing
process is offered. The small differences in viscosity between
6 and 16 h at shear rates of 20-40 s™* are due to minor
differences in the thixotropy of the samples. Moreover, the
sol-gel composite dispersion obtained from the spray coating
recipe showed higher viscosity values than those of the dip
coating recipe (see Fig. 3), while still being easily sprayable.
The increase in viscosity improved the homogeneity of the
dispersion produced by the spray coating process. Germani
et al. found a similar effect on the homogeneity of the
coating thickness using dispersions with higher viscosity.*’
In addition, the acid content could be decreased from 3.58
wt% to 2.58 wt%. This reduces the corrosion potential of the
dispersion to the inner parts of the spraying gun and
increases the spraying gun service time.

In order to compare the mechanical stability of the
resulting coatings, two plates were spray-coated with
dispersion manufactured according to the spray coating
recipe. The metal plates were coated with 20 layers, which
resulted in approx. 460 g m™ of support coating. For
comparison, two dip coated plates with about 320 g m™ are
prepared with five times dip cycles as described in the ESIf
E.2 using the dip coating dispersion. The results of the
stability test are shown in Fig. 4. Initial weight losses of 2.1%
and 2.6% were recorded for the two spray-coated plates.
These losses origin from loosely bound surface layers, which
are removed immediately at the beginning of the
ultrasonication test. Similar initial losses, though to a lesser
extent, are found for the dip coated plates. Measurements
over longer ultrasonication times show that the spray-coated
layers withstand the mechanical stress for up to 75 min with
only little further material losses. Overall, the ultrasonication
treatment exposes the plates to a higher mechanical stress
level than the conditions used during the dehydrogenation
reactions. Consequently, the spray-coated plates offer a
sufficient mechanical stability for our catalytic tests.

5

4
® -~ %
£ 1 l
2 24 %/ I 1
H

" —e— Spray coating

Dip coating

0 10 20 30 40 50 60 70 80
Load duration / min

Fig. 4 Relative loss of coating after ultrasonication of spray coated
and dip coated plate catalysts.
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Using the spray coating process the dispersion can be
evenly distributed on the plate surface. Additionally, the low
binder to filler ratio in the spray coating dispersion reduces
the risk of crack formation during calcination. In total this
results in a robust and almost defect-free support layer (see
Fig. 5(a)) produced by the spray coating process. Because the
spray coating dispersion is structurally more viscous, it
showed a better adherence to the metal substrate. This
proved very beneficial for obtaining a homogeneous coating
without any run or drop formation, especially important for
the coating of non-planar geometries. For example corrugated
plates as shown in Fig. 5(b) are successfully coated with the
spray coating process. Moreover, the coated area was
increased from 10 cm?® in the case of the planar plates to
around 500 cm? for the corrugated plates, demonstrating the
scaling potential of the spray coating technology.

In a further series of experiments, we tried to adjust the
coating thickness by variation of the number of coating steps
for both the spray coating and the dip-coating process. The
results are shown in Fig. 6. A linear correlation between the
number of the coating cycles and the coated support mass
can be derived for the spray-coated plates. The deviation
shown in Fig. 6 is mainly attributed to the manual operation
of the spray-gun. By doubling the number of coating layers,
also the mass load of coating is doubled. For the dip coated
plates, in contrast, the variation of the coating cycles leads to
a clearly non-linear coating mass increase. The amount of
coating that is applied per cycle is higher for the dip coating
than for the spray coating, but it is highly dependent on the
rheology of the dispersion. Minor differences in viscosity add
up to higher variations of the coating load with an increasing
number of coating cycles. Consequently, coating thickness
and load could be tuned more precisely with the novel spray
coating technique compared to the state-of-the-art dip
coating process.

The relationship between coating load and thickness also
follows a linear trend, as apparent in Fig. 7. The average
relative error § of the fit was calculated as 8.29%. Only at low
coating loads a minor deviation from the linear trend is
found. This implies an almost constant void fraction between
the filler particles with no significant increase in bulk density
at higher coating loads. As a result, we were able to precisely

Fig. 5 Homogeneous spray-coated plates prepared with our improved
sol-gel-composite dispersion (a) planar plate (b) corrugated plate.
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recipe and the dip coating process using the dip coating recipe;
average of two samples, standard deviation shown as error bars.

adjust the mass and thickness in relation to the number of
coating cycles with the new spray coating technology, while
maintaining a high porosity of the support coating.
Additionally, the spray coatings are only applied to one side
compared to the double-sided dip coating approach. This
results in a more efficient use of the sol-gel composite
dispersion and lower manufacturing effort, because no
masking of the plate backside is required.

Note, that the here-described coating procedure allows
preparation of coating thicknesses above 400 um and coating
loads close to 500 g m™> while typical procedures in the
literature describe only thicknesses below 100 um and loads
in the range of 1 to 100 g m~>.*"*° This increases the internal
surface area of the porous layer per plate surface significantly
and thereby allows the construction of higher efficient plate
reactors, making CPR concept attractive for a wide range of
chemical reactions. The results of the mechanical stability
tests for the spray-coated plates with different coating
thicknesses are shown in Fig. 8.

The metal substrates coated with 10 to 20 coating layers
show a high mechanical stability, compared to the plates
with only 5 coating layers. We hypothesize that the low
stability of the thin layers is attributed to the internal stresses
occurring during calcination. This is caused by the different

500
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Fig. 7 Linear fit between coating thickness and coating load for spray
coated plates.
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Fig. 9 SEM cross section images of spray coated plates with different
thicknesses (a) 5 layer coating (b) 20 layer coating.

heat extension coefficients of the metal substrate and the
ceramic coating. To support our claim, we examined catalyst
plates obtained by coatings with 5 and with 20 layers by SEM.
Fig. 9 depicts the respective cross-sections. With the thinner
coating, cracks, and cavities can be observed that have
formed during the calcination process. Signs of partial
delamination of the coated support layer from the metal
substrate are seen. In contrast, no signs of delamination are
found in the case of the thick coating (compare
Fig. 9(a) and (b)).

We conclude from these results, that our sol-gel-
composite recipe and the here-selected spray coating
approach are very promising to produce mechanically robust
catalyst support layers, but a minimum number of at least 10
coating layers is necessary for the catalytic activation of
spray-coated plates.

For introducing Pt nanoparticle onto the coated support
layers, wet impregnation with a platinum sulphite acid solution
(PSA) was applied. In a first set of experiments, all plates were
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Fig. 10 SEM-EDX signal of the platinum penetration depth for
different platinum loadings on spray coated catalyst plates (average of
three line-scans, standard deviation given as shaded areas).

prepared with 15 coating layers to provide equal coating loads
and thicknesses. The platinum loading was varied at four levels
(see ICP-AES results in Table 2) and the selected amount of
platinum was always reached in one wet impregnation step.
Note, that Pt loadings above 3.7 wt% could not be achieved in
a one-step treatment with PSA. We attribute this fact to the
maximum number of adsorption sites present in the applied
support material after calcination.*®

The active metal surface of the plate catalysts was
measured using CO-chemisorption. The results are presented
in Table 2. For this set of measurements, we found that the
platinum active metal surfaces of the catalyst plates increase
with higher platinum loadings. This finding is counter-
intuitive on the first view as many literature describes that
higher Pt mass loadings lead to bigger Pt nanoparticles and
thus smaller specific active metal surface.*’ The unexpected
behaviour of our coated samples, could be due to a higher
PSA concentration in the impregnation solution, as all
preparations were performed with the same amount of water
as solvent. The increased PSA concentration gradient enables
higher penetration depths of the Pt precursor into the
support layer utilizing the full support coating thickness
more efficiently. To determine the penetration depth of the
platinum precursor in the wet impregnation process multiple
SEM-EDX line scans of each plate cross-section were
measured. Afterwards, the data was processed with a Matlab
script. For the four different platinum loadings the results

Table 2 Properties of catalyst plates at different platinum loadings prepared by wet impregnation. Platinum loadings measured with ICP OES, active
metal area with CO chemisorption, BET surface area by N, physisorption, and Pt penetration depth by SEM EDX line scans. Coating thickness as average

of three different spots

Pt-loading Penetration depth Coating thickness Coating load BET-surface area Average pore size Active metal surface
wt% pum pm gm™> m?> g™’ nm m?* gp "

1.0 64.3 +14.0 357 324 152.3 10.3 7.25

1.9 127.2 + 4.0 354 345 153.2 11.4 47.54

2.7 183.3 +12.8 343 320 149.6 11.5 51.26

3.7 270.7 £15.5 338 326 147.4 11.7 57.38
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Fig. 11 (a) Dehydrogenation progress over time (ADoDH), (b) activity over mean DoDH (c) productivity over mean DoDH of catalyst plates with

different platinum loadings; (d) dehydrogenation progress over time (ADoDH), (e) activity over mean DoDH, (f) productivity over mean DoDH of
catalyst plates with different coating thickness and constant Pt-loading; reaction conditions for all experiments: 250 °C; 1 atm.; 15 g H12-BT,

catalyst masses and loadings see ESIf E.4.

are listed in Table 2 and visualized in Fig. 10 in form of the
average platinum EDX-signal.

In the line scans a threshold of 200 cps was chosen as the
minimum signal counted as adsorbed platinum species at
one depth (dotted line in Fig. 10) to ensure a high enough
noise-threshold. It is apparent that platinum is distributed
deeper into the coating with higher platinum loadings
instead being deposited at the outer layer. As a result, the
intensity of the measurement signal does not increase with
increasing platinum loading, but shows a higher cps count to
greater depths. Accordingly, the absolute number of counts
increases when integrating over the coating thickness,
reflecting the overall increased platinum loading.

Dehydrogenation experiments with the spray-coated plate
catalysts

The spray-coated and catalytically activated plates were
subsequently tested in the dehydrogenation of perhydro
benzyltoluene (H12-BT). The reaction progress as ADoDH
over time is shown for the four different platinum loaded
plate catalysts in Fig. 11(a). As expected for a constant feed of
H12-BT, the DoDHs are increasing faster with higher
platinum loadings because of the higher active metal content
in the system. The plates with the highest platinum loading
reached a DoDH > 80% after 6 h reaction time. Generally,
only low amounts of by-products e.g. methylfluorene (<1.5%)
could be detected after reaction via GC-FID (see ESIT E.8).

In Fig. 11(b) the activity is plotted over the mean DoDH. It
is apparent that more than double the amount of hydrogen

This journal is © The Royal Society of Chemistry 2024

is released with the 3.7 wt% Pt compared to the 1.9 wt% Pt
catalyst plate, although the amount of platinum in the
system was less than doubled. This finding fits to the higher
platinum active metal surface and deeper penetration depth
for the coatings with higher platinum loadings (see Table 2).
Also the productivity of the catalysts is increasing slightly
with higher platinum loadings as depicted from Fig. 11(c). A
higher hydrogen evolution rate will increase mixing in the
system as well as the oscillation of gas and liquid in the
pores of the catalyst and can therefore enhance the overall
mass transport.”> A very attractive initial area-related activity
of 0.8 mgy, min' ecm™? was reached with the 3.7 wt% Pt plate
catalyst, making it a suitable option for future applications in
a CPR-based dehydrogenation reactor.

In Fig. 11(d) to (f), the dehydrogenation results for three
different numbers of coating layers (5, 10 and 15 layers) with
a platinum loading of approx. 3.7 wt% are shown. Doubling
the coating layer number and, therefore, the coating
thickness and load resulted in a nearly doubled activity. This
indicates very effective use of the Pt loading also in the case
of thicker coatings and no restriction of mass transport
caused by the increasing coating thickness. The
productivities shown in Fig. 11(f) support this finding, as
coatings with 15 and 5 layers reached similar values. This
might be attributed to the big macro pores or voids between
the filler particles beneficial for the diffusion in and out of
the catalyst coating (compare Fig. 9). From the tested plate
catalysts the maximum coating load of the 15 layer sample
introduced the greatest overall platinum quantity into the
system. Consequently, the activity per macroscopic plate area

Catal Sci. Technol,, 2024, 14, 980-989 | 987
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is highest for this sample and is therefore of particular
relevance for future CPR concepts. Even higher coating
thicknesses should be targeted in further developments, if
high mechanical durability and reproducibility in the
manufacturing process can be maintained.

Conclusions

In summary, we have improved the recipe for manufacturing
porous aluminium oxide catalyst support coatings on steel
plates using spray coating of a sol-gel composite dispersion.
The optimized coatings combine high alumina mass load,
high thicknesses (above 400 pm), and good durability against
mechanical stress. Furthermore, we adjusted the coating
layer thickness precisely by varying the number of coating
cycles. The proposed spray coating approach offers high
flexibility in coating different line of sight geometries from
small to large scale applications. In the dehydrogenation
experiments, the manufactured catalyst plates showed high
activities of around 0.8 mgy, min' cm > in the
dehydrogenation of H12-BT at platinum loadings of 3.7 wt%
and 250 °C reaction temperature. High platinum loadings
and thick coating layers proved beneficial as thicker coatings
lead to higher productivities per surface area and high Pt
loadings result in better utilization of the thick coating layers
due to an increased penetration depth. The results obtained
in this work offer a robust starting point for further upscaling
of the CPR-concept for hydrogen release reactions towards
larger geometries and continuous catalytic operation.
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