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A B S T R A C T

This work investigates the electrophoretic deposition of a catalytic coating on so-called fluid guiding elements
(FGE) with a ruthenium-based catalyst for use in ammonia synthesis reactors. FGE are additive manufactured
metallic pipe inserts that have shown to enhance the heat transfer compared to empty pipes by dividing
the fluid flow and alternately guiding the partial flows to the wall. Consequently, they could improve the
performance of temperature sensitive structured catalytic systems. To be able to demonstrate the degree of
process intensification, the required steps to enable the deposition of a reference catalyst for ammonia synthesis
are developed. Further, the distribution of catalytically active compounds is characterized. The catalytic activity
is assessed in a plug flow reactor under pressures up to 5MPa and compared against a fixed bed from the same
batch. The expected activity from the reference catalyst is calculated by a kinetic rate expression. The coating
process does not affect catalytic activity, but a steady deactivation and high sensitivity to feed gas impurities
are observed. Possible mechanisms for the deactivation are examined and discussed.
1. Introduction

Green ammonia is a promising candidate for a large scale and
carbon-free chemical energy carrier [1]. Its high volumetric energy
density in liquid state combined with a high boiling point when com-
pared to other chemical energy carriers such as synthetic natural gas or
hydrogen are favorable when it comes to transporting large quantities
over long distances [2]. Most state-of-the art ammonia synthesis plants
use natural gas as feedstock for the production of hydrogen [3], which
enables a stationary operation of the Haber–Bosch loop and the synthe-
sis reactor. For the production of green ammonia however, hydrogen
is obtained via electrolysis, which again is powered by renewable
energies. Most of these renewable energy sources are volatile in nature,
which complicates the stationary operation of the synthesis plant. When
designing any power-to-x plant to run in conjunction with fluctuating
renewable energies, the load-flexibility of the plant therefore becomes
of great importance, since the amount of necessary tanks to buffer these
fluctuations can quickly add up [4].

In an ammonia synthesis reactor, the temperature-conversion path
of the reaction is a critical design aspect since higher temperatures
accelerate the dissociative adsorption of nitrogen on the catalyst, which
is the generally accepted rate determining step of the reaction [5], but
can also slow down the reaction above a certain temperature once the
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thermodynamic equilibrium is approached. This leads to the existence
of an optimal reaction trajectory for the temperature in dependence
of the conversion, which is called the max-rate-curve [6]. Typical in-
dustrial ammonia converters are utilizing an adiabatic three-bed design
with different configurations of internal or external heat exchangers to
optimize the inlet temperature, feed split ratio and catalyst loading of
each bed in order to approach the max-rate-curve [7].

As the max-rate-curve is only roughly approximated with this ap-
proach, there is an opportunity to reduce the necessary amount of
catalyst by designing a reactor which follows the optimal reaction
trajectory more closely. This would reduce the size of the reactor and
therefore lower its thermal inertia, potentially improving the start-
up time and load-flexibility of the plant. One possibility to improve
the reaction trajectory is to utilize alternative non-adiabatic reactor
technologies like cocurrent-flow or counter-flow designs [6].

Since the reaction is highly exothermic (Eq. (1)), high heat transfer
coefficients are necessary to avoid the formation of hotspots in the cata-
lyst bed. This is a challenge in the design of any non-adiabatic reactor,
since the heat transfer inversely correlates with the dimension of the
pipe or gap which the gas is flowing through. This correlation leads to
another challenge, because smaller dimensions generally increase the
pressure drop. Since the compression of the recycle gas is a major cost
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factor especially in low pressure ammonia synthesis [8], an increased
pressure drop could significantly increase the energy demand of the
Haber–Bosch loop.

3 H2 + N2 ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← 2 NH3 𝛥𝑅𝐻
0
298 = −91.4 k J mol−1 (1)

A possible approach to these problems is coating additive manu-
actured fluid guiding elements (FGE) [9] with catalyst. By applying

the catalyst as a coating, the gas flows through the structures unob-
tructed, which potentially decreases the pressure drop when compared
o a fixed bed configuration. In this work, we take the first steps
owards this idea and investigate the electrophoretic deposition of a
uthenium-based catalyst [5,10,11] on an additive manufactured metal-
ic support sample. The adhesion and homogeneity of the coating are
xamined and the catalytic activity of the coating is compared against
he reference catalyst and a fixed bed from the same catalyst batch.
urthermore, the long-term deactivation under fluctuating temperature
s presented and possible causes for this deactivation are examined and
iscussed.

Typical examples of conventional catalytic pipe inserts are mono-
iths or honeycombs, gyroid structures or open-cell foams. They are

suited for processes involving high volumetric flow rates due to their
low pressure drop and provide a high surface-to-volume ratio enhanc-
ing the mass and heat transport [12]. The primary radial heat transfer

echanism in monoliths or honeycomb structures is conduction as
fluid channels do not change their position and therefore no heat is
transported in the radial direction via convection. Gyroid-like struc-
tures can improve the thermal performance of monolithic structures
by introducing additional convective heat transfer, which appears to
be directly linked to the increased vorticity of the fluid [13]. Current
research suggests that the predominant heat transfer mechanism in
pen-cell foams is conduction via the continuous solid phase [14,15].

Our patented fluid guiding elements work on a different principle as
the fluid flow is divided into multiple partial flows [9]. At defined
istances, the position of two adjacent partial flows is swapped al-
ernately. With this approach, each partial flow is guided from the
enter of the pipe to the wall and back without getting into contact
ith fluid from the other channels and heat is transported in radial
irection via convection, which greatly increases the integral heat
ransfer coefficient [16].

To demonstrate the improved heat and mass transfer due to these
luid guiding elements under reactive conditions, we chose the process

of ammonia synthesis. In this paper we address the coating procedure
with a reference catalyst selected from literature. It is of utmost impor-
tance for the demonstration of process intensification that the coating
is homogeneous and comparatively thick so that the amount of catalyst
in the system is maximized without loosing efficiency through internal
mass transport limitation and that homogeneous contact with the gas
phase is ensured.

Several options exist to deposit an impregnated catalyst on a sub-
strate as a coating, including washcoating, sol–gel deposition and elec-
trophoretic deposition. To enable a deposition of powder from a suspen-
sion via the washcoating process, a binder and a pH-altering additive
is usually necessary [17], which is not ideal for the deposition of an
mpregnated catalyst since the active compounds or promoters can be
issolved and lost in the process. When following the sol–gel method
r electrophoretic deposition, typically only a thin coating ranging be-
ween <1 - 50 μm is applied [17], which is sufficient when the effective

reaction rate is mostly limited by diffusion. For reactions controlled
by the intrinsic reaction rate like ammonia synthesis however, the
effective reaction rate is directly linked to the catalyst loading and
hick coatings are advantageous. With coating techniques involving a
eposition from a particle suspension, this leads to problems as internal
ensions develop during the drying process which can lead to cracks
nd subsequent flaking of the coating [18,19]. With the successive

deposition of multiple thin layers it is possible to circumvent this
 t

2 
limitation, but this process can become time-consuming when using the
sol–gel method since the gelation of each layer needs to be completed
before applying the next layer [20]. The coating process can therefore
be greatly accelerated by utilizing electrophoretic deposition, since the
ext layer can be applied directly after the solvent is evaporated from
he wet coating. Multilayer deposition has been successfully used in
eramic applications to apply dense zirconia coatings [21] or more
orous Al2O3/Y–TZP coatings with the addition of a binder [22]. In

this work, we investigate the performance of a porous and thick cat-
alytic coating applied via multilayer electrophoretic deposition without
the use of a binding agent on fluid guiding elements, which improve the
eat transfer by controlled redirection of flow and do not require the
ontribution of solid heat transport.

2. Methods

2.1. Additive manufactured support structures

Fluid guiding elements were designed in Autodesk Inventor
and manufactured via selective laser melting (Realizer SLM 125). The
wall thickness of the FGEs was 180 μm and the total length 50 mm. The
tainless steel powder (316 L) was melted with a laser spot size of 25 μm
nd a powder layer height of 30 μm. Before applying the coating, the
GEs were cleansed in an ultrasonic bath.

2.2. Catalyst preparation

The catalyst preparation was adapted from [10] and utilizes a
two-step wet impregnation method, subsequently adding both active
ompounds ruthenium and cesium to the magnesium oxide support. To

begin, the magnesium oxide (MgO, Sintermagnesia, 200 Mesh, Mag-
nesia GmbH) was crushed down via wet milling with ethanol (EtOH,

99.9% purity, VWR) in a ball mill (Retsch PM 100 CM) to a Sauter-
iameter of about 2.5 μm. The suspension was diluted with ethanol until
 loading of 50 mg mL−1 was reached. The necessary amount of the

precursors ruthenium-acetylacetonate (Ru–acac, >97% purity, Sigma-
Aldrich) and cesium carbonate (Cs2CO3, >99% purity, Sigma-Aldrich)
was determined so that the desired mass fraction of ruthenium 𝑤𝑅𝑢 and
the molar ratio of cesium per ruthenium 𝑣 are met in the final catalyst:

𝑚Ru−acac =
𝑚MgO𝑤Ru𝑀Ru−acac

𝑀Ru
(

1 −𝑤Ru
)

− 𝑣𝑤Ru𝑀Cs

𝑚Cs2CO3
=

𝑚MgO𝑣𝑤Ru𝑀Cs2CO3

2
(

𝑀Ru
(

1 −𝑤Ru
)

− 𝑣𝑤Ru𝑀Cs
)

The first precursor Ru–acac was dissolved in the suspension and
stirred for 4 h under atmospheric conditions. The solvent was then
evaporated in a rotary evaporator at a temperature of 60 ◦C and a
pressure of 200 mbar. To decompose the precursor, the dark-red powder
was placed in a muffle furnace at 170 ◦C for 5 h under ambient atmo-
sphere. The resulting agglomerates were crushed in a ball mill. After the
second precursor Cs2CO3 was solved in ethanol, the Ru–MgO powder
was added, and the suspension was stirred for 4 h under atmospheric
conditions. The ethanol was again removed in a rotary evaporator.

2.3. Electrophoretic deposition

After adding cesium to the catalyst powder via the precursor Cs2CO3,
the zeta potential of the particles in the suspension dropped (see
Section 3.1), making the suspension susceptible to the formation of
agglomerates. These agglomerates were found to prevent the formation
of a thick adhesive coating and a dispersant additive (ZetaSperse 1200,
Evonik) was added to sterically hinder the formation of agglomerates
as demonstrated in Fig. 1. Steric stabilization occurs when the long

olecules of the dispersant additive attach on the colloidal particles,
physically preventing them from getting close enough to each other
hat agglomerations could form [23].
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Fig. 1. Agglomeration of catalyst particles in suspension, 10 mg mL−1 RuCs/MgO in Ethanol. Optical microscope, 225x magnification.
Fig. 2. Electrophoretic deposition of catalyst.
For the electrophoretic deposition, the suspension was slowly stirred
in a 80 mL beaker to prevent a sedimentation of particles. A thin
sheet metal was placed inside the beaker as a counter-electrode and
connected with the power supply. The metallic support was then sub-
merged in the suspension and connected to the power supply as well.
A voltage of 50 V was applied for 1 - 3 min, depending on the solid
loading of the suspension [24]. To achieve crack-free coatings with a
thickness of 100 μm or more, it was necessary to deposit the desired
catalyst mass in multiple successive layers of about 20 μm per layer.
After each layer, the coating was dried at room temperature before
depositing the next layer. This way, the buildup of internal tensions
during the drying process was minimized [18], and a homogeneous
and crack free coating could be achieved. The experimental setup and
coated samples are shown in Fig. 2.

2.4. Activity measurements

Hydrogen and nitrogen (Alphagaz 2, 6.0 Purity, Air Liquide) were
dosed via calibrated mass flow meters (Brooks SLA 5850). Upstream
of the reactor, a molecular sieve (Molesieve 3 A, Sigma-Aldrich) was
3 
installed to remove moisture which might enter the system while
changing the catalyst or the gas bottles. The molecular sieve was
activated at 200 ◦C in a vacuum oven. The reactor consists of three
independently heated brass heating jackets with a length of 95 mm
each, wrapping a stainless steel tube with a diameter of 0.5 inch to
ensure an isothermal zone around the central heating jacket. The coated
catalyst sample was placed on top of uncoated FGE and aligned with the
middle heating jacket. The temperature in the center of the reactor was
recorded with a thermocouple inside a 0.125 inch tube. After cooling
the gas to ambient temperature, a back pressure regulator (Equilibar
LF Research Series) was used to control the system pressure.

The product gas was analyzed using a gas chromatograph (GC,
Agilent HP 6890, modified by Teckso). A stop-flow valve ensured a
constant pressure in the sample loop before admitting the sample to the
column (CP-Volamin, CP7448, 60 m × 0.32 mm). A thermal conductivity
detector was then used to record the chromatogram. The ammonia peak
was calibrated with a reference gas mixture (basi Schöberl) and the
water peak by saturating the gas stream with moisture by bubbling
through a washing flask with known temperature and pressure.

Before each experiment, the lines were flushed using a bypass,
then the catalyst sample was dried inside the reactor at 115 ◦C in
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Table 1
Parameters used for kinetic rate expression
[10].
𝑤Ru 2 wt.%

𝑛H per Ru 0.95 –
𝑘1,0,𝑓 56 k Pa s−1
𝑘1,0,𝑏 2 × 1010 s−1

𝛥ads𝐻𝑁2
−105.0 k J mol−1

𝐾2,0 1.81 × 10−4 at m−1

𝛥ads𝐻𝐻2
−81.8 k J mol−1

𝐸𝐴,1 32.5 k J mol−1

flowing nitrogen for 8 h. The reduction of the catalyst was carried out
n synthesis gas with a temperature ramp of 20 K h−1 to a maximum
emperature of 450 ◦C. Each parameter variation was held until a steady
tate at the GC was reached, which typically took between 1 - 2 h.

For the experiments, a FGE was coated with 201.7 mg of catalyst
owder as described in Section 2.3. From the same catalyst batch, a
ixed bed was prepared to compare the activity of the coating. This was

done by pressing the prepared catalyst powder to pellets, subsequently
crushing and sieving them to a range of 150 - 300 μm. The fixed bed was
diluted with silicon carbide to reduce possible axial diffusion effects.
The total catalyst mass used for the fixed bed was 202.6 mg.

2.5. Kinetic comparison

In order to enable the electrophoretic deposition of the catalyst,
different solvents and precursors were used and a dispersing agent was
dded. As this could affect the catalytic activity, a reference kinetic was
mplemented as proposed by McClaine et al. [10] to benchmark the

activity of the catalyst. The implementation was validated using data
from the original publication. The kinetic expression is a LHHW-type
equation:

𝑑 �̇�𝑖
𝑑 𝑚cat

= 𝜈𝑖

𝑘1𝑛ads𝑝N2

(

1 −
𝑝2NH3

𝑝2H2
𝑝N2

1
𝐾2
𝑝

)

(

1 +
√

𝐾2𝑝H2
+

√

𝐾1
𝐾𝑝

𝑝NH3
𝑝3∕2H2

)2
(2)

The equilibrium constant 𝐾𝑃 (𝑇 ) was determined by minimizing
the free Gibbs enthalpy for a given temperature, pressure and gas
composition [25]. Ideal gas behavior was assumed when calculating
the fugacity of the compounds, which might lead to inconsistencies re-
arding the equilibrium composition especially at higher pressures. To
ind the minimum of the constrained and nonlinear objective function,
he MATLAB function fmincon was used. The parameters for the rate
xpression are given in Table 1. The Bodenstein number was checked
o ensure a plug-flow-reactor (PFR) behavior could be assumed. The
as composition at the exit of the reactor was then calculated by
umerically integrating the kinetic rate expression (Eq. (2)) with the
MATLAB integration routine for ordinary differential equations ode45.

2.6. Electron probe microanalysis

A field emission electron probe microanalyzer (Jeol JXA-8530F)
was used to analyze the distribution of the active elements cesium and
uthenium. To investigate the cross-section of the coating, the coated

sample was embedded in epoxy resin, cut and a conductive carbon
ayer was applied. The distribution of both active metals was analyzed

via wavelength dispersive X-ray spectroscopy (WDX) maps with an
ccelerating voltage of 15 k V and a current of 20 nA. The surfaces of
oth coated and uncoated FGE were analyzed via energy-dispersive

X-ray spectroscopy (EDX).
 d

4 
2.7. Scanning transmission electron microscopy

The sample was prepared at room temperature in air by drop-casting
f a diluted suspension of nanoparticles dispersed in ethanol onto a
ommercial holey ultrathin amorphous carbon film (3 nm) mounted on
00 μm mesh Cu grid (Plano 01824). The size, shape and the chemical
omposition of Ru–Cs nanoparticles on the MgO substrate was investi-
ated by high-angle annular dark-field (HAADF) scanning transmission
lectron microscopy (STEM) in combination with EDX carried out on
n FEI Osiris ChemiSTEM microscope at 200 k eV electron energy, which
s equipped with a Super-X EDX system comprising four silicon drift
etectors (Bruker).

3. Results and discussion

3.1. Catalyst preparation and electrophoretic deposition

Since Ru–acac was used in the preparation of the catalyst instead
f Ru3(CO)12 as proposed by McClaine et al. [10], the preparation

had to be adjusted as the original decomposition temperature lead to
the formation of a ruthenium mirror on the crucible, which suggests
an evaporation and subsequent precipitation of the precursor Ru–acac
similar to the observations by Aika et al. [26]. A thermogravimetric
analysis was performed in synthetic air on Ru–acac Appendix A. The
ecrease in weight begins at 170 ◦C, consequently this temperature
as chosen for the decomposition. During the decomposition process

he powder changed from orange-gray to an ashen color, indicating a
uccessful decomposition of the acetylacetonate. No formation of ruthe-
ium depositions on the crucible were observed at this decomposition
emperature.

Preliminary experiments showed that the coating of the catalyst sup-
ort structures was working as expected when using sintered and milled

MgO powder. After impregnation with both active metals however,
agglomerates were found in the suspension (Fig. 1), which prevented
a deposition of particles on the substrate. This was likely caused by
a drop of the zeta-potential of the particles in the suspension from
41.4 mV with MgO in EtOH to 10.7 mV with MgO–Ru–Cs2CO3 in EtOH.
This drop can be attributed to an increased number of free ions in
the suspension from the second precursor Cs2CO3 [19,27]. It has been
hown that the organic dispersion agent was decomposed during the
eduction of the catalyst as it had no influence on the catalytic activity

(see Section 3.2).
To deposit a catalyst mass of about 200 mg, a multilayer deposition

as used to avoid the formation of cracks during the drying process
Section 2.3). Utilizing this approach it was possible to deposit layers

up to a thickness of about 300 μm. Depositing thicker layers lead to the
ormation of cracks and the adhesion of the coating was greatly reduced
s shown in the supplementary material. Cross-section WDX maps of

a sample coated with 194.0 mg catalyst are presented in Fig. 3. The
layer thickness of the catalytic coating is about 135 μm. For ruthenium,
o gradients in the intensity of the signal are noticeable over the

layer thickness. Multiple small peaks indicate the presence of catalyst
particles with a higher concentration of ruthenium, possibly because
the precursor Ru–acac was not yet fully dissolved in the suspension
before starting the drying process. Since these particles appear to be
randomly distributed, this higher ruthenium concentration seems to
have no effect on the deposition process. For cesium, a few spots
with higher concentration near the coating–substrate interface and a
slight gradient near the surface of the coating are observed. Since
the distribution of the promoter is still mostly uniform, the effect on
he overall catalytic activity should be negligible. The images also
how a high porosity of the coating, reducing the risk of possible
iffusion limitations which could arise from concentration gradients
ver the layer thickness. Utilizing a dispersing agent and a multilayer
eposition, a homogeneous and porous coating has been achieved.
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Fig. 3. WDX maps: Element distribution of catalytic active compounds in coating cross-section.
Fig. 4. Activity measurements of coated sample. Dotted lines for visualization purposes only.
3.2. Catalytic activity

Five different gas feeds were measured at different temperatures
ranging from 400 - 500 ◦C at a pressure of 5 MPa for a total number of 30
data points (Fig. 4). For the gas feeds with a non-stoichiometric ratio of
hydrogen and nitrogen of H2

N2
= 1, higher ammonia concentrations are

observed, which is caused by the competitive adsorption of hydrogen
on the catalyst surface limiting the reaction rate when running the re-
action at higher stoichiometric ratios [5,6,28]. At higher temperatures,
the conversion becomes more and more limited by the thermodynamic
equilibrium of the exothermic reaction (Eq. (1)).

To examine if the electrophoretic deposition of the catalyst powder
affected the activity of the catalyst especially considering the added
dispersing agent or if the coating introduced mass transport limitations,
5 
an identical experiment was conducted with a fixed bed from the same
catalyst batch. In Fig. 5(a), the ammonia concentration in the product
stream of the catalytic coating is scattered against the concentration of
the corresponding data point from the fixed bed experiment. At higher
ammonia concentrations, a low deviation between the experiments is
observed, which is expected as the thermodynamic equilibrium com-
position is approached. Since both experiments are in good agreement
at lower temperatures as well, the coating procedure did not affect
the catalytic performance and the porosity of the deposited layer is
sufficient to prevent diffusion limitations.

When comparing the data points against the expected ammonia
concentration as calculated by the reference kinetic in Fig. 5(b) (see
Section 2.5), a higher activity than expected was reached at lower
ammonia concentrations. As the thermodynamic equilibrium is ap-
proached, a lower concentration is observed. A possible explanation
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Fig. 5. Benchmarking the catalytic activity of the electrophoretic coating. Parity lines at ±10%.
Fig. 6. Long-term deactivation while alternating the temperature between 450 ◦C and 400 ◦C.
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is that for both the partial pressures in the kinetic expression and
the calculation of the equilibrium constant, ideal gas behavior was
assumed. As the experiment was conducted at 5 MPa, that assumption
might lead to imprecise calculation of these values. As McClaine et al.
id not disclose their method to determine the equilibrium constant
𝑃 , the use of a different thermodynamic model or empiric correlation

could also explain the deviation. The results of the benchmark are still
satisfying considering that the original kinetic was fitted to a dataset
recorded at 20.7 at m, a different catalyst preparation was developed,
and a consecutive coating procedure was applied.

3.3. Long term stability and catalyst deactivation

To examine the long term stability and activity of the catalyst
nder fluctuating temperatures, similar to as they could occur during
on-stationary operation of an ammonia synthesis reactor, a flow of
00 N mL min−1 with a stoichiometric ratio of H2

N2
= 1 was dosed while

he temperature was changed from 400 ◦C to 450 ◦C every eight hours
hile the pressure was held at 5 MPa (Fig. 6). During the measurements,

the measured ammonia concentration dropped significantly for two
6 
time periods. After investigating the respective chromatograms, an
additional peak was found which was identified to be corresponding
o water. As the gas bottles were not changed during the experiment,
o other experiment was connected to the lines and a molecular sieve
as installed upstream of the reactor, it is unlikely that water entered

he system upstream of the reactor. We suspect that a small amount
f moisture entered the GC via the carrier gas and absorbed ammonia
efore being analyzed in the GC, therefore reducing the amount of
easured ammonia. After a few hours, the water peak disappeared

nd the measured concentration continued to follow the general trend
gain, which is a further indication that water entered the system
ownstream of the reactor, since the catalyst should have been notably
ess active afterwards otherwise.

A continuous loss of activity is observed, which according to lit-
erature can be attributed to several mechanisms. To investigate if
cesium was leaching as proposed by [29], we removed the metallic
support structure downstream of the coated sample and analyzed the
composition of its surface via EDX. Small clusters were found on the
structure which contained cesium (Fig. 7), which is not present in the
areas around these clusters. Since the promoter layer on the catalyst
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Fig. 7. Cesium clusters found on uncoated support structures placed downstream of catalyst sample. Weight percent determined via EDX.
is thought to mainly consist in the form of Cs2+xO after the initial
reduction step [30], it can react to Cs2O and Cs2O2 in the presence
of even minuscule amounts of oxygen. These cesium compounds have
a low melting point of 297.8 ◦C and 490 ◦C respectively [29]. Further
it was found that cesium species have a low affinity to basic supports
such as MgO [28]. These findings support the leaching of Cs as a
plausible deactivation mechanism. No ruthenium was detected on the
support structure. To further test this hypothesis, a similar catalyst
was synthesized replacing cesium with barium as suggested by Bielewa
et al. [31]. As shown in the supplementary material, we did not see
any substantial deactivation of the barium-promoted catalyst in a long-
term experiment conducted over 1000 h, which supports the assumption
that the leaching of cesium is a major factor in the deactivation of the
RuCs/MgO catalyst.

Another mechanism to discuss is the surface diffusion and agglomer-
ation of ruthenium atoms resulting in a loss of dispersion and therefore
active catalyst sites [32–34]. After the long-term experiment, catalyst
was scraped off, examined via STEM-EDX images and compared to fresh
catalyst from the same batch. For both examples, three particles were
analyzed (Fig. 8). While we did find one particle with a high dispersion
of ruthenium in the fresh batch (Fig. 8(a), second image) similar to the
findings of [29], the other two particles showed the presence of larger
ruthenium clusters even before the sample was placed in the reactor.
Fig. 8(b) shows three different particles which were analyzed after 500 h
in synthesis conditions (see Fig. 6). While two of these images show
7 
larger clusters, the top image shows the presence of smaller cluster
as well. With only these few images, no clear conclusion about the
magnitude of the effect of ruthenium or cesium surface diffusion in this
experiment can be drawn.

The sintering of micropores is discussed as another possible deac-
tivation mechanism [29]. Analysis via nitrogen physisorption showed
that no micropores were present in the fresh catalyst powder (see
Appendix B), which is expected since sintered magnesium oxide was
used as a support material, which should not have a porous structure.
The loss of internal surface area can therefore be discarded as a possible
explanation for the long-term deactivation of this catalyst.

From Fig. 6 it can be concluded that some time is needed when
switching back and forth between 400 ◦C and 450 ◦C. This is mostly due
to the thermal inertia of the reactor itself and not related to the kinetics
of the reaction.

This steady deactivation poses a major challenge to any potential
industrial application of this catalyst whether it is used in pressed form
or as a coating, since established wustite-based catalysts can exceed
lifetimes of 10 years [35].

4. Conclusion and outlook

A RuCs/MgO catalyst was synthesized with an adapted recipe taking
the subsequent coating procedure into consideration. In order to enable
the electrophoretic deposition of the catalyst powder, a dispersant
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Fig. 8. STEM-EDX maps of Ru-Cs distribution. Red: Ruthenium (Ru–L𝛼), Blue: Cesium (Cs –L𝛼).
additive was added to the suspension to sterically hinder the formation
of agglomerates. Homogeneity in overall catalyst and active species
distribution are, alongside with high resistivity of the coating to ther-
mal gradients regarding adhesion, of utmost importance for process
intensification. Utilizing a multilayer deposition approach, a porous
and homogeneous coating layer could be deposited on the additive
manufactured metallic support structures. No radial gradients or cracks
were found when examining the cross-section of the catalytic coating.
In experimental measurements taken in a lab-scale PFR reactor, the
catalytic activity of the coating matched the activity of the catalyst
powder and was in good agreement with kinetic calculations from a
8 
reference catalyst used as a benchmark. However, even with a gas
purity of 6.0 in combination with a molecular sieve, a steady deactiva-
tion was observed, likely attributed to either the leaching of cesium or
the surface diffusion and agglomeration of ruthenium or cesium. This
poses a challenge for potential industrial applications of this catalyst
regardless if it is used in form of pressed pellets or as a coating.

In future works, it should be investigated if the same coating proce-
dure can be applied to industrially established wustite-based catalysts,
as the two major benefits of utilizing coated fluid guiding elements
(low pressure drop and high integral heat transfer coefficients) are not
directly dependent on the choice of catalyst. Since the coating process
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Fig. A.9. TGA of Ru–acac.
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is time-consuming at the moment due to the repeated drying steps
etween each deposited layer, an effort must be made to automate
he coating process if the technique is to emerge out of lab-scale
pplications.
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Appendix A. Thermogravimetric analysis

A thermogravimetric analysis (TGA) was performed on the precur-
sor Ru–acac to determine an appropriate temperature for the decom-
position of acetylacetonate (Fig. A.9). The heating ramp was 10 K min−1

and the atmosphere synthetic air. Since Ru–acac has a melting point
of 260 ◦C, high temperatures during the decomposition can lead to
a leaching of ruthenium. The decomposition of the precursor started
at around 170 ◦C, after that a fast reduction in weight is observed.
Preliminary experiments showed that temperatures higher than 170 ◦C
in the muffle oven lead to the formation of a ruthenium mirror on the
crucible when decomposing the impregnated Ru–acac–MgO.

Appendix B. Surface analysis via nitrogen physisorption

The BET surface area was determined to be 18.1 m2 g−1. In Fig. B.10,
a sorption isotherm of type 2 or 3 with a slight hysteresis of type
H3 are recognizable, indicating a non-porous solid with weak interac-
tions between the adsorbed molecules and aggregations of plate-like
particles [36]. This observation is in agreement with images of a cross-
ection of the coating taken by electron microscopy, where plate-like
articles are present (Fig. B.11). No micropores were therefore present
n the studied catalyst.

Symbols

𝐸 J mol−1 activation energy
𝑘 Pa s−1, s−1 rate constant
𝐾 Pa−1 equilibrium constant
𝑛𝑎𝑑 𝑠 mol k g−1 active sites
�̇� mol s−1 molar flow
𝑚 k g mass
𝑀 k g mol−1 molar mass
𝑝 Pa pressure
𝑣 − stoichiometric ratio
𝑤 k g k g−1 weight fraction

𝜈 − stoichiometric coefficient
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Fig. B.10. BET analysis of RuCs/MgO.
Fig. B.11. Cross-section of coating.
Appendix C. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.cep.2024.110019.
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